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ARTICLE INFO ABSTRACT

Keywords: This study investigates multimodal structural MR imaging biomarkers of development trajectories in pediatric
Pediatric bipolar bipolar disorder. T1-weighted and diffusion-weighted MR imaging was conducted to investigate cross-sectional
Adolescents

group differences with age between typically developing controls (N = 26) and youths diagnosed with bipolar
disorder (N = 26). Region-based analysis was used to examine cortical thickness of gray matter and diffusion
tensor parameters in superficial white matter, and tractography-based analysis was used to examine deep white
matter fiber bundles. Patients and controls showed significantly different maturation trajectories across brain
areas; however, the magnitude of differences varied by region. The rate of cortical thinning with age was greater
in patients than controls in the left frontal pole. While controls showed increasing fractional anisotropy (FA) and
axial diffusivity (AD) with age, patients showed an opposite trend of decreasing FA and AD with age in fronto-
temporal-striatal regions located in both superficial and deep white matter. The findings support fronto-tem-
poral-striatal alterations in the developmental trajectories of youths diagnosed with bipolar disorder, and fur-
ther, show the value of multimodal computational techniques in the assessment of neuropsychiatric disorders.
These preliminary results warrant further investigation into longitudinal changes and the effects of treatment in
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the brain areas identified in this study.

1. Introduction

Research during the past two decades has demonstrated that bipolar
disorder (BD) is an escalating problem among children and adolescents.
While once thought to be rare, studies have demonstrated that 20-40%
of adults diagnosed with BD report that their illness started during
childhood or adolescence, rather than adulthood (Leboyer et al., 2005;
Baldessarini et al., 2010, 2012). Moreover, several studies have shown
increasing numbers of children and adolescents are being diagnosed
with BD. For example, the percentage of children and adolescents dis-
charged from United States (U.S.) psychiatric hospitals with a diagnosis
of BD has increased, from less than 10% in the mid-1990s to more than
20% in the mid-2000s (Blader and Carlson, 2007). This is not only an
inpatient phenomenon, as Moreno et al. found a forty-fold rise in the
incidence of outpatient visits made to providers of all specialties for a
diagnosis of BD during a similar period, from 25,/100,000 in 1993-1994
to 1003/100,000 in 2002-2003 (Moreno et al., 2007). Furthermore,
this is not just a diagnostic trend confined to the U.S., as rates of
German children under age 19 years old admitted to psychiatric
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hospitals for BD surged 68.5%—from 1.13/100,000 in 2000 to 1.91/
100,000 in 2007, an increase greater than the general trend for mental
health disorder admissions (Holtmann et al., 2010). To address the
problem of rising numbers of children and adolescents being diagnosed
with BD, we need greater understanding of the underlying neural me-
chanisms which could ultimately improve the specificity of our diag-
nostic and treatment approaches to pediatric BD. Mechanisms matter,
as has been shown from other areas of biomedical research. For ex-
ample, greater understanding of the mechanisms of childhood leukemia
has resulted in better, more specific diagnostic approaches whereby
suspicion of clinical symptoms (e.g., easy bruising, weakness, swollen
abdomen) is confirmed (or ruled out) by a biomarker (e.g., a complete
blood count). A similar approach using biological and behavioral me-
chanisms to augment clinical diagnosis could improve the specificity of
how children are diagnosed as having BD (or not).

Towards that end, structural and functional magnetic resonance
imaging (MRI) has been used as a tool to investigate such neural me-
chanisms, and previous studies have implicated the fronto-temporal-
striatal circuit in pediatric BD. Specifically, structural MRI studies have
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found significantly decreased gray matter volume of the amygdala vs.
typically-developing controls (TDC) (Blumberg et al., 2003; DelBello
et al., 2004; Chang et al., 2005; Dickstein et al., 2005; Pfeifer et al.,
2008; Hajek et al., 2009), as well as some studies showing similar de-
creases in the left dorsolateral prefrontal cortex (DLPFC) (Dickstein
et al., 2005). Functional MRI (fMRI) studies have shown fronto-tem-
poral-striatal alterations in tasks tapping functions including face pro-
cessing (Dickstein et al., 2007; Pavuluri et al., 2007; Rich et al., 2008;
Brotman et al., 2009; Kalmar et al., 2009; Kim et al., 2012; Wiggins
et al., 2017), response inhibition (Leibenluft et al., 2007a, 2007b; Singh
et al., 2010a, 2010b), response to frustration (Deveney et al., 2013;
Rich et al., 2010), cognitive flexibility (Dickstein et al., 2010; Adleman
et al., 2011), and resting state connectivity (Stoddard et al., 2015).

Diffusion-weighted MRI (dMRI) is a complementary structural
neuroimaging modality used to characterize brain white matter by
probing patterns of water molecule motion in tissue. Imaging metrics
derived from dMRI datasets provide a unique probe for detecting
changes in myelination, fiber organization, and axonal morphometry
(Basser and Pierpaoli, 1996; Beaulieu, 2002), and previous dMRI stu-
dies have used them to reveal disruptions in tissue microstructure and
connectivity that are related to BD. Of the approximately 16 currently
published original data dMRI studies of BD youths, all have examined
tensor-derived imaging metrics and shown decreased, rather than in-
creased, fractional anisotropy (FA)—a scalar value of the degree of
anisotropy of the diffusion process, with zero indicating isotropic dif-
fusion, and one indicating anisotropic/restricted diffusion—and dis-
rupted white matter integrity. This includes decreased FA among BD vs.
TDC youths in the anterior corona radiata (Adler et al., 2006; Pavuluri
et al., 2009; Lagopoulos et al., 2013), the corpus callosum (Ishida et al.,
2017; James et al., 2011; Saxena et al., 2012; Lagopoulos et al., 2013),
white matter adjacent to cingulate cortex (Frazier et al., 2007; Gao
et al., 2013; Gonenc et al., 2010), white matter areas adjacent to pre-
frontal cortex (PFC) and orbitofrontal cortex (Adler et al., 2004;
Kafantaris et al., 2009). BD youths also have decreased FA in deep
white matter regions, including the fornix (Barnea-Goraly et al., 2010)
and internal capsule (Lu et al., 2012). Predictive modeling has also
shown promising results. For example, in the recent study by Mwangi
et al. that trained a support vector machine (SVM) algorithm to predict
the diagnostic status of youths with BD (N = 16) vs. TDC (N = 16)
youths with 87.5% specificity, 68.75% sensitivity, 78.12% accuracy,
and 84.62% positive predictive value (Mwangi et al., 2014). Taken in
whole, these studies suggest that decreased FA and disrupted white
matter integrity may be involved in the pathophysiology of pediatric
BD.

Moving the field forward requires that studies integrate these dif-
ferent MRI modalities, as it can help to more comprehensively evaluate
the effect of development on BD vs. TDC alterations across different
structures and tissue types. With respect to integrating T;-weighted and
diffusion-weighted MRI, James et al. found decreased gray matter
density by voxel based morphometry (VBM) in the left orbitofrontal
cortex and decreased FA in the anterior cingulate cortex by tract based
spatial statistics (TBSS) among BD (N = 15) vs. TDC (N = 20) youths
(James et al., 2011). With respect to potential developmental effects,
Toteja et al. found lower FA and higher mean diffusivity (MD; the
average total diffusion within a voxel) among BD vs. controls (14
youths and 43 adults in each group), and significantly greater MD
among BD participants at all ages than controls (whereas this was not
significant for FA) (Toteja et al., 2015).

In the present study, we sought to conduct a preliminary analysis to
extend the scope of such integrated studies by performing a more
comprehensive analysis of both structural T;-weighted MRI and dMRI
among BD and TDC youths ages 8-17 years old. Based on prior studies,
we hypothesized that BD youths would have decreased fronto-tem-
poral-striatal thickness and decreased white matter connectivity among
these regions, and that the change of imaging metrics across age is a
potentially useful biomarker. To test these hypotheses, we employed
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novel computational image analyses to characterize regional variation
in both cortical thickness and diffusion MR metrics reflecting variation
in white matter microstructure and connectivity. Unlike other prior
studies, such as those using tract-based spatial statistics (TBSS), the
present study unites both structural MRI via cortical thickness with
dMRI via multi-compartment tractography modeling (Behrens et al.,
2007), which can help resolve complex sub-voxel fiber configurations
in white matter and improve the anatomical accuracy and reliability of
bundle reconstructions (Cabeen et al., 2016).

2. Methods
2.1. Participants

Participants included children and adolescents ages 8-17 years old
who were enrolled in an Institutional Review Board approved research
study. Written informed parental consent and child assent were ob-
tained prior to participation. The rationale for this age range was to
span the breadth of childhood and adolescence to examine neural al-
terations associated with BD vs. typical development (as supported by
K22MH074945 awarded to DPD).

For all participants, psychopathology was assessed using the Kiddie
Schedule for Affective Disorders and Schizophrenia, Present and
Lifetime Version (K-SADS-PL) administered to parents and children
separately by either a board-certified child/adolescent psychiatrist
(DPD) or a licensed clinical psychologist (KLK, xkappa > 0.85 for diag-
noses). Comorbidity within the BD group was assessed by asking about
symptoms and impairments during periods of generally euthymic mood
to avoid counting manic or depressive symptoms more than once.

Inclusion criteria for all participants were: (1) age between 8 and 17
years, (2) English fluency, and (3) a consenting parent/guardian.
Exclusion criteria were: Wechsler Abbreviated Scales of Intelligence
Full Scale IQ (WASI FSIQ) < 70; substance/alcohol abuse or depen-
dence within the last 2 months; primary psychosis or autism spectrum
disorders; and medical/neurological conditions that mimic BD.

BD group (N = 26) inclusion criteria were meeting DSM-IV-TR
criteria for BD, including a history of at least one hypomanic (= 4 days)
or manic (= 7 days) episode in which the child exhibited abnormally
elevated or expansive mood, and three or more DSM-IV criterion “B”
mania symptoms. However, in our current sample, all BD participants
had type I BD by virtue of having had at least one full-duration manic
episode. Children presenting with irritable mood only (i.e., without
elated or expansive mood) were not included. Therefore, the BD group
meet Leibenluft's “narrow phenotype” pediatric BD criteria, an ad-
vantage ensuring that all met a rigorous definition of BD. Youth with
BD were not excluded for comorbid behavioral disorders (e.g., ODD,
ADHD, etc.).

TDC (N = 26) inclusion criteria were (1) no current or lifetime
psychiatric illness or substance abuse/dependence in the child partici-
pant and (2) no history of psychiatric illness in any first-degree re-
latives, as indicated by inquiry of one of the parents.

As is common in neuroimaging studies of children with BD, BD
participants were allowed to remain on their outpatient medication
regimens since this was not a treatment study. Participants taking sti-
mulant medications were asked, but not required, to hold these medi-
cations for 4 drug half-lives before behavioral testing, which is a
common practice in clinical care (e.g., weekends, holidays, etc.).

2.2. Neuropsychiatric measures

Overall functional impairment in the BD participants was assessed
using clinician ratings on the Children's Global Assessment Scale
(CGAS) (Shaffer et al., 1983). For the BD group, current symptoms (e.g.,
week of testing) of mania and depression were assessed using the Young
Mania Rating Scale (YMRS) and Children's Depression Rating Scale
(CDRS) respectively (Young et al., 1978; Poznanski and Mokros, 1996).
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The Children's Behavior Checklist (CBCL) was also completed by par-
ents to assess various internalizing and externalizing difficulties
(Achenbach et al., 1991).

2.3. Neuroimaging acquisition procedures

MR imaging was conducted on a Siemens Tim Trio 3 T scanner with
a 12-channel head coil with an imaging protocol that included a T;-
weighted MPRAGE acquisition and a diffusion-weighted GRAPPA ac-
quisition. The T;-weighted acquisition had repetition time 2250 ms,
echo time 2.98 ms, T; time 900 ms, flip angle 9°, 160 slices, field-of-
view 256 mm, 1x 1 x 1 mm? voxels, and total duration 7.36 min. The
diffusion-weighted acquisition had repetition time 10,060 ms, echo
time 103 ms, 70 slices, 64 directions, b-value 1000 s/mm?, 1.8 x 1.8 x
1.8 mm® voxels, one baseline scan without diffusion weighting, and
total duration 12.56 min.

2.4. Neuroimaging analysis procedures

2.4.1. Diffusion-weighted MRI preprocessing

The dMRIs were processed to measure regional averages of diffusion
tensor parameters and to reconstruct fiber bundle with multi-fiber
modeling to improve accuracy in crossing fiber regions. The dMRIs
were corrected for motion and eddy current artifacts by affine regis-
tration of each dMRI to the baseline scan (i.e. b = 0 s/mm?) using the
FSL 5.0 (Jenkinson et al., 2012). The orientations of the gradient vec-
tors were also corrected by the rotation induced by these registrations
(Leemans and Jones, 2009). Denoising was performed using the DWI-
JointRicianLMMSEFilter module in 3D Slicer 4.4 (Tristan-Vega and Aja-
Ferndndez, 2010). A mask of brain tissue was extracted from the
baseline scan using FSL BET (Smith, 2002). Two types of diffusion
models were used in the analysis. To characterize microstructural
changes, diffusion tensor models were estimated using FSL DTIFIT, and
the following tensor metrics were computed: FA, MD, axial diffusivity
(AD), radial diffusivity (RD) (Basser and Pierpaoli, 1996; Le Bihan et al.,
2001). Multiple diffusion parameters were included in the analysis
because they provide sensitivity to complementary aspects of tissue
microstructure (Beaulieu, 2002; Tournier et al., 2011) including axonal
organization, density, and myelination (Wozniak and Lim, 2006). To
characterize brain connectivity with tractography, multi-compartment
ball-and-sticks diffusion models were estimated using FSL XFIBRES
(Behrens et al., 2007), including two fiber compartments per voxel.
Next, we describe steps taken to make quantitative measurements of
brain structure that are comparable across the population (Fig. 1), in-
cluding region-based analysis of cortical thickness and white matter
microstructure and tractography-based analysis of white matter con-
nectivity.

2.4.2. Region-based analysis

Regional averages of cortical thickness were computed using the
high-resolution T; weighted MRI of each subject and regional averages
of tensor parameters were computed by multimodal analysis with the
dMRI data. Each T;-weighted volume was processed using Freesurfer
5.0 (Fischl, 2012) to estimate cortical thickness (Fischl and Dale, 2000),
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to parcellate gray and white matter with the Desikan-Killiany (DK) atlas
(Desikan et al., 2006), to segment of the corpus callosum (CC), and to
estimate intra-cranial volume (ICV). The regional average of cortical
thickness within each DK gray matter area was computed and retained
for statistical analysis. Tensor parameters were measured in superficial
white matter of each DK region and the subdivisions of the CC using the
following steps. The T;-weighted MRI was registered to the diffusion-
weighted MRI using FSL FLIRT with an affine transformation using
mutual information between T;-weighted scan and the baseline scan
from the diffusion-weighted MRI. To avoid resampling of the high-re-
solution regions of interest (ROIs), each diffusion tensor image was
transformed to subject T;-space. The region average of each diffusion
tensor parameter was computed within each DK and CC white matter
area and retained for statistical analysis (Cabeen et al., 2017).

2.4.3. Study template construction

For the tractography-based analysis, a study-specific diffusion
tensor template was constructed using DTI-TK 2.3.1 (Zhang et al.,
2007). The template was created by iteratively deforming and aver-
aging the population imaging data using the tensor-based deformable
registration algorithm in DTI-TK with finite strain tensor reorientation
and the deviatoric tensor similarity metric. The template was used to
define ROIs for delineating tracts-of-interest (TOIs) as follows. For each
TOI, two inclusion ROIs and one exclusion ROI were drawn in template
space using ITK-SNAP (Yushkevich et al., 2006). The inclusion masks
were placed at opposite ends of each tractography bundle, and they
were drawn in reference to standard white matter atlases (Catani and
de Schotten, 2012; Wakana et al., 2007). The exclusion masks were
drawn to exclude erroneous fibers that stray outside the expected
bundle trajectory. The TOIs included: left and right anterior thalamic
radiation (ATR), left and right cingulum (CING), left and right cortico-
spinal tract (CST), left and right uncinate (UNC), left and right inferior
longitudinal fasciculus (ILF), left and right inferior fronto-occipital
fasciculus (IFOF), left and right fornix (FORN), and five sections of the
corpus callosum selected using the Freesurfer CC labels (Fig. 1).

2.4.4. Tractography-based analysis

Tractography was used to characterize brain connectivity of each
TOI. Whole brain tractography was performed using an extension of the
standard streamline approach (Zhang et al., 2003) to use multiple fibers
per voxels (Cabeen et al., 2016). The following parameters were used:
four seeds per voxel, an angle threshold of 45 degrees, a minimum
length of 10 mm, and a minimum volume fraction of 0.075. During
tracking, a kernel regression estimation framework (Cabeen et al.,
2016) was used for smooth interpolation of the multi-fiber ball-and-
sticks models with a Gaussian kernel with a spatial bandwidth of
1.5 mm and voxel neighborhood of 5 x 5 X 5. The masks for each TOI
were deformed from the study template to subject space and then used
to delineate each bundle from the whole brain fibers. For both whole
brain fibers and TOlIs, the following bundle metrics were computed:
bundle volume, average track length, and bundle-average diffusion
tensor parameters (Correia et al., 2008).

Fig. 1. Regions-of-interest and fiber bundles ex-
amined in the analysis. Surface renderings of the
gray and white matter regions are shown in the left
two columns. Streamtube tractography renderings of
the in the study-specific atlas are shown in the other
columns. The corpus callosum shows both the fibers
as well as the five subdivisions used in the analysis.
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2.5. Statistical analysis

The imaging metrics were statistically analyzed using regression
models to assess group differences between TDC and BD youths and
how they relate to age. Our analytic approach was guided by a desire to
balance between an a priori focus on the fronto-temporal-striatal circuit
implicated in BD, while also being mindful not to over-constrain these
analyses. Thus, we also used a whole-brain approach for exploratory
analyses. Multiple linear regression models were estimated to relate
each imaging metric to group, age, intracranial volume, and IQ.
Intracranial volume was included as a covariate to account for differ-
ences in brain size, which could potentially influence bundle metrics
through partial volume effects. IQ was also included as a covariate to
avoid potential confounding effects due to anatomical variation related
to intelligence. To test for differences in maturation rate, each model
included an interaction between the age and group variables, that is, an
age coefficient was included for each of the TDC and BD groups in the
model and a t-test was performed. The analysis specifically tested for
age effects in the BD group relative to the TDC group that reflect re-
duced structural integrity, based on previous MR imaging findings
(Beaulieu, 2002; Toteja et al., 2015). So, cortical thickness, FA, AD,
bundle volume and length were tested for decreases in the BD group,
while RD and MD were tested for increases in the BD group. To account
for multiple comparisons, False Discovery Rate (FDR) control was used
with the Benjamini-Hochberg procedure (Benjamini and Hochberg,
1995). Effects were determined to be significant with a FDR g-value
threshold of 0.05. The results were plotted using ggplot2 (Wickham,
2009), and 3D visualizations of the g-values and tractography were
created using the Quantitative Imaging Toolkit (http://cabeen.io/
qitwiki). All coefficients are reported in standardized units by fitting
regressions to z-scores of age and the imaging metrics.

3. Results
3.1. Participants

With respect to demographics at MRI scan (Table 1), BD and TDC
participants did not differ in age (Mean age BD = 13.9 + 2.6 years,
TDC = 13.9 + 3.0 years; t(50) = —0.03, p = 1) or sex (BD male 18/
26, female 8/26, TDC male 17,26, female 9/26; X = 0.09, p = 1). The
groups also had matched minimum age (8 years), median age (13.5
years), and maximum age (17 years). While both groups’ mean WASI
full-scale intelligence quotient (FSIQ) was in the “average” range, there
was a statistically significant between-group difference (mean FSIQ BD

Table 1
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Significant Group Differences in Age Regression Coefficients
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Fig. 2. Visualizations showing results from the statistical analysis. 3D renderings of
anatomical models are shown with coloring to indicate significant differences (FDR g-
value less than or equal to 0.05) in age effects between typically developing controls and
bipolar disorder. The first row shows effects in cortical thickness in gray matter, and the
second row shows effects in axial diffusivity measured in superficial white matter. The
third and fourth rows show effects in fiber bundle fractional anisotropy and axial diffu-
sivity, respectively. The fifth row shows effects in the corpus callosum, including frac-
tional anisotropy, axial diffusivity, and fiber bundle volume. Non-significant (n.s.) bundle
metrics were colored gray or not included in the visualization.

= 104.6 + 10.8, TDC = 114.2 + 12.4; t(50) = —3.0, p = 0.005).

With respect to mood state and functional impairment of the BD
group at the MRI scan, as a group, the BD participants were overall
euthymic by clinician-administered mood ratings (mean YMRS =
7.3 = 5.1, mean CDRS = 30.2 + 12.8) and some impairment (mean
CGAS = 63.8 + 15.4). Specifically, within the BD group, 69% (18/26)
were euthymic (YMRS < 12, CDRS < 40), 11.5% (3/26) were de-
pressed (YMRS < 12, CDRS =40), 8% (2/26) were hypomanic (YMRS
= 13-24, CDRS < 40) and 11.5% (3/26) were mixed (YMRS > 12,
CDRS =40). No participants were actively manic at the time of assess-
ment (YMRS > 25, CDRS < 40).

Sample Demographics. Note: N = 3 of 5 BD youths held their ADHD stimulants for at least four drug half-lives prior to their MRI scan.

BD (N = 26) TDC (N = 26)
Demographics:
Age: 13.9 + 2.6 years 13.9 + 3.0 years t(50) = —-0.03,p =1
Sex: 8 female, 18 male 9 female, 17 male x2 =0.09,p=1
Full-Scale IQ: 104.6 + 10.8 114.2 + 12.4 t(50) = —3.0, p = 0.005
Young Mania Rating Scale (YMRS): 7.3 +5.1
Children's Depression Rating Scale (CDRS): 30.2 =128
Children's Global Assessment Scale (CGAS): 63.8 + 15.4

Comorbid Curred Psychiatric Diagnoses by Kiddie Schedule for Affective Disorders and Schizophrenia (K-SADS):

ADHD: N = 14 (54%)
Oppositional Defiant Disorder (ODD): N = 19 (73%)
Generalized Anxiety Disorder (GAD): N = 3 (11.5%)
Social Phobia: N = 2 (7.7%)
Medications at scan:

Lithium: N = 8 (31%)
Second generation anti-psychotic: N = 15 (60%)
Anti-epileptic drug: N = 4 (15%)
Serotenergic anti-depressant: N = 5(19%)
ADHD stimulant: N = 5 (19%)

2 KSADS “current” refers to past 6 months.
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Table 2
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Statistical results from the analysis. The first four numerical columns show the age regression coefficients of the control and bipolar disorder groups. The last four columns show results
testing for differences in age coefficients between groups. Results were corrected for multiple comparisons using FDR, and the results listed here had an FDR g-value less than or equal to

0.05.
TDC BD Difference

Measure Structure Beta Stde Beta Stde Beta Stde t-val p-val
Cortical Gray Matter:
Thickness Left Frontal Pole -0.12 0.15 -0.86 0.16 -0.74 0.22 -3.3 0.0009
Cortical White Matter:
AD Left Caudal Middle Frontal —0.01 0.18 -0.77 0.19 —-0.75 0.26 -29 0.0025
AD Left Posterior Cingulate 0.17 0.14 —0.45 0.15 —0.62 0.2 -3 0.0019
AD Left Precentral —-0.06 0.17 -0.72 0.18 —0.66 0.25 —-2.7 0.0053
AD Left Superior Frontal —0.04 0.18 -0.72 0.19 —-0.68 0.26 -2.7 0.0052
AD Left Temporal Pole 0 0.16 —-0.67 0.17 —-0.67 0.23 —-2.9 0.0027
Corpus Callosum Regions:
FA CC Anterior Slice 0.29 0.19 -0.41 0.2 -0.7 0.27 -2.6 0.0066
FA CC Middle Anterior Slice 0.29 0.21 —0.34 0.22 —0.63 0.3 —-21 0.0204
FA CC Central Slice 0.55 0.21 -0.52 0.22 -1.07 0.31 -35 0.0005
FA CC Middle Posterior Slice 0.49 0.22 -0.3 0.23 -0.79 0.31 -25 0.0075
FA CC Posterior Slice 0.41 0.15 —-0.12 0.16 —0.53 0.22 —-2.4 0.0092
AD CC Anterior Slice 0.37 0.15 -0.14 0.16 —-0.51 0.22 -23 0.0117
AD CC Central Slice 0.42 0.2 -0.2 0.21 -0.62 0.29 -2.2 0.0176
AD CC_Mid_Posterior 0.31 0.18 -0.32 0.19 —-0.63 0.26 -2.4 0.0096
AD CC Posterior Slice 0.08 0.04 —-0.03 0.04 -0.11 0.05 -2 0.0255
RD CC Central Slice -0.26 0.17 0.43 0.18 0.69 0.25 2.8 0.0041
Fiber Bundles:
Volume CC Anterior Bundle 0.36 0.18 -0.23 0.19 -0.59 0.26 -23 0.0133
Volume CC Middle Anterior Bundle 0.45 0.19 -0.25 0.2 -0.7 0.27 —-25 0.007
Volume CC Middle Bundle 0.74 0.18 —-0.05 0.19 -0.79 0.26 -3 0.002
Volume CC Middle Posterior Bundle 0.54 0.19 -0.41 0.2 -0.95 0.27 -35 0.0005
Volume CC Posterior Bundle 0.2 0.19 -0.33 0.2 -0.53 0.28 -1.9 0.0331
Volume Whole WM 0.36 0.17 -0.25 0.18 —-0.61 0.25 -25 0.0087
FA Left FORN 0.5 0.2 —-0.35 0.21 —-0.85 0.3 -29 0.0029
FA Left ILF 0.4 0.2 -0.21 0.21 —-0.61 0.29 -2.1 0.0204
FA Left UNC 0.26 0.17 -0.34 0.18 -0.6 0.25 -2.4 0.0106
FA Right CST 0.55 0.2 -0.17 0.21 -0.72 0.28 -25 0.0072
FA Right FORN 0.51 0.21 -0.21 0.23 —-0.72 0.31 -2.3 0.0122
FA Right IFOF 0.26 0.18 -0.3 0.19 -0.57 0.26 —-2.2 0.0176
FA Right ILF 0.35 0.19 -0.34 0.2 —-0.69 0.28 -25 0.0085
FA Whole WM 0.54 0.18 0.04 0.19 —-0.49 0.26 -19 0.0315
AD Left ATR 0.07 0.13 -0.39 0.14 —0.46 0.19 —-2.4 0.009
AD Left FORN 0.28 0.14 -0.35 0.15 -0.63 0.2 -3.1 0.0014
AD Left UNC —0.04 0.14 —0.54 0.14 -0.5 0.2 -25 0.0078

3.2. Region-based analysis of cortical thickness

Of the 68 tested DK regions, only the left frontal pole showed sig-
nificant group differences in age effects (Fig. 2, Table 2). Among TDC
youths, the change with age was effectively zero, while BD youths had
an age coefficient of —0.86, showing significantly greater thinning with
age.

3.3. Region-based analysis of superficial white matter

Of the 68 tested DK white matter areas, five showed significant
group differences in age effects in AD (Fig. 2, Table 2). Further ex-
amination showed that BD youths showed significant decreases in AD
with age (A from —0.45 to —0.77), while TDC youths did not have
significant changes in AD with age. The effects were found in the left
hemisphere, and included superior frontal, caudal middle frontal, pre-
central, posterior cingulate, and temporal pole white matter. The lar-
gest effect size was found in left caudal middle frontal.

All regions of the corpus callosum showed significant group differ-
ences in age effects in FA, and some showed differences in RD and AD
(Table 2). Additional analysis of these results showed that among TDC
youths, FA was found to increase with age, AD was found to increase
with age, and RD was found to decrease with age. Among BD youths, FA
showed an opposite pattern of decreasing with age (A from —0.12 to
—0.52), AD showed an opposite pattern of either negative or effectively
zero slope (A from —0.029 to —0.32), and RD showed an opposite
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pattern of increasing with age (A = 0.43), The largest effect sizes were
observed in the central CC.

3.4. Tractography-based analysis of fiber bundles

Of the bundles tested, nine showed significant group differences in
age effects in one measure or another (Fig. 2, Table 2). Effects were
found in bundle FA, AD, and volume; however, bundle length did not
have a significant effect. Among TDC youths, FA significantly increased
with age, AD was effectively stable across age, and volume increased
with age in the CC. Among BD youths, all measures showed an opposite
effect, with FA decreasing with age (A from —0.60 to —0.85), with AD
decreasing with age (A from —0.46 to —0.63), and volume decreasing
with age in the CC (A from —0.53 to —0.95). The largest effect sizes
were observed in the corpus callosum and fornix. Among whole brain
measures, TDC youths had increasing FA with age, while BD youths
showed negligible changes with age (A = —0.49).

3.5. Post-hoc tests related to IQ

Because IQ was found to be slightly different between groups, all
results included IQ as a covariate. We also performed post-hoc tests to
examine the direct relationship between imaging metrics and 1Q. We
computed Pearson's correlation coefficient between IQ and each ima-
ging metric that had a significant group effect, and tested whether the
coefficient was significantly different from zero. None of these imaging
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metrics were found to be significantly correlated to IQ, with or without
FDR correction.

3.6. Post-hoc tests related to medication

Previous studies have observed changes in gray matter with medi-
cation (Sassi et al., 2002; Lyoo et al., 2010), so we conducted post-hoc
tests to assess the possibility that medication load is associated with the
effects observed in the present study. We summarized the medication
load of each BPD participant with a numeric score of 0, 1, or 2 ac-
cording to the procedures described by Phillips et al. (Phillips et al.,
2008). This included medication load indices for anti-manic, anti-
depressant, ADHD, and benzodiazepine medications, as well as an index
of total medication load. We examined the hypothesis that the observed
effects in age are in fact a reflection of variation in medication across
age, and we accordingly tested the correlation between age and each
medication load index. The tests revealed no significant relationship
between medication load and age.

3.7. Supplementary material

The Supplemental material includes three tables summarizing the
imaging parameters for each region and bundle of interest, including
cortical thickness, tensor parameters, and tractography metrics.

4. Discussion

Our study provides a broad view of what multi-modal structural MR
imaging can tell us regarding maturation rates of fronto-temporal-
striatal neurocircuitry in pediatric BD. Our findings generally indicate
that TDC and BD youths exhibit different maturation trajectories, as
characterized by imaging metrics of cortical thickness, superficial white
matter, and fiber bundle mapping of deep white matter. We will focus
our discussion on the interpretation of findings related to our primary
hypotheses regarding fronto-temporal-striatal areas; however, because
the analysis included an exploratory component, we also discuss results
from other brain areas, which are included in the tables and figures.

Our first main finding was that BD participants had relatively
greater cortical thinning with age than TDC youths. Our finding of
specific group differences in the left frontal pole aligns with prior stu-
dies demonstrating left PFC gray matter volume and density effects in
BD (Dickstein, 2005; James et al., 2011). In the context of neural
models of BD, our finding of decreased PFC gray matter maturation
among BD youth may contribute to others who have found disturbances
in emotional processing and executive control reflected in both the
symptoms of BD as also in brain and behavioral deficits in related tasks
(Wiggins et al., 2015; Wegbreit et al., 2016).

Our second main finding was that BD participants exhibited dis-
rupted maturation trajectories in diffusion tensor imaging metrics of
both superficial and deep white matter. These findings support previous
work that has shown BD participants to have decreased tensor FA
(Frazier et al., 2007; Gao et al., 2013; Goneng et al., 2010; Adler et al.,
2004; Kafantaris et al., 2009; Barnea-Goraly et al., 2010); however, our
results showed strong effects in tensor AD as well. Effects in tensor AD
were lateralized, specifically, in fiber bundles and superficial white
matter regions that form the basis of left hemisphere fronto-temporal-
striatal connectivity. Based on previous studies and the absence of ef-
fects in RD, the results may reflect group differences in axonal integrity
in these regions (Song et al., 2002; Budde et al., 2009). Unlike AD,
effects in tensor FA were present bilaterally in fiber bundles related to
fronto-temporal-striatal connectivity, with more effects found in the
temporal lobe than with AD. Since tensor parameters are coupled to
some extent, the regions that showed only effects in FA may reflect
more variation in fiber organization than they do myelination
(Beaulieu, 2002; Wozniak and Lim, 2006). Together, these disruptions
to fronto-temporal-striatal pathways likely reflect a variety of features
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of BD psychopathology, as these connections are crucial for co-
ordinating the communications necessary for complex emotional be-
haviors, including response to emotional faces, response inhibition, and
cognitive flexibility and adaptation to changing rewards and punish-
ments (Wu et al., 2017; Wegbreit et al., 2015; Seymour et al., 2015;
Brotman et al., 2007; Singh et al., 2010a, 2010b; Passarotti et al., 2010;
Dickstein et al., 2016).

We also found strong effects throughout the corpus callosum, in-
cluding bundle volume as well as tensor FA and tensor AD. Several
other dMRI studies have shown that BD youth have disruptions in the
integrity of the anterior corpus callosum compared to TDC youths
(James et al., 2011; Barnea-Goraly et al., 2009; Saxena et al., 2012;
Lagopoulos et al., 2013). Because these previous findings were pri-
marily focused on TBSS metrics, the present study helps to broaden our
picture of these effects through the combination of ROI analysis and
tractography metrics. The corpus callosum plays a pivotal role in fa-
cilitating inter-hemispheric communication and has been linked to
behaviors that may be found in mania, including aggression (Schutter
and Harmon-Jones, 2013). However, it remains unclear if pediatric BD
involves a developmental lag in corpus callosum maturation that
eventually catches up in adulthood or if these represent neural altera-
tions inherent in BD, whether the patient is a child or an adult. While
only distally related, a recent article examining 22 dMRI studies found
that anti-social behavior, including aggression, violence, and theft was
related to white matter disruptions in the corpus callosum among adult,
but not child, studies (Waller et al., 2017). Thus, the answer to the
question about developmentally salient periods in corpus callosum
development in BD could inform neuroimage-assisted diagnostic ap-
proaches, or the development of novel treatments, including cognitive
remediation approaches.

Our study has several potential limitations, including sample size,
cross-sectional design, participant age, imaging, and BD participants’
ongoing treatment. Our study uses a relatively small sample of parti-
cipants studied cross-sectionally. Future studies are required to confirm
our findings in larger samples imaged repeatedly over time to have a
truer sense of how these alterations change as children develop.
Regarding participant age, our present study evaluated BD and TDC
youth from ages 8-17 years old. Thus, while our data shows that BD
youths diverge from TDC youths in their trajectory of cortical thickness
and tensor metrics across development, further research along the lines
of Toteja et al. are needed, whereby participants with and without BD
across the lifespan are imaged using the same scanner and sequences
are required to determine the course of this divergence from adoles-
cence into adulthood. While there was a significant between-group
difference in IQ, like previous studies (Shaw et al., 2006), both groups
were within typical ranges. Nevertheless, future work could probe the
relationship between IQ and the MRI measures in a large sample, and
furthermore, relate these to deficits in executive function previously
observed in BD (Wegbreit et al., 2016). The diffusion MR imaging se-
quence was another limitation of the study, and future studies could
improve the diffusion acquisition by including multiple baselines, as
this would enable the subsequent modeling to account for coil sensi-
tivities, subject motion, geometric distortions due to susceptibility and
eddy currents, and spatial variation in noise that may impact the
modeling of subcortical structures and fiber bundles. Furthermore,
while Freesurfer was used in the present study to analyze T1-weighted
MR imaging data, other methods for subcortical segmentation, such as
FSL FIRST and manual delineation, may offer improved performance in
some cases as well (Morey et al., 2009). Another limitation was that BD
youth were taking psychotropic medication when scanned. However, it
would be unethical to stop their medications for a non-treatment neu-
roimaging study. Moreover, as it was a cross-sectional study, we do not
have detailed prospective records about all medications previously used
by each patient. Thus, it is possible that the observed between-group
differences in cortical thickness and white matter may be impacted by
these prior or ongoing treatments. Moreover, this is an important
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question germane to all psychiatric disorders, and not just BD, though
its answer is complicated by the reality in human imaging studies that it
would be unethical not to treat those suffering from any psychiatric
illness for several years for the sake of imaging or other research study.
Ultimately, this may require translational studies using animal models
whereby such issues would not come into play. However, this too will
be complicated for BD where there are no well-validated animal models
of mania. Expanding the scope of human imaging studies may also help
elucidate the effect of medication; however, because treatment regi-
mens are often diverse across patients, substantial sample sizes may be
required to obtain the statistical power necessary to detect changes in
white matter maturation due to medication. Nevertheless, our study
integrating novel cross-modality structural MRI and dMRI methods
provides an important new lead on the neurodevelopmental circuit
mechanisms of BD.

In considering what is ahead based our findings, the ultimate
question from our study is how can it improve our ability to understand
the neurobiology of BD and to treat children and adolescents suffering
from BD? While no neuroimaging parameter has been shown to be a
replicated sensitive and specific biomarker for BD in any age group, the
present study demonstrates the strength of advanced computational
image analysis in understanding the anatomical variation exhibited in
BD. This study includes some specific advancements relative to previous
tractography-based studies of BD. We used multi-fiber tractography
framework to improve anatomical accuracy of fiber bundle re-
construction, and furthermore, used a study-specific template and de-
formable tensor-based registration algorithm, which have both been
shown to improve registration quality and improve sensitivity in dMRI
studies (Zhang et al., 2007; Van Hecke et al., 2011). Going forward,
advances in these computational approaches will likely be increasingly
important in understanding the anatomical basis of BD psycho-
pathology. In particular, there is much to gain by improving dMRI ac-
quisitions and modeling approaches. While the tensor model is highly
sensitive to changes in microstructure, it can potentially conflate dis-
tinct microstructural properties (Wheeler-Kingshott and Cercignani,
2009; Jones et al., 2013). With more advanced data acquisitions and
models, some of the more subtle effects can be disentangled with more
anatomically specific microstructure metrics (Fieremans et al., 2011;
Zhang et al., 2012). Novel applications of these approaches could in-
clude longitudinal imaging studies to compare the neurodevelopmental
trajectories of BD and TDC youths, and also potential effects of treat-
ment as well as non-adherence, thus allowing neuroimaging to address
important fundamental and clinically-relevant issues in pediatric BD
(Pompili et al., 2013). Nevertheless, our preliminary findings show that
multimodal structural MR imaging metrics provide a potentially useful
tool for understanding the trajectory taken during neurodevelopment.

5. Conclusions

Our study provides further evidence of widespread fronto-temporal-
striatal alterations in BD; however, our findings specifically shed more
light on how developmental trajectories also differ between TDC and
BD youths. Using a multimodal imaging approach, we found group
differences in gray matter cortical thickness of the left frontal pole, and
in white matter pathways that form fronto-temporal-striatal circuitry,
and widespread effects in the corpus callosum. Beyond these specific
findings, we also showed how computational image analysis can pro-
vide a broader understanding of developmental trajectories in BD by
integrating multiple modalities. Because of the preliminary nature of
the present study, further studies are warranted to investigate these
effects in larger populations, particularly to examine the brain areas
identified in this study for longitudinal changes and changes in re-
sponse to treatment.
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