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Depression is a chronic and debilitating condition that often emerges during adolescence, a period of significant brain maturation.
Few studies, however, have examined how mechanisms of neuroplasticity, including myelination, are affected by adolescent-onset
depression. Here, we used multimodal MR imaging to characterize myelin, indexed by R1, in white matter tracts previously
associated with depression and compare 48 adolescents with lifetime depression (45 with current depression, 3 remitted) and 35
healthy controls in R1. Compared to healthy controls, R1 was higher in adolescents with lifetime depression in the uncinate
fasciculus and corpus callosum genu (all Bs > 0.42; all ps < 0.037). Sex significantly moderated the association between depression
and R1 in the left uncinate fasciculus and corpus callosum genu (all Bs > 0.86; all ps < 0.02), such that depressed female adolescents
had significantly higher R1 in these tracts than did healthy female adolescents (all 8s > 0.82; all ps < 0.0012). In contrast, depressed
and non-depressed male adolescents did not differ in R1 in these tracts (all ps > 0.32). While fractional anisotropy (FA), a commonly
examined measure of white matter organization based on diffusion-weighted MRI, in the left uncinate was positively associated
with lifetime depression in our sample (8 = 0.56; p = 0.016), we found no evidence of sex-specific effects of depression in FA. Our
results suggest that R1 is more sensitive to sex-specific effects of depression than FA, particularly in female adolescents. Given
evidence that myelin inhibits synapse formation and reduces brain plasticity, our findings implicate experience-driven regional
myelination as a mechanism underlying depression during periods of significant neural maturation such as adolescence.

Neuropsychopharmacology (2021) 46:2295-2303; https://doi.org/10.1038/s41386-021-01078-3

INTRODUCTION
Depression is a chronic and debilitating condition that often
emerges during adolescence [1]. Adolescent-onset depression
increases the likelihood of experiencing depression, as well as
other mental and physical health conditions, in adulthood [2, 31.
Given that adolescence is a period of significant brain maturation,
understanding how dynamic processes related to the develop-
ment of brain structure, such as myelination, are affected by
adolescent-onset depression may provide important insights on
the etiology of depression and on the optimization of treatments
based on age or developmental stage. Optimizing adolescent-
specific treatments for depression especially may provide maximal
gains by preventing recurrent depressive episodes and other
adverse health outcomes associated with this disorder later in life.
In this context, emerging evidence suggests that experience-
dependent plasticity is not only a property of neurons, but also of
oligodendrocytes, which are the primary myelin-forming cells in
the brain [4-6]. To date, however, research conducted to elucidate
the effects of adolescent depression on myelination has focused
exclusively on metrics of white matter microstructure derived
from diffusion MRI. While these metrics are a proxy for the degree
of myelination, they are also sensitive to other related tissue
properties, including axonal packing and fiber density [7].
Although these studies have demonstrated that depressed

individuals have lower fractional anisotropy (FA) in frontolimbic
and callosal tracts than do healthy controls ([8, 9], although see
[10] for evidence of higher FA in medication-naive depressed
adolescents), the extent to which these depression-related effects
of FA reflect abnormalities in myelination is unclear.

R1, which is the inverse of the T1 signal and quantifies the
longitudinal relaxation rate of water hydrogen protons following
excitation in a magnetic field, is a value that is tissue dependent
and, therefore, can be used to infer tissue types such as myelin
(which contains relatively high proportions of both lipids and
water; see Fig. S1). As a quantitative MRI parameter, R1 is thus a
promising alternative to diffusion MRI for non-invasively estimat-
ing myelin in MRI. Importantly, R1 has the additional benefit of
being robust to variations in scan parameters and scanner
hardware specifications [11], highlighting the potential for wide-
spread clinical use of R1. R1 has been shown to be especially
sensitive to myelin, with correlations between R1 and histological
measures of myelin content in white matter range from 0.70 to
0.89 [12-15]. Because ~90% of the R1 signal in white matter is
attributed to myelin (with the remaining 10% attributed to iron),
investigators have begun using R1 as a robust in vivo assay for
myelin in the brain [16].

No studies to date have examined R1 in adolescents with
depression. One study with adults ages 19-58 years found that,
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compared to healthy controls, individuals with MDD had lower
global values of R1 as well as lower values in the nucleus
accumbens [17]. Other less sensitive MR-based measurements of
myelin have also been found to be lower in the prefrontal cortex,
cingulate cortex, occipital cortex, insula, and thalamus in adults
older than 60 years with geriatric depression [18, 19]. All of these
studies, however, mapped voxel-wise measures of myelin across
the entire brain rather than in specific white matter tracts, in
which these values are more likely to reflect myelin than they are
iron (or other macromolecules). Moreover, myelin, assessed with
R1, has been shown to increase steadily between the ages of 7
and 40 years, reaching a peak at 30-50 years before declining [20].
Because of these strong age-related changes in myelin, assessing
the potentially enduring effects of depression on myelin is
especially critical during significant periods of development, such
as adolescence.

To address these gaps, we conducted the first multimodal
neuroimaging study to assess myelin in adolescents with lifetime
depression. We acquired high-resolution anatomical, diffusion,
and quantitative MRIs using a 3 Tesla scanner in 83 adolescents
ages 13-18 years: 48 adolescents with lifetime depression (45
adolescents with current MDD, 3 adolescents with past MDD) and
35 healthy controls with no history of any psychiatric disorders. In
all participants we performed deterministic tractography to trace
individual-level white matter fibers in tracts that have been
previously found to show robust effects of depression in
adolescents and adults [8-10]: the corpus callosum genu and
splenium, cingulate cingulum, and uncinate fasciculus. We
hypothesized that the two groups of adolescents would differ in
R1 and FA in these tracts, and that R1 would be predicted more
strongly by clinical status and depression symptom severity than
would FA. Finally, given evidence of sex differences in rates of
depression during adolescence [1], as well as evidence from
animal model research for sex differences in the regulation of
myelination [21] and development of white matter [22], we
examined whether sex moderated associations between depres-
sion and R1 as well as FA.

METHODS

Participants and study design

Data from the present investigation were collected through two ongoing
longitudinal neuroimaging studies at Stanford University: the Teen
Inflammation Glutamate Emotion Research (TIGER) study [23] (NIH grant:
KO1MH117442) and the Early Life Stress (ELS) study (NIH grant:
R37MH101495). Participants recruited for TIGER were either depressed
adolescents who met criteria for clinical depression or were healthy
controls with no psychiatric history [20] (see Supplement for more details).
Participants recruited for ELS were enrolled into the study primarily based
on age and pubertal development (based on Tanner staging) and not on
the basis of psychiatric history (see Supplement for more details). To be
included in the present study, participants were classified as having MDD
(past or present) or CTL (no history of any psychiatric disorder (see Clinical
assessments, below). Additional exclusion criteria were the same for both
studies: presence of any medical, cognitive, or physical challenges that
would limit adolescents’ ability to understand or complete study
procedures, contraindications for MRI (e.g., braces, claustrophobia), and
symptoms of concussion within the past 6 weeks or any loss of
consciousness due to a concussion at any point in time. In accordance
with the Declaration of Helsinki, all participants provided informed assent
and their parent/legal guardian provided informed consent. All partici-
pants were recruited from the San Francisco Bay Area through media and
online advertisements and were compensated for study participation.
Both studies were approved by the Stanford University Institutional
Review Board.

Of the 96 participants who met eligibility criteria and underwent MRI
scanning, seven were excluded due to excessive motion during the
diffusion MRI scan, four were excluded due to excessive motion during the
quantitative MRI scans, one was excluded due to a coverage error during
acquisition, and one was excluded to a brain anomaly observed in their
anatomical scan, resulting in a total of 83 participants. Here we present
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analyses from 48 adolescents with lifetime MDD and 35 healthy controls,
where 89% of adolescents with lifetime MDD and 54% of CTL were from
the TIGER study (TIGER: 43 MDD, 19 CTL; ELS: 5 MDD, 16 CTL).

MRI acquisition

All MRI data were acquired using a 3T Discovery 750 MRI system (General
Electric Healthcare, Milwaukee, WI, USA) with a 32-channel head coil
(Nova Medical, Wilmington, MA, USA) housed at the Stanford University
Center for Cognitive and Neurobiological Imaging. Both TIGER and ELS
acquired a high-resolution T1-weighted anatomical scan using an SPGR
sequence (TIGER: TR/TE/TI = 8.2/3.2/600 ms; flip angle = 12° 156 axial
slices; 1.0 mm isotropic voxels; ELS: TR/TE/TI = 6.24/2.34/450 ms; flip
angle =12°% 186 sagittal slices; 0.9 mm isotropic voxels). Participants
from both studies completed the same diffusion-weighted MRI scan
using an EPI sequence (TR/TE =8500/93.5ms; 64 axial slices; 2mm
isotropic voxels; 60 b =2000 diffusion-weighted directions, and 6 b=0
acquisitions at the beginning of the scan; anterior/posterior phase
encoding direction). Participants from both studies completed the same
quantitative MRI scan, a novel simultaneous multi-slice accelerated,
inversion-recovery spin-echo echo planar imaging sequence that has
been shown to produce T1 maps comparable to the gold-standard
inversion-recovery pulse sequence (TR/TE=3000/50ms; 25 TIs were
acquired with the shortest TI=50ms and an interval of 120 ms; flip
angle =77°% 25 axial slices; FOV =23.2cm; matrix =80 mm x 80 mm;
29mm isotropic voxels). Specifically, two slice-shuffled inversion-
recovery simultaneous multi-slice EPl sequences with interleaved
acquisition and in-plane acceleration were collected, with opposite
phase encoding in order to correct for signal distortion [24]. More details
can be found in our previous publication [25].

Diffusion MRI preprocessing and tractography

Diffusion MRI data were processed using the open source mrVista software
distribution developed by the VISTA lab (https://vistalab.stanford.edu/) as
outlined in previous work [26, 27]. Based on a recent harmonized meta-
analysis of diffusivity-based white matter indicators of depression [9] and
on prior investigations in adolescents with depression [8, 10], we focused
our analyses on the following tracts of interest: corpus callosum genu and
splenium, cingulum cingulate, and uncinate fasciculus. Diffusivity metrics
including FA were estimated for 100 evenly spaced nodes along each
respective tract and averaged across the entire tract for a more reliable
estimate [27, 28]. See Supplement for more details on diffusion MRI
preprocessing and tractography.

Quantitative MRI model fitting and quality assurance
Quantitative MRI data were processed using an in-house Python script
(see Code availability, below) to unshuffle slices in both scans, skullstrip
the data at a fractional threshold of 0.5, correct for distortions, and fit a
non-linear least squares model to estimate T1 per voxel. The resulting T1
maps were then registered to a skull-stripped SPGR scan aligned with
the anterior and posterior commissures using FSL's FLIRT [24]. In order to
examine R1 within individual-specific white matter tracts of interest, we
converted person-specific fiber tracts into binary masks using VISTA lab
tools (https://vistalab.stanford.edu/). We then performed rigorous quality
inspection, including visually checking each quantitative MRI scan and
associated white matter tract masks for motion artifacts, registration
accuracy, and anatomical accuracy for the location of each segmented
white matter tract. Finally, we extracted mean T1 within each tract mask
per participant and computed R1 (1/T1). See Fig. 1 for a visualization of
the tracts of interest derived from the diffusion MRI scan overlaid on
the quantitative MRI data from a representative subject. For each tract,
we also computed the proportion of voxels that were outside of the
boundaries of the quantitative MRl map and conservatively included
these values as additional covariates in our statistical models involving
R1 (see Fig. S2 for example tracts).

Clinical assessments

To determine MDD diagnosis based on DSM-IV criteria, all participants
were interviewed using the Kiddie Schedule for Affective Disorders and
Schizophrenia, Present and Lifetime (K-SADS-PL; [29]). Every diagnostic
code was reviewed by a subset of the authors to ensure consistency across
all interviewers and to maximize reliability. Participants were classified as
having MDD (past or present) or CTL (no history of any psychiatric
disorder). See Supplement for more details.
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Fig. 1 Visualization of white matter tracts. Tracts of interest derived
from tractography overlaid on the quantitative MRI data from a
representative subject.

Depression severity

To assess self-reported severity of current depression (past 2 weeks), all
adolescents completed the Reynolds Adolescent Depression Scale
(RADS-2), a 30-item scale that assesses symptoms of dysphoric mood,
anhedonia/negative affect, negative self-evaluation, and somatic com-
plaints [30]. The RADS-2 was developed and validated in adolescents
ages 11-20 years and has been shown to have high internal consistency
[30]. Here, the RADS-2 had excellent internal consistency across both
study samples (TIGER: Cronbach’s a=0.96; ELS: Cronbach’s a=0.94;
full sample: Cronbach’s a = 0.96).

Statistical approach

All statistical analyses and visualization plots were conducted using R
version 3.6.1 (R Core Development Team), including functions from the
following libraries: arsenal, easystats, heplots, Im, psych, tidyverse. Chi-square
tests were conducted to test whether the distribution of individuals who
identified as each sex (and gender) and race differed between the
diagnostic groups. Multiple linear regression was conducted to examine
effects of depression on R1 and FA.

Primary analyses

We examined whether diagnostic groups (MDD, CTL) differed in R1
(and FA, separately) across the entire sample, covarying for age at scan,
biological sex, and tract length. For analyses involving R1, we also
conservatively included the proportion of voxels from the tract fiber masks
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that extended beyond the quantitative MRl maps (see Fig. S2). We then
examined whether the interaction effect of sex and diagnostic group was
associated with R1 (and FA, separately). We also examined whether there
was a main effect of RADS-2 scores, as well as an interaction effect with
sex, on R1 (and FA, separately) using the same covariates as in our primary
analyses.

Sensitivity analyses

We reran all models that yielded statistically significant effects with study
group, psychotropic medication status, and Tanner stage as covariates to
determine whether these variables influenced our findings. We also reran
all models that yielded statistically significant effects when using depres-
sion diagnosis as a predictor by excluding the three participants with past
MDD. Finally, we conducted logistic regression models “predicting” lifetime
MDD and RADS-2 scores, respectively, from R1 and FA for a given tract to
determine if R1 was significantly associated with depression diagnosis
above and beyond the effect of FA.

Supplemental analyses

In post-hoc supplemental analyses, we examined whether age of initial
depression onset and duration of current episode (in months) was related
to R1 in any of our tracts of interest in the group with lifetime MDD. We
also explored whether including age of menarche as a covariate impacted
any of our results where sex was a significant moderator of MDD diagnosis
or RADS-2 scores on R1 and where the effects of MDD diagnosis and RADS-
2 scores were significant in female adolescents. We also reran all primary
statistical models with axial diffusivity (AD), mean diffusivity (MD), and
radial diffusivity (RD) as outcome variables. For consistency, all of these
analyses used the same covariates as those in our primary statistical
models. Finally, within the ELS sample only, we reran all significant models
from our primary analyses covarying for a continuous measure of ELS
severity and age at baseline (when the stress interview was conducted).

RESULTS

Descriptive statistics

A summary of the participant demographic and white matter
characteristics is presented in Table 1 with additional clinical
information on the lifetime MDD sample in Table S1. Participants
were between the ages of 13 and 18 years and predominately
female at birth (n = 53, 64%); two participants (both in the lifetime
MDD group) also reported identifying as non-binary. The MDD
and CTL groups did not differ significantly in demographic
characteristics, with the exception of age (the MDD group was
older than the CTL group by a mean of 0.573 years) and Tanner
stage (the MDD group was on average between 4.5 and 5 and the
CTL group was on average between 4 and 4.5). Importantly,
participants did not differ in global R1, tract length, or motion during
the scan (Table S1). A correlation matrix of the primary variables of
interest is presented in Fig. 2 (see also Fig. S3 which presents
associations with other diffusivity metrics). Interestingly, bivariate
correlations between R1 and FA were mostly non-significant within
our tracts of interest, suggesting that these metrics index orthogonal
characteristics of white matter.

Greater R1 is associated with depression
Across the entire sample, we tested whether diagnostic groups
differed in R1 and FA. Compared to CTL, the MDD group had
significantly greater R1 in the left uncinate fasciculus (8=0.53;
p =0.022), right uncinate fasciculus (8 =0.42; p=0.037), and in
the corpus callosum genu (8 = 0.44; p = 0.025). Similarly, the MDD
group had significantly higher FA in the left uncinate fasciculus
(B=0.56; p =0.016). See Fig. S4 and Table 2A for more details. The
MDD group did not differ from the CTLs in R1 of the cingulum
cingulate or corpus callosum splenium (all ps>0.135) or in
FA of the other tracts of interest (all ps > 0.167). Finally, neither R1
(all ps >0.156) nor FA (all ps > 0.107) of our tracts of interest were
associated with RADS-2 scores.

With respect to sensitivity analyses, for all models exhibiting
a significant effect of depression, including study group and
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Table 1. Descriptive statistics for demographic, clinical, and white matter characteristics of the sample.
Total (N =83) CTL (N=35) MDD (N =48) p value
Age 0.036
Mean (SD) 16.08 (1.23) 15.751 (1.22) 16.32 (1.19)
Range 13.43-18.39 13.430-17.55 13.95-18.39
Sex (n (%)) 0.121
Male 30 (36.1%) 16 (45.7%) 14 (29.2%)
Female 53 (63.9%) 19 (54.3%) 34 (70.8%)
Gender (n (%)) 0.174
Male 30 (36.1%) 16 (45.7%) 14 (29.2%)
Female 51 (61.4%) 19 (54.3%) 32 (66.7%)
Non-binary 2 (2.4%) 0 (0.0%) 2 (4.2%)
Race (n (%)) 0.337
American Indian or Alaska Native 1 (1.2%) 0 (0.0%) 1 (2.1%)
Asian 19 (22.9%) 12 (34.3%) 7 (14.6%)
Black or African American 4 (4.8%) 2 (5.7%) 2 (4.2%)
Native Hawaiian or Other PI 0 (0.0%) 0 (0.0%) 0 (0.0%)
White 40 (48.2%) 15 (42.9%) 25 (52.1%)
Multiracial 14 (16.9%) 4 (11.4%) 10 (20.8%)
Other 5 (6.0%) 2 (5.7%) 3 (6.2%)
Ethnicity 0.199
Hispanic or Latino 9 (10.8%) 2 (5.7%) 7 (14.6%)
Not Hispanic or Latino 74 (89.2%) 33 (94.3%) 41 (85.4%)
Parental education level (n (%)) 0.262
Number missing 2 0 2
Less than a high school diploma 0 (0.0%) 0 (0.0%) 0 (0.0%)
High School graduate or equivalent (GED) 1 (1.2%) 0 (0.0%) 1 (2.2%)
Some college, no degree 6 (7.4%) 0 (0.0%) 6 (13.0%)
Associate’s degree (e.g., AA, AS) 3 (3.7%) 1 (2.9%) 2 (4.3%)
Bachelor’s degree (e.g., BA, BS) 21 (25.9%) 9 (25.7%) 12 (26.1%)
Master’s degree (e.g., MA, MS, MEd) 35 (43.2%) 17 (48.6%) 18 (39.1%)
Doctoral or Professional degree (MD, DDS, DVM, PhD, EdD) 15 (18.5%) 8 (22.9%) 7 (15.2%)
Parental income level (n (%)) 0.307
Number missing 4 1 3
Less than $35,0000 6 (7.6%) 1 (2.9%) 5 (11.1%)
$35,000-$50,000 1 (1.3%) 0 (0.0%) 1 (2.2%)
$50,000-75,0000 2 (2.5%) 0 (0.0%) 2 (4.4%)
$75,000-5100,000 5 (6.3%) 3 (8.8%) 2 (4.4%)
More than $100,000 65 (82.3%) 30 (88.2%) 35 (77.8%)
RADS total score <0.0001
Mean (SD) 66.93 (18.82) 50.08 (13.01) 79.21 (11.42)
Range 31-103 31-77 57-103
Medication status (n (%)) <0.0001
No medication use 60 (72.3%) 35 (100.0%) 25 (52.1%)
Medication use 23 (27.7%) 0 (0.0%) 23 (47.9%)
Tanner score 0.012
Number missing 3 0 3
Mean (SD) 4.38 (0.62) 4.19 (0.75) 4.53 (0.46)
Range 2-5 2-5 3-5
Age of menarche
Mean (SD) 12.63 (1.29) 12.41 (1.26) 13.01 (1.28) 0.097
Range 8.51-15.44 8.51-14.6 10.52-15.44
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Table 1 continued
Total (N=83) CTL (N=35) MDD (N = 48) p value
L Cingulum Cingulate Tract Length (mm) 0.136
Mean (SD) 3356.09 (1687.12) 4329.38 (3534.78) 3918.96 (2928.41)
Range 1525.800-8456.700 938.920-18612 938.92-18612
Right Cingulum Cingulate Tract Length (mm) 0.253
Mean (SD) 3448.07 (2741.143) 2908.77 (1491.17) 3136.189 (2112.30)
Range 979.510-13884.000 875.710-7610.200 875.710-13884.000
Left Uncinate Fasciculus Tract Length (mm) 0.591
Mean (SD) 3749.6 (2132.97) 3520.023 (1737.64) 3616.834 (1905.25)
Range 1261.5-10343 1261.5-10343 1197.1-10542
Right Uncinate Fasciculus Tract Length (mm) 0.711
Mean (SD) 2307.87 (1675.52) 2174.06 (1581.80) 2230.48 (1613.25)
Range 721.9-10078 751.31-10982 721.9-10982
Corpus Callosum Splenium Tract Length (mm) 0.628
Mean (SD) 6586.65 (4250.21) 7119.9 (5370.96) 6895.04 (4908.63)
Range 2150.6-21550 2672.6-29077 2150.600-29077
Corpus Callosum Genu Tract Length (mm) 0.376
Mean (SD) 4495.820 (3260.576) 3983.773 (1964.803) 4199.696 (2585.641)
Range 1216.7-14388 1246.700-9033.100 1216.700-14388.000
Average motion during DTl scan 0.795
Mean (SD) —0.053 (0.065) —0.056 (0.054) —0.055 (0.058)
Range —0.17-0.09 —0.17-0.06 —0.16-0.09
Global R1 0.486
Mean (SD) 0.73x10% (0.03x 10%)  0.73x 10% (0.03x10%)  0.73 x 10%(0.03 x 10°)
Range 0.65%10°-0.79x 10>  0.65x10°-0.79x 10>  0.65 x 10°-0.77 x 10

Ranges are reported as minimum-maximum values. Motion refers to the average amount of movement across six dimensions during the diffusion MRI scan,
where negative values refer to displacement in the leftward direction for x, the posterior direction for y, the inferior direction for z, leftward tilt for pitch,
counterclockwise rotation for roll, and downward tilt for yaw. The final column refers to the statistical significance of tests comparing the diagnostic groups on
the measure of interest. x° tests were used to compare categorical variables and Student’s t tests were used to compare continuous variables.

Age

Tanner Score . o8
RADS-2 Total Score .

Left Cingulate R1 . . .

Right Cingulate R1 . .

®

Left UF R1
Right UF R1

CC GenuR1

CC Body R1 .
Whe Brain R1 .
02
Lot Cinguiate FA . O
Right Cingulate FA
Left UF FA . .
Right UF FA . i
CC Genu FA .
CC Body FA . -
e

Fig. 2 Correlation matrix from primary variables and covariates.
All bivariate correlations were computed using Pearson’s correlation
coefficient. Only associations significant at p <0.05 are displayed
with a circle. Positive associations are depicted in cooler colors and
negative associations are depicted in warmer colors.
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medication status reduced the significance of the effect of
depression diagnosis in all models (left uncinate: p=0.18 and
p =0.213, respectively; right uncinate: p=0.103 and p =0.213,
respectively; corpus callosum genu: p=0.175 and p=0.126,
respectively). While including Tanner stage did not affect the
significance of the effect of depression on R1 in the left uncinate
fasciculus (p < 0.05), it did reduce the significance of the effect of
depression in our remaining models (right uncinate: p = 0.062;
corpus callosum genu: p=0.068). While excluding the three
participants with past MDD reduced the significance of the effect
of depression diagnosis in the uncinate (left uncinate: p = 0.054;
right uncinate: p=0.074) it did not change the significance
of the effect of depression diagnosis in the corpus callosum genu
(p =0.022).

When including both R1 and FA as predictors of depression
diagnosis in a logistic regression model, R1 in the uncinate was
associated with an increased but non-significant odds of MDD (left
uncinate: 8= 0.48, p =0.089; right uncinate: 3 =0.57, p =0.071),
while R1 in the corpus callosum genu was associated with a
statistically significant increased odds of MDD (8=0.65 p=
0.047). In none of these models was FA significantly associated
with odds of MDD (all ps > 0.144).

Sex moderates the association between R1 and depression

Sex moderated the association between R1 in the left uncinate
fasciculus and diagnostic group (interaction effect: 3=1.13; p=
0.010), such that female adolescents with a history of MDD had
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Table 2.
B+SE

A. Main Effects of Depression Diagnosis on R1

L UF 0.53+0.22
R UF 0.42+0.20
CC genu 0.44+0.20
CC splenium 0.36+0.24
L CGC 0.30+£0.23
R CGC 0.34+£0.12

B. Interaction Effects of Sex and Depression Diagnosis on R1
L UF

Interaction 1.13+043

Females 1.05+0.27

Males —0.35+0.35
R UF 0.41£0.40
CC genu

Interaction 0.86+0.36

Females 0.82+0.24

Males —0.15£0.32
CC splenium 0.29 +0.47
L CGC 0.29+0.46
R CGC 0.69 + 0.45

Summary of main effects of depression diagnosis on R1 (A) and interaction effects of sex and depression diagnosis on R1 (B).

t-value (df) p value AR?
t(77) =234 0.022 0.067
t(77)=2.13 0.037 0.055
t(77) =2.28 0.025 0.063
t(77)=1.15 0.135 0.029
t(76) = 1.31 0.193 0.022
t(76) = 1.47 0.146 0.027
t(76) = 2.65 0.01 0.085
t(48) =3.88 0.0009 0.239
t(25) =—1.02 0.317 0.040
t(76) = 1.00 0.319 0.013
t(76) = 2.37 0.02 0.070
t(48) =3.45 0.0001 0.199
t(25) = —0.46 0.648 0.008
t(76) = 0.61 0.546 0.005
t(76) = 0.64 0.522 0.005
t(76) = 1.52 0.132 0.0230

All B estimates reflect standardized regression coefficients. Simple slopes are reported for each sex in models where the significant effect of sex and
depression was statistically significant. See Table S3 for models examining the interaction effect of sex and RADS-2 scores on R1. See Table S2 for models

examining the association between RADS-2 scores and R1.

CC corpus callosum, CGC cingulum cingulate, df degrees of freedom, L left, R right, SE standard error, UF uncinate fasciculus.
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Fig. 3 Associations between depression and R1. Compared to psychiatrically healthy controls, adolescents with a diagnosis of MDD exhibit
higher R1 in left uncinate fasciculus (A) and corpus callosum genu (B). Current depression severity scores are positively with higher R1 in the

left uncinate fasciculus (C). See Table 2 and Table S3 for more details.

greater R1 than did female healthy adolescents (8 = 1.05; p < 0.001);
there was no such depression-related difference among the male
adolescents (p = 0.317). Sex moderated the association between R1
in the corpus callosum genu and MDD diagnosis (interaction effect:
B=0.86; p=10.020), such that female adolescents with history of
MDD had greater R1 than did healthy female adolescents (8 = 0.82;
p <0.001), but there was no such difference based on diagnosis
among the male adolescents (p = 0.648). See Fig. 3 and Table 2B for
more details.

With respect to sensitivity analyses, adding study as a covariate
did not change the significance of the interaction effect of sex and
depression diagnosis (left uncinate: p =0.0057; corpus callosum
genu: p=0.011) or the significance of the effect of depression
diagnosis within female adolescents only (left uncinate: p = 0.0034;
corpus callosum genu: p = 0.0006). Similarly, adding medication as
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a covariate did not change the significance of the interaction effect
of sex and depression diagnosis (left uncinate: p = 0.007; corpus
callosum genu: p=0.018) or the significance of the effect of
depression diagnosis within female adolescents only (left uncinate:
p = 0.0038; corpus callosum genu: p = 0.0006). Adding Tanner as a
covariate did not change the significance either of the interaction
effect of sex and depression diagnosis (left uncinate: p =0.015;
corpus callosum genu: p=0.048) or of the effect of depression
diagnosis within female adolescents only (left uncinate: p = 0.0008;
corpus callosum genu: p = 0.0006). Excluding the three participants
with past MDD did not change the significance of the interaction
effect of sex and depression diagnosis on R1 (left uncinate: p =
0.017; corpus callosum genu: p =0.016) or the significance of the
effect of depression diagnosis in female adolescents only (left
uncinate: p =0.0017; corpus callosum genu: p = 0.0136).
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Similarly, sex moderated the associations between R1 of the left
uncinate fasciculus and RADS-2 scores (8 = 0.45; p = 0.046), such
that greater R1 in the left uncinate fasciculus was associated
with more severe depression symptoms in female adolescents
(8B=0.33; p =0.012), whereas there was no significant association
between R1 in the left uncinate fasciculus and severity of
depression symptoms in male adolescents (p =0.150). See Fig. 3
and Table 2B for more details. Sex did not moderate any
of associations between FA and MDD diagnosis (all ps > 0.156)
or depression symptoms (all ps > 0.333) for any of our tracts of
interest.

With respect to sensitivity analyses, adding study as a covariate
did not change the significance of the interaction effect of sex and
RADS-2 on R1 in the left uncinate fasciculus (p =0.037) but did
reduce the significance of the effect of RADS-2 on R1 in the left
uncinate fasciculus in female adolescents (p=0.096). Adding
medication status and Tanner as covariates, however, reduced the
significance of the interaction effect of sex and RADS-2 on R1 in
the left uncinate fasciculus (p = 0.143 and p = 0.051 within female
adolescents, respectively).

Results of supplemental analyses

Age of first MDD onset and duration of current episode was not
significantly associated with R1 in any of our tracts of interest
(all ps>0.122 and ps>0.190, respectively). Including age of
menarche did not change the significance of the effect of
depression diagnosis in female adolescents (all ps < 0.001) but did
reduce the significance of the effect of RADS-2 on R1 in the left
uncinate in female adolescents (p =0.056). See Supplement for
more details. Regarding analyses with other diffusivity metrics, the
lifetime MDD group exhibited significantly lower RD of the left
uncinate only (8=-0.59, p=0.009) whereas greater RADS-2
scores were significantly associated with lower AD in the corpus
callosum genu (8= —0.27, p =0.018) and the left cingulate (8=
—0.34, p = 0.003). The interaction effect of sex and depression did
not significantly explain diffusivity metrics in any other tracts
of interest (all ps>0.05). See Table S3 for more details. See
Supplement for a summary of the results within the ELS sample
only covarying for ELS severity.

DISCUSSION

This multimodal neuroimaging study is the first to characterize
myelin in white matter tracts in adolescents with lifetime history
of depression. Importantly, we leveraged information from both
quantitative T1 relaxometry and diffusion MRI scans to examine
myelin content in specific white matter tracts relevant to affective
functioning. We show that myelin, indexed by R1, in the uncinate
fasciculus and corpus callosum genu is higher in adolescents with
a diagnosis of depression than it is in psychiatrically healthy
adolescents. We also found that sex moderated the association
between depression diagnosis and R1 in the left uncinate
fasciculus and corpus callosum genu, such that female adoles-
cents with a lifetime diagnosis of depression had significantly
higher R1 in these tracts than did female adolescents without any
psychiatric diagnosis. Finally, while depressed adolescents had
higher FA (@ commonly examined measure of white matter
organization based on diffusion-weighted MRI) than did psychia-
trically healthy adolescents, there were no sex-specific effects of
depression on FA.

Overall, our results indicate that R1 may be a more sensitive sex-
specific white matter marker of adolescent depression than is FA.
Our finding of higher FA in the left uncinate fasciculus is
consistent with results from a previous study of medication-
naive adolescents with depression [10] but stands in contrast both
to an older study in depressed adolescents [8] and to a more
recent multi-site  harmonized meta-analytic investigation in
depressed individuals [9], in which depression was associated
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with lower FA in the uncinate fasciculus and the corpus callosum
genu and splenium in adults only. Differences in scanner
acquisition, including non-isotropic voxels, which is suboptimal
for tractography (as in the case of [8]), as well as heterogeneity of
clinical and demographic characteristics (e.g., age and develop-
mental stage) among the sites participating in the harmonized
meta-analysis [9] may contribute to important differences in
directionality between our findings and these previous results. It is
important to note that the harmonized meta-analysis in fact did
not report robust differences in FA between depressed and non-
depressed adolescents nor did they report significant effects of
sex as a moderator in their adolescent-specific analyses. Thus,
consistent with the recent harmonized meta-analysis, we did not
find that sex moderated the association between FA and
depression. These null results are surprising given evidence of
sex-associated differences in these depression-relevant white
matter tracts [31] and of sex differences in rates of adolescent
depression [1]. We did, however, find evidence that R1 in the left
uncinate fasciculus and corpus callosum minor reflects the effects
of depression more strongly in female than in male adolescents,
suggesting that R1 is a more robust sex-specific indicator of
depression than is FA.

Our findings that depression is associated with higher R1 (and
FA) in specific frontolimbic tracts implicated in affective and
cognitive processing is broadly consistent with the formulation
that these regions are more sensitive or more engaged in
response to environmental influences in adolescents who have
experienced depression. Indeed, basic science research has
demonstrated that the production of myelin is driven by the
electrical activity of neurons and, specifically, by the release of
adenosine, which appears to stimulate differentiation of oligoden-
drocyte precursor cells and the formation of myelin [32], and ATP,
which then leads to a release of leukemia inhibitory factor from
astrocytes, prompting myelination by mature oligodendroctyes
[33]. Immobilization stress in adult rats has been shown to
increase oligodendrogenesis [34], and humans with PTSD have
been shown to have greater hippocampal myelin content (using a
less sensitive MR-based measurement than that used in the
current study) than do healthy controls [35]. Together, these
results suggest that more activation in frontolimbic circuits in
response to stress promotes increased regional myelination
through the action of oligodendrocytes and, further, that this
may be a key mechanism for understanding both maladaptive
brain responses to psychosocial stress and conditions character-
ized by pathological responses to stress, including depression. In
light of basic science work suggesting that myelin inhibits synapse
formation, arrests axon growth [36, 37], and reduces brain
plasticity [37-39], it is critical that we understand how depression
impacts myelination and mechanisms of brain plasticity during
the sensitive period of adolescence.

Recent work has also implicated sex steroids in processes
related to myelination. For example, in vitro studies have
highlighted that estradiol enhances membrane sheet formation
while progesterone increases cellular branching [40]. Similarly,
in vivo studies in rodents have found that compared to sham
control females, prepubertal ovariectomy in females resulted in a
higher number of neurons and glia and a larger volume of white
matter in the medial prefrontal cortex; in contrast, castrated males
did not differ from sham males on any of the neuronal, glial, or
volume measures in the study [41]. In another study, ovariecto-
mized female rodents differed from sham control females in the
number of myelinated axons [22]. Together, these studies suggest
that the production of sex steroids during puberty have a
significant impact on processes related to myelination. Human
neuroimaging studies have also related concentrations of sex
steroids with white matter microstructure in various tracts (for a
review, see [42]), including increases in testosterone from early to
mid-puberty being associated with increases in FA in the corpus
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callosum and cingulate, and increases in estradiol from early to
mid-puberty being associated with increases in FA in the left
uncinate fasciculus in female adolescents only [27]. While the data
thus far suggest stronger effects of sex steroids in the brains of
female animals, it will be important for future work to delineate
both how sex steroids, particularly during the pubertal transition,
affect myelination and white matter development, and the extent
to which these processes may be sex-specific.

Given emerging evidence that myelination increases through-
out adolescence [14], our finding of higher R1 in specific white
matter tracts in adolescents with a diagnosis of depression than in
psychiatrically healthy controls is also broadly consistent with
accelerated biological aging models of depression [43]. In this
formulation, depression is characterized by accelerated aging
across multiple phenotypes, including cellular markers [44] and
brain morphometry [45]. It is clear that longitudinal studies are
required to examine whether depression is marked by an
accelerated aging process regardless of individuals’ developmen-
tal stage when they experience depression, or whether there are
particular points in development during which depression has a
more enduring impact on white matter development in the brain.

Limitations and future directions

Despite the novelty and importance of the present investigation, we
should note several limitations that constrain interpretation of our
findings. First, this study was conducted in a moderately-sized
sample recruited from a single geographic location. To assess the
generalizability of our results, it will be crucial that our analyses be
replicated with a larger sample that is more representative of the
general population with respect to key demographic features.
Second, we assessed an adolescent sample within a relatively limited
age (13-18 years), which precluded us from examining whether
greater myelin content in the uncinate fasciculus and corpus
callosum genu is found only at certain points in development.
Although there have been studies examining effects on R1 across
the lifespan using a cross-sectional design [46], it is critical for the
field to characterize longitudinal trajectories of myelination from
childhood through adulthood; such research is also necessary for us
to better situate our findings within the broader literature of
neurodevelopment and depression. Third, trauma exposure, which
has been linked with regional increases in myelin in animals [35], and
with accelerated biological aging in humans [47], may be another
critical factor that, at least partially, is driving our effects. A major
limitation of our current study is the absence of a common measure
of childhood trauma or adversity, and insufficient information about
lifetime depression burden (i.e., total duration of depression). While
we did not find evidence that age of first onset of depression or
duration of current episode were significantly associated with R1 in
any of our tracts of interest, future studies seeking to understand the
association between depression and myelination should account for
the possible effects of trauma exposure and iliness burden. Finally, it
is possible that there are genetic contributions to white matter tract
organization and myelin production and synthesis that we did not
assess in this study. Identifying and controlling for genetic markers of
myelination might provide greater insight concerning changes in
myelination that are uniquely associated with depression and that
are due to modifiable environmental factors.

CONCLUSIONS

In summary, this study provides novel evidence of sex differences
in depression-related patterns of myelin within the uncinate
fasciculus and corpus callosum. Moreover, our results suggest that
regional increases in myelin across several frontolimbic tracts that
have previously been implicated in depression may be especially
pronounced in female adolescents. This study lays the ground-
work for future examinations of myelination in adolescent
depression, possibly including translational research aimed at
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generating developmentally informed treatments and interven-
tions for this disorder.

CODE AVAILABILITY

Code for preprocessing the quantitative MRI data and estimating T1 per voxel can be
found here: https://github.com/cni/t1fit (t1fit_unwarp.py). Code for quality assurance,
qT1 data extraction, and visualization of quantitative MRI data can be found here:
https://github.com/lucindasisk/TIGER_qT1_Tracts. Code for statistical modeling can
be found here: https://github.com/tiffanycheingho/TIGER.
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