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Dysfunction in cortico-limbic circuitry is implicated in internalizing disorders (i.e., depressive and anxious
disorders), but less is known about whether structural variations precede frank disorder and thus potentially
mark risk. We therefore examined associations between white matter (WM) tract microstructure in cortico-
limbic circuitry at age 7 and concurrent and longitudinal patterns of internalizing symptoms in 42 typically
developing girls using Diffusion Tensor Imaging (DTI). Girls' internalizing symptoms were concurrently asso-

ciated with reduced fractional anisotropy (FA) in segments of the cingulum bundle (CB) and the uncinate fas-
ciculus (UF), bilaterally. Moreover, latent profile analysis showed that girls with increasing internalizing
symptoms, based on assessments at ages 3, 6, 7, and 8, had reduced FA in these segments compared to girls with
stably low symptoms. These results point to a putative neural mechanism underlying the course of childhood

internalizing symptoms.

1. Introduction
1.1. Childhood internalizing symptoms

Internalizing problems (i.e., depressive and anxious symptoms) can
appear early in development and mark increased risk for depressive and
anxiety disorders in later life (Clark et al., 2007; Copeland et al., 2009;
Reinke and Ostrander, 2008; Toumbourou et al., 2011). The impact of
early internalizing symptoms, even when subthreshold, is significant.
For example, children with these symptoms have poor academic per-
formance, low emotional competence, and problematic peer and family
relationships (Ialongo et al., 1994; Masten et al., 2005; Masten and
Cicchetti, 2010; Mathews et al., 2016). Moreover, they are at especially
high risk for persistent and severe mental health outcomes, such as
depression and early onset substance use (Kaplow et al., 2002; Luby,
2010; Luby et al., 2009), which exact a substantial economic burden.
Indeed, annual estimates of the burden due to depression alone is as
high as USD $53 billion (Greenberg et al., 2003), with more recent
studies reporting indirect costs as high as USD $210.5 billion
(Greenberg et al., 2015). Given this steep toll, research that speaks to
the early origins of risk is vital for informing early prevention and in-
tervention efforts.
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1.2. Neural mechanisms

Deficits in affect processing and regulation characterize an array of
internalizing problems (Pagliaccio et al., 2014; Zahn-Waxler et al.,
2016), implicating brain structures that govern these functions as
mediators of risk for disorder. Indeed, extant literature on adult inter-
nalizing psychopathology points to structural and functional abnorm-
alities in the neural networks that subserve affective processing, parti-
cularly cortico-limbic circuitry (Phillips et al., 2003b). For instance,
magnetic resonance imaging (MRI) studies demonstrate volumetric
reductions in prefrontal cortex (PFC), orbitofrontal cortex, anterior
cingulate cortex (ACC), amygdala, and the hippocampus, in adults with
current or remitted depression (Bremner et al., 2002; Hastings et al.,
2004; MacQueen et al., 2003). The precise causal mechanisms that
account for these brain-disorder associations are unclear; however,
work on healthy adults at risk for depression, indexed by family history,
suggests that these structural factors may be a precursor to illness, ra-
ther than a consequence (Amico et al., 2011). It is also possible that
these structural characteristics interact with environmental factors that
serve as more proximal triggers of disorder; for example, reduced hip-
pocampal volume has been found in depressed women with a history of
childhood sexual abuse (Vythilingam et al., 2002). Volumetric
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reductions in the amygdala and PFC have also been reported in anxiety
disorders (van Tol et al., 2010), although findings are less consistent
(Shin and Liberzon, 2010).

Functional MRI studies of clinical populations also implicate altered
activity of cortico-limbic circuitry in depression and anxiety (Etkin and
Wager, 2007; Leppanen, 2006; Price and Drevets, 2012). For instance,
depressed patients show greater amygdalar activation to sad stimuli
and reduced activity in response to positively valenced stimuli (Price
and Drevets, 2012). In addition, regions of the ACC and the PFC asso-
ciated with reward and positive emotions show reduced activity in
response to reward in depression, and this reduced activity is further
associated with subjective ratings of anhedonia (Price and Drevets,
2012). Hyperactivation of the amygdala and dorsal ACC has also been
implicated in anxiety disorders, and is theorized to underlie the threat
hypersensitivity and elevated fear response that characterize these
disorders (Duval et al., 2015; Shin and Liberzon, 2010).

Similarly, and consistent with women's well-established increased
risk for internalizing disorders (McLean et al., 2011a; Nolen-Hoeksema,
2001), extant literature demonstrates normative sex differences in the
activity of cortico-limbic structures during emotion processing (Stevens
and Hamann, 2012). In particular, relative to men, women exhibit
greater activation of the amygdala, hippocampus, medial PFC, and ACC
in response to negatively valenced emotional stimuli, which is in turn
related to heightened emotional and physiological responding (Bradley
et al., 2001; Stevens and Hamann, 2012). Moreover, activity of cortico-
limbic structures underlies depression and anxiety specific cognitive
processes that have clear sex differences favoring women, such as ru-
mination and heightened memory for emotional stimuli (Canli et al.,
2002; Leach et al., 2008). Together, studies of clinical populations il-
lustrate the role of cortico-limbic circuitry in internalizing psycho-
pathology, and are supported by the normative sex differences in neural
structure and function that may serve as mechanisms of women's in-
creased risk (Cahill, 2006; Madeira and Lieberman, 1995; Mechelli,
2005). Thus, studying this neural system and its association with early
emerging internalizing symptoms may shed light on the neural pro-
cesses that underlie the development of internalizing disorders, parti-
cularly for women.

1.3. Developmental neurobiology of internalizing problems

Development of cortico-limbic structures differs in the first two
decades of life, with limbic structures maturing earlier than cortical
areas (Mills et al., 2014). Considering the well-established regulatory
role of the PFC on the amygdala (Banks et al., 2007; Jackson and
Moghaddam, 2001), asynchronous development of cortico-limbic cir-
cuitry is thought to mark a sensitive period in adolescence that coin-
cides with an increase in internalizing problems, and the emergence of
sex differences in their prevalence (Jones et al., 2017; Zahn-Waxler
et al., 2008). For instance, reduced fronto-limbic functional con-
nectivity is associated with increases in depressive symptoms across
adolescence, and this atypical functional connectivity at baseline dif-
ferentiated symptom-free controls from adolescents who developed
symptoms later on (Scheuer et al., 2017). Moreover, Burghy et al.
(2012) report an association between early life stress and elevated
stress reactivity in infants that prospectively predicted altered pre-
frontal-amygdala connectivity in adolescence, which was further re-
lated to concurrent anxious and depressive symptoms. Of note, these
associations were found for females only (Burghy et al., 2012), under-
scoring the need to consider sex when studying the developmental
neurobiology of internalizing psychopathology. Similarly, altered con-
nectivity and function of cortico-limbic circuitry has been demonstrated
in pediatric anxiety disorders (Swartz and Monk, 2013). In contrast,
increasing functional connectivity of cortico-limbic connectivity in the
course of normative development is associated with normative reduc-
tions in anxiety and better emotion regulation (Gee et al., 2013). To-
gether, these lines of evidence highlight the importance of
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understanding the developmental trajectory of cortico-limbic circuitry
as a potential risk marker for internalizing psychopathology, and point
to specific mechanisms by which atypical development confers risk.
However, work thus far has been limited to adolescence, a period in
which many youth have already developed significant symptoms
(Copeland et al., 2014; Moilanen et al., 2010). Examining neural
structure and function in cortico-limbic circuitry in childhood may
speak more clearly to neural precursors of disorder.

1.4. Structural connectivity

Contemporary models of brain function emphasize the highly con-
nected and interactive organization of the brain, whereby distinct re-
gions communicate and influence each other (Sporns et al., 2004). In-
deed, bidirectional axonal connections exist between elements of
cortico-limbic circuitry, such that the limbic system relays information
to cortical regions which in turn regulate limbic activation, influencing
emotional reactivity (Banks et al., 2007; Ghashghaei et al., 2007).
Structural connectivity then refers to white matter (WM) tracts, which
are highly organized fiber bundles composed primarily of myelinated
axons, that mediate communication between grey matter structures
(Honey et al., 2009). Given the continuous reconfiguration of neuronal
activity (Honey et al., 2009), especially in children whose brains are
undergoing rapid change, methods that speak to structural connectivity
provide a practical and robust approach to studying brain networks
(Van Den Heuvel et al., 2009). One such method, Diffusion Tensor
Imaging (DTI), allows in-vivo investigation of the microstructure of WM
tracts, yielding fractional anisotropy (FA), axial diffusivity (AD), and
radial diffusivity (RD) parameters (Alexander et al., 2007; Feldman
et al., 2010; Soares et al., 2013). While FA provides a global index of
tract microstructure, AD and RD provide more specific information
about the axonal factors driving FA; increased RD has been associated
with reduced myelination and diffuse packing of axons within a bundle
while lower AD has been related to changes in intercellular fluid that
may result from axonal degeneration (Alexander et al., 2011a; Aung
et al., 2013).

With respect to major tracts that may be relevant, the cingulum
bundle (CB) and the uncinate fasciculus (UF) govern communication
within cortico-limbic circuity. The CB runs from the anterior to the
posterior of the brain, and is thought to mediate communication be-
tween components of the limbic system and the cingulate gyrus, as well
as between regions of the cingulate gyrus (Catani and Thiebaut de
Schotten, 2008). The UF is a hook-shaped bundle that connects the
limbic system to regions of the PFC (Catani and Thiebaut de Schotten,
2008). Given their anatomical projections, structural integrity of these
tracts is crucial to emotion processing and regulation (Schmahmann
et al., 2008).

Consistent with developmental changes in cortico-limbic circuitry
structure and function, studies demonstrate normative increases in FA
of the UF and CB that peak in adulthood (Johnson et al., 2014a; Lebel
et al., 2012; Swartz et al., 2014). Higher FA is thought to reflect greater
integrity of the WM tracts, and therefore more efficient communication
between grey matter structures; indeed, increasing FA of cortico-limbic
tracts across development is associated with better emotion regulation
(Kim and Whalen, 2009). In addition, sex differences in the rate of WM
development have been noted in the UF and CB, particularly in child-
hood (Johnson et al., 2014b), further demonstrating the need to con-
sider sex when studying structural connectivity in this age window.

Past work using DTI with clinical populations implicates dysfunc-
tional connectivity and alterations in the WM microstructure of major
tracts within cortico-limbic circuitry in adult depressive and anxiety
disorders (Ayling et al., 2012; Sexton et al., 2009). The limited work on
depressed adolescents and young adults also shows reduced FA of WM
in prefrontal areas, cingulum, limbic system and thalamic projection
tracts, and the superior longitudinal fasciculus (SLF; Bessette et al.,
2014; Cullen et al., 2010; Murphy and Frodl, 2011). Conversely,
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depressed women were found to have increased FA in segments of the
corticospinal tract, compared to controls, which was hypothesized to be
related to the psychomotor symptoms of depression given connectivity
of this tract to cortical motor centers (Sacchet et al., 2014). Similarly,
young adults with social anxiety and generalized anxiety disorder ex-
hibit reduced volume and FA of the UF compared to controls (Baur
et al., 2013; Baur et al., 2012; Hilbert et al., 2014; Phan et al., 2009).
However, Han et al. (2008) reported increased FA of the anterior and
posterior regions of the cingulate gyrus in adults with panic disorder,
which may account for the increased attention to interoceptive cues
seen in this disorder, given that the cingulate is involved in learning and
selective attention (Hayden and Platt, 2009).

Emerging research suggests that altered WM microstructure may
also mark vulnerability to internalizing disorders. For instance, healthy
young women with parental history of depression and subclinical an-
hedonia were found to have lower FA of both left and right cingulum
bundles (Keedwell et al., 2012). Using voxel-wise analyses, Huang et al.
(2011a) report reduced FA in localized segments of the left cingulum,
corpus callosum, bilateral SLF, UF, and fronto-occipital fasciculi in at-
risk adolescents with parental history of depression, suggesting that
identification of specific loci within WM tracts may be of unique re-
levance to at-risk populations. Indeed, using Automated Fiber Quanti-
fication (AFQ; Yeatman et al., 2012), Ho and colleagues (2017) found
that reduced FA in a frontal segment of the right UF predicted sensi-
tivity to early life stress and subsequent anxiety symptoms in a com-
munity sample of adolescents.

1.5. Research objectives

In summary, extant literature supports cross-sectional associations
between WM structure and both subthreshold and clinical manifesta-
tions of internalizing psychopathology in adolescents and adults.
However, it is unclear how early such variations in WM appear in life,
and how they relate to other markers of risk in childhood. Early
emerging internalizing symptoms, even when subthreshold in severity,
are clearly related to increased risk for later disorder (W. Copeland
et al., 2009; Roza et al., 2003; Toumbourou et al., 2011), particularly
when such symptoms are persistently elevated across childhood. Typi-
cally developing children show variation in symptom manifestations
such that some have consistently low symptoms while others show
stably elevated symptoms over time, and are hence at greater risk for
later disorder (Fernandez Castelao and Kroner-Herwig, 2013; Sterba
et al., 2007). If specific patterns of structural connectivity in cortico-
limbic circuitry are associated with elevated early symptoms, this
would provide additional support for the notion that these structural
patterns serve as a mechanism of risk for internalizing symptoms.

We therefore used DTI to examine the integrity of the WM of the CB
and UF in a community sample of 42 seven-year-old girls, looking at
cross-sectional associations with internalizing symptoms. In addition to
its aforementioned value as a tool for investigating structural con-
nectivity, DTT also has the key benefit of facilitating the study of neural
structures in children as acquisition time is considerably shorter com-
pared to other neuroimaging methods. Given that the sex differences in
childhood WM development could introduce undesirable variability
(Johnson et al., 2014b), as well as females' elevated risk for inter-
nalizing psychopathology (McLean et al., 2011b; Nolen-Hoeksema,
2001), we included only young girls in this study. Moreover, to see
whether any cross-sectional associations between FA and symptoms
were found when considering more long-term symptom presentations,
we capitalized on the availability of multiple waves of symptom scores
to examine whether variations in WM microstructure were associated
with stably elevated symptoms during early childhood, a pattern of
symptoms known to mark risk for later internalizing disorder (Clark
et al., 2007; W. Copeland et al., 2009; Roza et al., 2003; Toumbourou
et al., 2011). We anticipated that elevated internalizing symptoms
concurrent to DTI data collection would be associated with reduced FA
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in the CB and UF, and that girls with stably elevated symptoms would
also show reduced FA in these tracts compared to girls with other
symptom patterns.

2. Methods
2.1. Participants

Participants were 46 seven-year-old girls drawn from a larger study
of 409 community-dwelling children, recruited to this study based on
their responses to a stress task designed to elicit cortisol reactivity
(described further below). At the larger study baseline, eligible three-
year-old children had at least one biological parent and no significant
medical and psychological problems (e.g., Kryski et al., 2011; Kryski
et al., 2013). As a further screen at baseline, children were administered
the Peabody Picture Vocabulary Test (PPVT; Dunn and Dunn, 1997),
and were of average cognitive ability (M = 112.0, SD = 14.05). The
larger sample was predominantly White (93.2%) and over half of fa-
milies were middle-class, reporting a family income between CAD
$40,000 and CAD $100,000. These characteristics are comparable to
that of the population of London, ON area from which they were re-
cruited (Statistics Canada, 2017). In addition to the baseline assessment
at child age three, children and families in the larger study participated
in additional waves of data collection when children were six and eight
years old, with girls in the current study participating in a DTI session at
age 7 (M = 6.7, SD = 0.68). This study was approved by the University
of Western Ontario Health Sciences Research Ethics Board.

2.2. Study procedure

Of the 409 children comprising the longitudinal sample, only right-
handed girls (N = 210) were eligible to participate in this follow-up,
given that the aim of this study is to investigate early neural risk factors
in girls, and to control for sex differences in neural development. The
eligible participant pool was refined further based on girls' cortisol re-
activity to a stress task conducted at baseline (Kryski et al., 2011), such
that only girls at the extreme ends of cortisol reactivity (i.e., using
quartile scores based on mean cortisol level over time and cortisol
change from baseline in response to the stress task) were eligible
(N = 117). The effect of cortisol reactivity on neural factors was part of
a different planned analysis from the one examined in the present
study, and for the present purposes all children were considered in a
single group irrespective of cortisol reactivity data.' Parents gave
consent for 58 girls, who were then invited to participate in a 1-h mock
scanning session to determine whether girls were likely to be compliant
with imaging data collection procedures. Forty-six girls completed both
the mock-scanner training and the DTI session. To further increase
compliance at the DTI session, the assessment was described as a “space
mission” and girls were given an astronaut suit to wear during the visit.
Girls also watched a developmentally appropriate film during image
acquisition. The primary caregiver completed the Child Behavior Check
List (CBCL; Achenbach, 1991) during either the mock scanner or DTI
visit.

2.3. Longitudinal latent profile analysis of symptoms

The CBCL was also completed by the child's primary caregiver when

! While cortisol reactivity was not a variable of interest in the current study,
we conducted further analyses to ensure that high- vs. low-cortisol reactivity
did not influence any current findings. A chi-square test showed that latent
profile membership was not associated with cortisol reactivity group
x(1) = 0.120, p = .729. Moreover, cortisol reactivity groups did not differ on
demographics, symptom scores, or white matter microstructure measures re-
ported below (all ps > 0.05).
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girls were three (M = 3.5, SD = 0.30), six (M = 6.0, SD = 0.31), and
eight (M = 8.7, SD = 0.71) years old. The CBCL asks the parent to rate
the frequency and intensity of their child's emotional and behavioral
problems over the past 6 months. As we were interested in internalizing
symptoms common in middle childhood, scores from the anxious/de-
pressed subscale were used in this study (12 items; range of Cronbach's
as = 0.68-0.80). Early internalizing symptoms show homotypic con-
tinuity with later clinically significant manifestations of anxiety and
depression (Toumbourou et al., 2011; Zahn-Waxler et al., 2016), par-
ticularly when stably elevated over time. To support our analyses using
cross-sectional measures of symptoms, and to better capture symptom
presentation over time, we used longitudinal Latent Profile Analysis
(LPA; Mplus v.8, Muthén and Muthén, 2017) to characterize our par-
ticipants in terms of internalizing symptom patterns across early
childhood (obtained concurrent to the DTI session as well as at ages 3,
6, and 8). LPA allows one to examine individuals based on shared
patterns of observations that can then be related to other variables of
interest (Berlin et al., 2014). As a data reduction method, LPA identifies
the smallest number of homogenous groups that account for maximum
variation in the indicator variables (Lazarsfeld and Henry, 1968;
Oberski, 2016), symptom scores at each time point in this case. The
optimal number of profile groups is determined by estimating a series of
a priori models that can then be compared against each other using
relative goodness-of-fit indices. Each individual is assigned probability
scores that reflect the likelihood that they belong to each of the profile
groups in each model based on their similarity to others in the group.

Past work on childhood internalizing symptom patterns suggests
some youth exhibit low-stable symptoms, others show high variability,
and other youth show stably elevated symptoms (Sterba et al., 2007).
Accordingly, and given our relatively small sample, we tested 3- and 2-
profile group models. To determine the best fitting model, the Vuong-
Lo-Mendell-Rubin and Lo-Mendell-Rubin adjusted LRT goodness-of-fit
indices were used, which test whether an additional profile group sig-
nificantly improves the model's ability to explain variation in the in-
dicator variables. t-tests were then conducted to compare mean FA of
previously identified segments within the CB and UF between the
groups resulting from the best fitting model.

2.4. Diffusion tensor image acquisition

MRI scans were conducted at Western's Centre for Functional and
Metabolic Mapping (CFMM), on a 3T Siemens TIM Trio scanner
equipped with a 32-channel head coil. Using echo planar imaging, a
non-diffusion weighted b0 scan was first acquired in the axial plane,
followed by diffusion-weighted scans in 30 directions (b1l = 700s/
mm? iPAT GRAPPA acceleration factor =2; TR = 9100 ms;
TE =91 ms; voxel size=2 X2 X 2mm; 62 slices; in-plane
FOV = 192 mm?). Additionally, a T1-weighted anatomical MRI scan
was collected using a T1 MPRAGE sequence (iPAT GRAPPA accelera-
tion factor = 2; TR = 2300 ms; TE = 3.01 ms; voxel
size = 1 x 1 X 1 mm; 192 slices; in-plane FOV = 256 mm?).

2.5. Data preprocessing and analysis

Diffusion MRI data were preprocessed using the mrDiffusion
package available as part of the open-source VISTA Lab MATLAB
toolbox (http://web.stanford.edu/group/vista/cgi-bin/wiki/index.
php/MrDiffusion). The raw diffusion weighted images were first cor-
rected for eddy current distortions and movement by co-registration to
the non-diffusion weighted (b0) image, using a rigid body transforma-
tion algorithm. Raw images were then resampled, combining the eddy
current-correction, motion-correction and anatomical alignment para-
meters using the 7th-order b-spline algorithm available in the SPM8
toolbox, and rotating b-vectors accordingly. Four girls were excluded
from the sample as over 20% of their acquired volumes contained
motion and eddy current artifacts, yielding a final sample of 42
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participants. For each of the remaining participants, translational and
rotational movement parameters were combined to produce measures
of absolute mean displacement (M = 0.83, S.D. = 0.43) and maximum
displacement (M = 1.23 mm, S.D. = 0.78). Mean and maximum dis-
placement did not differ significantly between the high and low risk
groups (p = 0.86 and p = 0.67, respectively). Diffusion tensors were fit
using a least-squares algorithm, which also removed outliers from the
tensor estimation. The eigenvalue decomposition of the diffusion tensor
at each voxel was then computed, which represent the magnitude of
diffusion, and directions of maximal and minimal diffusion.
Eigenvalues were then used to calculate the following at each voxel: (1)
axial diffusivity (AD), which represents diffusion along the long axis of
a fascicle of fibers; (2) radial diffusivity (RD), which describes diffusion
perpendicular to the long axis of a fascicle of fibers; and (3) fractional
anisotropy (FA), which is the normalized standard deviation of the
three eigenvalues and indicates the degree of anisotropy, (i.e., the
overall directionality of diffusion).

Analysis of the processed DTI data and identification of major fiber
tracts was done individually for each participant using Automated Fiber
Quantification (AFQ) (Yeatman et al., 2012). AFQ is a novel method for
the analysis of DTI data that automates the identification of regions of
interest (ROIs) across subjects, and quantifies diffusion properties at
multiple nodes along a tract's length (Yeatman et al., 2012). Relative to
other DTI analysis methods, AFQ circumvents errors that may arise
from manual identification of ROIs and gives weight to normative
variations in WM microstructure that occur along a tract's trajectory
that may be obscured by mean measures (Yeatman et al., 2012). As
such, AFQ allows fine-grained identification of specific loci in WM
tracts where microstructure variations may be driving observed beha-
vioral differences. The AFQ pipeline consists of 3 main steps: (1) whole-
brain tractography, (2) region-of-interest (ROI)-based tract segmenta-
tion and cleaning, and (3) fiber tract quantification. First, a determi-
nistic streamline tracking algorithm (STT) is applied to estimate fiber
tracts, and tracking is initiated from voxels with FA values > 0.3.
Streamlines are traced in both directions along the principal diffusion
axes, and propagation is terminated if the FA estimated at the current
position is below 0.2 in addition to the angle between the last path
segment and next step direction being > 30° (Yeatman et al., 2012).

In the second step, the resulting tracts are segmented into anato-
mically defined fascicles using the waypoint ROI procedure (Wakana
et al., 2007). Briefly, this procedure categorizes tracts as belonging to
the same fascicle if they pass through two waypoint ROIs that are based
on group-averaged DTI data in MNI space. Each resulting fiber is then
compared to a standard fiber tract probability map (Hua et al., 2008)
and tracts with high scores, reflecting higher probability of belonging to
a fascicle, are retained. Outlier fibers are removed if their length is > 4
standard deviations above the mean or if they are > 5 standard de-
viations from the fiber tract core, resulting in coherently bundled fibers
at the center of the tract's trajectory. The third step, quantification, is
limited to the tract's core which spans the portion bounded by the ROIs.
This limits variability between subjects due to anatomical differences
between brains. Diffusion properties (FA, AD, and RD) were quantified
at 100 equidistant nodes along the core of the CB and UF bilaterally,
yielding a tract profile for each tract. Cross-sectional associations be-
tween concurrent CBCL score on the Anxious/Depressed subscale and
FA were examined using bivariate correlations, which were used to
determine whether region-wise brain-behavior associations were loca-
lized to specific segments within each tract. We corrected for multiple
comparisons using permutation-based suprathreshold cluster tests out-
lined by Nichols and Holmes (2002); this approach employs a Monte
Carlo method to assess a false positive rate for each tract, which can
then be used to determine the number of spatially contiguous nodes
that must meet an alpha of 0.05 in order to be considered significant.
Cluster threshold was set at p = 0.01, and yielded the following cluster
sizes for each tract: left CB = 7; right CB = 7; left UF = 8; right UF = 9.
As FA is a global index of WM microstructure, we were interested in
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Table 1
Bivariate correlations between symptoms and mean FA of segments of interest of the bilateral CB and UF.
1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. T1 CBCL Anxious/Depressed Symptoms -
2. T2 CBCL Anxious/Depressed Symptoms 0.33
3. T3 CBCL Anxious/Depressed Symptoms 0.27 0.72
4. T4 CBCL Anxious/Depressed Symptoms 0.37 0.45 0.42
5. FA of the posterior segment of the left CB —0.33* —0.55 -0.51 —0.34
6. FA of the medial segment of the left CB 0.11 -0.33 —0.45 -0.17 0.36
7. FA of the medial segment of the right CB  —0.05 —0.39 —0.43 -0.33 047 0.62
8. FA of the medial segment of the left UF -0.16 -0.29 -0.38 -0.09 0.31 0.19 0.09
9. FA of the medial segment of the right UF  —0.09 —0.42 —0.45 —-0.09 0.54 0.42 0.20 0.40
10. Age at DTI (years) -0.20 -0.19 -0.12 —-0.18 -0.04 —-0.05 0.09 0.18 0.03
11. Risk group 0.44 0.68 0.85 0.51 —0.44 -0.39© -0.32 -0.36© -0.38° -0.23
12. PPVT -0.25 -0.01 —-0.01 0.14 —-0.03 -0.28 -0.24 0.20 0.09 0.33 —-0.09
13. Family Income -0.13 -0.10 -0.25 0.09 -0.10 0.26 —-0.14 0.01 0.21 —-0.17 -0.24 0.22
14. Ethnicity —-0.13 0.01 —0.24 —0.06 0.14 0.05 0.09 0.25 0.15 0.28 —-0.23 0.20 —-0.23 -
Mean 2.23 2.53 2.26 3.16 0.40 0.51 0.49 0.44 0.39 6.72 0.24 112.00 3.85 1.14
SD 2.21 2.12 2.26 3.01 0.06 0.07 0.08 0.06 0.05 0.68 0.43 14.43  1.09 0.35

CBCL = Child Behavior Checklist; FA = Fractional Anisotropy; CB = Cingulum Bundle; UF = Uncinate Fasciculus; PPVT Peabody Picture Vocabulary Test;
income:1 < $20,000,

DTI = Diffusion Tensor Imaging;

Risk group:

Low = 0; High =1;

Family

2 = $20,000—$40,000,

$40,001—$70,000 = 3,

$70,001—$100,000 = 4, and > $100,001 = 5; Ethnicity: 1 = Caucasian, 2 = Other.

*p < 0.05.
= p < 0.01.

investigating which axonal properties influenced FA in these regions.
To this end, we computed correlations between concurrent symptoms
and mean RD, and mean AD, for each segment. Finally, because WM
tracts are highly correlated, associations between the tracts of interest
and internalizing symptoms may reflect a global WM phenomenon,
rather than functional specificity of the CB and UF. As such, we ex-
amined whether the FA in the inferior longitudinal fasciculus (ILF),
which is not hypothesized to be related to affective processing (Ashtari,
2012), was also associated with internalizing symptoms.

3. Results
3.1. Cross-sectional analyses

Table 1 presents means, standard deviations, and bivariate corre-
lations between all major study variables. FA at each node along the
tracts of interest were used as our primary DVs. Neither FA nor inter-
nalizing symptoms were related to demographic variables. FA in two
distinct segments of the left CB, a posterior and medial segment (shown
in Fig. 1a), was significantly associated with concurrent internalizing
symptoms. Similarly, concurrent symptoms and FA of a medial segment
of the right CB were negatively correlated, shown in Fig. 1b. Only mean
RD of the posterior segment of the left CB was positively correlated with
concurrent symptoms (r(38) = 0.351, p = 0.031), suggesting that in-
creased diffusion in the direction perpendicular to the fascicle axis may
be driving FA reductions. Significant negative associations were found
between concurrent symptoms and medial segments in the left UF
(Fig. 1c), and right UF (Fig. 1d). Axial diffusivity in the medial segment
of the left UF was found to be negatively correlated with concurrent
symptom scores; r(39) = —0.338, p = 0.035, suggesting that reduced
FA in this region can be explained by impeded diffusion along the long
axis of the fascicle. In the right UF, radial diffusivity in the medial
segment was found to be positively associated with concurrent symp-
toms; r(39) = 0.400, p = 0.012, indicating that reductions in mean FA
can be accounted for by impeded diffusion in the direction perpendi-
cular to the fascicle axis. No significant associations were found be-
tween internalizing symptoms and FA at individual nodes in the left or
right ILF (all ps > 0.05).

3.2. Longitudinal analyses

As a supplement to the cross-sectional symptom measures, we used

0.05

0.045

0.025
0.02
0.015
0.01
0.005

0

Fig. 1. Tract profiles of a) left cingulum bundle, b) right cingulum bundle (both
shown in blue), c) left uncinate fasciculus, and d) right uncinate fasciculus
(both shown in green), with red color indicating segments where FA was sig-
nificantly correlated with internalizing symptoms. The range of p-values is
shown on the color bar. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

LPA to examine whether similar associations with structural con-
nectivity would be found with any high-risk groups that emerged based
on symptom manifestations over time. The Vuong-Lo-Mendell-Rubin
and Lo-Mendell-Rubin adjusted LRT tests comparing a 2- vs. a 3-profile
group model were non-significant (p = 0.17 and p = 0.19, respec-
tively), indicating that a more parsimonious, 2-profile group model was
sufficient to represent the symptom patterns during childhood in this
sample (Fig. 2). The first profile group consisted of girls whose symp-
toms remained consistently low over time (referred to as the low-risk
group; N = 31, 74.8%), while girls in the second profile group had
symptoms that increased over time and then stabilized (referred to as
the high-risk group; N = 11, 26.2%). These group sizes were deemed
acceptable as each represented > 10% of the sample, and similar group
sizes have been reported in other studies using LPA (Au et al., 2013;
Brinkman et al., 2013; Cohan et al., 2008; Hill et al., 2006). Moreover,
given past work on the prevalence of internalizing problems in this age
group (Furniss et al., 2006; Slemming et al., 2010), we did not expect
the two groups to be equal in size. The groups did not differ in age at
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Fig. 2. Latent Profile Analysis plot for CBCL Anxiety/Depression symptom
profiles (2-class model).

each data collection time point, family income, or ethnicity (all ps >
0.05). Not surprisingly, the high-risk group exhibited significantly
higher symptoms than the low-risk group at T1 (t(40) = —2.22,
p = 0.004), T2 (#38) = —6.52, p < 0.001), T3 (#(37) = —9.37,
p < 0.001), and T4 (t(36) = —3.53, p = 0.001).

3.3. Risk group comparisons

Next, we used independent group t-tests to compare the high- and
low-risk groups on mean FA of segments previously identified; i.e., the
medial and posterior segment of the left CB, medial segment of the right
CB, medial segment of the left UF, and medial segment of the right UF.
The high-risk group had significantly lower FA of the left medial and
posterior CB segments (t(39) = 3.46, p = 0.001; #39) = 2.97,
p = 0.005, respectively), as well as the right CB (#(34) = 2.13,
p = 0.04) compared to the low-risk group. This difference was marginal
for the medial left UF segment (t(40) = 1.92, p = 0.062). The high-risk
group also had lower FA in the medial segment of the right UF (t
(40) = 2.55, p = 0.015), compared to the low-risk group. Regions of
significance along each tract profile are shown in Fig. 3. These findings
are consistent with cross-sectional associations with symptoms reported
here, implicating reduced FA in segments of the left and right CB, and
left and right UF in girls at high-risk for internalizing disorders, sug-
gesting that these brain patterns mark the presence of persistent be-
havioral manifestations of internalizing disorders risk, rather than just
concurrent symptoms.

4. Discussion

We investigated associations between early emerging internalizing
symptoms and microstructure of WM tracts involved in emotion
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processing and regulation in a community sample of girls. Consistent
with previous literature on at-risk adolescents and adults (Huang et al.,
2011b; Keedwell et al., 2012; Whalley et al., 2013), concurrent inter-
nalizing symptoms in childhood were associated with reduced integrity
of two major WM tracts within cortico-limbic circuitry, the cingulum
bundle and uncinate fasciculus. Further, girls with elevated inter-
nalizing symptoms across childhood exhibited reduced integrity of WM
in segments of these tracts, compared to girls with stably low symp-
toms. In line with past work with clinical populations demonstrating
altered structural connectivity in affective processing networks (Kaiser
et al., 2015), reduced integrity within the CB and UF appearing in
childhood may underlie aberrant emotion processing patterns that
manifest as early emerging anxious and depressed symptoms. Overall,
altered structural connectivity of the fronto-limbic circuitry may be a
mechanism by which early emerging symptoms confer elevated risk for
later internalizing psychopathology.

Our finding that reduced integrity of WM in the CB and UF is as-
sociated with internalizing symptoms in childhood sheds light on spe-
cific brain-behavior relationships that may put children at risk for later
anxious and depressive symptoms. Internalizing disorders are char-
acterized by maladaptive emotion processing, which is governed by
cortico-limbic circuitry (Drevets et al., 2008; Phillips et al., 2003a; Price
and Drevets, 2012). Phillips et al. (2003b) proposed that emotion per-
ception occurs through processes that are determined by activity of
specific neural structures within this circuitry. In particular, the
amygdala is involved in modulating attention and immediate response
to emotionally evocative stimuli, suggesting that its activity governs
identification of the emotional significance of a stimulus, information
that is relayed to frontal regions such as the cingulate gyrus and PFC
(Phillips et al., 2003a; Stein et al., 2007). Activity of the cingulate and
PFC is associated with affective and behavioral responding, as well as
reward anticipation and modulation of autonomic nervous system
functioning, which, in turn, underlies neurovegetative processes, such
as arousal, sleep, and appetite known to go awry in internalizing psy-
chopathology (Koenigs and Grafman, 2009; Phillips et al., 2003a). Fi-
nally, appraisal and production of affective state processes are regu-
lated by activity in the dorsal regions of the PFC and anterior cingulate
gyrus, and the hippocampus (Phillips et al., 2003a). In particular, ac-
tivity of these regions is correlated with inhibition of the stress re-
sponse, effortful control, and active allocation of attentional resources
(Ahmed et al., 2015).

Taken together, this model highlights the significance of bidirec-
tional pathways between frontal regions and the limbic system in

Fig. 3. Tract FA profiles for the a) left cingulum
bundle, b) right cingulum bundle, c) left uncinate
fasciculus, and d) right uncinate fasciculus showing
regions where mean FA differed significantly be-
tween risk groups. Location of cingulum bundle
nodes are shown posterior to anterior, and those of
v the uncinate fasciculus are shown temporal to pre-
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determining both adaptive and maladaptive emotion expression and
regulation (Stein et al., 2007). Accordingly, the reduced WM integrity
in the CB and UF we found in young girls may mark impairments in the
capacity to effectively regulate responses to stress, potentially laying
the groundwork for internalizing vulnerability in the context of nega-
tive life events. Indeed, previous work from our lab revealed reduced
FA in tracts adjacent to the thalamus, right ACC and superior frontal
gyrus in girls with elevated cortisol reactivity, that was moderated by
early parenting (Sheikh et al., 2014). Furthermore, Dufford and Kim
(2017) recently demonstrated lower FA in portions of the UF and CB in
children from lower-income families who had greater exposure to cu-
mulative stress. Further underscoring the role of the environment,
Adluru et al. (2017) report that negative associations between FA and
anxious symptoms in adolescence may be better explained by unshared
environmental influences relative to genetic or unshared environmental
factors. Alternatively, reduced FA may reflect differences in the ma-
turation of the CB and UF, especially considering that WM maturation
in these tracts exhibits rapid change in the age window studied (Lebel
et al., 2012; Lebel and Beaulieu, 2011; Olson et al., 2015). Longitudinal
studies are needed to more clearly understand interactions between the
developmental trajectories of these tracts and environmental factors as
they relate to the development of risk for internalizing disorders.

Our findings suggest a shared neural vulnerability for internalizing
problems, consistent with the well-established etiological overlap be-
tween anxiety and depressive disorders, especially in childhood and
adolescence (Cummings et al., 2014). However, some neural activation
patterns in cortico-limbic structures may differ between anxiety and
depression (Liotti et al., 2000; Thomas et al., 2001). Given the young
age of our sample, depression in particular is quite rare (Luby et al.,
2009), leaving little opportunity to examine processes that may be
specific to it versus anxiety. Investigating whether specific WM tracts
differentiate youth with anxiety versus depression later in development
is an important direction for future research.

We identified reduced FA in localized segments of the CB and UF
using an automatic fiber alignment, identification and quantification
procedure that also permitted us to identify behavioral associations at
specific points along each tract (Yeatman et al., 2012). Specifically,
reduction in WM integrity was limited to medial and posterior segments
of the left CB, medial segment of the right CB, and medial segments of
the left and right UF. The CB runs within the WM of the cingulate gyrus,
which is a key structure implicated in controlling arousal and visceral
states associated with emotion and social behavior (Hadland et al.,
2003). In particular, the CB mediates communication between distal
portions of the cingulate gyrus, and links the prefrontal regions with the
temporal cortex by way of the cingulate gyrus (Catani and Thiebaut de
Schotten, 2008; Jellison et al., 2004; Kier et al., 2004; Schmahmann
et al., 2008). Accordingly, the CB is hypothesized to play an integral
role in organizing perception of emotional valence associated with
memory, motivation and somatic sensations (Schmahmann et al.,
2008). Consistent with studies indicating substantial variation in ana-
tomical properties within the CB (Bubb et al., 2018), our analyses were
focused on the core of this tract. It is likely that the segments with
reduced WM integrity identified in the current sample are those where
the CB receives input from the medial cingulate gyrus and projects to
the rostral cingulate gyrus, reflecting dysfunction in communication
within this structure. This may in turn contribute to the deficits in
emotional arousal and social withdrawal associated with internalizing
symptoms.

The UF is a local association fiber that links the PFC with structures
within the temporal lobe, specifically the amygdala (Catani and
Thiebaut de Schotten, 2008; Kier et al., 2004). Given the top-down
regulatory influence of the PFC on the temporal lobe (Banks et al.,
2007; Ghashghaei et al., 2007), the UF is implicated in regulating
emotional responsivity to auditory and visual stimuli, as well as cog-
nitive processes underlying emotion (Schmahmann et al., 2008). Our
findings tie elevated symptom profiles in girls with reduced WM

NeuroImage: Clinical 21 (2019) 101650

integrity in the medial segments of the left and right UF, which may
correspond to the region that marks the tract's entry into the temporal
lobe (Catani et al., 2002; Kier et al., 2004). Reduced WM integrity of
this segment may indicate disruptions in regulatory control by the PFC
on the amygdala, accounting for elevated negative emotional re-
sponsivity seen in girls with elevated internalizing symptom profiles.
Essentially, reduced WM integrity localized to specific segments, rather
than the entire tract, may be related to the subthreshold nature of the
internalizing symptoms in our sample. It is possible that reductions in
WM integrity in the CB and UF becomes increasingly prominent as
symptoms become more pronounced and impairing.

We did not find associations between FA of the ILF and internalizing
symptoms in our sample. Structural integrity of the ILF has been im-
plicated in visual perceptual functioning, given that it mediates com-
munication between the occipital and temporal lobes (Ashtari, 2012).
As such, altered organization of WM microstructure in relation to in-
ternalizing symptoms may be specific to the CB and UF, rather than
reflecting a global WM phenomenon.

By examining specific diffusion indices, we found that elevated
symptoms were associated with higher RD in the left posterior CB and
right medial UF, and reduced AD in the left medial UF. Directionality
and degree of water diffusion is a passive process that is determined by
the boundaries that restrict motion. Generally, radial diffusivity is re-
stricted by myelin that occupies intra-axonal space within a bundle,
whereas diffusivity along the axis of the tract is influenced by changes
in the extracellular water due to inflammation and degree of axonal
maturation that impedes motion of water molecules, and is higher in
healthy axonal bundles (Alexander et al., 2011b, 2007; Aung et al.,
2013). Thus, reduced AD may indicate delayed maturation in that re-
gion of the tract, or potential degeneration of the axonal bundle,
whereas higher RD indicates less restricted diffusivity of water mole-
cules perpendicular to the tract axis and may be suggestive of demye-
lination. Future studies should examine RD and AD in clinical popula-
tions to determine which axonal properties account for altered WM
microstructure in internalizing disorders toward the goal of replicating
and extending our findings.

The present study has several strengths: we capitalized on multiple
waves of data collection across childhood in girls not yet experiencing
clinically significant symptoms, providing novel information regarding
structural connectivity patterns that may be important in driving vul-
nerability to disorder. However, DTI data were obtained at one time
point only, precluding our ability to make conclusions about the tem-
poral association between symptoms and variations in brain structure.
Additionally, we focused only on subthreshold symptoms, a known
marker of risk for later disorder (Clark et al., 2007; Copeland et al.,
2009; Toumbourou et al., 2011). Nevertheless, we cannot conclude that
the pattern of effects obtained predicts clinically significant disorder.
Furthermore, our sample size was relatively small. Thus, further long-
itudinal work that follows a larger sample well into the age of risk for
frank disorder is needed to provide more conclusive information on
brain-disorder associations over time. Our investigation was limited to
girls, which is a reasonable first step toward uncovering mechanisms
that contribute to the increased risk of internalizing psychopathology in
women. However, further research is needed to determine if similar
patterns are observable in young boys. Moreover, the use of a primarily
Caucasian, low-risk sample limits the generalizability of our findings,
and extending this work to more heterogeneous and higher-risk samples
is needed. While our study is focused specifically on internalizing
symptoms, work that investigates shared and unshared neural corre-
lates of both internalizing and externalizing symptoms is needed, con-
sidering the heterotypic continuity between internalizing and ex-
ternalizing psychopathology (Costello and Mustillo, 2003).

Our findings dovetail with past work on the neural correlates of
adolescent and adult internalizing disorders by demonstrating similar
patterns in childhood, highlighting aspects of structural connectivity of
cortico-limbic circuitry in girls that may put them at risk for later
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internalizing psychopathology. Findings suggest that WM alterations
constitute a putative mechanism that underlies the maintenance of in-
ternalizing symptoms across childhood, potentially laying the ground-
work for the onset of depressive and anxiety disorders later in devel-
opment.
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