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ARTICLE INFO ABSTRACT

Keywords: Adolescence is often characterized by sleep disturbances that can affect the development of white matter tracts

Sleep implicated in affective and cognitive regulation, including the cingulate portion of the cingulum bundle (CGC)

Ci“SUIum and the uncinate fasciculus (UF). These effects may be exacerbated in adolescents exposed to early life adversity
g:;‘;::fon (ELA). We examined the longitudinal relations between sleep problems and CGC and UF microstructure during
Adolescence adolescence and their relation to depressive symptoms as a function of exposure to ELA. We assessed self-
Adversity reported sleep disturbances and depressive symptoms and acquired diffusion-weighted MRI scans twice: in

early adolescence (9-13 years) and four years later (13-17 years) (N = 72 complete cases). Independent of ELA,
higher initial levels and increases in sleep problems were related to increases in depressive symptoms. Further,
increases in right CGC fractional anisotropy (FA) mediated the association between sleep problems and
depressive symptoms for youth who experienced lower, but not higher, levels of ELA. In youth with higher ELA,
higher initial levels of and steeper decreases in sleep problems were associated with greater decreases in right UF
FA, but were unrelated to depressive symptoms. Our findings highlight the importance of sleep quality in shaping

fronto-cingulate-limbic tract development and depressive symptoms during adolescence.

Adolescence is a period during which there are normative changes in
sleep behaviors. Pubertal-related shifts in the circadian sleep-wake cycle
(Carskadon et al., 1993, 1998; Crowley et al., 2018) and the slowing of
sleep pressure accumulation throughout the day (Jenni et al., 2005) lead
to later sleep times; further, for many adolescents, social and structural
changes (e.g., earlier school start times) that require constant or earlier
wake-up times result in decreases in sleep duration and greater vari-
ability in sleep duration and timing (Crowley et al., 2018). While
normative, these sleep disturbances can have significant adverse effects
on the developing brain, particularly in white matter tracts that have
been implicated in affective and cognitive regulation (Telzer et al.,
2013; Guldner et al., 2023) as well as in increased risk for depressive
symptoms during adolescence (Gradisar et al., 2022). Moreover, sleep
disturbances disproportionately affect youth from adverse backgrounds
(April-Sanders et al., 2021; E. J. Park et al., 2021), potentially exacer-
bating the effects of sleep disturbance on white matter development and
depressive symptoms. Indeed, adolescents exposed to adversity are more
likely to exhibit more severe and more chronic symptoms of depression
than do those who were not exposed to adversity (LeMoult et al., 2020).
Similarly, individuals with a history of sleep disturbance are more likely

* Corresponding author.
E-mail address: jpuy @stanford.edu (J.P. Uy).

https://doi.org/10.1016/j.dcn.2023.101303

to develop a diagnosis of depression during adolescence than are those
without such a history (Gradisar et al., 2022; Scott et al., 2021).
Although there is a growing body of research examining the links be-
tween sleep disturbances and white matter development during
adolescence, few longitudinal studies have delineated the relations be-
tween sleep problems and white matter development during adoles-
cence and how they may be altered in those with a history of early
adversity. Furthermore, it is not clear whether sleep-related changes in
white matter development mediate increases in depressive symptoms in
adolescents with a history of early adversity.

Development of several long-range white matter tracts, particularly
those connecting frontal regions to parietal and limbic regions, such as
the uncinate fasciculus (UF) and the cingulum bundle (particularly the
cingulate portion [CGC]), continues through adolescence and into the
third decade of life (Asato et al., 2010; Lebel and Deoni, 2018; Peters
et al., 2014). The integrity of these fronto-cingulate-limbic tracts during
development has been shown to be related to neurocognitive outcomes
(Bathelt et al., 2019) and executive functioning (Peters et al., 2014), and
its disruption has been associated with symptoms of anxiety and
depression (Chahal et al., 2021; Chahal et al., 2022; Olson et al., 2015).
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The prolonged development of these tracts allows them to be shaped by
environmental exposures, such as stressful experiences and poor sleep.
Indeed, sleep disturbances during adolescence have been associated
with alterations in white matter integrity in numerous tracts, including
the UF and cingulum bundle (Cooper et al., 2023; Guldner et al., 2023;
Jamieson et al., 2020a; Jamieson et al., 2020b). For example, Telzer
et al. (2015) found that greater variability in sleep duration 1.5 years
before (but not concurrent with) the assessment of brain structure was
associated with reduced fractional anisoptropy (FA) in frontocortical
and frontostriatal tracts, association tracts, projection, and interhemi-
spheric tracts. Studies with more than one assessment of white matter
microstructure have found that greater within-person increase in pref-
erence for eveningness (i.e., later chronotype) from 12 to 19 years was
associated with attenuated changes in FA globally between 17 and 19
years of age (Cooper et al., 2023). Further, greater within-person in-
creases in sleep duration and variability have been associated with
greater increases in FA in numerous white matter tracts, including the
CGC and UF (Guldner et al., 2023), and greater variability in sleep
duration and later chronotype have been associated with poorer phys-
ical and mental health outcomes in adolescents (Cooper et al., 2023; H.
Park et al., 2016). Together, these studies highlight the long-term effects
of sleep problems on white matter development in adolescents.

White matter microstructure of the UF and cingulum bundle have
also been found to be altered by experiences of early adversity (Chahal
et al., 2021; Dufford et al., 2020; Hanson et al., 2015; Ho et al., 2017;
Olson et al., 2015) and to predict responses to subsequent stressful
events (Chahal et al., 2022; Hanson et al., 2015). For instance, young
adults who experienced more severe childhood maltreatment had lower
FA of the UF; further, among those with lower UF FA, subsequent ex-
periences of stressful events were associated with greater increases in
internalizing symptoms (Hanson et al., 2015). In addition, using
cross-sectional DTI data only from the baseline assessment (i.e., ages
9-13 years) of the current study, we found that during the COVID-19
pandemic, lower fiber density and cross-section of the cingulum
bundle at baseline was associated in females with greater increases in
depressive symptoms, lower resilience, and higher stress (Chahal et al.,
2022).

To date, researchers have documented the adverse effects of early life
adversity (ELA) and of sleep disturbances, independently, on fronto-
cingulate-limbic white matter integrity. It is not clear, however,
whether experiences of ELA interact with and compound the effects of
sleep disturbances on white matter development and depressive symp-
toms during adolescence. Given the overlapping effects of ELA and sleep
disturbances on white matter integrity and depressive symptoms during
adolescence, it is possible that adolescents who were exposed to ELA are
more sensitive to the effects of sleep disturbances (Fuligni et al., 2021).
To test this formulation, in the current study we examined the relations
among sleep problems, the development of white matter microstructural
integrity of tracts that connect fronto-cingulo-limbic regions (i.e., the
CGC and the UF), and depressive symptoms during adolescence, and
tested whether these effects were moderated by exposure to ELA.
Although sleep disturbances have been associated with changes in a
number of white matter tracts during adolescence (e.g., Guldner et al.,
2023), we focused in this study on the CGC and UF given their over-
lapping associations with sleep disturbances, ELA, and depressive
symptoms. Sleep disturbances, depressive symptoms, and white matter
microstructure were assessed at two timepoints — once during early
adolescence (9-13 years; Time 1 [T1]) and again approximately four
years later (13-17 years; Time 2 [T2]); cumulative exposure to early
adversity was assessed at T1. First, we examined whether ELA moder-
ated the association between sleep problems (both initial levels and
changes) and changes in depressive symptoms. We hypothesized that
greater sleep problems at T1 and greater increases in sleep problems will
be associated with greater increases in depressive symptoms and,
further, that these associations will be stronger for adolescents exposed
to higher levels of ELA. Second, we tested whether ELA moderated
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associations between sleep problems and white matter microstructural
changes in CGC and UF. Consistent with previous studies demonstrating
that poor sleep has long-term adverse effects on white matter integrity
(Telzer et al., 2015; Guldner et al., 2023), we hypothesized that higher
initial levels of, and increases in, sleep problems will be associated with
attenuated development of CGC and UF integrity four years later and,
further, that these effects will be stronger in adolescents who were
exposed to higher levels of ELA. Finally, for associations in which ELA
moderated the effect of sleep problems (at T1 and/or changes in sleep
problems) on changes in both depressive symptoms and FA, we con-
ducted moderated mediation analyses to test whether changes in FA
(CGC and/or UF) from T1 to T2 mediated the association between sleep
problems (at T1 and/or changes in sleep problems) and changes in
depressive symptoms from T1 to T2, and whether the mediation differed
as a function of exposure to ELA. We hypothesized that alterations in
CGC and/or UF integrity will mediate the association between greater
sleep problems (both initial levels and increases) and greater increases
in depressive symptoms, and that these effects will be stronger in youth
who experienced greater cumulative severity of ELA.

1. Methods
1.1. Participants

224 children and adolescents (N = 131 females) were recruited
starting in September, 2013, from the San Francisco Bay Area to
participate in a longitudinal study examining the effects of ELA on
psychobiology over puberty. Participants were 9.11-13.98 years of age
(M=11.51 years, SD=1.08) at the first timepoint (T1) and 13.07-17.93
years (M=15.61 years, SD=1.12) at the second timepoint (T2),
approximately 4 years later. Exposure to early adversity was assessed at
T1. Diffusion-weighted MRI scans (T1: N = 142, T2: N = 112, T1 & T2:
N = 81) and reports of sleep problems (T1: N =213, T2: N =163, T1 &
T2 =157) and depressive symptoms (T1: N = 220, T2: N =168; T1 & T2
= 166) were obtained from as many participants as possible at both
timepoints. All analyses were conducted with the largest number of
participants. A total of 155 participants had complete data on ELA, sleep
problems, and depressive symptoms for both timepoints. Of those, 72
participants also had good-quality CGC and UF FA data at both time-
points. Participants and their parents or legal guardians gave informed
assent and consent, respectively, for study activities and were compen-
sated for their participation. Study procedures were approved by the
Stanford University Institutional Review Board and were in accordance
with guidelines set forth by the Declaration of Helsinki.

1.2. Measures

1.2.1. Early life adversity

A modified version of the Traumatic Events Screening Inventory for
Children (TESI-C; (Ford et al., 2002)) was used to assess more than 30
different types of stressful life experiences (e.g., experienced a traumatic
accident, witnessed traumatic accident, experienced illness/injury,
etc.). Each type of stress exposure endorsed by participants was followed
up with questions to obtain a deep characterization of the experience.
For example, participants were asked if they have "ever been in a really
bad accident, like a car accident, a fall, or fire.” If this item was
endorsed, participants were then asked about when the event happened
and whether they or someone else were really hurt. In addition to
providing details about stressful events, participants also provided their
own subjective rating of the severity of each event. Subsequently, a
panel of three trained coders who were blind to the participants’ sub-
jective severity ratings rated the objective severity of each event based
on the information obtained at the interview using a modified version of
the UCLA Life Stress Interview coding system (Rudolph and Hammen,
1999). Coders rated each event on a 5-point scale with half-point in-
crements, ranging from 0 (non-event or not impactful) to 4 (extremely
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severe and impactful) (inter-rater intraclass correlation =.99). If there
were any discrepancies between coders in ratings for an event, the
coders discussed their ratings to arrive at a consensus score for the event
that was then used for analyses. Cumulative adversity severity scores
were computed by summing the maximum objective severity scores for
each type of endorsed stressor (Chahal et al., 2022; King et al., 2020),
and ranged from O to 22 in this sample.

1.2.2. Sleep disturbances

Participants completed the Youth Self-Report (YSR; Achenbach and
Rescorla, 2001), from which we calculated a sleep problems composite
generated from five items assessing sleep quality: I sleep less than most
kids, I sleep more than most kids during the day and/or night, I have
trouble sleeping, I have nightmares, and I feel overtired. Although not a
standardized subscale, this sleep composite score has been used in pre-
vious research as a measure of overall sleep functioning (e.g., Wang
et al.,, 2016). It has also been shown to correlate strongly with the
validated Children’s Sleep Habits Questionnaire (Lionetti et al., 2021;
Owens et al., 2000). Each item is rated on a 3-point scale (0 =not true, 1
=somewhat or sometimes, 2 =very true or often true). Response fre-
quencies for each sleep item and the reliabilities (Cronbach’s alpha) for
the five-item composite at both T1 and T2 are reported in Table S1. An
item-analysis indicated that removing the item assessing hypersomnia
(i.e, “I sleep more than most kids during the day and/or night”)
increased the relability of the sleep composite. Thus, we removed this
item and calculated a sleep problems composite consisting of the sum of
the four other items and used this new composite for analyses
(range=0-8), with higher scores indicating more sleep problems. Re-
liabilities for the sleep problems composite at T1 and T2 are 0.66 (95%
CI: [0.57, 0.76]) and 0.59 (95% CI: [0.49, 0.70]), respectively.

1.2.3. Depressive symptoms

Participants completed the 10-item short form of the Child Depres-
sion Inventory (CDI-S; Kovacs, 2015), a self-report measure of depres-
sive symptoms designed for youth ages 8-17 years. Participants
indicated the severity of symptoms of depression they were experiencing
over the past two weeks on a three-point scale. The CDI-S measures
sadness, pessimism, self-deprecation, self-hate, crying spells, irritability,
negative body image, loneliness, lack of friends, and feeling unloved;
sleep disturbances were not included as a symptom of depression. A sum
score was calculated to represent depressive symptoms, with higher
score indicating greater symptoms. Reliabilities for depressive symp-
toms scale at T1 and T2 are 0.75 (95% CI: [0.70, 0.80]) and 0.85 (95%
CI: [0.82, 0.88]), respectively.

1.3. MRI data acquisition

All MRI data were acquired at the Stanford University Center for
Cognitive and Neurobiological Imaging (CNI) using a 3 T General
Electric (GE) Discovery 750 MRI system (General Electric Healthcare,
Milwaukee, WI, USA) with a 32-channel head coil (Nova Medical, Wil-
mington, MA, USA). A spoiled gradient recall acquisition sequence was
used for acquiring T1-weighted images (TR/TE/TI=6.24 s/2.34 s/450
ms; flip angle=12°; 186 sagittal slices; 0.9 mm isotropic voxels) and an
echo planar imaging sequence was used for acquiring diffusion-
weighted images (TR/TE=8500/93.5 ms; 64 axial slices; 2 mm
isotropic voxels; 60 b=2000 diffusion-weighted directions, and 6 b=0
acquisitions at the beginning of the scan; anterior/posterior phase
encoding direction).

1.4. Diffusion MRI preprocessing

Diffusion MRI data were processed according to field-consensus
procedures using the open source mrVista software distribution devel-
oped by the VISTA lab (https://vistalab.stanford.edu/), as outlined in
previous work in this sample by our group (Ho et al., 2017, 2020).

Developmental Cognitive Neuroscience 63 (2023) 101303

Specifically, after the T1-weighted images were manually aligned to the
anterior commissure-posterior commissure (AC-PC) line, the mean of
the non-diffusion-weighted (b=0) images was aligned to the T1 image
using a rigid body 3D motion correction with a constrained non-linear
warping based on a model of the expected eddy-current distortions.
Each registration consisted of estimating the eddy-current/motion
correction parameters simultaneously and optimization was performed
using a gradient-ascent-type technique within a multi-resolution
framework. The eddy-current and motion corrected diffusion-weighted
data were then resampled to 2 mm isotropic voxels using a trilinear
interpolation algorithm (Ashburner and Friston, 2004). Importantly, the
diffusion-weighted directions (bvecs matrix) were adjusted after these
alignment and motion correct steps by combining the rotation matrix
from the alignment step with the rotation matrix prior to computing the
tensors (Leemans and Jones, 2009). We further minimized the effects of
motion on the data by excluding directions where relative motion in the
translational directions exceeded 5 mm or exceeded 1.5° in the rota-
tional directions and then reperforming the aforementioned
eddy-current and motion-corrected steps. All participants included in
the present study therefore did not have more than 12 (20%) outlier
directions at either timepoint.

1.5. Deterministic tractography of cingulum cingulate and uncinate
fasciculus

Whole-brain fiber tracts were mapped onto the ACPC-aligned T1-
weighted images with Automated Fiber Quantification (Yeatman et al.,
2012; https://yeatmanlab.github.io/pyAFQ/), using a deterministic al-
gorithm with a fourth-order Rungen-Kutta path integration method and
1 mm fixed-step size. A continuous tensor field was estimated with
trilinear interpolation of the tensor elements. As in previous work (Ho
et al., 2017, 2020, 2022), seeds for tractography were selected from a
uniform 1 mm 3D grid spanning the whole brain mask (among voxels
where FA > 0.3). Path tracing proceeded until FA fell below 0.15 or until
the minimum angle between the current and previous path segments
was greater than 30°. Streamlines for each of the tracts of interest — left
and right CGC, left and right UF — were automatically generated using a
two planar waypoint region of interest approach such that tracts were
traced along these seeds according to probabilistic fiber groupings based
on an established white matter atlas with candidate fibers being assessed
based on their similarity to this standard (Mori et al., 2005). Outliers
(defined along a Gaussian curve as anything more than 4 standard de-
viations away from the spatial core) were excluded iteratively. All tracts
at each time point were visually assessed and any deviant streamline
fibers whose tract profiles differed significantly from known white
matter anatomy were manually corrected by one of the co-authors using
tools through mrVista. Tracts that were unresolved (e.g., too thin) or
errant beyond the scope of this manual correction were excluded. FA
was estimated for 100 evenly spaced nodes along each tract of interest
and averaged across the entire tract to generate a single metric per tract,
as in previous work (Ho et al., 2017, 2020, 2022).

1.6. White matter development

Longitudinal changes in white matter development were assessed by
calculating the annualized percentage change (APC) in left and right
CGC and UF FA between the two time points. APC is defined as the
growth percent (i.e., difference in mean FA between T1 and T2, divided
by the mean FA at T1, then multiplied by 100) divided by the time in-
terval in years between T1 and T2 for each participant.

1.7. Statistical analyses
All analyses were conducted in R using the car and Ime4 packages for

multivariate analysis of covariance (MANCOVA) and linear regression,
respectively, and interactions package for visualization. Moderated
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mediation analyses were conducted using the Hayes” PROCESS function
in R. We used Bonferroni correction to correct for multiple comparisons
within each aim/hypothesis. We first tested whether ELA moderated the
association between sleep problems at T1 and/or changes in sleep
problems from T1 to T2 and changes in depressive symptoms from T1 to
T2. The change in levels of depressive symptoms from T1 to T2 (i.e., CDI
total scores at T1 subtracted from CDI total scores at T2) was regressed
on sleep problems at T1, cumulative severity of ELA, and their interac-
tion, covarying for depressive symptoms at T1, changes in sleep prob-
lems from T1 to T2 (sleep problems score at T1 subtracted from sleep
problems score at T2), age at T1, and sex. We conducted a separate
linear regression with change in depressive symptoms regressed on
changes in sleep problems, cumulative severity of ELA, and their inter-
action, covarying for sleep problems at T1 and the other covariates
noted above. We evaluated statistical significance using a corrected
alpha = .025 for these analyses.

Next, we conducted two MANCOVAS to test whether ELA moderated
associations between sleep problems at T1 and/or changes in sleep
problems from T1 to T2 and changes in white matter microstructure. In
this analysis, APC of CGC and UF FA were regressed on sleep problems at
T1 (or changes in sleep problems), cumulative severity of ELA, and their
interaction, covarying for CGC and UF FA at T1, changes in sleep
problems (or sleep problems at T1), age at T1, and sex. We conducted
separate MANCOVAs for left and right tracts. We evaluated statistical
significance at the MANCOVA level, correcting for four comparisons (2
MANCOVAs x 2 hemispheres) for these analyses (corrected alpha
=.0125) and followed up significant MANCOVAs with separate linear
regressions for APC in CGC and UF FA.

Finally, for associations in which ELA moderated the effect of sleep
problems (at T1 and/or changes in sleep problems) and both changes in
depressive symptoms and changes in FA, we conducted moderated
mediation analyses using Hayes” PROCESS function in R to test whether
changes in FA (CGC and/or UF) from T1 to T2 mediated the association
between sleep problems (at T1 and/or changes in sleep problems) and
changes in depressive symptoms from T1 to T2, and whether the
mediation differed as a function of exposure to ELA. Based on significant
findings, we conducted the following moderated mediation models: 1)
ELA x sleep problems at T1 on changes in depressive symptoms through
APC in right CGC FA; 2) ELA x sleep problems at T1 on changes in
depressive symptoms through APC in right UF FA; 3) ELA x changes in
sleep problems on changes in depressive symptoms through APC in right
CGC FA; and 4) ELA x sleep problems at T1 on changes in depressive
symptoms through APC in right UF FA. We used Bonferroni-corrected
98.75% confidence intervals (corrected alpha =.0125 for 4 tests) with
5000 bootstraps to assess the significance of moderated mediation and
also reported the uncorrected (i.e., 95%) confidence intervals.

To assess directionality of effects, we also tested the reverse associ-
ation of whether white matter integrity at T1 (and/or changes in FA)
was associated with changes in sleep problems from T1 to T2 and
whether early adversity moderated these effects. We conducted separate
linear regression models for CGC and UF FA. Changes in sleep problems
from T1 to T2 were regressed on CGC (or UF) FA at T1, ELA, and their
interactions, covarying for sleep problems at T1, APC in CGC (or UF) FA,
age at T1, and sex. Similarly, changes in sleep problems were regressed
on APC in CGC (or UF) FA, ELA, and their interactions, covarying for
sleep problems at T1, CGC (or UF) FA at T1, age at T1, and sex.

1.8. Sensitivity analyses

Finally, to examine whether the interaction between ELA and sleep
problems at T1 (and changes in sleep problems) on development of
white matter integrity from T1 to T2 was specific to sleep problems or,
alternatively, was due to behavioral/affective problems more broadly,
we conducted the same analyses, but using the affective/depressive
problems subscale from the YSR instead of sleep problems.
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2. Results

Sample characteristics and descriptive statistics are presented in
Table 1 and correlations among variables are presented in Table 2. As
expected, variables at T1 were correlated with their respective variables
at T2. Severity of ELA was positively associated with sleep problems at
T1 and T2. CGC and UF FA were positively correlated with each other at
both time points.

2.1. Higher initial levels of and increases in sleep disturbances are related
to increases in depressive symptoms

Linear regression analyses indicated that greater sleep problems at
T1 were associated with greater increases in depressive symptoms from
T1 to T2 (b=0.99, SE=0.16, t(147) = 6.08, p < .001), over and above
changes in sleep problems from T1 to T2, sex, age at T1, and depressive
symptoms at T1 (Fig. 1 A; Table S2); this effect was marginally (i.e., did
not survive correction for multiple comparisons) moderated by severity
of ELA (b=-0.047, SE=0.024, t(147) = —2.00, p = .047). Post-hoc
simple effects analyses indicated that the effect of sleep problems at
T1 on increases in depressive symptoms was stronger for adolescents
exposed to lower severity of ELA (b=1.22, SE=0.20, t(147) = 6.05, p <
.001) than for adolescents exposed to higher severity of ELA (b=0.76,
SE=0.20, t(147) = 3.86, p = .0002). In addition, adolescents who re-
ported increases in sleep problems from T1 to T2 also reported increases
in depressive symptoms from T1 to T2 (b=1.11, SE=0.12, t(147) =
9.28), p < .001), over and above sleep problems at T1 (Fig. 1B;
Table S3); this effect was not moderated by severity of ELA (b=0.017,
SE=0.017, t(147) = 1.00, p = .32).

2.2. ELA moderates associations between initial levels of sleep
disturbances and longitudinal changes in CGC and UF FA

The MANCOVA conducted to test whether ELA moderated associa-
tions between sleep problems at T1 and changes in white matter
microstructure yielded a significant interaction between ELA and sleep
problems at T1 on APC in right CGC and UF FA (F(2, 63)=5.022,
p = .0095; Table S4; Fig. 2). Separate linear regressions indicated that
the interaction between ELA and sleep problems at T1 was significant for
APC in both right CGC and right UF FA (CGC: b=—0.37, SE=—.016, t
(63) = —2.35, p=.022 [Table S5]; UF: b= —0.032, SE=0.011, t

Table 1

Sample characteristics and descriptive statistics by timepoint. All descriptive
statistics are reported in mean (standard deviation) except for sex and ethnicity,
which are reported as number of participants (and percentage) in each category.
Items denoted with T1 were measured only at T1. YSR = Youth Self Report. CDI
= Child Depression Inventory. CGC = cingulum bundle, cingulate portion. UF =
uncinate fasciculus.

Variable Time 1 (N = 224) Time 2 (N = 168)

Age in years 11.35 (1.05) 15.46 (1.11)

Sex (M/F) (T1) 93/131 (41.5%/ 72/96 (42.9%/

58.5%) 57.1%)

Ethnicity (T1) N (%) N (%)

White 99 (44.2%) 68 (42.0%)
African American 19 (8.48%) 14 (8.64%)
Hispanic 20 (8.93%) 13 (8.02%)
Asian 24 (10.71%) 22 (13.58%)
Biracial 48 (21.43%) 35 (21.60%)
Other 14 (6.25%) 10 (6.17%)

Cumulative Severity of Adversity 6.89 (5.47) 6.55 (5.02)
(T1)

YSR Sleep Problems 2.35 (1.86) 2.46 (1.95)

CDI Depressive Symptoms 2.17 (2.38) 3.58 (3.44)

Left CGC FA 0.48 (0.047) 0.51 (0.044)

Right CGC FA 0.46 (0.042) 0.47 (0.045)

Left UF FA 0.46 (0.037) 0.44 (0.03)

Right UF FA 0.46 (0.035) 0.43 (0.027)
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Table 2
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Bivariate correlations among variables. L = left, R = right, CGC = cingulum bundle, cingulate portion. UF = uncinate fasciculus, FA = fractional anisotropy. * p < .05,

*%p <. 0L, ***p<.00L

N 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1. Age (T1) 224 .85 * -0.11 -0.12 0.18 0.03 0.19 * 0.04 0 0.22 * 0 0.18 -0.05 0.03 -0.13
2. Age (T2) 157 -0.17 -0.06 0.17 0.18 0.15 0.13 0.14 0.21 * 0.09 0.19 * 0.02 0.09 -0.05
%
3. Sleep Problems 213 0.25 * -0.1 0 -0.1 0 -0.03 -0.14 -0.06 -0.16 0.2 ** 0.49 * 0.12
(T1) * ok
4. Sleep Problems 163 -0.04 0.01 -0.01 0.04 0.05 0.05 -0.04 0.04 0.29 * 0.16 * 0.65 *
(T2) wk *%
5. L CGC FA (T1) 141 0.63 * 0.7 * 0.54 * 0.29 * 0.46 * 0.37 * 0.36 * 0.02 0.06 0.04
ok - ok - - . o
6. L CGC FA (T2) 110 0.62 * 0.72 * 0.36 * 0.24 * 0.27 * 0.22 * 0.07 0.01 0.15
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Fig. 1. (A) Greater sleep problems at T1 were associated with greater increases in depressive symptoms from T1 to T2, controlling for sex, age at T1, depressive
symptoms at T1, and changes in sleep problems from T1 to T2. (B) Increases in sleep problems from T1 to T2 were associated with greater increases in depressive
symptoms, controlling for sex, age at T1, depressive symptoms at T1, and sleep problems at T1. Values represent predicted changes in depressive symptoms adjusted

for covariates.

(63) = —2.98, p =.0004 [Table S6]). While the coefficients of the
simple slopes indicated that the association between sleep problems at
T1 and APC in both right CGC and UF FA were in opposite directions at
+ /- 1 SD of ELA, the simple slopes were not statistically significant
(APC in right CGC: —1 SD ELA: b=0.28, SE=0.15, t(65) = 1.83, p = .07;
+ 1 SDELA: b= —0.106, SE= 0.14, t(65) = —0.75, p = .46; APC in right
UF: —1SD ELA: b= 0.172, SE= 0.10, t(65) = 1.68, p =.10; + 1 SD
ELA: b= -0.152, SE=0.095, t(65)= —1.60, p =.114). Johnson-
Neyman analysis indicated that the association between sleep prob-
lems at T1 and APC in right UF FA is significant at ELA severity scores
greater than 13.35 (4+1.18 SD).

ELA also moderated the association between changes in sleep prob-
lems and APC in right CGC and UF FA, over and above sleep problems at

T1, F(2,63)=5.48, p =.0064 (Table S7; Fig. 3). Separate linear re-
gressions indicated that the interaction between ELA and changes in
sleep problems was significant for APC in both right CGC and UF FA
(CGC: b=0.027, SE=0.013, t(65) =2.08, p =.042 [Table S8]; UF:
b= 0.028, SE= 0.0086, t(67) = 3.21, p = .002 [Table S9]). Simple slope
analysis indicated that greater increases in sleep problems were asso-
ciated with greater increases (smaller decreases) in right UF FA in ad-
olescents who were exposed to higher (+1 SD) levels of ELA (b=0.20,
SE=0.08, t(67) = 2.62, p = .01). Changes in sleep problems were not
related to changes in right UF FA in adolescents who were exposed to
lower (—1SD) levels of ELA (b=-0.08, SE=0.09, t(67) = —0.99,
p = .33). Although simple slope analyses indicated that the coefficients
for the effect of changes in sleep disturbances and APC in right CGC were
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Fig. 2. Early life adversity moderated the association between sleep problems at T1 and annualized percentage change (APC) in (A) right CGC FA and (B) right UF
FA, controlling for sex, age at T1, changes in sleep problems, and respective tract FA at T1. Values represent predicted APC in FA adjusted for covariates. CGC
= cingulate portion of the cingulum bundle, UF = uncinate fasciculus, FA = fractional anisotropy.
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Fig. 3. Early life adversity (ELA) moderated the association between changes in sleep problems and annualized percentage change (APC) in (A) right CGC FA and (B)
right UF FA, controlling for sex, age at T1, sleep problems in T1, and respective tract FA. Simple slope analyses indicated that greater increases in sleep problems were
associated with greater APC in right UF FA in adolescents exposed to higher (+1 SD) ELA (p = .01), but not to lower (—1 SD) ELA (p = .33). Values represent
predicted APC in FA adjusted for covariates. CGC = cingulate portion of the cingulum bundle, UF = uncincate fasciculus, FA = fractional anisotropy.

in opposite directions for lower ELA (b=-0.18, SE=0.13, t(65) = —
1.41, p=.16) versus higher ELA (b=0.10, SE=0.11, t(65) = 0.85,
p = .40), the simple slopes at lower and higher levels of ELA were not
statistically significant.

The interactions between ELA and sleep problems at T1 (F(2, 63)=
3.37, p =.041; Table S10) and between ELA and changes in sleep
problems (F(2, 63)= 2.33, p =.11; Table S13) predicting APC in left
CGC (Tables S11 and S14) and UF FA (Tables S12 and S15) were not
statistically significant.

Testing the reverse association, the interaction between ELA and
CGCFA at T1 (left: p = .80; right: p = .23; Tables S16-517) and between
ELA and UF FA at T1 (left: p = .89; right: p =.30; Tables S18-S19) on
changes in sleep problems were not statistically significant, indicating
that CGC and UF integrity at baseline were not related to changes in
sleep problems. Similarly, the interaction between ELA and APC in CGC
FA (left: p = .61; right: p = .23; Tables S20-521) and between ELA and
APC in UF FA (left: p = .09; right: p = .33; Tables S22-523) on changes
in sleep problems were not statistically significant. In addition, across all
analyses, sleep problems at T1 were negatively associated with changes
in sleep problems, such that greater sleep problems at T1 were associ-
ated with a smaller increase (or greater decrease) in sleep problems from

T1 to T2 (ps<.001).

2.3. CGC development mediates the association between initial levels of
sleep problems and changes in depressive symptoms in adolescents with
lower ELA

Next, we examined whether APC of right CGC and right UF FA
mediated the association between sleep problems at T1 and change in
depressive symptoms from T1 to T2, and whether the mediation was
moderated by ELA. Covariates included sex, age at T1, change in sleep
problems from T1 to T2, respective tract FA at T1, and depressive
symptoms at T1. Analyses revealed that the indirect effect of sleep
problems at T1 and changes in depressive symptoms through APC in
right CGC FA was moderated by ELA (index of moderated mediation =
—0.022, SE=0.014, 95% CI: [-0.058, —0.005]; 98.75% CIL: [—0.0723,
—0.011]), such that the mediation model was marginally significant (i.
e., did not survive correction for multiple comparisons) for adolescents
with lower levels (—1 SD) of ELA (indirect effect = 0.15, SE=0.11, 95%
CI: [0.011, 0.423]; 98.75% CI: [—0.0196, 0.5219]), but not with higher
levels (+1 SD) of ELA (indirect effect = —0.066, SE=0.084, 95% CI:
[-0.26, 0.67]; 98.75% CI: [—0.369, 0.122]). For adolescents with lower
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levels of ELA, greater sleep problems at T1 were associated with greater
increases in CGC FA (b=0.32, SE=0.15, t(63) = 2.20, p =.0314),
which, in turn, were associated with greater increases in depressive
symptoms from T1 to T2 (b=0.47, SE=-.18, t(63) = 2.63, p =.011)
(Fig. 3). Greater APC in right CGC FA was associated with greater in-
creases in depressive symptoms across all levels of ELA (i.e., the inter-
action of ELA and APC in right CGC FA was not significant [b=—0.004,
SE=0.043, t(62) = —0.10, p = .92]). APC of right UF FA was not asso-
ciated with changes in depressive symptoms (path b: b=0.48, SE=0.27, t
(65) = 1.81, p =.07), and this effect did not differ by ELA (b=0.026,
SE=0.037, t(63) = 0.71, p = .48). .

The indirect effect of changes in sleep problems on changes in
depressive symptoms through APC in right CGC FA was marginally (i.e.,
did not survive correction for multiple comparisons) moderated by ELA
(index of moderated mediation = 0.0186, SE=0.0092, 95% CI: [0.0014,
0.03791], 98.75% CI: [—0.0060, 0.0451]). Further, although the indirect
effects were in opposite directions for adolescents with lower ELA (in-
direct effect = —0.1154, SE=0.0834, 95% CI: [—0.2661, 0.0740],
98.75% CI: [—0.322; 0.148]) than for adolescents with higher ELA (in-
direct effect = 0.0695, SE=0.0829; 95% CI: [—0.0566, 0.26701, 98.75%
CI: [-0.0963, 0.3520]), neither effect was statistically significant. APC
in right UF FA was not associated with changes in depressive symptoms
(b=0.34, SE=0.27, t(65) = 1.28, p = .21), nor were there any differ-
ences in this association across levels of ELA (ELA x APC in right UF FA:
b=0.018, SE=0.04, t(63) = 0.49, p = .62), over and above the moder-
ating effect of ELA and changes in sleep problems on APC in right UF FA.

2.4. Sensitivity analyses

To test whether the interaction between ELA and sleep problems at
T1 on APC in right CGC and UF from T1 to T2 was specific to sleep
problems or, alternatively, was due to affective problems more broadly,
we conducted the same MANCOVA, but substituting scores on the af-
fective/depressive problems subscale of the YSR for sleep problems. ELA
did not interact significantly with anxious/depressed problems at T1 to
predict APC in right CGC and/or UF FA from T1 to T2 (F(2,63)= 1.079,
p = .35; Table S24). ELA also did not interact significantly with changes
in anxious/depressed problems to predict APC in right CGC and/or UF
FA (F(2, 63)=1.97, p = .148; Table S25).

3. Discussion
The current study examined the interactive effects of early life

adversity (ELA) and sleep problems on longitudinal changes in CGC and
UF white matter microstructural integrity and depressive symptoms

Early Life Adversity

APC in Right CGC FA

-0.047 (0.019)
p=.017

0.47 (0.18)
p=.011
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over a four-year period during adolescence. We found that, in adoles-
cents who experienced lower levels of ELA, greater sleep problems early
in adolescence were associated with increased FA in right CGC four
years later, which was associated with an increase in depressive symp-
toms across the same time period. We also found that, in adolescents
who experienced higher levels of ELA, greater initial levels of sleep
problems and greater decreases in sleep problems were associated with a
greater decrease in right UF FA four years later; however, changes in UF
FA were not associated with changes in depressive symptoms. This study
is the first to examine the role of sleep problems in the longitudinal
development of CGC and UF integrity and changes in depressive
symptoms, and how these associations differ as a function of early
adversity.

Consistent with our hypotheses and with previous research (e.g.,
Guldner et al., 2023; James and Hale, 2017; Talbot et al., 2010), we
found that both sleep problems in early adolescence and increases in
sleep problems over a four-year interval, independently, were related to
increases in depressive symptoms during adolescence. Moreover, these
associations were not significantly moderated by severity of ELA. These
findings highlight the importance of sleep disturbances in the develop-
ment and escalation of depressive symptoms during adolescence.

We also found that higher levels of sleep problems at T1 were asso-
ciated with greater increases in right CGC FA, which were associated
with greater increases in depressive symptoms in adolescents who
experienced lower levels of ELA. While alterations in the development of
the CGC as a function of sleep and ELA were expected, the direction of
these effects was counter to our hypotheses. Specifically, we expected
that greater sleep problems would be associated with attenuated white
matter development (Cooper et al., 2023), and that higher CGC FA
would be associated with lower levels of depressive symptoms (Barch
etal., 2022; Kliamovich et al., 2021). It is important to note, however, an
emerging body of research is documenting higher levels of CGC FA both
in adolescents with depression and in adults with chronic sleep distur-
bances. Interestingly, these findings also appear to be lateralized to the
right hemisphere. For example, Cullen et al. (2020) examined the as-
sociations between FA across numerous tracts and several dimensions of
depression (e.g., lassitude, appetite changes, traumatic intrusion) in
adolescents with depression and found that greater right CGC FA was
associated with greater lassitude, which is characterized by feelings of
exhaustion, low energy, sleepiness, difficulty getting going, and feeling
worse in the morning (Cullen et al., 2020). In a study with adults, Lee
et al. (2022) found that shift-workers, who regularly experience sleep
disturbances due to the desynchronization of their circadian rhythm and
homeostatic sleep pressure, exhibited greater right CGC FA than did
non-shift-workers. Moreover, in shift-workers, greater right CGC FA was

Fig. 4. Moderated mediation analysis indicated that the
indirect effect of sleep problems at T1 and changes in
depressive symptoms from T1 to T2 through APC in right
CGC FA were moderated by early life adversity (ELA). For
adolescents exposed to lower (—1 SD) levels of ELA, greater
sleep problems at T1 were associated with greater annu-
alized percentage change (APC) in right CGC FA, which
was associated with greater increases in depressive symp-
toms. APC in right CGC FA did not mediate the association
between sleep problems at T1 and changes in depressive

( Change in Depressive

symptoms for adoelscents exposed to higher (41 SD) levels
of ELA. Covariates included sex, age at T1, depressive

Sleep Problems at T1 Symptoms symptoms at T1, changes in sleep problems from T1 to T2,
J ¢’ =0.80 (0.18) and right CGC FA at T1. CGC = cingulate porition of the
p <.001 cingulum bundle, FA = fractional anisotropy.
Low ELA: Index of Moderated Mediation: High ELA:

Indirect effect (SE): 0.15 (0.11)
95% CI: [0.011, 0.42]
98.75% ClI: [-0.020, 0.52]

Effect (SE): -0.022 (0.014)
95% Cl: [-0.058, -0.005]
98.75% Cl: [-0.072, -0.011]

Indirect effect (SE): -0.066 (0.084)
95% Cl: [-0.26, 0.067]
98.75% ClI: [-0.37, 0.12]
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positively correlated with multiple indices of poor sleep quality,
including poorer subjective sleep, whereas the opposite pattern (higher
CGC FA, better sleep quality) was observed in non-shift-workers.
Together, these findings suggest that chronic sleep disturbance and its
related depressive symptoms (e.g., low energy, fatigue, loss of interest)
are associated with greater right CGC FA. Our findings support this
formulation and demonstrate further that, beyond cross-sectional dif-
ferences in FA, greater sleep problems during adolescence are associated
with greater increases of right CGC FA, which are associated with
greater increases in depressive symptoms.

In the present study, changes in right CGC FA were found to mediate
the association between initial levels of sleep disturbances and increases
in depressive symptoms only in adolescents with lower ELA. Although
sleep problems at T1 were not associated with changes in right CGC FA
for adolescents who had experienced higher ELA, the positive associa-
tion between changes in right CGC FA and changes in depressive
symptoms was also present for these adolescents. The results of our
moderated mediation analysis suggests that, while sleep disturbances
may be one pathway by which ELA is related to depressive symptoms,
this association is perhaps not explained by alterations in fronto-
cingulate-limbic white matter development for adolescents with
higher levels of ELA.

In contrast to the effects of sleep disturbances on right CGC devel-
opment, we found that greater sleep disturbances at T1 were associated
with greater decreases in right UF FA in adolescents with higher, but not
with lower, ELA. In addition, over and above the effects of sleep
disturbance at T1, greater decreases in sleep disturbances from T1 to T2
were also associated with greater decreases in right UF FA in adolescents
with higher ELA. In our sample, adolescents who had more sleep prob-
lems at T1 were more likely to have smaller increases (or greater de-
creases) in sleep problems from T1 to T2. Considered collectively, these
findings suggest that, among adolescents exposed to higher ELA, those
who have more sleep problem at T1 also have smaller increases (or
greater decreases) in sleep problems from T1 to T2 and, further, that
these two patterns of sleep problems are associated with greater de-
creases in right UF FA. These findings are consistent with previous cross-
sectional research that has found lower UF FA in adolescents with more
sleep problems and/or with exposure to higher ELA (e.g., (Hanson et al.,
2015; Ho et al., 2017; Telzer et al., 2015). Our longitudinal investigation
suggests that this lower UF FA is a result of greater decreases in UF FA
rather than of attenuated development of UF FA during adolescence.
Previous studies that have examined the development of the CGC and UF
from childhood through adulthood (8-86 years) found that, whereas UF
FA did not change with age, CGC FA increased from childhood through
the late-20 s and then remained stable across adulthood (Peters et al.,
2014). One longitudinal study that evaluated changes in FA across
multiple tracts in individuals 5-32 years of age found that over 70% of
individuals showed either no change or decreases in UF FA during
adolescent years, and over 80% showed either no change or decreases in
UF FA after 19 years (Lebel and Beaulieu, 2011). These findings stand in
contrast to the development of the cingulum, with 30-50% of in-
dividuals showing increases in FA well into their 20’s (Lebel and Beau-
lieu, 2011). While speculative, the current findings suggest that, in
adolescents who experienced greater ELA, greater sleep disturbances
during early adolescence, over and above changes in sleep disturbances
across adolescence, are associated with premature degradation of the
UF. It will be important to conduct studies examining other indices of
white matter integrity, including indices of both macrostructure (e.g.,
fiber density) and microstructure (e.g., mean, axial, radial diffusivity)
integrity, to test this formulation.

We did not find that changes in UF FA were associated with changes
in depressive symptoms. The absence of a significant association be-
tween UF FA and depressive symptoms is consistent with several studies
that also did not find significant differences in UF FA between adoles-
cents with and without depression; importantly, these studies did report
significant associations between CGC FA and adolescent depression,
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suggesting specificity of CGC in adolescent depression (Barch et al.,
2022; Cullen et al., 2020; Kliamovich et al., 2021; Uchida et al., 2021).
While the function of the UF is not yet clear, researchers have posited
that the UF is involved in cognitive control, reward processing, episodic
memory, and stress responding (Granger et al., 2021; Kircanski et al.,
2019; Olson et al., 2015). Indeed, the UF connects regions in the medial
temporal lobe, such as the amygdala and entorhinal cortex, to the
orbitofrontal cortex (Olson et al., 2015), regions that have been impli-
cated in these functions. In contrast, the CGC connects frontal regions to
subcortical regions (amygdala, striatum, hippocampus) through the
subgenual/anterior cingulate (Bubb et al., 2018; Lichenstein et al.,
2016; Wakana et al., 2004). The subgenual/anterior cingulate has been
implicated in melancholia and depressive symptoms (Mertse et al.,
2022), and is part of multiple brain networks involved in emotion pro-
cessing and regulation, including the default mode, salience, and
fronto-parietal networks (Bathelt et al., 2019; Lichenstein et al., 2016),
which have also been found to be disrupted in depression and associated
with ELA and with sleep disturbances (Akbar et al., 2022; Chahal, Ho
et al., 2022; Dutil et al., 2018). Taken together, these findings suggest
that the CGC specifically underlies associations among ELA, sleep dis-
turbances, and depressive symptoms during adolescence.

We should note three limitations of this study. First, in measuring
sleep disturbances we assessed participants’ general experience of
multiple sleep problems; thus, this measure is not specific with respect to
particular problems/disorders or timeframe (e.g., past week or month).
Similarly, we also do not have information about participants’ sleep
behaviors (e.g., sleep duration, timing, efficiency); therefore, we cannot
distinguish the effects of sleep problems from consequences of sleep
behaviors. Nevertheless, it is important to note that our findings
converge with results of other studies that examined white matter
microstructure as a function of sleep behaviors (Guldner et al., 2023;
Telzer et al., 2015) and morning-evening preference (Cooper et al.,
2023), suggesting that the effects of sleep disturbances on white matter
integrity are robust to differences in the operationalization of sleep
disturbances. Future studies might examine possible differences in the
neural effects of objectively and subjectively measured sleep behaviors
and disturbances. Second, while our examination of longitudinal
changes in sleep problems, white matter, and depressive symptoms
across two timepoints is a strength of our study, we were not able to
investigate potential non-linear effects. Future studies using at least
three time points of data will be better positioned to address this ques-
tion. Finally, we experienced attrition in our DTI data from T1 (N = 142)
to T2 (N = 112) (only 72 participants had good quality DTI data and
behavioral measures at both timepoints), which reduced statistical
power in our analyses. We did, however, obtain significant effects of
sleep on brain white matter microstructure; further, our final sample of
participants with complete DTI and behavioral data at both timepoints is
comparable in size to samples in recently published studies in this area
(e.g., Cooper et al., 2023; Guldner et al., 2023).

Despite these limitations, in the current study we demonstrated that
greater sleep disturbances during early adolescence and greater longi-
tudinal increases in sleep disturbances are associated with greater in-
creases in depressive symptoms and changes in fronto-cingulate-limbic
white matter development across a four-year period. Moreover, these
associations differed as a function of exposure to early adversity. These
findings highlight the importance of sleep quality in shaping the
development of both fronto-cingulate-limbic white matter tracts and
depressive symptoms during adolescence.
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