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Brain network structural connectome abnormalities
among youth with attention-deficit/hyperactivity
disorder at varying risk for bipolar I disorder: a
cross-sectional graph-based magnetic resonance
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Background: Attention-deficit/hyperactivity disorder (ADHD) is highly prevalent among youth with or at familial risk for bipolar-I disorder
(BD-I), and ADHD symptoms commonly precede and may increase the risk for BD-I; however, associated neuropathophysiological
mechanisms are not known. In this cross-sectional study, we sought to investigate brain structural network topology among youth with
ADHD, with and without familial risk of BD-I. Methods: We recruited 3 groups of psychostimulant-free youth (aged 10-18 yr), namely
youth with ADHD and at least 1 biological parent or sibling with BD-I (high-risk group), youth with ADHD who did not have a first- or
second-degree relative with a mood or psychotic disorder (low-risk group) and healthy controls. We used graph-based network analysis
of structural magnetic resonance imaging data to investigate topological properties of brain networks. We also evaluated relationships
between topological metrics and mood and ADHD symptom ratings. Results: A total of 149 youth were included in the analysis
(49 healthy controls, 50 low-risk youth, 50 high-risk youth). Low-risk and high-risk ADHD groups exhibited similar differences from
healthy controls, mainly in the default mode network and central executive network. We found topological alterations in the salience net-
work of the high-risk group, relative to both low-risk and control groups. We found significant abnormalities in global network properties in
the high-risk group only, compared with healthy controls. Among both low-risk and high-risk ADHD groups, nodal metrics in the right tri-
angular inferior frontal gyrus correlated positively with ADHD total and hyperactivity/impulsivity subscale scores. Limitations: The cross-
sectional design of this study could not determine the relevance of these findings to BD-I risk progression. Conclusion: Youth with
ADHD, with and without familial risk for BD-I, exhibit common regional abnormalities in the brain connectome compared with healthy
youth, whereas alterations in the salience network distinguish these groups and may represent a prodromal feature relevant to BD-I risk.

Introduction

Bipolar-I disorder (BD-I) is associated with premature func-
tional disability and mortality.! The initial onset of BD-I fre-
quently occurs during the peripubertal period? and is often
preceded by symptoms of inattention and attention-deficit/
hyperactivity disorder (ADHD).? The prevalence of ADHD*
and BD-P is higher among youth with a first-degree relative

with BD-I, and converging evidence suggests that the com-
bination of ADHD and familial risk for BD-I increases risk for
BD-1.%” However, the central pathoetiological mechanisms
associated with the risk of developing BD among youth with
ADHD remain poorly understood.

Structural and functional imaging studies indicate that
youth with ADHD exhibit abnormalities in distributed neural
systems associated with attention and cognitive processing,
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including the frontal lobe, parietal lobe, thalamus and puta-
men.?? Existing evidence also suggests that functional and
structural deficits in the frontal lobe and thalamus are associ-
ated with the emergence of ADHD,'""" and that maturation of
the frontal cortex is associated with reductions in severity of
ADHD symptoms.'? Although alterations in the frontotem-
poral cortex and subcortical regions have been observed
among youth at high genetic risk of BD-I,"3* little research has
attempted to identify distinguishing brain features in youth
with ADHD, with and without familial risk of BD-1.

The human brain connectome is composed of a complex
and integrated set of connections and connected hubs that
confer specialized and modular processing in a distributed
or integrated manner.’>'* Graph theoretical analysis, a
connectome-based approach, quantifies brain network in-
tegration and segregation at the global and local (nodal)
levels.’® Specifically, the brain is modelled as a network
composed of a number of nodes and edges, wherein nodes
represent individual cortical and subcortical regions and
edges reflect connectivity among nodes. The combination
of highly connected hubs and short path length confers the
capability for both specialized and modular processing in
a distributed or integrated manner. Connectome analysis
can assess network efficiency, clustering, modularity and
path lengths between regions. This connectome-based ap-
proach has been widely used to characterize functional
and structural network abnormalities among youth with
ADHD' and those with BD-1.%° Alterations in global
integration across the brain and in regional interactions
among nodes of the default mode network (DMN) and
frontoparietal network have been identified among youth
with ADHD.??> However, these studies did not control for
familial risk of BD or psychostimulant status, and brain
connectome features among youth with ADHD with and
without familial risk of BD-I have never been system-
atically investigated.

In the present cross-sectional study, we sought to use a
graph-based network analysis of structural magnetic res-
onance imaging (MRI) data to compare brain network topo-
logical properties among psychostimulant-free youth with
ADHD with and without a first-degree relative with BD-I, as
well as a healthy comparison group. We also sought to evalu-
ate relationships between topological metrics and mood and
ADHD symptom ratings. We hypothesized that youth with
ADHD with and without a first-degree relative with BD-I
would exhibit common structural network abnormalities
compared with healthy controls, and that youth with ADHD
with a first-degree relative with BD-I would exhibit more ex-
tensive topological alterations than those without a first-
degree relative with BD-I.

Methods
Participants
We recruited participants from the University of Cincinnati

and the local community. We recruited 3 groups of
psychostimulant-free youth (aged 10-18 yr), namely youth

with ADHD and at least 1 biological parent or sibling with
BD-I (high-risk group), youth with ADHD and no first- or
second-degree relative with a mood or psychotic disorder
(low-risk group) and typically developing healthy controls
with no personal or family history of a Diagnostic and Statis-
tical Manual of Mental Disorders, Fifth Edition (DSM-5) axis I
psychiatric disorder. The Structured Clinical Interview for
DSM confirmed a parental diagnosis of BD,? and the Fam-
ily Interview for Genetics Studies (FIGS)* was used to con-
firm DSM-5 diagnoses of BD in first- or second-degree rela-
tives including siblings. Trained clinicians administered
diagnostic instruments with established diagnostic reliabil-
ity (x > 0.9). After a complete description of the study, par-
ticipants and caregivers provided informed assent or con-
sent, respectively.

We excluded youth with MRI contraindications (e.g.,
braces, claustrophobia), those with an intelligence quotient
(IQ) less than 80 as determined by the Wechsler Abbrevi-
ated Scale of Intelligence,® those with any major medical
or neurologic illness that could influence MRI results or
any serious episode (> 10 min) of loss of consciousness and
those with any lifetime DSM-5 substance use disorder.
Youth with ADHD were required to meet DSM-5 criteria
for ADHD (all types) using the Kiddie Schedule for Affec-
tive Disorders and Schizophrenia;* have no current
DSM-5 mood, anxiety (other than specific phobias), con-
duct, eating or psychotic disorders, Tourette disorder,
chronic tic disorder or pervasive developmental disorder;
have no exposure to psychostimulants (prescription or rec-
reational) or other medications used for the treatment of
ADHD (e.g., atomoxetine) for at least 3 months before
screening; have no lifetime exposure to mood stabilizers or
antipsychotic medications; have no psychotropic medica-
tion exposure during the 30 days before screening; and
have no clinically important electrocardiogram or blood
pressure abnormalities.

Symptom ratings

Ratings of ADHD symptoms were obtained using the
clinician-administered Attention-Deficit Hyperactivity Dis-
order Rating Scale (ADHD-RS-1V).” We analyzed inatten-
tion and hyperactivity /impulsivity subscale scores separ-
ately. Depression symptom severity was determined using
the Children’s Depression Rating Scale-Revised (CDRS-R),*
and manic symptom severity was determined using the
Young Mania Rating Scale (YMRS).? Global functioning
was assessed using the Children’s Global Assessment Scale
(CGAS).** Among youth with ADHD, global symptom
severity was rated using the Clinical Global Impression-
Severity Scale (CGI-S).3! All clinician ratings were adminis-
tered by a child and adolescent psychiatrist with established
inter-rater reliabilities (k > 0.9). Parents completed the Child
Behaviour Checklist (CBCL ages 6-18). We assessed the
CBCL total score, internalization and externalization sub-
scale scores, and Dysregulation Profile (CBCL-DP) scores
(i.e., the sum of the attention, aggression and anxious or de-
pressed subscores).
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Image acquisition

We collected high-resolution 3-dimensional T,-weighted
images using a Philips Ingenia 3 Tesla MRI scanner with a
32-channel head coil (repetition time 8.1 ms, echo time 3.7 ms,
flip angle 8°, field of view 256 mm x 224 mm, matrix 256 x 224,
voxel size 1 x 1 x 1 mm?®, 160 axial slices, gap between slices 0).
Foam padding was used to minimize head motion. During
scanning, participants lay quietly with eyes closed. Two experi-
enced neuroradiologists inspected images and made decisions
about excessive motion artifact; they discarded data with ex-
cessive head movements, brain lesions or obvious artifacts.

Data preprocessing

We used SPM12 for preprocessing of the structural images
(http:/ /www. fil.ion.ucl.ac.uk/spm). Briefly, we used the
unified segmentation model to segment individual structural
data to obtain the grey matter images.* The resulting grey
matter maps were nonlinearly coregistered using Diffeo-
morphic Anatomic Registration Through Exponentiated Lie
Algebra (DARTEL), which involves the iterative calculation
of a study-specific template based on the grey matter images
from all participants. We then normalized the grey matter
images to the Montreal Neurological Institute space in the
same space as the brain parcellation. To preserve tissue vol-
ume following warping, voxel values in individual grey mat-
ter images were modulated by multiplying the Jacobian de-
terminants derived from the normalization. Lastly, we
resampled the grey matter data to 2mm?® voxels and spatially
smoothed voxels using a Gaussian kernel with a full width at
half-maximum of 6 mm. Thereafter, we used the smoothed
and modulated grey matter image for further analysis.

Structural network construction

In the present study, we defined nodes as brain regions using the
automated anatomic labelling (AAL) template, which divides the
cerebral cortex and subcortical structures into 90 independent
anatomic regions,* and then we applied the Kullback-Leibler
divergence-based similarity (KLS) method to define inter-
regional connections as edges.® The range of KLS is from 0 to 1,
where 1 represents an identical distribution for the 2 regions.
Specifically, the higher the similarity of grey matter density dis-
tribution between 2 anatomic regions, the higher the KLS scores
between them, which indicates stronger connections and shorter
edges between these regions. We calculated the KLS values be-
tween all possible pairs of 90 brain regions, and generated a 90 x
90 similarity matrix for each participant. In this 90 x 90 network
matrix, each row and column represents a brain region and each
element represents the similarity of morphological distribution
of grey matter features between a pair of brain regions.

Network analysis
We used the GRETNA toolbox (http://www.nitrc.org/

projects/gretna/) in MATLAB to calculate brain network
properties. We applied a wide range of sparsity thresholds

(defined as the total number of edges in a graph divided by
the maximum possible number of edges) to all correlation
matrices, rather than a single threshold. The minimum and
maximum sparsity values were chosen to ensure that the
thresholded networks were estimable, given the small-
world properties of sparse networks, and to ensure that we
had the minimum number of spurious edges. We set the
range of our sparsity thresholds to 0.10-0.34 with an inter-
val of 0.01.% To provide a summarizing scalar value for the
selected threshold space, we calculated the area under the
curve (AUC) for each network metric across sparsity thresh-
olds to characterize the topological organization of brain
features.’” This measure has proven sensitive in detecting
topological alterations of brain networks.?®

The graph network was represented by the binarized ma-
trix. For each sparsity threshold, we calculated both global
and nodal network properties. Global metrics included
5 small-world parameters (characteristic path length, cluster-
ing coefficient, normalized clustering coefficient [y], normal-
ized characteristic path length [A] and small-worldness [c])
and 2 network efficiency parameters (global efficiency, local
efficiency), all of which reflect the network topological archi-
tecture of the whole brain.* Metrics pertaining to individual
nodes — including nodal degree, nodal efficiency and be-
tweenness — reflect the regional topological centralities.*
Thus, we obtained a 277-dimensional graphic feature vector,
in which the first 7 features were the global metrics and the
rest were nodal centrality metrics for the 90 AAL regions.

Statistical analysis

We analyzed demographic and clinical data using SPSS soft-
ware (IBM SPSS Statistics version 23.0). We used 1-way an-
alysis of variance (ANOVA) and ? tests to compare continu-
ous and categorical variables across groups. We used
independent-sample t tests and 2 tests to evaluate differ-
ences between high-risk and low-risk youth with ADHD. All
tests were 2-tailed.

We performed nonparametric permutation tests on the
AUC of each network metric to test for between-group differ-
ences among the 3 groups. We implemented permutation
tests, repeated 10000 times, with a linear models toolbox in
FSL (https:/ /fsl.tmrib.ox.ac.uk/fsl/fslwiki/PALM). We used
the 95th percentiles of each distribution as the critical values
for significance testing. Using false discovery rate (FDR) cor-
rection, we performed post hoc 2-sample comparisons if
ANOVA results were significant (p < 0.05, FDR corrected).

Exploratory partial correlation analyses determined associ-
ations between clinical ratings and those topological metrics
found to differ significantly between groups. We performed
correlation analyses using SPSS software (IBM SPSS Statistics
version 23.0).

Ethics approval
This study was approved by the Institutional Review

Board of University of Cincinnati and was registered at
clinicaltrials.gov (NCT02478788).
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Table 1: Demographic and clinical characteristics

No. (%) of participants*

Healthy controls

Low-risk youth

High-risk youth

Low-risk youth v.
high-risk youth

Variable n=49 n =50 n=>50 p valuet p valuet
Age, yr, mean + SD 14.60 + 2.43 14.06 + 2.53 13.77 + 2.58 0.251 0.569
Sex, male 30 (61.2) 33 (66.0) 33 (66.0) 0.849 1.000
Handedness, right 47 (96.0) 40 (80.0) 43 (86.0) 0.057 1.000
BMI, mean + SD 22.53 + 4.61 23.80 +6.76 2421 +7.38 0.402 0.776
Z score 0.56 + 1.06 0.76 +1.19 0.83 +1.31 0.532 0.801
Percentile 65.49 + 29.04 68.34 + 29.42 70.60 + 32.57 0.702 0.716
ADHD type
ADHD-| - 28 (56.0) 13 (26.0) - <0.001
ADHD-H - 0 (0.0) 1(2.0) - -
ADHD-C - 22 (44.0) 36 (72.0) - <0.001
Previous psychostimulant exposure - 17 (34.0) 23 (46.0) - 0.221
ADHD-R, mean + SD
Total score 3.20 + 3.93 33.46 + 10.00 36.00 + 10.60 < 0.001 0.221
Inattention subscale 1.86 +2.27 20.96 + 4.83 19.98 + 5.66 < 0.001 0.354
Hyperactivity/impulsivity subscale 1.35+2.10 12.50 + 8.06 16.02 + 7.21 < 0.001 0.023
CDRS-R total score, mean + SD 18.00 + 2.31 24.04 + 5.91 27.30 £ 8.18 < 0.001 0.024
YMRS total score, mean + SD 0.73 +1.93 2.98 + 3.29 5.76 + 5.67 <0.001 0.004
CGAS total score, mean + SD 88.27 + 5.88 52.60 + 6.86 50.56 + 7.26 <0.001 0.152
CGI-S, mean + SD - 4.02 +0.55 4.30 +0.68 0.026
CBCL, mean + SD
Total score 6.81 +6.55 37.38 + 18.18 54.17 + 28.64 <0.001 <0.001
Internalizing subscore 2.30 £2.40 8.19 £ 6.37 12.74 £ 9.12 <0.001 0.001
Externalizing subscore 1.49+1.78 8.29 + 6.83 14.85 + 12.39 < 0.001 < 0.001
Dysregulation score 2.87 +2.85 21.10 + 9.65 26.34 + 13.34 <0.001 0.009

ADHD = attention-deficit/hyperactivity disorder; ADHD-R = Attention-Deficit Hyperactivity Disorder Rating Scale; BMI = body mass index; CBCL = Child Behaviour Checklist; CDRS-R =
Children’s Depression Rating Scale-Revised; CGAS = Children’s Global Assessment Scale; CGI-S = Clinical Global Impression-Severity Scale; SD = standard deviation; YMRS = Young

Mania Rating Scale.

*Unless indicated otherwise.
tOne-way analysis of variance or 2
1t test or 2

Results

We included 149 youth with a mean age of 14.1 (standard de-
viation [SD] 2.5) years (36% female), of whom 49 were
healthy controls, 50 were low-risk youth with ADHD and 50
were high-risk youth with ADHD. Table 1 summarizes the
sociodemographic and clinical characteristics of study par-
ticipants. There were no significant group differences in age,
sex or handedness, or in previous psychostimulant exposure
in the ADHD groups. The low-risk group primarily included
youth with ADHD-I subtype, and the high-risk group pri-
marily included youth with ADHD-C subtype. There were
significant group differences in IQ (healthy controls: mean
106.6, SD 12.8; low-risk group: mean 101.5, SD 12.7; high-risk
group: mean 96.4, SD 13.6, p = 0.001). Low-risk (p = 0.048)
and high-risk (p < 0.001) groups differed significantly from
healthy controls, and high-risk and low-risk groups did not
differ (p = 0.058). However, IQ was not significantly correl-
ated with any of the altered topological metrics, either within
or among groups. All high-risk youth had at least 1 first-
degree relative with BD-I, and 5 (10.0%) had 2 first-degree

relatives with BD-I. Regarding second-degree relatives,
16 (32.0%) high-risk youth had no second-degree relatives
with BD-I, 18 (36.0%) had 1 second-degree relative with BD-I,
9 (18.0%) had 2 second-degree relatives with BD-I, 5 (10.0%)
had 3 second-degree relatives with BD-I, 1 (2.0%) had
4 second-degree relatives with BD-I and 1 (2.0%) had
5 second-degree relatives with BD-I; 16 (32.0%) had only
1 first-degree relative and no second-degree relative. For clin-
ical ratings, the high-risk ADHD group exhibited higher
scores on the CDRS-R (p = 0.024), YMRS (p = 0.004), CGI-S
(p = 0.026), ADHD-R hyperactivity /impulsivity subscale
(p = 0.023), and higher CBCL Total scores (p < 0.001), CBCL
Internalizing subscores (p = 0.001), CBCL Externalizing sub-
scores (p < 0.001) and CBCL Dysregulation scores (p = 0.009),
than the low-risk ADHD group.

Alterations in brain network properties
We detected significant abnormalities in global network

properties across groups, including global efficiency
(p = 0.038) and characteristic path length (p = 0.046). Post
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Figure 1: Global topological metrics among high-risk youth with attention-deficit/hyperactivity disorder (ADHD), low-risk youth with ADHD and
healthy controls (HC), including (A) global efficiency (E,.), (B) local efficiency (E..), (C) clustering coefficient (Cp), (D) small-worldness (o), (E)
characteristic path length (Lp), (F) normalized characteristic path length (1) and (G) normalized clustering coefficient (y). Presented p values are
from the analysis of variance; post hoc 2-sample comparisons are corrected by false discovery rate.*HC v. high-risk group.

hoc comparisons showed that only the high-risk group ex-
hibited abnormalities compared with healthy controls, in-
cluding reduced characteristic path length (p = 0.006) and
increased global efficiency (p = 0.005) (Figure 1). No sig-
nificant differences were found in other global topological
properties.

At the nodal level, we found group differences in topo-
logical properties in the left parahippocampal gyrus, right
gyrus rectus, right triangular inferior frontal gyrus, right su-
perior parietal gyrus, right opercular inferior frontal gyrus,
right rolandic operculum and right inferior occipital gyrus
(FDR corrected p < 0.05) (Table 2 and Figure 2). Post hoc com-
parisons showed that both low-risk and high-risk ADHD
groups exhibited similar differences compared with healthy
controls in the DMN and central executive network (CEN),
including decreased nodal metrics in the left parahippocam-
pal gyrus, and increased nodal metrics in the right gyrus rec-
tus, right triangular inferior frontal gyrus and right superior

parietal gyrus (FDR corrected p < 0.05). The high-risk group
exhibited topological alterations in the salience network, in-
cluding increased nodal metrics in the right opercular
inferior frontal gyrus, compared with both the low-risk and
control groups (FDR corrected p < 0.05).

Relationships between network properties and clinical ratings

Among both low-risk and high-risk ADHD groups (n = 100),
we found positive correlations between total ADHD-R scores
and nodal degree of the right triangular inferior frontal gyrus
(r = 0.22, p = 0.028 uncorrected), and between ADHD
hyperactivity /impulsivity subscale scores and nodal degree
(r = 0.34, p = 0.001, uncorrected) and nodal efficiency
(r=0.27, p = 0.008, uncorrected) of the right triangular infer-
ior frontal gyrus (Figure 3). No significant correlations were
found between other global or nodal topological metrics and
symptom ratings.
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Table 2: Regions with altered nodal centralities

Brain region*

p value

Nodal degree Nodal efficiency Nodal betweenness

Low-risk v. high-risk v. healthy controls

Left parahippocampal gyrus (DMN)
Right gyrus rectus (DMN)
Right inferior frontal gyrus, triangular part (CEN)
Right superior parietal gyrus (CEN)
Right inferior frontal gyrus, opercular part (SN)
Right rolandic operculum
Right inferior occipital gyrus
Low-risk v. healthy controls
Left parahippocampal gyrus (DMN)
Right gyrus rectus (DMN)
Right inferior frontal gyrus, triangular part (CEN)
Right superior parietal gyrus (CEN)
Right rolandic operculum
High-risk v. healthy controls
Left parahippocampal gyrus (DMN)
Right gyrus rectus (DMN)
Right inferior frontal gyrus, triangular part (CEN)
Right superior parietal gyrus (CEN)
Right inferior frontal gyrus, opercular part (SN)
Right rolandic operculum
Right inferior occipital gyrus
High-risk v. low-risk
Right inferior frontal gyrus, opercular part (SN)

Right inferior occipital gyrus

0.0015* 0.0037 0.0166
0.0035* 0.0012* 0.2399
0.0016* 0.0003* 0.0210
0.0033* 0.0014* 0.0209
0.0074 0.0038 0.0011*
0.0101 0.0020* 0.2190
0.0118 0.0035* 0.4445
0.0003*) 0.0010*) 0.0013*)
0.0194*T 0.0175*T 0.0439
0.0148*7 0.0174*7 0.0523T
0.0061*T 0.0089*T 0.0118*T
0.0019*T 0.0013*T 0.0430
0.0076*) 0.0418* 0.0260*)
0.0001*T 0.0001*T 0.1711
0.0004*T 0.0002*T 0.0018*T
0.0014*T 0.0008*T 0.0120*T
0.0015*T 0.0006*T 0.0002*T
0.0055*T 0.0009*7 0.1115
0.0045* 0.0008*) 0.4641
0.0016*T 0.0008*T 0.0003*T
0.0075*) 0.0028*! 0.1444]

DMN = default mode network; CEN = central executive network; FDR = false discovery rate; SN = salience network.

*Brain regions were considered abnormal if they exhibited significant differences across groups or between 2 groups (p < 0.05, FDR corrected) in at least 1 node centrality parameter
(marked by asterisk). All p values were obtained using a permutation test. The upward arrow signifies an increase in the measured value of the first group compared to the latter, whereas
the downward arrow signifies a decrease in the measured value of the first group compared to the latter.

Discussion

This study investigated structural connectomics among
psychostimulant-free youth with ADHD at high risk of BD
(with a first-degree relative with BD-I), those at low risk of
BD (without a first-degree relative with BD-I) and healthy
controls. At the level of global network metrics, high-risk
youth with ADHD exhibited a higher global efficiency and
lower characteristic path length than healthy youth, while
we did not observe global network alterations in the low-
risk ADHD group. Direct comparison of the 2 ADHD
groups did not identify significant differences in global
metrics. At the nodal level, both low-risk and high-risk
ADHD groups exhibited similar differences when com-
pared with healthy controls, mainly in the DMN and CEN.

We found topological alterations in the salience network be-
tween the high-risk group and both the low-risk and
healthy control groups. Among low-risk and high-risk
ADHD groups, nodal metrics in the right triangular inferior
frontal gyrus correlated positively with ADHD-R total
scores and ADHD hyperactivity /impulsivity subscale
scores. Together, these findings show that familial risk for
BD-I, in conjunction with ADHD, is associated with more
extensive neuroanatomic connectome alterations, particu-
larly in the salience network, compared with low-risk youth
with ADHD, and may represent a prodromal phenotype
relevant to risk for developing BD-I.

High-risk youth with ADHD exhibited a higher global effi-
ciency and lower characteristic path length than healthy
youth. Global efficiency and characteristic path length are
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Figure 2: Brain regions exhibiting nodal centrality differences among high-risk youth with attention-deficit’hyperactivity disorder (ADHD), low-
risk youth with ADHD and healthy controls (HC). The nodes were mapped onto the cortical surfaces by using the BrainNet Viewer package
(www.nitrc.org/projects/bnv). IFGoperc = opercular part of inferior frontal gyrus; IFGtriang = triangular part of inferior frontal gyrus; I0G = inferior
occipital gyrus; L = left; PHG = parahippocampalgyrus; R = right; REC = gyrus rectus; ROL = rolandic operculum; SPG = superior parietal gyrus.

measures of global integration and are inversely related.*!
Higher global efficiency indicates stronger network global
transmission capability, whereas longer characteristic path
length indicates slower network information transmission
speed. These results suggest that the brain network of high-
risk group has increased integration compared with healthy
controls. More specifically, this pattern of global metrics sug-
gests an imbalance between functional segregation and inte-
gration, with more efficient information exchange at the global
level. In contrast, we did not find any significant differences in
global metrics between the low-risk group and healthy youth.
Previous graph theory studies have found a less optimized
topological organization in global network metrics among
youth with ADHD, although the results have been inconsist-
ent.*=¢ For example, some studies have reported increased
segregation,*>* while others have reported decreased segrega-
tion.*# It is important to note, however, that these previous
ADHD studies did not control for BD-I familial risk or psycho-
stimulant status, which could account for these discrepancies.
At the node level, we found overlapping abnormalities in
the low- and high-risk groups, compared with healthy con-
trols. The nodal metrics of both ADHD groups were generally
higher than those of healthy controls, which indicates more
efficient information exchange at local levels. Shared nodal
metric abnormalities were mainly in the DMN and CEN,
which are associated with task-independent introspection*
and working memory and inhibitory control,* respectively.

Our findings are in accordance with previous graph-based
brain network studies that have found a redistribution of re-
gional nodes and decreased DMN connectivity in ADHD.2'#
Moreover, attenuated deactivation of the DMN during atten-
tion tasks among youth with ADHD has been shown to co-
incide with attentional lapses.®® We also observed topological
alterations in the CEN; meta-analyses of task-based fMRI
studies have consistently found aberrant activation in CEN
among people with ADHD compared with healthy con-
trols.5'" Evidence from neuroimaging studies further suggest
that ADHD is associated with abnormal cortical thinning®
and altered functional connectivity in the CEN.* Overall, our
findings support previous evidence implicating disrupted
DMN and CEN network organization in ADHD.

In addition to these common abnormalities, the high-risk
group exhibited unique topological alterations in the salience
network compared with both the low-risk and healthy control
groups. The salience network is mainly involved in
interoceptive—autonomic processing and mediates the switch
between the DMN and CEN.* The salience network manages
dynamic interactions between the CEN and DMN, and its dis-
ruption could interfere with allocating attentional resources to
task-relevant information and could impair suppressing re-
sponses and disengaging attention from distracting informa-
tion.> Salience network regions in the inferior frontal gyrus,
putamen and pallidum are key cortical hubs in circuits that
support emotional and cognitive control, and their alterations
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Figure 3: (A) Localization of the right triangular inferior frontal gyrus (IFG). Correlations between nodal metrics in the right triangular IFG and
ratings of attention-deficit/hyperactivitiy disorder (ADHD) scores on the ADHD Rating Scale (ADHD-R), including (A) nodal degree and ADHD
total score (B) nodal efficiency and ADHD hyperactivity/impulsivity subscale score and (C) nodal degree and ADHD hyperactivity/impulsivity

subscale score among both low-risk and high-risk ADHD groups.

have been frequently associated with BD-1.5* Previous research
also suggests a potential role of the inferior frontal gyrus in the
genetic risk and phenotypic expression of BD-1.* Together these
findings suggest that changes in topological properties in the
salience network are unique to youth with ADHD who have
familial risk of BD-I, and may therefore represent a prodromal
feature that confers increased risk for developing BD-I.

Our study also found a higher prevalence of ADHD-C
among high-risk youth with ADHD, whereas ADHD-I was
more common among low-risk youth. This observation is con-
sistent with previous studies that have found higher rates of
combined-type ADHD among youth and adults with both BD

and ADHD, compared with ADHD alone.®s! Moreover, the
high-risk group exhibited significantly higher scores on the
ADHD hyperactivity /impulsivity subscale, CDRS-R, YMRS,
CGI-S, CBCL and CBCL subscales, compared with the low-
risk group. Furthermore, score on the ADHD hyperactivity/
impulsivity subscale correlated positively with node degree
and efficiency in the right triangular inferior frontal gyrus
among both low-risk and high-risk ADHD groups. These re-
sults suggest that higher nodal degree and efficiency of the right
triangular inferior frontal gyrus are related to the more severe
hyperactivity /impulsivity symptoms, which is consistent with
previous evidence implicating the right inferior frontal gyrus in
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response inhibition.®*®* However, nodal metrics in the right tri-
angular inferior frontal gyrus did not differ between low-risk
and high-risk ADHD groups, suggesting that it cannot wholly
account for the higher scores on the ADHD hyperactivity/
impulsivity subscale exhibited by the high-risk ADHD group.

Limitations

Although we adopted a widely used parcellation template
(i.e., AAL 90) to characterize the large-scale connectivity pat-
tern for the human brain networks, other segmentation strat-
egies may yield different findings. The construction of indi-
vidual structural networks was based on neuroanatomic
architecture only, and additional studies are needed to evalu-
ate the functional impact of the observed anatomic network
alterations. The high-risk group comprised a greater number
of youth with ADHD-C compared with the low-risk group
and the observed structural network differences may be re-
lated to group differences in ADHD diagnostic subtype
rather than familial risk. However, dissociating the contribu-
tion of familial risk and ADHD diagnostic subtype to the cur-
rent findings would require a larger sample size of high-risk
youth with an ADHD-I diagnosis. This study was cross-
sectional; prospective longitudinal studies are needed to deter-
mine the relevance of these findings to BD-I risk progression.

Conclusion

We found that youth with ADHD, both with and without fam-
ilial risk for BD-I, exhibit common topological alterations in the
DMN and CEN; youth with ADHD and a familial risk for BD-I
also exhibit topological alterations in the salience network,
which may be relevant to familial risk for developing BD-I.
Opverall, these findings suggest that familial risk for BD-I, in con-
junction with ADHD, is associated with different regional struc-
tural network abnormalities compared with ADHD alone, and
future prospective studies are warranted to evaluate whether
these features confer increased risk for developing BD-L.
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