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Abstract

Background: Studying youth at high risk of developing bipolar disorder may clarify
neurobiological factors associated with vulnerability to this illness. We present here a baseline
characterization of brain structure in youth at-risk for bipolar disorder.

Methods: Magnetic resonance images were obtained from 115 child and adolescent offspring of
bipolar disorder type I subjects and 57 healthy child and adolescent offspring of healthy parents
(healthy offspring). Offspring of parents with bipolar disorder were divided into healthy bipolar
offspring (n=47) or symptomatic bipolar offspring (n=68), according to presence or absence of
childhood-onset psychopathology. All bipolar offspring were free of major mood and psychotic
disorders. Gray (GM) and white matter (WM) volumes were compared between groups using
voxel-based morphometry.

Results: No differences in GM volumes were found across groups. Healthy bipolar offspring
presented with decreased WM volumes in areas of the right frontal, temporal and parietal lobes,
and in the left temporal and parietal lobes compared to healthy control offspring. Symptomatic
bipolar offspring did not present with any differences in WM volumes compared to either healthy
bipolar offspring or healthy control offspring.

Limitations: Cross-sectional design and heterogeneous sample of symptomatic bipolar offspring

Conclusions: WM volume decreases in areas of the frontal, occipital, and parietal lobes are
present in bipolar offspring prior to the development of any psychiatric symptoms, and may be a
correlate of familial risk to bipolar disorder. In this large cohort, we have not found evidence for
regional GM volume abnormalities as an endophenotype for bipolar disorder.
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1. Introduction

Bipolar disorder is highly heritable. Children of parents with bipolar disorder are at
increased risk of developing mood disorders in general, and bipolar disorder in particular
(DelBello & Geller, 2001; Birmaher et al., 2009; Gottesman et al., 2010; Duffy et al., 2014).
When both parents have bipolar disorder, the risk of developing this illness among their
offspring more than doubles when compared with the risk in offspring of one affected parent
(Birmaher et al., 2009; Gottesman et al., 2010). The first symptoms of bipolar disorder often
emerge during adolescence (DelBello & Geller, 2001; Birmaher et al., 2009; Gottesman

et al., 2010; Duffy et al., 2014; Reichart et al., 2005). Prospective and retrospective

studies suggest that early psychopathology, particularly childhood anxiety disorders, mood
symptoms, and externalizing disorders, predict later development of major mood disorders
in offpspring of bipolar parents (Dyffy et al., 2014; Henin et al., 2005; Goldstein et al.,
2010; Nurnberger et al., 2011; Duffy et al., 2013). The neurobiological mechanisms of
disease associated with the development and progression of these early symptoms — prior to
a syndromic mood episode — in youth at-risk for bipolar disorder are unknown. Thus, studies
of adolescents and young adults at familial risk for developing bipolar disorder may identify
neurobiological correlates of familial risk and of early psychopathology, which could inform
both early detection and intervention strategies (DelBello & Geller, 2001).

Bipolar disorder is characterized by dysfunction of affect regulation and attentional
processes (Goodwin & Jamison, 2007). Structural, neurochemical, and functional
abnormalities within emotional control networks that include the ventrolateral and
ventromedial prefrontal cortices, thalamus, amygdala, and striatum might underlie the
dysfunctional affect and cognitive processes seen in bipolar disorder (Strakowski et al.,
2005; Strakowski et al., 2012). Prior to developing mood disorders, youth bipolar offspring
present with difficulties in tasks of executive functioning, memory, and attention, suggesting
that a pre-existent fronto-limbic dysfunction may contribute to the development of mood
disorders in those youth at familial risk (Schneider et al., 2012; Meyer et al., 2004; Gotlib et
al., 2005; Ladouceur et al., 2013).

Imaging studies of neuroanatomical substrates that could reflect these observed functional
abnormalities in bipolar offspring have yielded inconclusive results (Schneider et al., 2012;
Nery et al., 2013). Several studies using either region-of-interest or voxelwise approaches
found no structural gray matter (GM) abnormalities in youth bipolar offspring (Hajek et
al., 2008a; Hajek et al., 2008b; Singh et al., 2008; Hajek et al., 2009; Hajek et al., 2010;
Takahashi et al., 2010; Sunagryes et al., 2015). Relatively few studies found increased GM
volumes in right inferior frontal gyrus (Hajek et al., 2013), left parahippocampal gyrus
(Ladouceur et al., 2008), and amygdala (Bauer et al., 2014) in youth bipolar offspring
compared with offspring of healthy parents. Other controlled studies found decreased GM
volumes in the right orbitofrontal, middle frontal, bilateral superior, and middle temporal
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cortices (Hanford et al., 2016a), and decreased cortical thinning in portions of the temporal
and middle frontal regions (Hanford et al., 2016b) in youth bipolar offspring. In contrast,
findings of WM abnormalities in either adults or youth at-risk for bipolar disorder have been
more consistent (Kieseppa et al., 2003; McDonald et al., 2004; Matsuo et al., 2012; Hulshoff
Pol et al., 2012; Sprooten et al., 2011; Sprooten et al., 2013; Skudlarski et al., 2013; Mahon
et al., 2013; Frazier et al., 2007; Roybal et al., 2015; Teixeira et al., 2014; Versace et al.,
2010). Specifically in youth, abnormal fractional anisotropy, a measure of WM integrity,

in the bilateral longitudinal fasciculi (Frazier et al., 2007), cingulum, cingulate, corpus
callosum, and superior and inferior fasciculi (Roybal et al., 2015) has been described in
bipolar offspring compared with youth with healthy parents. To the best of our knowledge,
no study has investigated WM volumes in youth bipolar offspring.

The relative preponderance of findings of WM abnormalities versus GM abnormalities in
bipolar offspring is still difficult to interpret. It might reflect several different factors such
as choice of imaging techniques, sample size and statistical power, variability in age and
brain development between adult versus child offspring, as well as degrees of comorbid
psychopathology among the study populations. An alternative hypothesis is that in bipolar
disorder, WM abnormalities prior to illness onset reflect genetic risk, given the consistency
of findings among bipolar offspring; in contrast, as GM changes are less frequently reported
prior to illness onset, they may represent effects of emerging psychopathology, illness
burden, or medication exposure (Schneider et al., 2012; Nery et al., 2013). Recent evidence
suggest that even unaffected bipolar offspring present with GM abnormalities that might

be markers of illness vulnerability (Bauer et al., 2014; Hanford et al., 2016b). Therefore, a
study that examines brain structural differences in adolescent bipolar offspring attempting
to differentiate effects of familial risk versus effects of early psychopathology might help to
further investigate this assumption.

With these considerations in mind, we examined GM and WM volumes in a large sample of
children and adolescents at-risk of developing bipolar disorder. We sought to investigate the
effects of familial risk and psychopathology in a cohort that was large enough to facilitate
within-group comparisons. We hypothesized that: 1) GM volume abnormalities in ventral
prefrontal emotional control networks would be associated with early psychopathology in
youth at increased familial risk for bipolar disorder; and 2) WM volume abnormalities in
ventral prefrontal emotional control networks would be associated with increased familial
risk for bipolar disorder.

Methods

This report is a baseline analysis of an ongoing prospective study to characterize
neurodevelopmental changes in children and adolescents at-risk for bipolar disorder. The
sample was comprised of offspring of bipolar disorder parents (“bipolar offspring,” n=115),
and offspring of healthy parents (“healthy control offspring,” n=57). Participants were
recruited from the local community through posted flyers and word of mouth. After study
procedures were explained, participants (if > 18 years old), or parents or legal guardians
gave written informed consent and youth gave written assent (if < 18 years old) to
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participate in the study. The University of Cincinnati Institutional Review Board approved
all procedures related to this study.

Inclusion criteria for bipolar offspring were ages between 12 and 20 years, having at least
one biological parent with bipolar disorder type I, and no DSM-IV-TR major mood or
psychatic disorder in themselves (including bipolar disorder types I, or 11, cyclothymic
disorder, dysthymia, major depressive disorder, schizophrenia, schizoaffective disorder or
psychotic disorder not otherwise specified). Inclusion criteria for healthy offspring were age
between 12 and 20 years, no personal history of any Axis | psychiatric disorder, and no first-
degree relatives with any history of mood or psychotic disorders. Exclusion criteria for both
groups were any history of alcohol or drug dependence, or any alcohol or drug abuse within
the previous 3 months, any medical or neurological disorder that could influence results,

IQ lower than 70, any contraindication to MRI scan (e.g., braces, metallic implants), and
any history of head trauma with loss of consciousness more than 10 minutes. Subjects had
to be medication-free at time of participation in the study, with the exception of stimulant
treatment for ADHD. Subjects on stimulants were asked to hold on taking those medications
for 48 hours before the scan.

In offspring, psychiatric diagnoses were determined using the Kiddie-Schedule for Affective
Disorders and Schizophrenia Lifetime Version (K-SADS-PL) (Kaufman et al., 1997) and
the Mood Disorders section of the Washington University at St. Louis Kiddie-Schedule

for Affective Disorders and Schizophrenia WASH-U KSADS (Geller et al., 2001). The
K-SADS-PL is a semi-structured interview that integrates parent and child information to
obtain current and lifetime childhood-onset psychiatric diagnoses according to DSM-1V,
and has good to excellent concurrent validity and inter-rater reliability (Kaufman et al.,
1997). The WASH-U KSADS Mood Disorders section is a module developed to expand

the examination of onset and offset of mood episodes, and has good reliability (Geller

et al., 2001). In parents, psychiatric diagnoses were determined using the Structured
Clinical Interview for Diagnosis (SCID) (DSM-1V) (First et al., 2002). The SCID is

a structured modular interview to diagnose current and lifetime psychiatric diagnoses
according to DSM-IV criteria (First et al., 2002). A Masters-level trained clinician or
board-certified psychiatrist performed these diagnostic interviews. Diagnoses were validated
in best estimate meetings attended by at least three board-certified psychiatrists or child
psychiatrists or psychologists. Current mood symptoms were evaluated using the Hamilton
Depression Rating Scale (HAMD) 17-items for depressive symptoms (Hamilton, 1976) and
the Young Mania Rating Scale (YMRS) for manic symptoms (Young et al., 1978). The
HAMD-17 is a widely used scale to rate the severity of depressive symptoms occurring in
the 7 days prior to the interview. It has been shown to have adequate validity and reliability
in the age range of our sample (Patel et al., 2006). The YMRS is a widely used rating

scale to assess presence of manic symptoms in the 7 days prior to the interview, and has
been shown to valid and reliable for use in child and adolescent samples (Youngstrom et al.,
2002).

We divided the bipolar offspring in two subgroups according to the presence or absence
of lifetime psychopathology (hereafter called symptomatic bipolar offspring (n=68) and
healthy bipolar offspring (n=47), respectively). The symptomatic bipolar offspring included
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youth with definite psychiatric disorders and/or with subthreshold psychiatric symptoms
with obvious impairment from those symptoms, and the healthy bipolar offspring included
youth with no psychiatric symptoms or with few symptoms and no impairment from those
symptoms. The majority of subjects that met criteria for lifetime psychopathology also met
criteria for current psychopathology, except 2 subjects with depressive disorder NOS, and 1
subject with generalized anxiety disorder.

Image acquisition

T1-weighted MRI scans were obtained using a 4-Tesla MRI Varian whole-body scanner
(Varian, Inc., Palo Alto, CA). During each scan, subjects were recumbent in the bed of

the scanner and a volume TEM (Transverse Electromagnetic) head coil was placed over
the subject’s head. Earplugs and headphones were provided to block background noise,
and precautions were taken to minimize subject motion during the MRI study. Following a
threeplane gradient echo scan for alignment and localization, an automatic shim procedure
was performed using FASTMAP (Fast Automatic Shimming Technique by Mapping
Along Projections) to generate a homogeneous magnetic field. Using a Modified Driven
Equilibrium Fourier Transform (MDEFT) pulse sequence, a high resolution T-weighted
3-dimensional brain scan was obtained. This image was acquired in the axial orientation
with repetition time (TR) 13.0 ms, echo time (TE) 5.3 ms, magnetization preparation time
(Tvp) 1.1 ms, field of view (FOV) 256x192x192 mm3, data matrix=256x192x96.

Image processing

Image processing was performed using statistical parametrical mapping software (SPM8,
Wellcome Department of Cognitive Neurology, University College London, UK) running
in MATLAB (Math Works, Natick, MA, USA). Using the VBM8 toolbox, these images
were first aligned to template space and then segmented. With regard to the segmentation
procedure, residual image inhomogeneities were removed by modeling smoothly varying
intensity changes (Ashburner & Friston, 2000). This procedure involves estimating an
intensity non-uniformity field, which is then applied to yield a smoothed image, and has
been shown to increase the reproducibility of SPM-segmentation results (Chard et al., 2002).
The native-space GM and WM images were then normalized to the corresponding SPM8
tissue-probability map. Spatial normalization was achieved using an initial 12parameter
affine transformation, followed by 12 nonlinear iterations using 7x8x7 discrete cosine
transform basis functions (Ashburner & Friston, 1999). Images were resampled in
1.5x1.5x1.5 mm3 resolution. Images were modulated by the Jacobian determinant of the
normalization matrix, resulting in images that take into account global and local volume
changes during spatial normalization as previously described (Good et al., 2001). Final
images were smoothed using a Gaussian kernel with a full width at half-maximum of 8 mm
to create a local weighted average of the surrounding pixels. All results were reported as
MNI\coordinates.

Statistical analysis

Differences in demographic and clinical characteristics among groups were analyzed using
analysis of variance models, chi-square tests or Fisher’s exact tests. All statistical analysis
of demographic and clinical characteristics, and bivariate correlations were performed using
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IBM SPSS (IBM Corp., Armony, NY) version 23, and were two-sided with a significance
level of 0.05.

Imaging data analysis

We performed 2 primary analyses comparing GM and WM volumes across the 3 groups
(healthy bipolar offspring, symptomatic bipolar offspring, and healthy control offspring).
We used SPMB8 full factorial design to perform these analyses. We set absolute threshold
masking at 0.1, and the analyses were adjusted for individual brain volume during DARTEL
segmentation/normalization step. Age, sex, and 1Q were included as nuisance variables, as
they have been associated with GM and WM changes, particularly in the age range of our
sample (Good et al., 2001; Reiss et al., 1996; Ball et al., 2012). Following the 3-group
contrast with significant differences across groups, we performed pairwise comparisons
between groups to further explore nature of difference between groups. The statistical
threshold was set at a level of p<0.05, false discovery rate (FDR) corrected, with a minimum
cluster size of 35 contiguous voxels for both primary and pairwise comparisons. We used
MarsBar in SPM8 ToolBox to extract raw WM volumes of points of maximal association
for visual inspection of differences in the 3-group analyses. We performed post hoc analyses
to investigate effect of age of onset of symptoms by dividing the sample in younger than

13 years old and equal or older than 13 years old. We chose 13 as an age cutoff given the
distribution of our sample (mean age=13.8, median=13.2, mode=13 years old), and evidence
from literature showing age of first mood symptoms in bipolar offspring during adolescence
(DelBello & Geller, 2001; Duffy et al., 2014).

3. Results

Demographic and clinical information for the two groups of bipolar offspring and healthy
control offspring are displayed in Table 1. The symptomatic bipolar offspring presented,
as expected, with different forms of childhood psychopathology. Of those, fifty-six (82%)
presented with at least one psychiatric diagnosis (details in Table 1), and twelve (18%)
presented with symptoms that were below threshold to meet criteria for the disorder, but
with significant impairment.

Gray matter volumes across bipolar offspring with and without psychopathology and
healthy control offspring

There was no group effect on GM volumes contrasted across healthy bipolar offspring,
symptomatic bipolar offspring, and healthy control offspring.

White matter volumes across bipolar offspring with and without psychopathology and
healthy control offspring
Regional WM volumes contrasted across healthy bipolar offspring, symptomatic bipolar
offspring, and the healthy control offspring revealed a between-group effect in the right
posterior frontal lobe (F=11.2, df=2,166, p=0.05, FDR-corrected, k=101, x=14, y=-27,
z=55) (Figure 1). Raw volumes extracted from this cluster using MarsBar showed that
healthy bipolar offspring presented with the smallest raw volumes, symptomatic bipolar
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offspring presented with intermediate mean raw volumes and healthy control offspring
presented with the largest WM volumes (Figure 2).

Pairwise comparisons showed that the healthy bipolar offspring presented with decreased
WM volumes in the posterior right frontal lobe (paracentral lobule, cluster size=4244,
Z=4.85, p=0.007, FDR-corrected, x=14, y=-27, z=55), left precuneus (cluster size=11086,
Z=4.4, p=0.008, FDR-corrected, x=—11, y=—34, z=51), left occipital lobe (lingual gyrus,
cluster size=94, 7=3.8, p=0.02, FDR-corrected, x=—14, y=-51, z=1), left parietal lobe
(supramarginal gyrus, cluster size=39, Z=3.7, p=0.02, FDR-corrected, x=-48, y=-48, z=40),
right posterior cingulate (cluster size=124, Z=3.7, p=0.03, FDR-corrected, x=20, y=-64,
z=18), right temporal lobe (subgyral, cluster size=51, Z=3.5, p=0.03, FDR-corrected,
x=41, y=-76, z=15), and right parietal lobe (precuneus, cluster size=42, Z=3.4, p=0.04,
FDR-corrected, x=21, y=—64, z=39) compared with the healthy control offspring (Figure
3). Symptomatic bipolar offspring did not present with any differences in WM volumes
compared with either healthy bipolar offspring or with healthy control offspring. There was
no effect of increased WM volumes between groups.

Post hoc analyses to explore neurodevelopmental effects on WM volumes showed that for
the subjects younger than 13 years old (n=68), which included healthy bipolar offspring
(n=15), symptomatic bipolar offspring (n=30), and healthy control offspring (n=23) there
was no differences in WM volumes across the 3 groups. For the subjects with or older than
13 years old (n=104), which included healthy bipolar offspring (n=32), symptomatic bipolar
offspring (n=38), and healthy control offspring (n=34), there were no differences in WM
volumes across the 3 groups. There were also no differences in GM volumes across groups
for both younger and older than 13 years old subgroups.

Post hoc analyses to investigate confounding effects of comorbid ADHD in WM volumes
showed that, after excluding subjects with ADHD from the symptomatic bipolar offspring
group, there was no difference in WM volumes across the 3 groups in the 3-group
factorial design. A pairwise comparison using that design matrix showed similar findings
of decreased WM volumes in healthy bipolar offspring compared with healthy control
offspring, and no differences between symptomatic bipolar offspring and healthy control
offspring.

4. Discussion

In this study, we partially confirmed our hypotheses that WM volume abnormalities are
associated with increased familial risk for bipolar disorder by finding decreased WM
volumes in posterior areas of the right frontal lobe and cingulate cortex, and right temporal
lobe, and also in left temporal, parietal, and occipital lobes in healthy bipolar offspring
compared to healthy control offspring). Again, partially in contrast to our expectations, we
did not find evidence for abnormal regional GM volumes in bipolar offspring, either as an
effect of familial risk or as an effect of combined familial risk and early psychopathology.

Our finding of decreased WM volumes in adolescent bipolar offspring compared with
healthy control offspring are partially consistent with prior findings of decreased WM
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volumes in adults at-risk for bipolar disorder compared with healthy subjects (Kieseppa

et al., 2003; McDonald et al., 2004; Matsuo et al., 2012; Hulshoff Pol et al., 2012). For
instance, increased genetic liability for bipolar disorder was associated with decreased
global (Hulshoff Pol et al., 2012) or regional WM volumes in corpus callosum, bilateral
frontal, left temporal - parietal regions, and right parietal regions (McDonald et al., 2004) of
adult relatives of patients with bipolar disorder. Decreased WM volumes have been reported
in the right medial frontal lobe of unaffected relatives (Matsuo et al., 2012) and in the

left hemisphere of unaffected twins of bipolar disorder patients (Hulshoff Pol et al., 2012).
Abnormal WM integrity has also been reported by several diffusion tensor imaging (DTI)
studies in adults (Sprooten et al., 2011; Sprooten et al., 2013; Skudlarski et al., 2013; Mahon
et al., 2013; Chaddock et al., 2009) or in children at-risk for bipolar disorder (Frazier et

al., 2007; Roybal et al., 2015; Versace et al., 2010). Specifically, in children at-risk, DTI
studies showed decreased fractional anisotropy in posterior areas of the superior longitudinal
fasciculi (Frazier et al., 2007), but also increased fractional anisotropy in bilateral cingulum
and superior longitudinal fasciculi when compared with healthy children (Roybal et al.,
2015).

Contrary to our hypothesis, we did not find structural abnormalities in ventral areas of the
prefrontal cortex that pertain to emotional control networks (Strakowski et al., 2012). In
contrast, we found WM volume decreases mostly in posterior areas of the right frontal lobe,
in the dorsal region of the right anterior cingulate, and in the right and left parietal lobe. The
cortical areas adjacent to the WM decreases are involved in assessment of emotional valence
to internal and external stimuli, motivation, emotion processing, regulation of autonomic
function (Devinsky et al., 1995; Martinez-Aran et al., 2000), self-awareness (Lou et al.,
2004), and initiation and suppression of motor responses associated with motivation and will
(Paus, 2001). These brain areas have bidirectional projections with many key areas of ventral
emotional control networks, particularly the amygdala and ventral striatum, with cognitive
networks, particularly dorsolateral prefrontal cortex and parietal cortex (Devinsky et al.,
1995; Lou et al., 2004; Paus, 2001), and with premotor and motor cortex (Paus, 2001).

In patients with established bipolar disorder, imaging studies have found WM pathology
mainly in prefrontal regions or in tracts connecting prefrontal regions to subcortical and
temporal subregions (Adler et al., 2006; Brambilla et al., 2009; Vederine et al., 2011; Wise
et al., 2016), as opposed to our findings mostly in frontal posterior, or posterior/lateral brain
areas in bipolar offspring. From a developmental perspective, brain maturation in the same
age range of our sample follows a caudal-rostral direction, with lower-order brain areas
maturating before higher-order (such as prefrontal cortex) areas (Gogtay et al., 2004). Thus,
if a delay in WM development is present as an effect of familial risk to bipolar disorder,

it might be detected first in posterior brain areas (prior to disease installment) and later in
anterior/frontal areas (at or after disease installment). Consistent with this, DTI studies in
youth bipolar offspring showed aberrant WM in posterior areas of the superior longitudinal
fasciculi (Frazier et al., 2007), in WM tracts that extended from frontal to occipital areas
(Roybal et al., 2015), and a detrimental effect of age on WM integrity in tracts connecting
occipital to temporal lobes (Versace et al., 2008). It should be noted that VBM detection of
differences in WM lacks the spatial resolution that DTI has, so VBM and DTI studies cannot
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be directly compared. Hence, a prospective study using DTI to study WM development in
bipolar offspring would be necessary to examine this hypothesis.

The WM volume reductions were present in the contrast between healthy bipolar offspring
and healthy control offspring, but were not present in the contrast between symptomatic
bipolar offspring and healthy control offspring. Because the healthy bipolar offspring
subgroup was medication naive and free of lifetime psychopathology, these findings suggest
that those WM volume reductions are a correlate of familial risk to bipolar disorder

rather than correlates of psychopathology or medication effects. It is noteworthy that the
symptomatic bipolar offspring, which also are at familial risk for bipolar disorder, did not
present with any differences in WM volumes compared with the healthy control offspring.
A visual inspection of raw mean volumes from the significant cluster in the 3-group contrast
showed that symptomatic bipolar offspring also presented with decreased WM volumes
compared to healthy control offspring, and those values were intermediate between healthy
bipolar offspring and healthy control offspring (Figure 2). It is possible that insufficient
statistical power in the differences between symptomatic bipolar offspring and healthy
control offspring explain these negative findings.

We did not find that familial risk for bipolar disorder per se is associated with regional

GM volume reductions. Findings of decreased GM volumes in individuals at-risk for bipolar
disorder have been inconsistent and difficult to replicate (Nery et al., 2013, Nery et al.,
2015), and have been mostly negative in youth at-risk (Hajek et al., 2008a; Hajek et al.,
2008b; Singh et al., 2008; Hajek et al., 2010; Takahashi et al., 2010; Sugranyes et al., 2015).
The most important difference between our study and similar voxel-based morphometry
studies in youth bipolar offspring (Ladouceur et al., 2008; Sugranyes et al., 2015; Hanford
et al., 2016a) is the sample size in our study (115 bipolar offspring and 57 healthy offspring,
which, to date, is the largest brain structure study in youth bipolar offspring). Two recent
studies have described associations between psychopathology in youth bipolar offspring and
enlarged amygdala (Bauer et al., 2014) and thinner cortex in superior and inferior temporal
regions, supramarginal, and middle frontal regions (Hanford et al., 2016b). In common, both
used a different software to analyze GM differences, which might be more sensitive to detect
subtle differences in smaller subcortical structures, such as amygdala, or in cortical thickness
(Hutton et al., 2009). Although possible, it is unlikely that the lack of differences in GM
volumes between the bipolar offspring and healthy control offspring groups in our study
stem from type Il error. Future studies employing methods that are more sensitive to GM
changes are necessary to confirm our negative findings.

While voxel-based morphometry analyses allow for investigating global differences in GM
or WM abnormalities between groups, it does not offer a direct measure of brain tissue
volumes. It is unknown to what extent the differences in the so-called volumes obtained in
voxel-based morphometry analyses reflect actual cytoarchitectural or tissue abnormalities
(including changes in number or size of neurons, neuropils, or WM fibers) or reflect
several other factors that may affect the MRI signal, such as exercise, hydration, or brain
perfusion, among others (Weinberger & Radulescu, 2016). In addition, voxelwise analyses
are exploratory in nature, as they allow a whole survey of group differences and the
emergence of findings in brain areas that were not pre-specified as a region-of-interest.
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Notwithstanding these limitations, our findings might serve as a departure point for future
studies that investigate the existence of abnormal functional or structural connectivity
between anterior cingulate cortex and posterior frontal or parietal regions and their role

in the neurobiology of risk and resilience in youth at-risk for bipolar disorder.

Other limitations of this study include the cross-sectional nature of the investigation, which
precludes any causal relationship between the “at-risk” condition and WM abnormalities,
and consequently, the assumption that changes represent vulnerability or resilience factors.
An ideal study to differentiate effects of familial risk versus early psychopathology or
effects of vulnerability versus resilience in at-risk children would have to be prospective in
nature. Another limitation is the lack of a control group characterized by healthy control
offspring who presents with psychiatric symptoms (a symptomatic control offspring). The
inclusion of such group would help to further characterize effects of symptomatology versus
effects of familial vulnerability. Thus, our results should be considered preliminary. Third,
the symptomatic bipolar offspring was a heterogeneous sample of psychiatric diagnoses,
including different anxiety disorders, minor depressive disorder, and ADHD. It would

be important to study effects of specific early psychopathology (e.g., mood or anxiety
diagnoses) on GM or WM volumes of bipolar offspring. However, these diagnoses were
often comorbid with each other, and subsamples of “pure” mood diagnoses or anxiety
diagnoses had very small sizes, limiting secondary analyses. Future studies with larger
samples could examine potential specific effects of mood or anxiety diagnoses in brain
structure of bipolar offspring. Third, 29.4% of the symptomatic bipolar offspring sample was
treated with stimulant medication, mostly for ADHD. A meta-analysis of age and stimulant
medication effects in brain structure of patients with ADHD suggest that there is a potential
normalizing effect of stimulant use on right basal ganglia volumes (Nakao et al., 2011).
Although this potential normalizing effect is still debatable, as the evidence comes from
cross-sectional studies comparing medicated and unmedicated ADHD patients, we cannot
completely rule out that chronic stimulant medication exposure among one third of our
symptomatic bipolar offspring may have contributed to some normalization of potential GM
volume differences between symptomatic bipolar offspring and the other groups. However,
repeated analyses excluding those offspring with ADHD (hence previously medicated with
stimulants) suggested that “normalizing” medication effects on GM or WM volumes were
unlikely, as the exclusion of medicated (hence, “normalized”) subjects would pull the
differences away (not toward) the normal comparison sample. It should be noted that

the most our most relevant findings were pertaining to WM volumes differences between
healthy bipolar offspring and healthy control offspring, a comparison that was not influenced
by medication effects.

In conclusion, we found that healthy bipolar offspring present with regional WM volume
reductions in posterior areas of the right frontal lobe, right posterior cingulate, and right
parietal and temporal lobe, as well as left parietal and occipital lobe when compared with
healthy control offspring. These findings of decreased WM volumes are relevant as they
might underlie the increased risk for mood disorders in this population. Finally, the presence
of childhood-onset psychopathology in youth at high risk for bipolar disorder was not
associated with WM or GM volume differences. A prospective examination could verify
whether these abnormalities represent susceptibility factors for bipolar disorder, and whether
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their identification may help to develop preventive strategies for this disabling and severe
condition.
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Highlights

1. Bipolar offspring are at increased risk to developing mood disorders.

2. We used VBM to characterize brain markers of familial risk in bipolar
offspring.

3. No abnormal gray matter volumes were found in bipolar offspring.

4, Decrease in white matter (WM) volumes were found in healthy bipolar
offspring.

5. Decreased WM volumes may be a correlate of familial risk to bipolar
disorder.
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Figure 1: White matter volume differences across healthy bipolar offspring, symptomatic bipolar
offspring, and healthy control offspring.
The figure depicts axial, coronal, and sagittal views of significant differences in white

matter volumes across groups of healthy bipolar offspring, symptomatic bipolar offspring,
and healthy control offspring. The figure depicts a cluster of significant difference in the
posterior right frontal lobe (F=11.2, df=2,166, p=0.05, FDR-corrected, k=101, x=14, y=-27,
z=55, right paracentral lobule).
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O Healthy bipolar offspring (n=47)
@ Symptomatic bipolar offspring (n=68)
M Healthy control offspring (n=57)

Figure 2: While matter volumes in right posterior frontal lobe (paracentral lobule) for healthy
bipolar offspring, symptomatic bipolar offspring, and healthy control offspring

Mean raw white matter volumes were extracted by MarsBar using SPM8 ToolBox

from the peak of maximum association in the 3-group analysis comparing white matter
volumes across healthy bipolar offspring, symptomatic bipolar offspring, and healthy control
offspring.
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Figure 3: White matter volume differences in healthy bipolar offspring compared with healthy
control offspring.
The figure depicts axial, coronal, and sagittal views of significant differences in white matter

volumes between healthy bipolar offspring and healthy control offspring encompassing right
frontal lobe, and right and left parietal lobes. Healthy bipolar offspring presented with
decreased white matter volumes than healthy control offspring. The level of statistically
significant differences in white matter volumes between groups was defined as p<0.05,
FDR-corrected, with a cluster size of >35.
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Table 1:

Demographic and clinical characteristics of the sample, divided by presence or absence of psychiatric
disorders

Page 20

Characteristics Healthy bipolar Symptomatic bipolar Healthy control P value
offspring (n=47) offspring (n=68) offspring (n=57)
Age, mean (SD) 14.2 (3.0) 13.2 (2.5) 14.1 (3.0) 0.09
Sex, female 30 (64%) 32 (47%) 31 (54%) 0.21
Race 0.73
Caucasian 34 (72%) 51 (75%) 38 (67%)
African-American 10 (20%) 13 (19%) 12 (21%)
Other 3 (6%) 4 (6%) 7 (13%)
Tanner stage, growth, mean (SD) 34 (11) 32(1.1) 3.3(1.3) 0.79
Tanner stage, pubic, mean (SD) 34(1.2) 3.2(11) 3.2(13) 0.69
Handedness, right-handed 41 (87%) 65 (96%) 50 (88%) 0.20
1Q, WASI, mean (SD) 102.2 (11.5) 102.2 (12.7) 109.7 (13.5) 0.002%
HAMD, mean (SD) 41(5.2) 9.8 (6.2) 1.0 (1.2) <0001 *
YMRS, mean (SD) 4.0 (3.6) 9.3 (6.3) 1.7 (1.9) <0.001 *

Psychiatric diagnoses

Subthreshold symptoms 0 12 (17.6) n/a
Attention-deficit/hyperactivity disorder | 0 35 (51.5) n/a
Depressive disorder NOS 0 15 (22.1) n/a
Generalized anxiety disorder 0 6(8.8) nfa
Enuresis 0 6(8.8) n/a
Oppositional-defiant disorder 0 5(7.4) nfa
Specific phobia 0 3(4.9) n/a
Encopresis 0 3(44) n/a
Post-traumatic stress disorder 0 3(4.9) n/a
Separation anxiety 0 3(44) n/a
Conduct disorder 0 2(2.9 n/a
Cannabis use disorder (past) 0 2(2.9) n/a
Tourette syndrome 0 1(1.5) n/a
Bipolar disorder NOS 0 1(1.5) n/a

Mean (SD) or n (%) shown

ANOVA with post hoc t-tests for continuous variables

*
Pairwise comparisons:

Healthy bipolar offspring vs Symptomatic bipolar offspring: 1Q: p=1.0; HAMD: p<0.001; YMRS: p<0.001
Healthy bipolar offspring vs Healthy control offspring: 1Q: p=0.009; HAMD: p=0.004; YMRS: p=0.04

Symptomatic bipolar offspring vs Healthy control offspring: 1Q: p=0.004; HAMD: p<0.001; YMRS: p<0.001
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Twenty (29.4%) of symptomatic bipolar offspring were on stimulants prior to entering the study. Those were offspring with diagnoses of
attention-deficit/hyperactivity disorder.

Twenty (29.4%) reported having been previously on some psychiatric medication before study entry (13 on stimulants, 5 on antidepressants, 2
atypical antipsychotics).

Abbreviations: 1Q (intelligence quotient), HAMD (Hamilton Depression Rating Scale), YMRS (Young Mania Rating Scale)
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