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1 | INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a common
neurodevelopmental disorder, with a childhood onset (before the
age of 12years) according to the DSM-5.1 In approximately 50%
of cases, ADHD persists into adulthood,? although with variable
longitudinal patterns,® while the worldwide prevalence of ADHD
in adults is approximately 2.5%.% Adults with ADHD have been
considered a specific and refined subgroup with poor outcomes,
showing stronger family aggregation than those with remission
prior to adulthood.”® Exploration of the underlying pathogenesis
of adults with ADHD would substantially enhance our understand-
ing of the etiology of ADHD.

Many famous neuropsychological models have been proposed
for ADHD, one of which is the ‘default mode interference hypoth-
esis’ proposed by Sonuga-Barke and Castellanos.” This hypothesis
proposes that the failure of the full and effective transition from the
default mode to an active processing mode during cognitive pro-
cessing causes performance impairments in ADHD. In line with this
hypothesis, some studies on adults with ADHD have revealed ab-
normal activation patterns in the default mode and/or task-positive
networks during cognitive tasks.®? However, whether the altered
functional coordination between the default mode network and
the task-positive networks in adults with ADHD remains during the
resting state, a state without specific cognitive demands, requires
further elucidation. Several studies have reported abnormal func-
tional connectivity during the resting state in adults with ADHD
compared with controls, mainly in the executive control, subcorti-
cal, attention, and default mode modules.’**2 However, the gen-
eralization of these findings was limited due to the lack of normal
controls,* relatively small sample sizes'® and low-quality MR im-
ages (1.5T MRI).12 Thus, further evidence is needed to support the
default mode interference hypothesis by exploring the robust alter-
ations in functional organization from the whole-brain connectome
perspective with a large sample size and advanced imaging data.
This would provide crucial insights to help us further understand
the mechanisms of brain dysfunction in adults with ADHD.

To identify the potential biomarkers of psychopathology, most
studies performed group comparisons (ADHD versus healthy con-
trols) to hunt the state-related brain functional features. From
the perspective of predictive validity, the amelioration of these
neural indicators through clinical interventions (drug or nondrug

Conclusions: These findings support the interference of default mode on attention
in adults with ADHD and its association with genetic risk variants and clinical man-
agement, providing insights into the underlying pathogenesis of ADHD and potential
biomarkers for treatment evaluation.

adults with ADHD, cognitive behavioral therapy, connectome analysis, functional connectivity,

treatment) would also promote the elucidation of neural mech-
anisms. Regarding nondrug treatment, psychotherapy has been
suggested to play a role in reducing mental illness symptoms via
the ‘top-down’ pathway‘13 This pathway may directly influence the
relevant brain regions which integrating and evaluating relevant in-
formation, and then these regions transmitting information down
to emotion-related regions further regulating the release of neu-
rotransmitters. What is more is that the brain functional changes
derived from psychotherapy depend on the psychiatric disorder.*®
Cognitive behavioral therapy (CBT), as a structured psychotherapy
method, has been proven to be an effective treatment for multiple
mental disorders. For depressive patients, CBT might affect brain
regions including anterior cingulate cortex (ACC), posterior cin-
gulate, ventromedial prefrontal cortex/orbitofrontal cortex.!* For
anxiety-related disorders, CBT could influence the related regions
involving fronto-insular and fronto-limbic cortices.'® For adults with
ADHD, it is still unclear whether CBT could improve the ADHD-
related brain functional alteration, despite few existed reports.*
ADHD shows high heritability. Genetic factors that play critical
roles in the underlying mechanisms should be key determinants
for the occurrence and development of ADHD.Y” Both candidate
genetic studies and genome-wide association studies have iden-
tified several ADHD-risk genes and variants.'®? Based on the
abundant evidence from pharmacological evidence, the dysfunc-
tion of monoaminergic system has consistently been suggested
to be involved in the etiology of ADHD, and the contribution of
genetic variants in the related pathways has been well demon-
strated. Monoamine oxidase A and monoamine oxidase B both
play a critical role in the metabolism of monoamine neurotrans-
mitters.?° Notably, monoamine oxidase A (MAOA), located on the
human X chromosome, is known as the ADHD distinguishable

genotype.17

Monoamine oxidase B (MAOB), another gene lo-
cated on the X chromosome, has been showed to be associated
with ADHD?! and may indicate the persistent status of ADHD.??
Based on the ‘gene-brain-behavior’ framework, genetic variants
might influence the brain development, then the brain structural
and/or functional alteration would lead to the cognitive dysfunc-
tion and finally brought significant clinical manifestation. That,
the imaging features lie intermediate between gene and disorder
as endophenotypes.23 Imaging genetic studies have indeed sug-
gested that ADHD-related genetic risk variants might influence
clinical symptoms through the mediating effect of brain functional
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alterations.?* The attempt of linking the observed phenotype-
related brain abnormalities with genetic risk variants would en-
hance our understanding of the molecular genetic underpinnings
of the altered connectome organization observed in adults with
ADHD from the perspective of construct validity.

To address these gaps, we examined resting-state functional MRI
(FMRI) data from 84 adults with ADHD and 89 healthy controls (HCs)
to investigate the alterations of the functional connectome in ADHD
and evaluate associations with genotypes and treatment outcomes
based on genetic and clinical treatment data in the same popula-
tion. Specifically, we conducted voxel-based connectome analysis
approaches with multivariate distance matrix regression (MDM R),?°
seed-based functional connectivity, and modular analysis meth-
ods to comprehensively investigate ADHD-related functional con-
nectivity alterations. Next, genetic data from a subsample of this
population (75 adults with ADHD and 70 HCs) were leveraged to
explore the association between the altered connectivity patterns
and high-risk genetic variants. Finally, we explored the potential
‘brain-treatment’ relationship using data from a subsample of this
population (14 adults with ADHD) who received CBT, which is an ef-
fective nondrug treatment for adults with ADHD. We hypothesized
that in adults with ADHD (i) the interference of the default mode on
attention would manifest as disrupted functional connectivity with
the corresponding brain networks; (ii) altered connectivity patterns
would be significantly associated with high-risk genetic variants; and
(iii) disrupted functional connectivity would be restored after CBT,

which may be related to improvements in ADHD core symptoms.

2 | METHOD

2.1 | Participants and MRI data acquisition and
preprocessing

We obtained imaging data from 84 adults with ADHD and 89 adult
healthy controls (HCs) recruited from clinics at Peking University

WiILEY- L2

Sixth Hospital/Institute of Mental Health. All ADHD subjects were
interviewed by experienced psychiatrists according to the crite-
ria of the Diagnostic and Statistical Manual of Mental Disorders
(4th edition; DSM-1V) using the Conners' Adult ADHD Diagnostic
Interview.?%?” In addition, structured clinical interviews for DSM-IV
Axis-I disorders (SCID-1) were conducted to assess comorbid disor-
ders.?® All adults with ADHD had a childhood diagnosis of ADHD.
All patients included in this study were unmedicated, that they
had never received any psychotropic drugs for ADHD. All included
participants (1) were aged 18-45years; (2) were right-handed; (3)
had no history of severe physical disease; and (4) had a full-scale
intelligence quotient (FSIQ) evaluated using the Wechsler Adult
Intelligence Scale-third edition above 80. Patients with schizophre-
nia, clinically significant panic disorders, or pervasive developmen-
tal disorders were excluded. For HCs, those with any history of
psychiatric disorders were excluded. Self-report data collected with
the ADHD Rating Scale-1V (ADHD RS-IV) was used to assess the se-
verity of inattentive symptoms, hyperactive/impulsive symptoms,
and total ADHD symptoms. The demographic and clinical charac-
teristics are summarized in Table 1. Details of comorbidities are
listed in Table S1. This study was approved by the Ethics Committee
of Peking University Sixth Hospital/Institute of Mental Health. All
participants provided written informed consent.

Among those subjects recruited for the baseline study, 14 ADHD
patients participated in the CBT study (NCT02062411) and had avail-
able fMRI data at both baseline and posttreatment; these patients
were included in a follow-up study that tested the predictive valid-
ity of the observed alterations in brain functional features. Twelve
weeks of group CBT was administered by two trained psychiatrist-
therapists using Safren's validated manual for adult ADHD.?’ The
main elements of this manual included organization and planning,
reducing distractibility, adaptive thinking, dealing with procrastina-
tion, building helpful relationships, and reviewing. CBT was adminis-
tered in a 120min session once per week for 12 weeks with a group
of 8 to 12 patients. A detailed description of CBT can be found in our

k30

previous work”" and also the supplementary materials.

TABLE 1 Demographic and clinical characteristics of baseline and follow-up studies.

Baseline study

Follow-up study

ADHD (n=84) HC (n=89)

Male/Female 62/22 66/23
Age (Mean +SD) 25.80+3.93 26.04+3.63
Education year (Mean+SD) 15.88+2.11 17.20+1.97
FSIQ (Mean+SD) 120.94+7.48 121.83+7.50
ADHD symptoms (Mean +SD)

Inattentive 17.70+3.94

Hyperactive/Impulsive 10.16+5.11

Total 28.14+6.97
Comorbidities (n, %) 23,27.38% —

2t p-value ADHD (n=14) 2t p-value?
<0.01 0.958 8/6 1.63 0.215
-0.43 0.668 25.29+3.99 0.45 0.653
-4.26 <0.001 16.36+2.68 -0.75 0.454
-0.78 0.435 120.86+7.85 0.04 0.970
16.93+4.01 0.65 0.518
11.57+6.17 -0.89 0.379
28.50+8.96 -0.16 0.872
6,42.86% 1.38 0.342

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; FSIQ, full-scaled intelligence quotient; HC, healthy controls; SD, standard deviation.

2Comparison with total ADHD sample.
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For each participant, the resting-state fMRI (RS-fMRI) data were
obtained using a 3.0-Tesla MR system (General Electric; Discovery
MR750) in the Center for Neuroimaging at Peking University Sixth
Hospital. Specifically, participants in the subgroup from the CBT
study were scanned twice at time points just before and after
12weeks of CBT. The RS-fMRI images were preprocessed using
Statistical Parametric Mapping (SPM8, http://www:.fil.ion.ucl.ac.
uk/spm) and Data Processing Assistant for Resting-State fMRI
(DPARSF)®! following standard procedures. We employed the AAL-2
template to define the brain's gray matter mask.32 Further detail can
be found in the Supplementary Materials.

2.2 | Whole-brain connectome analysis

To identify the voxelwise biomarkers for adults with ADHD, the pre-
processed baseline resting-state fMRI data (N,p,,p=84, N,,-=89)
were analyzed with the MDMR approach.?>®! This method allows
for an unbiased, data-driven approach to determining resources of
the changes in functional connectivity. In contrast to most other
approaches, MDMR allows a high-resolution quantification of
how a variable of interest (ADHD vs. healthy control groups here)
is reflected in the connectivity pattern of individual voxels to the
whole brain without parcellating the brain into regions defined a
priori. Specifically, for each subject, we calculated a seed-to-voxel
functional connectivity map within a predefined gray matter mask

(Nvoxe
relation coefficient between its time series and all other voxels,

,=53,970) for every voxel by estimating the Pearson's cor-

resulting in a vector indicating the functional connectivity profile
(1 x v,v =58,970). Individual differences in the functional connectiv-
ity profile for every voxel across every pair of participants were es-
timated as a metric of distance, as \/m where the Pearson's
correlation coefficient (r) is the spatial similarity of the connectivity
vector. MDMR was then employed to calculate the relationship be-
tween intersubject differences in the connectivity profile and group
labels, generating a pseudo-F statistic for each voxel with age, sex,
mean FD, full-scale IQ, and years of education as covariates. This pro-
cess was repeated for every single voxel, resulting in a whole brain
map of pseudo-F values. The standard permutation flow of 15,000
times was employed to obtain the significance. Suggested by previ-
ous literature,® clusters of significant voxels with thresholds defined

as P < 0.001 and cluster size > 50 voxels were identified.

permutation

Notably, this analysis identified a region of interest (ROI), where
group labels correlated with functional connectivity, but did not re-
veal the pattern of connectivity that contributed to the results. Thus,
a complimentary seed-based functional connectivity analysis was
employed to explore the connections with specific regions that con-
tributed to these ROIs' abnormalities. To examine the group differ-
ences in the seed-based functional connectivity maps, we employed
a general linear model with age, sex, full-scale IQ, and years of edu-
cation as covariates. Clusters showing significant group differences
(with the following thresholds: voxel-wise p <0.001; cluster-corrected

p<0.05) were then identified, indicating the target regions.

2.3 | Analysis of the association of MAOA and
MAOB genotypes with ADHD-related connectivity
alterations

Two monoamine oxidase genes, MAOA and MAOB, from 145 sub-
jects (Nypup=75, Ny;c=70) were genotyped. Four SNPs of MAOA
and eight SNPs of MAOB were genotyped using the Sequenom
MassARRAY® platform (Sequenom, San Diego, CA, USA). After
coding the SNPs, we investigated whether MAOA and MAOB gen-
otypes could be used for stratification by examining the Pearson
correlation coefficient between the two genetic genotypes and the
strength of identified abnormal connectivity within each sex with
mean FD, age, full-scale IQ, years of education, and ADHD diagnosis
(i.e., ADHD =1, Control=0) as the covariates. Additional details are

presented in the Supplementary Materials.

2.4 | Analysis of the association between clinical
improvements and ADHD-related connectivity
alterations after CBT

We further examined the association between changes in the identi-
fied significantly altered brain connectivity and ADHD total scores
after CBT (compared with before treatment) in the subset of pa-
tients who underwent treatment. Here, the greater the clinical score
reduction after CBT was, the better the behavioral improvement.
After regressing out covariates (age, sex, full-scaled 1Q, and years of
education) from CBT analysis, a general linear model was employed
to explore the relationship. Then, the associations between con-
nectivity changes and ADHD inattention scores and hyperactivity/
impulsivity scores were evaluated separately.

For the data recruited in the above analyses, we used the
Lilliefors test (p>0.05 indicates a high probability of conforming to
a normal distribution) to conduct the normality tests for the identi-
fied 42 FCs (i.e., 21x2 for both ADHD and controls) at baseline of
all individuals (n=84 for ADHD, n=89 for control) and the changes
of three symptoms for the follow-up CBT data (total, inattention,
and hyperactivity/impulsivity). We found that the changes of three
symptoms are conformed to follow a normal distribution (p=0.253
for total score; p=0.200 for inattention; p=0.500 for hyperactivity/
impulsivity), and most FCs (41 of 42, 97.6%) are conformed to follow
a normal distribution (p-values >0.05) (Table S2).

3 | RESULTS

3.1 | Connectivity discovery with
connectome-wide analysis

MDMR revealed that the differences in functional connectivity pat-
terns between adults with ADHD and healthy controls were concen-
trated in two clusters: the precuneus and the left middle temporal
gyrus (Figure 1A,B). The subsequent connectivity analysis with these


http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm

LIU ET AL.

FIGURE 1 Connectome-wide
connectivity comparisons between

adults with ADHD and healthy controls.
(A) The MDMR identified cluster showing
significant difference in connectivity
patterns between adults with ADHD

and healthy controls: Left precuneus;

(B) The MDMR identified cluster showing
significant difference in connectivity
patterns between adults with ADHD and
healthy controls: Left middle temporal
gyrus; (C) Regions whose functional
connectivity with precuneus showed
significant differences between adults
with ADHD and healthy controls (voxel-
wise P<0.001, cluster-corrected P<0.05);
(D) Regions whose functional connectivity
with left middle temporal gyrus showed
significant differences between adults
with ADHD and healthy controls (voxel-
wise P<0.001, cluster-corrected P<0.05).

two regions as seed ROls revealed significantly altered connectivity
with 21 target ROls in adults with ADHD compared with HCs (voxel-
wised: p<0.001; cluster-corrected: p<0.05; Table 2; Figure 1C,D).
Notably, these results were retained substantially both in males and
females when we further conducted the analyses for each sex sepa-
rately (Table 2).

For the precuneus, 6 target ROls were identified, among which
the PCC/precuneus, the left calcarine cortex, medial frontal gyrus,
left superior frontal gyrus, and bilateral middle temporal gyrus all
showed positive connectivity with the seed ROI and significantly
decreased connectivity in the ADHD group compared with the HC
group. For the left middle temporal gyrus, 15 target ROIs could be
divided into two groups. One group included the bilateral angular
gyrus, bilateral middle frontal gyrus, left superior frontal gyrus, pre-
cuneus, and bilateral inferior temporal gyrus; connectivity of the left
middle temporal gyrus with these regions was negative in the HC
group but positive in the ADHD group. The other group included the
right insula, bilateral superior parietal gyrus, bilateral supramarginal
gyrus, right precentral gryus, and right SMA; connectivity of the
temporal gyrus with these regions was positive in the HC group but
negative in the ADHD group. To investigate whether comorbidity
affects the stability of the results, we conducted a comorbidity anal-
ysis by excluding individuals with comorbidity issues, leaving only
the ADHD individuals without comorbidity problems to examine the
21 significant FCs we identified. We found Cohen's d values very
similar to the original results, demonstrating that our findings are not
significantly affected by comorbidity issues (Table S3).

To explore the distribution of the abnormal connectivity, we
employed a predefined template adapted from Yeo et al.>* with

7 networks. For each seed ROI, we calculated the ratio of vox-

els of themselves and their corresponding target ROIls in every
network to the total number of voxels. We found that the precu-
neus seed was mainly located within the default mode network
(94.87%), meanwhile its target ROIs were also mainly located
within the same network (78.9%) (Figure 2A; Table S4). In addi-
tion, the left middle temporal gyrus seed was located across three
networks, including the default mode, frontoparietal, and dorsal
attention networks (52.17%, 36.23%, and 10.14%, respectively).
Its target ROIs that exhibited abnormal positive connectivity in
adults with ADHD were mainly located within the default mode
network (77.52%), including the angular gyrus, middle frontal
gyrus, precuneus and inferior temporal gyrus, and frontoparietal
network (13.22%) (Figure 2B; Table S4). The other target region
group, which showed abnormal negative connectivity in adults
with ADHD was located within the attention networks (29.29%
for the dorsal attention network and 48.36% for the ventral at-
tention network) and somatomotor network (18.47%), including
the insula, superior parietal gyrus, supramarginal gyrus, precentral
gyrus and SMA (Figure 2C; Table S4).

3.2 | MAOA and MAOB genotypes related to
connectivity alterations in adults with ADHD

Significant associations between MAOA and MAOB genotypes
and the strength of identified abnormal connectivity were re-
vealed within each sex, given that MAOA and MAOB are on the

X chromosome. For males (N_,,.=107, Figure 3A), the functional
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FIGURE 2 Abnormal functional connections in adults with ADHD compared with healthy controls. (A) Decreased seed-based functional
connectivity of the precuneus in adults with ADHD compared with HCs; (B) Increased seed-based functional connections of the left middle
temporal gyrus in adults with ADHD compared with HCs; (C) Decreased seed-based functional connections of the left middle temporal
gyrus in adults with ADHD compared with HCs. The pie charts in the below row show the distributed percentage of the voxels of target
ROls in every module in corresponding to the results in the upper row. *P<0.05, **P<0.01, ***P<0.001.

connectivity between the precuneus and right middle tempo-
ral gyrus was significantly associated with the genetic variants
in both MAOA and MAOB. For MAOB genotypes, significant as-
sociations were found with the connectivity between precuneus
and left calcarine, the connectivity between left middle temporal
gyrus and right inferior temporal gyrus, and the connectivity be-
tween left middle temporal gyrus and left dorsolateral superior
4 <0.05).

=38, Figure 3B), the connectivity between

frontal gyrus (P

uncorrecte
For females (N¢ .1
the precuneus and precuneus/PCC and the connectivity between
the left middle temporal gyrus and right angular were significantly
associated with the MAOA genotypes (P, o ecteq < 0-05). For MAOB
genotypes, significant associations were detected with the func-
tional connectivity between the precuneus and left calcarine, the
connectivity between the left middle temporal gyrus and right su-
perior parietal gyrus, and the connectivity between the left middle

temporal gyrus and left supramarginal gyrus (P, recteq < 0-05)-

3.3 | CBT treatment effects on connectivity
patterns in adults with ADHD

For the 14 subjects who participated in the CBT, their ADHD total
scores significantly decreased after treatment [(28.50+8.96) ver-
sus (20.64+5.34), t=3.92, p=0.002]. The changes in functional
connectivity strength between the left middle temporal gyrus
and right middle frontal gyrus were significantly correlated with

the changes in ADHD scores after CBT (r=0.81, Pcpr=0.0068 for
ADHD total scores, Figure 4A; Table 2; r=0.81, P.,,=0.0151 for
inattention scores, Table 2). The connectivity between the left
middle temporal gyrus and left middle frontal gyrus was marginally
correlated with the change in ADHD scores (r=0.69, Pepr=0.0470
for ADHD total scores, Figure 4B; Table 2; r=0.73, P.,=0.0438
for hyperactivity/impulsivity scores, Table 2). The positive correla-
tions indicate that the larger connectivity changes, the larger the
behavioral improvement was, both in the same direction (i.e., to-
ward that of healthy controls).

4 | DISCUSSION

We performed voxel-based connectome analyses to identify brain
functional features of adults with ADHD. Briefly, compared with
HCs, adults with ADHD showed hypoconnectivity within the DMN
(the connectivity between the precuneus with other DMN com-
ponents) and attentional networks (the connectivity between the
left middle temporal cluster and other DAN/VAN components)
and hyperconnectivity between these networks (the connectivity
between the left middle temporal and DMN components). Further
analyses of genetic data and results of a CBT intervention sup-
ported the findings in terms of predictive and construct validity.
The results of our whole-brain MDMR analyses provide evidence
of the default-mode interference as an inherit feature in the patho-
genesis of adults with ADHD.
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FIGURE 3 Association between MAO genotypes and the identified ADHD-altered functional connections. A for males; B for females. R:
Right, L: Left. The size of circle is in corresponding to the absolute r-values. Blue for negative values, and red for positive values. *P<0.05,

**P<0.01, ***P<0.001.
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FIGURE 4 Correlations between the changes in the identified ADHD-altered functional connections the changes of ADHD total scores
after CBT treatment. The positive correlations indicate the larger behavior improvement, the larger connectivity changes, which both have
the same direction towards healthy controls. The shaded area is for 95% confidence interval. Temporal-Mid-L: Left middle temporal gyrus;
Frontal-Mid-R: Right middle frontal gyrus; Frontal-Mid-L: Left middle frontal gyrus.

The precuneus cluster identified using MDMR included the
left precuneus, right precuneus, cingulate gyrus, and posterior
cingulate (PCC). The precuneus/PCC was involved in the hub brain
regions of the DMN as one part of its posterior components. In
our present study, the precuneus seed-based analyses indicated

decreased positive connectivity with other components of the
DMN in ADHD patients compared to HCs. This result is consis-
tent with previous reports of atypical default-mode connectivities
in ADHD,%>%¢ indicating altered functional connectivity between
posterior and anterior components of the default mode network.
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In another study,®” network homogeneity analyses also showed
decreased integrity of the DMN in ADHD, especially regarding
connectivity between the precuneus and other components. The
altered homogeneity and integration of the DMN in ADHD might
influence the switch from the DMN to cognitive modules, which
further leads to deficits in cognitive performance. Interestingly,
the abnormal patterns of task-related DMN deactivation and de-
creased intra-DMN connectivity could be improved by methyl-
phenidate.Sg’39 In addition to functional impairments, significant
alterations in multiple structural indices of the precuneus and PCC
have been reported in prior studies of both children and adults
with ADHD, including decreased volume, cortical thickness, and
surface area.*® Future research should examine whether and how
these structural and functional abnormalities in DMN regions
jointly participate in the pathogenesis of ADHD.

Another ROl identified in the present study was the left middle
temporal cluster. Although we found that the left middle tempo-
ral gyrus seed was in three networks, including the default mode,
frontoparietal, and dorsal attention networks, the correlation
analysis revealed that it was generally positively correlated with
task positive networks but negatively correlated with the default
mode network in HCs. Further seed-based connectivity analy-
sis indicated different and even opposite directions of signals
between adults with ADHD and HCs. Specifically, the negative
correlations with default-mode regions in HCs, such as the pre-
cuneus, angular gyrus, and middle frontal cortex, were positive in
adults with ADHD, indicating the hyperconnectivity with DMN.
Similarly, the positive correlations with regions in the attention
networks in HCs, including the insula and superior parietal lobe,
were negative in adults with ADHD, indicating hypoconnectivity
with task-relevant regions. Atypical inter-network connectivity
between DMN and cognitive networks has been demonstrated in
ADHD patients, which was closely associated with impairments
in multiple cognitive domains, including attention and response
control.** These findings are consistent with the findings in pre-
vious report;*? both the hyper-engaged DMN and hypo-engaged
task-relevant networks contributed to cognitive impairment.
Notably, the altered connectivity between the left temporal and
right/left middle frontal clusters was positively correlated with
the improvement in ADHD core symptoms after CBT, especially
inattention symptoms. This suggests that CBT might improve the
ADHD symptoms by influencing the functional connectivity be-
tween the temporal lobe and regions in the default-mode network.
In our previous study, the regional homogeneity (ReHo) values of
the parahippocampal cluster (including the middle temporal gyrus)
in adults with ADHD increased after CBT.*® These results support
the importance of altered brain functional connectivity of the
middle temporal gyrus in the brain mechanisms of ADHD from the
perspective of predictive validity. As proposed by Sonuga-Barke
and Castellanos,” default-mode interference potentially influence
the attention variability in subjects with ADHD. The observed
DMN-attention network functional alterations and improve-
ment in inattention symptoms after clinical intervention strongly

“WILEY- L2

supported this hypothesis. Attention, referring to both the pre-
paredness for and selection of certain aspects of our physical en-
vironment or some ideas in our mind that are stored in memory,
its neurobiological basis has been extensively studied by cogni-
tive neuroscientists.** It is now commonly accepted that attention
system is composed by a set of independent control networks,
which collectively known as the attention networks.*> For ADHD,
inattention is one of core symptoms, which is more dominant for
adults. Based on our present findings, it would be interesting to
explore the specified interference of default mode on attention
networks when performing the attention task in the future.

Instead of directly calculating internetwork connectivity be-
tween the DMN and task-relevant networks, our present study
indicated that the middle temporal gyrus is a key “bridge” region
linking the DMN and attention networks, with a potential trig-
gering effect. In general, the middle temporal gyrus is involved
in multiple brain networks, including the DMN and attention net-
works.*¢*” As demonstrated in the study by Hoogman et al., lower
surface area values and cortical thickness of multiple brain regions
were found in children with ADHD, including temporal regions.*®
The delayed structural maturation during childhood might influ-
ence the construction and dynamic development of functional
connectivity of the temporal gyrus with other brain regions. To
further explore and validate the key role of the middle temporal
gyrus in the relationship between the DMN and task-relevant
networks, especially attention networks, fusion analysis of both
resting-state and task-based connectivity could be useful. In addi-
tion, the integration of static and dynamic functional connectivity
analyses should also be considered.

In addition to predictive validation with the CBT intervention
data, we also further leveraged ADHD-related risk gene (MAOA,
MAOB) data to identify genetic substrates of ADHD-related alter-
ations in the brain functional connectivity. A strong association
was observed between genetic variants and altered intra-DMN
connectivity, such as the association of the connectivity between
the precuneus and rMTG with both MAOA and MAOB variants
in males and the association of the connectivity between the
precuneus and calcarine with MAOB variants in both males and
females. Sudre et al. reported that the highest estimated herita-
bility of brain functional connectivity in ADHD occurred in the
DMN, which further indicates a significant correlation of func-
tional connectivity with both inattention and hyperactivity/im-
pulsivity symptoms.*’ A candidate genetic study also suggested
that the DMN suppression may potentially mediate the relation-
ship between DAT1 genetic variants and inattention symptoms
in adults with ADHD.*® Combined with previous evidence, our
present imaging genetic findings support the involvement of
the observed brain functional impairments in adults with ADHD
from the perspective of construct validity. One point should be
treated with caution that the imaging-genetic correlation was
with some difference between males and females. Briefly, the FC
between precuneus and right MTG was significantly correlated
with virtually all SNPs of MAOA and MAOB in males, whereas no
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correlation was found for females. In particular, the correlation
was opposite for the FC between precuneus-right MTG for males
and females. In the first step of imaging analyses, the results indi-
cated that the ADHD-related brain functional features remained
both in males and females, with the same association orientation
for all markers. Hence, we speculate that the above identified
sex difference in the imaging genetic analyses should be mainly
from the different genetic mechanisms for males and females.
That is, for the same genetic variant, the related risk allele might
be different between males and females, even that the associ-
ated genotype might be reversed. This phenomenon has been
reported in previous genetic studies.?%>* However, an expanded
sample size should be needed to address this interesting issue
more definitively.

Some limitations should be considered. First, we have tried our
best to explore the potential confounding influence of sex on our
results by setting the sex as one of covariates or performing analy-
sis for each sex separately. The recruitment of more subjects in the
future could enable us to elucidate the sex differences in brain im-
aging features more explicitly.>? Second, the secondary analysis of
subjects at follow-up had a relatively small sample size. Using the
software G*Power (version 3.1),°® we conducted the power analy-
ses (n=14, a=0.05) for the significant associations (Pgy, <0.05) be-
tween changes in ADHD scores and changes in FCs and achieved
high statistical power (all Power >0.8, Table S5). However, a rigorous
treatment-imaging study design should be considered in the future to
validate our primary findings. Thirdly, our findings here for the default
mode interference theory are mainly based on phenomenon descrip-
tions and speculative attributions. Further works with causal design
should be conducted in the future. Finally, regarding the imaging ge-
netic analysis, the present sample size was not sufficient to detect
the minor effect of common genetic variants that the genetic results
could not survive strict Bonferroni correction for multiple testing
(P_orrected <1.98E-04). Since the MAOA and MAOB genes we measured
have strong ADHD-related hypotheses*”?! and the limited sample
size, here we reported the original P-values in the genetics section
(i.e., associations between 21 FCs and 12 SNPs), which require further
validation with additional data in the future. We analyzed only a few
genetic variants of two ADHD-related genes in the present study. In
the future, a larger sample size, more genetic variants, and different
genetic parameters (i.e., polygenic risk scores) should be considered.

5 | CONCLUSION

In summary, we conducted a whole-brain voxel-based analysis and
explored the potential imaging biomarkers of adults with ADHD,
which indicated atypical patterns of brain functional connectiv-
ity reflecting the interference of the default-mode in attention.
Further treatment effect and genetic analyses supported the va-
lidity of these findings from predictive and construct perspectives
based on a concept developed with ADHD animal models.’* More
importantly, the middle temporal gyrus might be a key “bridge”

region that links the DMN and attention networks, which could
not only provide information regarding ADHD pathogenesis but
also important biomarkers for treatment. A more comprehensive
exploration of the middle temporal gyrus is needed and highly
important.
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