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Abstract

Objectives—Bipolar disorder (BD) has been associated with dysfunctional brain connectivity
and with family chaos. It is not known whether aberrant connectivity occurs before illness onset,
representing vulnerability for developing BD amidst family chaos. We used resting state
functional magnetic resonance imaging (fMRI) to examine neural network dysfunction in healthy
offspring living with parents with BD and healthy comparison youth.

Methods—Using two complementary methodologies [data-driven independent component
analyses (ICA) and hypothesis-driven region-of-interest (ROI)-based intrinsic connectivity], we
examined resting state fMRI data in 8-17-year-old healthy offspring of a parent with BD (n = 24,
high risk) and age-matched healthy youth without any personal or family psychopathology (n =
25, low risk).

Results—ICA revealed that relative to low-risk youth, high-risk youth showed increased
connectivity in the ventrolateral prefrontal cortex (VLPFC) subregion of the left executive control
network (ECN), which includes frontoparietal regions important for emotion regulation. ROI-
based analyses revealed that high-risk versus low-risk youth had decreased connectivities between
left amygdala and pregenual cingulate, between subgenual cingulate and supplementary motor
cortex, and between left VLPFC and left caudate. High-risk youth showed stronger connections in
the VLPFC with age and higher functioning, which may be neuroprotective, and weaker
connections between the left VLPFC and caudate with more family chaos, suggesting an
environmental influence on frontostriatal connectivity.

Conclusions—Healthy offspring of parents with BD show atypical patterns of prefrontal and
subcortical intrinsic connectivity that may be early markers of resilience from or vulnerability for
developing BD. Longitudinal studies are needed to determine whether these patterns predict
outcomes.
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Bipolar disorder (BD) is a highly familial disorder. Twin and family studies have reported a
59-87% heritability of BD (1), reflecting the high level of risk for first-degree relatives of
probands with BD to develop the disorder themselves (2). Children of parents with BD are
especially vulnerable to developing mood problems at an early age and more commonly
have a severe course of illness (3, 4), signifying the importance of elucidating factors that
predict the early onset of BD. Indeed, assessing familial risk can improve identification of
bipolar symptom onset in youth (5), and combining this with a biological assessment is
likely to increase the accuracy of predicting outcome in high risk youth (6), while also
providing insights about the timing and mechanisms of risk for developing BD.

BD is principally characterized by disruptions in prefrontal and subcortical neural networks
(7-9). Findings from task-based functional magnetic resonance imaging (fMRI) studies in
youth who have already developed BD have demonstrated either over- or under-activation
of prefrontal emotion regulatory regions (10) or limbic hyperactivity (11-13). However, it is
unclear from these studies whether the observed neural dysfunction precedes or is a
consequence of bipolar illness. Evidence from youth at risk for BD who have not fully
developed BD suggest certain patterns of aberrant neural activations in key prefrontal and
limbic regions including the ventromedial and ventrolateral (VLPFC) prefrontal cortices, the
striatum, and the amygdala (14-18) and impairments in neurocognitive performance (19-22)
that may precede BD onset. Most of these studies have been limited, however, by symptom
or illness-related confounds such as mood state, comorbidities, and medication exposure
(10-12, 23-25), and have reported activations in discrete brain regions rather than the
functional interactions among them. Nevertheless, taken together, these studies raise the
possibility that disruption of connections among different neural regions that constitute
large-scale networks (26) may represent early risk factors for developing BD.

It is also well-established that offspring of parents with BD are biologically sensitive to
stress (27), are exposed to significant adversity or negative life events (28), and typically
live in family environments that have low levels of cohesion and organization, and high
levels of conflict and chaos (29-31). Importantly, however, it is not known whether
exposure to such dysfunctional family settings is associated with disruptions in neural
circuitry in these high-risk youth. Further, unaffected siblings of individuals with BD have
been found to show greater levels of impulsivity compared to healthy controls (32) that
appears to be compounded by a chaotic family environment and poor psychosocial
functioning (33, 34). However, not all youth at familial risk for BD go on to develop BD,
suggesting that some youth may be resilient to the mechanisms by which BD is transmitted
(35). Examining healthy offspring of parents with BD provides a unique opportunity to
simultaneously evaluate factors associated with risk and resilience, and to examine
associations between neural network function and specific intrinsic (e.g., poor inhibitory
control) or environmental (e.g., family chaos), as opposed to acute illness-associated (36)
factors that precede symptom onset.
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A viable approach to characterizing neural network risk factors for developing BD is to
examine resting state or intrinsic functional connectivity of neural circuits that subserve
emotional and inhibitory control in healthy youth at risk for BD. Resting state fMRI has
several advantages over task-based fMRI. First, resting state fMRI circumvents task-related
confounds and is easy to administer. Second, it probes ongoing spontaneous brain activity
that reflects neural processes that consume the vast majority of the brain's resources,
offering a potentially richer source of signal changes (37) that may be implicated in risk for
developing BD. Finally, resting state fMRI can provide information about the formation and
strength of neural networks during critical periods of vulnerability for the development of
mood syndromes (38). Adults with BD have been found to demonstrate decreased intrinsic
functional connectivity between the pregenual anterior cingulate cortex (ACC) and the
amygdala, thalamus, and pallidostriatum (39), and a negative correlation between ventral
prefrontal and amygdalar connectivity (40). Youth with BD have demonstrated greater
negative resting state functional connectivity between the left dorsolateral prefrontal cortex
and right superior temporal gyrus (41) and abnormal ventral-affective and dorsal-cognitive
circuits compared to healthy subjects during rest (42). Youth with BD have also shown
hyperconnectivity between the dorsal anterior cingulate cortex and affective and executive
control network (43). Further, greater connectivity of the right amygdala within the affective
network is associated with better executive function in children with BD but not in controls
(43). These findings suggest that disrupted functional connectivity in the brain regions that
subserve emotional and cognitive functioning underlies core deficits that characterize BD
across the lifespan.

To date, no study has examined intrinsic functional connectivity in youth with a familial
vulnerability for BD and who have not yet experienced any mood symptoms or other
psychiatric disorders. Drawing on findings from neural examinations of youth at risk for BD
(14-18) and studies of resting state fMRI in adults (39, 40) and in youth with BD (41-43),
we predicted that, compared with healthy youth of never-disordered parents, healthy youth
of parents with bipolar I disorder would exhibit atypical patterns intrinsic functional
connectivity between key prefrontal and subcortical brain regions and networks associated
with emotion regulation, including the VLPFC, ACC, and amygdala. In addition, we
hypothesized that a chaotic family environment and poorer functioning would be associated
with more disrupted connectivity within the high-risk group.

Methods and materials

Participants

The Stanford University Panel of Medical Research in Human Subjects approved this
research protocol. Participants included 49 youth between the ages of 8 and 17 years with no
current or past Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) Axis |
disorder. Twenty-four youth had at least one biological parent diagnosed with bipolar |
disorder (high risk), and 25 youth had biological parents and first- and second-degree
relatives with no history of any Axis | disorder (/fow risk). Youth were recruited with their
parents through advertisements in the local community and through clinics in the
Department of Psychiatry and Behavioral Sciences. The parents’ responses to a telephone
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interview established that the family was fluent in English and that their children were
between 8 and 17 years of age and were unlikely to have past or current psychopathology.
Other exclusion criteria for all subjects included a neurological condition (such as a seizure
disorder), a substance use disorder, 1Q < 80, or presence of metallic implants or braces.
Eligible youth were invited to the laboratory for more extensive interviews and testing after
the parents completed a written informed consent, and the children completed a written
assent.

Assessment of psychological health

All participants were ruled out for psychiatric disorders by semi-structured clinical
interviews using the Affective Modules of the Washington University in St. Louis Kiddie-
Schedule for Affective Disorders and Schizophrenia (WASH-U KSADS) (44) and the
Kiddie Schedule of Affective Disorders and Schizophrenia Present and Lifetime version
(KSADS-PL) (45) by raters with established symptom and diagnostic reliability (kappa >
0.9). Masters-level and higher interviewers with training and experience administered the
interview separately to youth and their parents (about the youth) in order to rule out current
and lifetime psychiatric diagnoses for affective, psychotic, anxiety, behavioral, substance
abuse, and eating disorders. A different interviewer administered the Structured Clinical
Interview for the DSM-IV (SCID) (46) to the parents while they were euthymic to establish
a bipolar | disorder diagnosis in high-risk group parents and to rule out any psychiatric
disorders in the parents of the low-risk group. This diagnostic information was
supplemented by a Symptom Checklist-90 (SCL-90) (47) to assess levels of parent
psychopathology. A board-certified child psychiatrist (MKS) ultimately made all diagnostic
decisions.

To ensure that the two groups did not differ in levels of mania or depressive symptoms, all
youth were interviewed using the Young Mania Rating Scale (YMRS) (48) and the
Children’s Depressive Rating Scale-Revised (CDRS-R) (49). Levels of anxiety were
assessed by administering the Multidimensional Anxiety Scale for Children (MASC) (50) to
the parents. Global functioning was determined by the Children’s Global Assessment Scale
(CGAS) (51). Level of problematic family functioning was assessed by the Family
Adaptability and Cohesion Scale (FACES) 1V (52) administered to all parents while they
were euthymic. Most relevant to our hypotheses was the family chaos score, which indexes
the degree of disorganization in the family environment that may adversely affect neural
development in high-risk youth (53). Age, sex, socioeconomic status (Hollingshead Four
Factor Index) (54), pubertal stage (Pubertal Development Scale) (55), 1Q (Wechsler
Abbreviated Scale of Intelligence) (WASI) (56), and handedness (Crovitz Handedness
Questionnaire) (57) were also assessed.

fMRI data acquisition and preprocessing

Magnetic resonance images were collected at Lucas Center of Radiology at Stanford
University using a 3T GE Discovery MR750 scanner (General Electric, Milwaukee) with a
16-channel whole head coil, T2-weighted spiral in/out pulse sequence: repetition time (TR)
= 2000 msec, echo time (TE) = 30 msec, flip angle = 80°, field of view (FOV) = 220 mm x
220 mm, voxel-size = 3.43 mm x 3.43 mm x 4 mm with 1 mm skip, 30 slices collected in
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ascending order, anterior and posterior commissure alignment, 210 volumes. Subjects were
scanned for seven min while instructed to remain awake, but rest quietly with their eyes
closed. Three-dimensional high-resolution T1-weighted anatomical images were acquired
using a spoiled gradient recall pulse sequence: TR = 8.5 msec, TE = 3.4 msec, flip angle =
15°; FOV =220 mm x 220 mm, voxel-size 0.86 x 0.86 x 1.5mm, 1-NEX (number of
excitation) scans, 124 coronal slices.

Image preprocessing was performed using the Oxford Centre for Functional MRI of the
Brain (FMRIB) Software Library (FSL version 5.0.2; www.fmrib.ox.ac.uk/fsl). The
following preprocessing steps were applied to the functional data: (i) first six volumes were
discarded to allow for signal stabilization; (ii) head motion correction was performed using
the Motion Correction FMRIB’s Linear Image Registration Tool (MCFLIRT) (58); (iii) non-
brain tissue was extracted using the Brain Extraction Tool (BET) (59); (iv) spatial
smoothing was conducted using a Gaussian kernel of 6-mm full width half maximum; (v)
high-pass temporal filtering (Gaussian-weighted least mean squares straight line fitting with
sigma = 75 seconds) was applied to the data; and (vi) low-pass temporal filtering (half width
at half maximum of 2.8 secs) was applied to the data. After preprocessing, the functional
data were registered to each individual’s high-resolution T1-weighted image, followed by
registration to the MNI1152 standard-space by affine linear registration using FMRIB’s
Linear Image Registration Tool (FLIRT) (58).

Several sources of noise were regressed from the functional data, including six motion
parameters and time-series extracted from the white matter and cerebrospinal fluid.
Importantly, high and low-risk groups did not differ on the six motion parameters (X: p =
0.81; y: p=0.25; z: p = 0.13; pitch: p = 0.10; roll: p = 0.58; yaw: p = 0.35). Two high-risk
and one low-risk subjects were excluded due to excessive motion (defined as scans where
maximum translation or rotation exceeded more than one volume containing motion above 2
mm or 2 degrees, respectively). Recent work has shown that in addition to regressing out
motion parameters, it is important to detect and remove individual motion-affected volumes
to avoid spurious connectivity results (60, 61). Thus, volumes affected with excessive or
sharp motion were detected using the 7s/_motion_outliers script (supplied with FSL) and
were regressed out as confounding variables. This alternative approach of regressing
affected volumes as opposed to simply removing them is preferred because it adjusts for the
changes in signal and auto-correlation on either side of the affected volume and also
appropriately corrects for the degrees of freedom. Further, volumes identified as motion
outliers were not significantly different between groups (high-risk: 4.70% + 3.10%, low-
risk: 4.95% + 2.33%; = 0.320, p = 0.75). Finally, the residual image was scaled for further
analysis.

Group independent component analysis (ICA) and dual regression

After preprocessing, group ICA and dual regression procedures were used to assess between
group differences in resting-state functional connectivity (62). They involve three steps: (i)
data-driven spatial maps are created by running group ICA (58) on temporally concatenated
data from both groups. Using this technique we decomposed the data into 25 components;
(ii) using all of the 25 components, we ran dual regression (first temporal, then spatial) to
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estimate subject specific spatial maps for each component (63, 64); and (iii) for selected a
priori components (described below), we examined differences between high- and low-risk
groups using subject-specific spatial maps, controlling for demeaned YMRS, CDRS-R, and
MASC scores. To determine significant group differences, for each independent component
spatially masked at Z= 4, we applied FSL’s randomise permutation (5000 iterations) tool
(65, 66) using a threshold-free cluster enhancement (TFCE) procedure at a family-wise error
(p < 0.05). A post-hoc Bonferroni correction was then applied for testing four networks (p =
0.05/four networks) for a final adjusted p value of < 0.0125.

Selection of networks and region-of-interests (ROI)

Four out of the 25 group functional networks, including the dorsal and ventral default mode
(DMN) and bilateral executive control (ECN) networks (67) (see Figure 1), were selected a
priorifor between-group analyses based on three observations: (i) individuals with and at
risk for BD have significant deficits in emotion and executive functioning and regulation
(68, 69) that are subserved by interfacing prefrontal (VLPFC and DLPFC) and parietal
regions included in these networks; (ii) individuals with BD and their relatives have
demonstrated atypical patterns of connectivity in regions associated with the DMN and ECN
compared to healthy subjects (70-73); and (iii) the ECN and DMN show inverse
connectivity that may reflect opposing network functions during self-referential thinking and
the regulation of emotion (74, 75). We also investigated connectivity in the following ROIs
selected a prioriand created from the Harvard—Oxford atlas: left and right amygdala, left
and right VLPFC, and the subgenual anterior cingulate. These regions were selected because
of their consistent representation in rest- and task-related fMRI studies of BD, and because
they subserve attention, inhibitory control, and emotion regulation (14-16, 41, 42, 76—78).

ROI-based connectivity analysis

To complement the ICA analysis, we conducted a hypothesis-driven connectivity analysis
(79) to explore whole-brain connectivity in three a priori regions that have shown aberrant
activations in task-based fMRI studies in youth at risk for BD. Anatomical ROIls were used
to extract averaged time series from residual images created by the preprocessing steps
described above. Extracted time series of a priori ROIs were modeled with regression
analysis [using the FMRI Expert Analysis Tool (FEAT)] to estimate the ROI connectivity
maps for each subject. To account for the common variance associated with laterality, left
and right ROIs were orthogonalized within the amygdala and VLPFC. Thus, after
orthogonalization, any signal shared by left and right ROIs is attributed solely to either the
left or right ROI. Group-level analyses were conducted on the resulting connectivity maps
while controlling for demeaned YMRS, CDRS-R, and MASC scores. FSL’s randomise
permutation (5000 iterations) tool was applied with threshold-free cluster enhancement
(TFCE) procedure with a threshold of p < 0.05, family-wise error corrected. In addition,
effect size for distinguishing between the two groups for each of the ROIs was calculated
using Cohen’s d(80).

Relations to cumulative intrinsic and environmental factors

We extracted connectivity estimates from the clusters showing group-level differences in the
group ICA and ROI-based connectivity analyses in order to examine correlates of aberrant
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connectivity. We conducted partial correlations, adjusting for YMRS, CDRS-R, and MASC
scores, between connectivity estimates and cumulative intrinsic and environmental
characteristics, including age, gender, measures of global functioning, and chaotic family
structure within each group. We then conducted Fisher’s r~to-ztransformations to determine
whether the high- and low-risk groups differed significantly with respect to these within-
group correlations. In addition, the extracted connectivity estimates and demographics were
entered into a univariate analysis to determine group by gender interactions.

Demographic information is presented in Table 1. High- and low-risk groups were balanced
for age, gender, handedness, 1Q, and pubertal stage. Moreover, the groups did not differ in
scores on the CDRS-R, YMRS, or MASC (all p > 0.05). Compared with the low-risk group,
the high-risk group had significantly lower CGAS scores (£=2.11, p = 0.04), higher family
chaos scores (= 2.8, p = 0.008), and higher parental SCL-90 scores (¢= -5.07, p < 0.001).
There were no significant group-by-gender interactions for age, handedness, 1Q, pubertal
stage, CGAS, CDRS-R, YMRS, or MASC scores. However, family chaos scores had a
significant group-by-gender interaction (= 4.38, p = 0.043), driven by higher scores in
high-risk females compared to high-risk males (¢= 2.428, p = 0.027). Family chaos scores
were not correlated with parental SCL-90 scores.

Results of the group ICA showed that among the four networks of interest, the high-risk
group had greater connectivity in the left ECN, in particular in the VLPFC area, than did the
low-risk group (Fig. 2, Table 2); the two groups did not differ in connectivity in the other
three networks. There were no networks for which the low-risk youth had greater functional
connectivity than the high-risk youth. However, a significant group by gender interaction (F
= 4.445, p = 0.042) indicated that the high-risk males had greater connectivity (¢= -3.03, p
=0.006) in the VLPFC area of left ECN than high-risk females. These gender differences
were not observed in the low risk group (Fig. 2).

ROI-based connectivity

In the ROI connectivity analyses, the low-risk group had greater connectivity than did the
highrisk group between the left amygdala and pregenual cingulate [{47) = 2.02, p = 0.024,
Cohen’s d'= 0.58], the subgenual cingulate and the supplementary motor cortex [{47) =
1.91, p = 0.031, Cohen’s d=0.56], and the left VLPFC and left caudate [{47) = 1.91, p =
0.025, Cohen’s d= 0.56] (Fig. 3, Table 2); the high-risk group had greater connectivity than
did the low-risk group between the left VLPFC and left superior parietal lobule [{47) =
-1.49, p = 0.048, Cohen’s d=-0.43] (Fig. 3, Table 2). The two groups did not differ
significantly in connectivity estimates in the right amygdala or right VLPFC and there were
no significant group by gender interactions in these analyses.
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Correlational analyses

From the group ICA analysis, connectivity estimates in the left VLPFC area of ECN within
the high-risk group was positively correlated with both age (r= 0.670, p = 0.002) and CGAS
scores (r=10.501, p =0.029) (Fig. 2); these correlations were not significant within the low-
risk group [age: (r = 3.04, p =0.22; z=-1.63, p = 0.052); CGAS: (r=0.212, p = 0.397; z=
-1.1, p = 0.14)]. Moreover, ROI connectivity estimates between the left VLPFC and left
caudate were positively correlated with age (r=0.542, p = 0.014) within the high-risk group
to a significantly greater extent than was the case within the low-risk group (r=-0.100, p =
0.692; z=-2.31, p = 0.021), and negatively correlated with level of family chaos within the
high-risk group (r=-0.707, p = 0.005) to a significantly greater extent than was the case
within the low-risk group (r=0.079, p = 0.788; z= 3.15, p = 0.0016) (Fig. 4). When
controlling for gender in the high-risk group, these correlations between connectivity
estimates and CGAS (r=0.641, p = 0.004) and family chaos (r=-0.600, p = 0.030)
remained significant, while correlations with age were no longer significant. In addition, the
correlation between left caudate connectivity measurements and family chaos also remained
significant after controlling for parent SCL-90 scores, (r=-0.712, p = 0.014)

Discussion

This study was designed to examine differences in intrinsic functional connectivity between
healthy youth at high- versus low-risk for developing bipolar | disorder to determine patterns
of connectivity that may increase or decrease risk for developing BD. As predicted,
compared to their low-risk peers, youth at high-risk for BD had altered patterns of intrinsic
functional connectivity both within brain networks and between key prefrontal and
subcortical brain regions. Specifically, as compared to low-risk controls, ICA-based
analyses revealed that high-risk offspring had increased connectivity in the VLPFC area of
the left ECN and ROIl-based analyses revealed that highrisk offspring had decreased
functional connectivity between the left VLPFC and left caudate, between the left amygdala
and the pregenual cingulate, and between the subgenual cingulate and the supplementary
motor cortex. Importantly, older and higher-functioning high-risk offspring showed stronger
connectivity in the VLPFC region of left ECN, suggesting a potential neuroprotective
mechanism that may prevent the onset of mood symptoms for these youth as they pass
through adolescence. Older high-risk youth had stronger connectivity between the left
VLPFC and caudate than did their younger peers, but had weaker connectivity between
these regions with more family chaos. It is possible that low frontostriatal connectivity in
high-risk youth represents a vulnerability marker for developing BD that is compounded by
a chaotic family environment, whereas with increasing age, greater frontostriatal
connectivity becomes neuroprotective. In summary, the profile of altered prefrontal-
subcortical connectivity observed in youth at familial risk for BD provides an initial picture
of the type of connectivity patterns that may underlie a vulnerability to or resilience from
disordered emotional and inhibitory control associated with BD.

Using independent group ICA and ROI-based analytic methods, we found that high-risk
offspring have increased connectivity in the VLPFC region of the left ECN. This increase in
VLPFC-ECN connectivity was positively correlated with age and global functioning within
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the high-risk group. Given that the VLPFC may function to increase attentional and
inhibitory control and mediate cognitive responses to negative emotions, it is possible that
the VLPFC reinforces connectivity in the ECN in high-risk youth as an adaptive brain
response to prevent disorder-related attentional dysfunction and emotion dysregulation (81).
This formulation is supported by the developmental trajectory of high-level attentional and
inhibitory control, which relies with age on the integrity of, and dynamic interactions
between, core neurocognitive networks, including the ECN (82, 83). Importantly, resilient
adult relatives of individuals with BD have shown increased functional coupling between
the VLPFC and superior parietal lobule during a Stroop test similar to healthy counterparts,
a connectivity not found in individuals with BD (81). Our findings suggest that increased
functional connectivity in the VLPFC region of left ECN occurs early in neurodevelopment
in youth at risk for BD, and becomes a marker for resilience after individuals reach
adulthood and have passed the period of highest risk for developing BD.

Two meta-analyses of neurocognitive functioning in individuals with BD and their first
degree-relatives suggest that executive functions such as response inhibition, verbal
learning, and memory, subserved by the ECN are candidate bipolar endophenotypes (84,
85). In the absence of mood and attentional dysfunction, youth at risk for BD may be
especially vulnerable to anomalous connectivity in the ECN and require reinforced
connectivity beyond what would be expected without a familial risk for BD. A
compensatory mechanism is similarly formulated in youth with BD, for whom
hyperconnectivity in executive control and affective networks compared to controls may
represent a neural mechanism for cognitive control of emotions (43). Indeed, several recent
studies have demonstrated that functional connectivity within emotion regulation neural
networks can distinguish individuals resilient from and susceptible to mood disorders (86—
88), and that pharmacological interventions normalize aberrant connectivity in these
networks in youth with BD (10, 89). These studies collectively support that ECN
connectivity may represent either an early biological marker of resilience or a target for
prevention or early intervention. Importantly, because all youth in our study did not have
any significant mood symptoms, we did not evaluate for group differences in the salience
network, which has robust connectivity to limbic and other subcortical regions, and
functions to identify homeostatically relevant internal and external stimuli during conflict
monitoring and interoceptive feedback. In contrast, the ECN is equipped to handle stimuli
once it is identified, and provides response flexibility by exerting control over posterior
sensorimotor representations and by maintaining relevant data until proper actions are
selected (90). These ECN functions may be the most relevant and sensitive functions to
discriminate vulnerability from resilience in our sample population.

ROIl-based analyses provide preliminary evidence for decreased connectivity between key
prefrontal (cingulate and VLPFC) and subcortical (caudate and amygdala) in high-risk youth
that is consistent with neural findings in BD (39, 40, 76-78) and behavioral findings in
healthy relatives of individuals with BD (20, 32). Given these similarities with connectivity
patterns observed in individuals who have already developed BD and in task-based fMRI
studies in individuals at risk for mood disorders (14, 88), decreased connectivities between
prefrontal regulatory regions and subcortical regions may represent markers of vulnerability.
The only other study to examine resting state fMRI in unaffected relatives of individuals
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with BD reported decreased network connectivity between fronto-occipital and anterior
default mode networks and between meso-limbic and sensory-motor networks (73), similar
to our ROI-based results. Longitudinal follow up of the high-risk youth would confirm
which connectivity findings predict the onset of BD.

Finally, we found that family chaos is associated with reduced fronto-striatal connectivity in
high-risk but not low-risk offspring. Importantly, this association was independent of levels
of parental dysfunction. Although there is a rich literature on how experiential factors and
stress exposure can shape the development and plasticity of neural circuits in humans and
animals (93, 94), few studies have directly examined the impact of a chaotic family
environment on brain function. The present study is the first to demonstrate the impact of
this factor on neural connectivity in youth at risk for BD. The association between a
disorganized family structure and disrupted fronto-striatal connectivity in high-risk youth
motivates early family intervention to prevent the onset or progression of psychiatric
symptoms in youth at familial risk for psychopathology (53, 95). Similarly, interventions
targeted to increase fronto-striatal connectivity in high-risk youth may lead to more adaptive
transitions into adulthood (96, 97).

In this study we present the first evidence that even before the onset of mood symptoms,
youth at familial risk for BD exhibit anomalies in intrinsic functional brain connectivity. We
document a prominent role of the VLPFC in the executive control network as an index of
both normal and disordered functional connectivity; as suggested by other researchers (15,
17, 98-100), this structure may be a promising candidate for a biological marker of risk for
BD development. We note here three main limitations of this study. First, we had a modest
sample size; nevertheless, our results were consistent using multiple analytic approaches,
suggesting robust connectivity differences between groups. Second, we did not correct for
multiple comparisons for ROI-based connectivity analyses; these analyses were based on a
priori hypotheses derived from the extant literature. Our primary interest in conducting these
analyses was in exploring potential neural risk factors that should be further examined in
future studies. Third, this was a cross-sectional study of a sample of healthy children at
familial risk for BD who may have yet to pass through the risk period for developing BD.
Thus, we are limited in the scope of the conclusions we can draw regarding precisely how
the anomalies in intrinsic functional connectivity we found in these participants are related
to the development of BD. It will be important in future research to examine whether the
anomalous patterns of intrinsic functional connectivity documented here predict or protect
youth from developing BD symptoms.
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Fig. 1.
Default mode and executive control networks derived from group independent components

analysis of all subject overlaid on anatomical template: (A) default mode network; (B)
ventral default mode network; (C) right executive control network; (D) left executive
control network. All networks are at the 2= 4 threshold applied to group-level statistics.
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Group independent components analysis (ICA) results in the high-risk and low-risk groups.
(A) Left ventrolateral prefrontal cortex (VLPFC) cluster showing high-risk > low-risk
connectivity differences overlaid upon the left executive control network. (B) Extracted
connectivity measures from the left VLPFC show high-risk males with increased
connectivity (p = 0.006) compared to high-risk females. (C) Positive correlation (= 0.501,
p = 0.029) in the high-risk group between VLPFC connectivity estimates and Clinical
Global Assessment Scale (CGAS) scores. (D) Positive correlation (r=0.670, p = 0.002) in
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the high-risk group between VLPFC connectivity estimates and age. ECN = executive
control network; FEW = family-wise error.
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Fig. 3.

Re?gion—of-interest (ROI) based connectivity results in the high-risk (HR) and low-risk (LR)
groups. Compared to the low-risk group, the high-risk group had decreased connectivity
between the left amygdala and the anterior cingulate, the subgenual cingulate and the right
supplemental motor area, the left ventrolateral prefrontal cortex (VLPFC) and the left
caudate, and decreased connectivity between the left VLPFC and the left parietal cortex.
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Fig. 4.

Correlation between family chaos and connectivity between the left ventrolateral prefrontal
cortex (VLPFC) and left caudate in high-risk (r=-0.707, p = 0.005) and low-risk (r=0.079,
p = 0.788) groups.
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Table 1

Demographic and behavioral variables of study sample

Variables High risk Low risk
(n=24) (n=25)
Age, years, mean (SD) 12.25 (3.03) 11.56 (2.29)
Gender, female, n (%) 16 (66.67) 15 (60)
Right handedness, n (%) 22 (91.67) 24 (96)
Tanner stage, mean (SD) 2.64 (0.73) 2.31(0.81)
Caucasian race, n (%) 21 (87.5) 18 (72)
Full-scale 1Q, mean (SD) 114.69 (10.71) | 114.88 (17.30)
YMRS score, mean (SD) 1.33(1.37) 1.08 (1.24)
CDRS-R score, mean (SD) 19.67 (3.16) 19.25 (2.56)
CGAS score, mean (SD)? 87.00 (5.51) 90.36 (5.49)
MASC #score, mean (SD) 42.26 (14.55) 45.27 (10.92)
Family chaos score, mean (SD)? 1511 (342) 12.25(3.17)
Parental Symptom Checklist-90, mean (SD)? 39.18 (27.85) 8.08(9.72)
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SD = standard deviation; IQ = intellectual quotient; YMRS = Young Mania Rating Scale; CDRS-R = Children’s Depressive Rating Scale-Revised;

CGAS = Children’s Global Assessment Scale; MASC = Multidimensional Anxiety Scale for Children.

4 <0.05.
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