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ORIGINAL ARTICLE

Structural dysconnectivity of key cognitive and emotional hubs
in young people at high genetic risk for bipolar disorder

G Roberts">8, A Perry'**>8 A Lord?, A Frankland'?, V Leung'?, E Holmes-Preston'?, F Levy'®, RK Lenroot'’, PB Mitchell'*® and

M Breakspear>*

Emerging evidence suggests that psychiatric disorders are associated with disturbances in structural brain networks. Little is known,
however, about brain networks in those at high risk (HR) of bipolar disorder (BD), with such disturbances carrying substantial
predictive and etiological value. Whole-brain tractography was performed on diffusion-weighted images acquired from 84
unaffected HR individuals with at least one first-degree relative with BD, 38 young patients with BD and 96 matched controls (CNs)
with no family history of mental illness. We studied structural connectivity differences between these groups, with a focus on highly
connected hubs and networks involving emotional centres. HR participants showed lower structural connectivity in two lateralised
sub-networks centred on bilateral inferior frontal gyri and left insular cortex, as well as increased connectivity in a right lateralised
limbic sub-network compared with CN subjects. BD was associated with weaker connectivity in a small right-sided sub-network
involving connections between fronto-temporal and temporal areas. Although these sub-networks preferentially involved structural
hubs, the integrity of the highly connected structural backbone was preserved in both groups. Weaker structural brain networks
involving key emotional centres occur in young people at genetic risk of BD and those with established BD. In contrast to other
psychiatric disorders such as schizophrenia, the structural core of the brain remains intact, despite the local involvement of network
hubs. These results add to our understanding of the neurobiological correlates of BD and provide predictions for outcomes in

young people at high genetic risk for BD.
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INTRODUCTION

Large-scale brain networks arise from white matter (WM) tracts
that link cortical regions and subcortical structures, following
topologically complex,'? geometrically constrained® principles.
Disturbances to these networks have been observed in a variety of
neurological and psychiatric disorders, including schizophrenia,*
depression,” attention-deficit hyperactivity disorder,’ mild cogni-
tive impairment” and epilepsy.” Even subtle perturbations to brain
networks can cause disturbances in cognitive and emotional
processes,® particularly if they target highly connected hubs in
executive, emotional and association regions.”'°

Bipolar disorder (BD) is a disabling psychiatric disorder
characterised by episodic disturbances in emotion and cognition.
Studies have inferred reduced WM integrity in BD from alterations
to diffusion tensor imaging-derived indices, such as fractional
anisotropy.''™* Although findings are somewhat inconsistent,
there is a trend towards diffusion tensor imaging-derived
alterations in BD patients compared with controls (CNs) in circuits
linking prefrontal, striatal and limbic regions." Such findings
suggest a link between the emotional and cognitive phenotype of
BD and dysfunction in the networks supporting these functions.

Unaffected first-degree relatives of patients with BD have an
odds ratio of ~7-14 of developing BD."” Given the strong
heritability of WM morphology,'®"” studying individuals at familial
risk of developing BD may help identify neurobiological factors

that pre-empt the development of BD, as well as factors
associated with resilience. This objective is particularly pertinent
in young first-degree relatives who have not yet passed the peak
age of illness onset.'® Studying unaffected relatives also mitigates
the influence of illness-related confounds such as psychotropic
medication.” A number of studies have revealed evidence of WM
alterations in unaffected first-degree relatives, although the spatial
distribution and extent of these impairments remains
uncertain.?®?

Although diffusion tensor imaging-derived indices have shed
light on disturbances in specific WM pathways, such methods are
insensitive to complex interactions among multiple brain regions.
Developments in the acquisition of diffusion-weighted imaging
and fibre-bundle reconstruction have allowed structural brain
networks to be mapped with increased precision. The application
of graph theoretical techniques to these networks has shown that
healthy brain networks demonstrate ‘small-world’ features (indi-
cative of balanced integration and segregation), minimising total
fibre length.>?*?” Such organisational properties appear to be
compromised in many disorders,?® exemplified by the burgeoning
connectomic research elucidating network aberrations in
schizophrenia.’®?° Disturbances appear to involve highly con-
nected hub regions,'®3® in particular those hub-regions with
dense wiring among themselves, known as the ‘rich club’?'
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Table 1. Demographic and clinical data for CN, HR and BD groups
CN (n=96) HR (n=84) BD (n=38) Difference statistic P-value Post-hoc effects
Demographic data
Females, n (%) 53 (55.2) 45 (53.6) 3 (60.5) x*=0.52 0.77
Males, n (%) 43 (44.8) 39 (46.4) 5 (39.5) X2=0.52 0.77
Intelligence quotient, mean (s.d.) 117.7 (10.3) 116.3 (10.7) 117 3 (12.0) F=0.36 0.69
Age, mean (s.d.) 22.6 (3.8) 224 (4.7) 23.9 (3.4) F=2.08 0.13
Lifetime DSM-IV diagnosis
Any diagnosis, n (%) 24 (25.0) 39 (46.4) 38 (100.0) x’=61.59 < 0.001 HR> CN**
BD > CN***
At least one MDE, n (%) 9 (9.4) 22 (26.2) 6 (94.7) X2=94.51 < 0.001 HR > CN#**
BD > CN***
BD > HR***
Recurrent MDD, n (%) 1(1.0) 7 (8.3) - =561 0.01 HR > CN*
Any anxiety disorder, n (%) 9 (9.5) 15 (18.3) 15 (39.5) )(2= 16.45 < 0.001 BD > CN***
BD > HR*
Any behavioural disorder, n (%) 1(1.1) 6 (7.4) 7 (18.9) x*=13.86 < 0.001 HR > CN*
BD > CN***
Any substance disorder, n (%) 6 (6.3) 9 (10.7) 6 (15.8) x'=3.03 0.220 -
Symptom severity scales
22-30 Years n=>51 n=41 n=25
MADRS, mean (s.d.) 19 (3.2) 2.5 (3.7) 10.1 (9.5) F=22.10 < 0.001 BD > CN***
BD > HR***
15-21 Years n=34 n=33 n=9
CDI, mean (s.d.) 6.8 (3.7) 9.0 (6.6) 21.7 (8.7) F=23.78 < 0.001 BD > CN***
BD > HR***
Clinical characteristics
Global functioning
GAF, mean (s.d.) 91.7 (4.7) 87.4 (8.5) 78.6 (12.0) F=38.49 < 0.001 CN > HR***
CN > BD***
HR > BD***
Age at first
MDE, mean (s.d.) 19.1 (3.2) 18.5 (4.5) 15.4 (3.7) F=6.63 0.002 BD < CN**
BD < HR**
Hypomanic episode, mean (s.d.) - - 17.0 (4.3) - - -
Manic episode, mean (s.d.) - - 17.5 (3.2) - - -
Elevated mood episode, mean (s.d.) - - 17.0 (4.0) - - -
Mood episode, mean (s.d.) 19.1 (3.2) 18.5 (4.5) 14.9 (3.8) F=8.68 < 0.001 BD < CN**
BD < HR**
Any anxiety disorder 10.3 (6.7) 13.5 (6.4) 13.3 (7.0) F=1.31 0.277
Number of episodes
MDE, mean (s.d.) 14 (1.3) 0 (2.1) 12.0 (12.5) F=12.89 < 0.001 BD > CN***
BD > HR***
Hypomanic episodes, mean (s.d.) - - 10 2 (10.3) - - -
Manic episode, mean (s.d.) - - 8 (2.5) - - -
Any elevated mood episode, mean (s.d.) - - 9 9 (10.9) - -
Any mood episode, mean (s.d.) 1.4 (1.3) 2.0 (2.1) 21.7 (21.5) F=16.93 < 0.001 BD > CN***
BD > HR***
Psychotropic medication
Anti-depressants, n (%) - - 15 (39.5) - - -
Mood stabilisers, n (%) - - 26 (68.4) - - -
Anti-psychotics, n (%) - - 11 (28.9) - - -
Benzodiazepines, n (%) - - 0 (0.0) - - -
Stimulants, n (%) - - 0 (0.0) - - -
Anti-convulsants, n (%) - - 21 (65.6) - - -
Abbreviations: BD, bipolar disorder; CN, controls; GAF, Global Assessment of Functioning; HR, high risk; MDE, major depressive episode; MDD, major depressive
disorder. *P < 0.05, **P < 0.01, ***P < 0.001.

Intriguingly, this core architectural feature may also be compro-
mised in unaffected relatives of schizophrenia patients.’
Although prior connectomic studies of BD show impairments in

connectivity across the callosum and among limbic regions,

32,33

the rich club backbone may be preserved.®® A recent study of
unaffected relatives of BD patients did not reveal any structural
network differences in either patients or CNs.>* However, this
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study had a modest sample size (n=58) and the mean age of
unaffected relatives was 42 years, suggesting that many
would have already passed the typical onset age of BD illness
(<30 years)® and may represent a resilient group of HR
individuals. Alterations of topographical network organisation in
unaffected first-degree relatives of patients with BD, who have not
passed the peak age of onset, remains to be elucidated.
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Hub-regions and connection classes across the population groups. (a) Distribution of brain regions into hubs and non-hubs, with

connections grouped into classes (hub, feeder or local). (b) Mean fibre length of each connection class across CNs. (c) Density of connections:
left to right shows hub, feeder and local connections. Error bars indicate s.e.m. for each group. BD, bipolar disorder; CN, controls; HR, high risk;

L, left; R, right.

We leveraged recent advances in tractography and complex
network analyses, to investigate whole-brain structural networks
in a large sample of young, unaffected HR first-degree relatives of
patients with BD, patients with BD and CN subjects. Crucially, our
study cohort is relatively young (< 30 years), encompassing the
peak age of illness onset. We studied specific sub-network
differences in connectivity, as well as the topological properties
of the highly connected ‘rich club’ and the global network
architecture of the brain. We hypothesised that structural
connectome disturbances in key regions involved in emotional
regulation would be an early marker of vulnerability to BD.

MATERIALS AND METHODS

Participants

Two hundred and eighteen richly phenotyped participants aged 15-30
years comprised three age- and gender-matched groups as follows: (1) 84
participants at HR for BD, (2) 96 CNs without a family history of mental
iliness and (3) 38 BD participants. HR and BD participants were recruited
from families who had previously participated in a BD pedigree molecular
genetics study or a specialised BD research clinic, clinicians, mental health
consumer organisations and other forms of publicity. CN subjects were
recruited via print and electronic media, and noticeboards in universities
and local communities. Sample ascertainment and separate clinical
assessments for younger (15-21) and older (22-30) age categories are
provided in Perich et al3® and in Supplementary Information 1.1. We
pooled data across both age cohorts unless there was a specific correlation
between a brain network measure and an age-specific clinical variable in
either group. Summary demographic and clinical data are presented in
Table 1 and Supplementary Information 1.5.

Construction of structural networks

Diffusion-weighted imaging (DWI) data were acquired using a 3T Achieva X
MRI scanner (Philips, Amsterdam, the Netherlands). The steps involved in
the construction of whole-brain structural networks derived from these data
are similar to those applied elsewhere®**” (see Supplementary Information
1.2). In brief, the diffusion-weighted imaging were first pre-processed.
Constrained spherical deconvolution was then employed in conjunction
with probabilistic tractography (iFOD2)*® to generate high-resolution

whole-brain streamlines representing the most probable propagations of
fibre tracts between brain regions (Supplementary Figure 1C).

The standard AAL template®® was subdivided into 512 cortical and sub-
cortical parcellation regions (Supplementary Table 1) of approximately
uniform size.*® Subject-specific parcellations (Supplementary Figure 1D)
were combined with the individual's whole brain tractography, to generate
weighted structural networks (Supplementary Figure 1E), where each
network edge corresponds to the total number of streamlines that intersect
pairs of region, adjusted by the fibre length between those regions.*' All
main analyses reported here are on structural networks thresholded with a
connection density of 10%; brain network investigations typically employ
threshold levels centring around this value. We also checked the robustness
of our main results at sparsity levels of 7.5 and 12.5%.

Network-based statistics

We tested for group differences in sub-networks of these structural
connectomes. To achieve this, we used a General Linear Model in
conjunction with the network-based statistics (NBS),*? a permutation-
based method to CN for family-wise error over the large number of
connectome edges tested (Supplementary Information 1.3.1). An omnibus
F-test was first conducted, to test for the influence of group on sub-
networks of connections, based on their topological extent, using a
conservative height threshold of F=6.0 (corresponding to an uncorrected
P=0.003). Two-sample one-tailed t-tests were then calculated to test for
the presence and direction of any differences in sub-network connectivity
between specific pairs of groups. A conservative test threshold of t=3.3
(corresponding to P=0.006) was chosen in order to focus on strong, focal
subnetwork differences.*® Results corresponding to a relatively liberal
height threshold of t=3.0 are provided in Supplementary Figure 3. This
threshold, which is the default optimisation within NBS, identifies larger,
more distributed subnetworks.

Complex network analyses

Hub nodes and connection classes. Each brain region’s ‘hubness’ was
defined by virtue of its (binary) nodal degree; that is, the total number of
edges connected to each region. The top 15% degree-ranking scores were
used to identify hub-regions within each individual. The top 15% most
consistent hubs across the CN group were then defined as hub-regions
(Figure 1a). This cutoff threshold centres on values typically employed in
brain network research3'37#* Classification of regions as either hubs
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Figure 2. Significant sub-networks of connections for group contrasts identified by the network-based statistic (NBS). Connections (lines)

between nodes (circles) exhibiting significant (P < 0.05, family-wise error-corrected; t=3.3) post-hoc group differences in streamline count.
(@ and b) CN>HR; (c) CN < HR; (d) CN > BD. Perspectives are from angular (middle panel), saggital (top right) and coronal views. BD, bipolar

disorder; CN, controls; HR, high risk; L, left; R, right; «, azimuth.

(red) or non-hubs (grey) allowed network connections in each individual to
be categorised into three classes as follows: (1) hub connections (red),
linking hub nodes; (2) feeder connections (orange), linking hubs to non-
hub nodes; and (3) local connections (grey), linking non-hub nodes.**

Rich club organisation. High-degree hubs connect to other highly
connected hubs more often than to peripheral nodes of low
degree simply by virtue of their high degree. A rich club is said to exist
when the connections among high-degree hubs are enriched above
what would be predicted by their degree alone.>'** The recently reported
rich club property of the brain has been attributed to the existence of a
constellation of structural hubs, predominantly in heteromodal cortex,
linked by long-range corticocortical connections.** This organisation can
be summarised by the rich club coefficient (RCC; see Supplementary
Information 1.3.2). We calculated the RCC of the individual structural
connectomes across a range of degrees. Significance testing of group
differences in RCCs was assessed across all node degrees encompassing
hub nodes using a false discovery rate correction.*®
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Network segregation and integration. We calculated two traditional graph-
theoretical measures of global network topology as follows: a measure of
integration (the shortest characteristic path length) and a measure of
segregation® (the clustering coefficient, CC; see Supplementary Information
1.3.3 and Supplementary Table 3). Biologically, the integrative properties of
the brain (its relatively short path length) arises through long-range
connections, in particular those linking heteromodal connections, whereas
clustering arises from short-range circuit-like connections in local cortical
motifs.? For each region, we also calculated the nodal strength, namely the
number of weighted connections that region shares with the network.

Statistical analyses

The 84 HR participants were drawn from 67 families. Generalised
estimating equations®” were used to accommodate within-family correla-
tions when assessing effects of diagnostic category, age-group interactions
and when investigating whether group effects were influenced by
depressive mood state. Post-hoc comparisons were carried out using



Sidak's adjustment for multiple comparisons. Corrections for multiple
testing of the effects of diagnostic category were carried out with false
discovery rate correction® (see Supplementary Information 1.4.1).

RESULTS

The structural connectomes of the young CN cohort exhibit a
core-periphery hierarchy, consistent with that previously docu-
mented in healthy mid-life and elderly adults*'*”** (Figure 1a).
Densely connected hub regions form a bilateral structural core,
including bilateral cortical regions located within dorsolateral and
ventrolateral prefrontal cortices, anterior and middle cingulate,
superior parietal and frontal, temporal poles, fronto-temporal,
medial temporal, paracentral and precuneus areas, and subcortical
structures (Supplementary Table 3). The topological distribution of
hub-to-hub connections consist of long-range tracts, with
mid-length feeder and short local connections (Figure 1b). There
were no significant group differences in the relative proportion of
hub, feeder and local edges between our three groups (Wald's x*
>1.1, P>0.20 and Wald's x> >2.9, P>0.23), nor in the relative
proportion of weighted streamlines across these classes (Wald's x*
> 1.4, P>0.50; Figure 1¢)

Sub-network connectivity differences: NBS

We applied NBS to study between-group sub-network differences.
Application of an omnibus F-test revealed a strong and significant
effect of group (F=6.0, pcorrected = 0.018). Post-hoc t-tests revealed
significant effects for CON>HR, HR>CON and CON>BD
contrasts. The HR group show decreased connectivity in two
lateralised structural networks compared with the CN group, both
containing structural hubs. A left-lateralised network centres on
the left inferior frontal gyrus (IFG) and insular cortex, with
connections between superior frontal and postcentral areas
(Pcorrected =0.01, Hedge's g 0.86; Figure 2a). A right-lateralised
network largely encompasses connections from middle and
superior frontal gyri to IFG and superior temporal poles
(Dcorrectea = 0.005, Hedge's g=0.96; Figure 2b). Notably, 5 of the
10 nodes comprising the left sub-network are hubs (pars
triangularis of the IFG, postcentral gyrus, insula and superior
frontal gyrus), which is unlikely to occur by chance (P=0.009). Of
the edges comprising this subnetwork, 33% are hub-to-hub and
44% are feeder (hub to local) connections, compared with much
smaller proportions (5% and 32%, respectively) in the whole brain
network (Supplementary Figure 2). The right sub-network includes
three structural hubs (par orbitalis of the IFG, superior temporal
pole, caudate). Although there are no hub-to-hub edges compris-
ing this subnetwork, there are twice as many feeder edges (63%)
compared with the whole brain (32%).

A right-temporal network was more strongly connected in HR
compared with CN participants (pcorrected < 0.02, Hedge's g=0.87;
Figure 2c), with connections connecting the hippocampus
(@ hub-region) with the middle and superior temporal gyri. One
small right-lateralised network showed weaker connectivity in BD
compared with CN participants (Pcorrected = 0.027, Hedge’s g=0.93;
Figure 2d). Notably, all edges connected a single hub region (the
rolandic operculum) with neighbouring fronto-temporal areas.

Sub-networks derived from a more liberal test threshold (t =3.0)
are provided in Supplementary Figure 3. For the CN>HR
comparisons, this liberal threshold yields larger, but still lateralised
sub-networks, which remain centred on IFG/insular regions of the
corresponding hemispheres. These network differences are also
expressed at sparsity levels of 7.5 and 12.5% (Supplementary
Figure 4). Anatomical details and connectivity strengths for all
nodes that constitute our NBS sub-networks are provided in
Supplementary Table 4. No significant group effects were found
for any of the other group contrasts (CN <BD, HR>BD, and
HR < BD).
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Figure 3. Group contrasts of nodal, global and rich-club graph

metrics. (@) Mean normalised rich-club coefficients across different
k-levels for the population groups. Grey lines depict group
uncertainty, obtained through permutation of group labels. (b)
Regions exhibiting significant group (P < 0.05, false discovery rate-
corrected) differences in nodal strength. (c) Mean global graph
metric values across population groups. Error bars indicate s.e.m. for
each group. BD, bipolar disorder; CN, controls; HR, high risk; L, left;
R, right. *P < 0.05 and **P < 0.01.

The distribution of node degree in our data is heavy tailed,
showing an approximately log-normal distribution
(Supplementary Figure 5). The classification of the top 15% of
connected nodes as hub centres on thresholds previously
employed in brain network research'?”** In our data, this
threshold is 1 s.d. above the mean, thus capturing the heavy right
hand tail (Supplementary Figure 5A). We also identified hubs at
more conservative (12.5%) and liberal (17.5%) cutoff points
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(Supplementary Figure 6). These supplementary analyses show
that the relatively high proportion of hubs within the networks is
robust to the exact choice of hub threshold.

Topological network analyses

Rich club organisation. These NBS results suggest preferential
involvement of hub nodes in group effects. To study whether
these effects on hub nodes extend to involve hub-to-hub (rich)
connections, we studied the RCCs. Data from all three groups
show a highly enriched hub-to-hub (rich club) connectivity across
a broad range of node degree (Figure 3a). However, there were no
statistically significant differences (pcorected™>0.59) in the RCC
between our three cohorts.

Nodal strength.  Although the enrichment of the structural core is
preserved, there remains the possibility that the localised
connectivity of hubs differs between our three cohorts. This was
tested by analysing the strength of all nodes (Figure 3b and
Supplementary Table 5). Decreased strength of the HR group
compared with the CN group occurred in the left parahippocam-
pus and right IFG (top panel). Decreased nodal strength for the BD
compared with both HR and CN groups was evident in the right
precentral gyrus and left insula (middle). Decreased node strength
for both HR and BD groups compared with CN was observed in
the left SFG, left hippocampus and left middle occipital gyrus
(bottom). Although these effects occur in cortical regions that
contain hub nodes such as the IFG, insula and hippocampus, it is
noteworthy that none of these eight nodes are themselves hubs.

Integration and segregation. A significant main effect of group
was detected for both the CC (pcorrected =0.016) and characteristic
path length (pcorrected =0.041), with a significantly higher CC
(Pcorrected = 0.008, Hedge's g = 0.446) and longer characteristic path
length  (Pcorrected =0.049, Hedge's g=0.313) in BD subjects
compared with the CN group (Figure 3c). Corresponding values
in the HR group were intermediate to the BD and CN groups.

Auxiliary analyses

Current mood state was not significantly associated with total
strength of NBS identified networks (P> 0.07), or graph metrics
(P>0.16), suggesting that these disturbances are not driven by
mood but reflect an underlying trait disturbance. For nodal
strengths, the precuneus demonstrated an effect of mood
(P < 0.001).

Given that a major depressive episode often precedes the onset
of mania in those who will later develop BD,*® the occurrence of a
major depressive episode in subjects at genetic risk for BD may
represent a developmental stage of BD. We therefore undertook
additional analyses to address this issue. We first subdivided our
HR group into those with at least one lifetime depressive episode
(n=22) or an anxiety disorder (n=15). For the HR>CN sub-
network (Figure 2c), HR participants with a lifetime anxiety
disorder show less connectivity compared with those without
(P=0.037). No sub-group differences were evident for the
remaining three NBS identified networks (P>0.12), nor for the
graph metrics (P>0.60). We also removed subjects with a prior
major depressive episode from within the HR group and re-
analysed the between-group effects. Highly significant group
differences (P < 0.001) in structural connectivity remained for all
NBS contrasts involving the HR cohort.

Within the BD group, current use of lithium, mood stabilisers or
antidepressants were not associated with characteristic path
length (P>0.32) or CC (P>0.34). Current antipsychotic use was
significantly associated with lower CC (P=0.024). Measures of
iliness severity in the BD group (age of onset and total number of
mood episodes) were not significantly associated with any
connectivity measures.
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Five of the 84 HR participants (6%) had a single relative within
the BD group. We removed these 5 individuals from each group
(10 in total) and repeated the corresponding analyses. As per the
original contrasts, there were no significant differences in global
graph metrics or NBS subnetworks (P>0.27) between the HR and
BD groups. The greater nodal strength in HR compared with BD
subjects in the left insula (Figure 3b, middle panel) remained
significant when removing these subjects (P=0.007), although the
effect in the right precentral gyrus drops below statistical
threshold (P=0.054).

Age effects

None of the NBS identified networks (P>0.33), nodal strengths
(P> 0.07), graph metrics (P> 0.50) or mean RCC (P=0.36) revealed
a significant age x group interaction. The age-range of 15-30 years
encompasses a critical period in the development of cortical WM,
which recent studies have suggested may show a nonlinear effect
of age.®® To address this issue, we plotted the subject-specific
strength of our four main NBS networks for each of the groups in
the corresponding contrast. Of interest, consistent with prior
work,®® all of the networks showed a broad inverted quadratic
association with age (Figure 4). However, none of these effects
reach statistical significance (P>0.19, false discovery rate
corrected). Moreover, although the between-group effect for the
HR> CN network appears to be accompanied by difference in the
concavity of the quadratic fit, this difference does not exceed
statistical significance (P> 0.064, false discovery rate corrected).

DISCUSSION

In sum, our young HR cohort show weaker structural connections
than the CN group in two lateralised sub-networks centring on
fronto-temporal hubs and stronger connectivity in a right
lateralised prefrontal network. The young BD group show reduced
connection strengths in a single left fronto-temporal sub-network.
Although the key structural hubs such as the IFG and insula are
repeatedly involved in these sub-networks, the inter-connected
structural ‘rich club’ backbone does not differ between groups.
The perturbed sub-networks thus involve key emotional and
cognitive circuitry, but ‘hang off’ a preserved structural core. Lack
of substantial correlations with key clinical indices suggest that
these effects represent a trait marker of increased risk for BD and
not an effect of current mood state, prior major depressive
episodes or medication.

The two lateralised networks that showed decreased connec-
tivity in the HR group centre on bilateral prefrontal gyri, IFG and
the left insular cortex. These regions recapitulate those reported to
have reduced WM volume and density, and reductions in
fractional anisotropy in prior studies of unaffected relatives of BD
patients, 22232491 iy addition to those with established
BD.**27% The specific involvement of the IFG adds to a
converging body of evidence from structural and functional
studies of BD.>>"** Likewise, the involvement of the insula adds to
a growing number of reports of structural and functional
differences in HR cohorts.?*%°™%” The involvement of a left-sided
network is unique to the at-risk group (relative to CNs) and is not
present in the bipolar group. Although the IFG is involved in a
diverse range of tasks, meta-analysis of task functional magnetic
resonance imaging suggests that the left (and not the right) IFG
shows a selective involvement in empathic responses.®® The left
IFG also shows a core involvement in disturbances in effective
connectivity that are also unique to this at-risk group.®°

Both the IFG and anterior insula are key areas for emotional,
interoceptive and cognitive regulation.’*’* We extend prior
research by suggesting that, rather than being focal abnormalities
in HR individuals, the changes involving these regions occur in
distributed structural networks that integrate interoception and
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Figure 4. Scatter plots of streamline count as a function of age for the network-based statistic (NBS)-derived subnetworks. Each data point
represents the total streamline counts for each subject within the significant NBS networks. (a) CN>HR network 1, (b) CN>HR network 2,
() CN < HR network and (D) CN > BD network. Solid lines show the best-fitting nonlinear (quadratic) regression function of age overall across
the groups. Although all four curves appear to show a negative (nonlinear) effect of age, the null hypothesis of a simpler linear model was not
rejected for any of the networks (P> 0.19, false discovery rate-corrected). BD, bipolar disorder; CN, controls; HR, high risk.

emotional regulation with executive function and cognitive
control. The presence of network disturbances involving both left
and right fronto-insular circuits is of particular interest, given the
putative left-right hemispheric asymmetry in control of the
parasympathetic versus sympathetic system, respectively.”>””
Indeed, disturbances in this left-right balance may yield the pattern
of autonomic disturbances often seen in frontotemporal
dementia.”® In this light, bilateral disturbances speak to a ‘balanced’
interoceptive and autonomic dysregulation in those at HR of BD.
Although there were no cross-sectional correlates between
these changes and clinical indices in our study, decreased
structural connectivity between these important systems could
underlie the decrease in general functioning that was observed in
this group (Table 1). This functional impairment arises from a
range of subtle but pernicious phenotypic changes in some (but
not all) of those at HR:3%”® Moving forward, such changes may
underlie future BD illness expression in those who do convert to
the disorder. This is to be the subject of future research using the
broader longitudinal design in which the present study is nested.
The stronger structural connections in the HR cohort centre
upon the right hippocampus (a hub-region) and connect
neighbouring insular and superior temporal gyrus areas. Again,
these regions reiterate those previously identified as having both
altered fractional anisotropy>*®° and decreased radial diffusivity°
in HR individuals. The presence of this sub-network of stronger
connections could thus be a compensatory response to the
weaker sub-networks elsewhere in our HR cohort, preserving
adaptive emotional regulation. Such adaptive changes may be
particularly pertinent in HR individuals who have passed the peak
age of illness onset, thus reflecting resilience’?®" However, brain

network responses to a primary ‘disconnection’ can, depending on
their network context, paradoxically have maladaptive
consequences.?®®? Accordingly, increased integration among this
sub-network could confer risk in its own right, as cognitive
function is thought to arise from a delicate balance of integration
and segregation in structural networks.>®> The hippocampus is
associated with memory and regulatory function during emotional
processing,® whereas the superior temporal gyrus is involved in
social cognition processes such as facial emotion recognition.®*
Therefore, strengthened connections between the hippocampus,
other temporal regions and the insula could contribute to
hypervigilance to emotional stimuli and social cues, which are
seen in young HR individuals who have yet to pass the peak age of
illness onset. Disambiguating these possibilities—and recalling
that only a subset of our HR subjects will convert to BD—is to be
the subject of future prospective study of this cohort.

Recent studies have reported a decrease in the enrichment of
hub-to-hub connections in schizophrenia patients'® and their
unaffected relatives.” Despite involvement of key emotional and
cognitive structural hubs in weakened sub-networks, we find
preserved integrity of the rich club structure in young people with
BD and our HR cohort, mirroring a recent finding in older BD
patients.>* Although schizophrenia and BD show a substantial
genetic overlap,®® this difference mirrors the relative preservation
of cognitive function in BD®® and may be a key neurobiological
difference between the disorders.

The BD group is smaller and is involved in fewer and
less-extensive NBS contrasts than the HR cohort. However, several
significant group effects, involving subnetwork and graph metric
differences, did involve the BD participants but not the larger
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HR group. This suggests that contrasts involving BD were not
underpowered, although more effects may have been observed
had the group been larger. In BD, we observed a small right-sided
sub-network of weaker connections between a rolandic opercular
hub-region and neighbouring fronto-temporal areas (insula,
Heschl’s gryus). This sub-network is distinct to and not an extension
of the network of right-sided regions in the HR group. In addition,
there were also subtle changes in measures of network integration
and segregation specific to the BD group, with higher clustering
and a longer path length in the BD compared with the CN group.
Biologically, these putatively correspond to a subtle shift from long-
range corticocortical connections to connections within local
cortical motifs. We observed both shared and unique differences
in node strength between groups. Hence, there are findings that are
distinct to each of the HR and BD groups, as well as effects where
the HR group falls between the CN and BD group. The former
(group specific) changes may speak to the influence of mood-
stabilising medication and/or compensatory responses to mood
episodes in the BD group, as well as the heterogeneous nature of
the HR group. Disambiguating these will again be the focus of
future work as we follow this cohort longitudinally.
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