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Anomalies in large-scale cognitive control networks impacting social attention abilities

are hypothesized to be the cause of attention deficit hyperactivity disorder (ADHD).

The precise nature of abnormal brain functional connectivity (FC) dynamics including

other regions, on the other hand, is unknown. The concept that insular dynamic FC

(dFC) among distinct brain regions is dysregulated in children with ADHD was evaluated

using Insular subregions, and we studied how these dysregulations lead to social

dysfunctioning. Data from 30 children with ADHD and 28 healthy controls (HCs) were

evaluated using dynamic resting state functional magnetic resonance imaging (rs-fMRI).

We evaluated the dFC within six subdivisions, namely both left and right dorsal anterior

insula (dAI), ventral anterior insula (vAI), and posterior insula (PI). Using the insular

sub-regions as seeds, we performed group comparison between the two groups. To do

so, two sample t-tests were used, followed by post-hoc t-tests. Compared to the HCs,

patients with ADHD exhibited decreased dFC values between right dAI and the left middle

frontal gyrus, left postcentral gyrus and right of cerebellum crus, respectively. Results also

showed a decreased dFC between left dAI and thalamus, left vAI and left precuneus and

left PI with temporal pole. From the standpoint of the dynamic functional connectivity of

insular subregions, our findings add to the growing body of evidence on brain dysfunction

in ADHD. This research adds to our understanding of the neurocognitive mechanisms

behind social functioning deficits in ADHD. Future ADHD research could benefit from

merging the dFC approach with task-related fMRI and non-invasive brain stimulation,

which could aid in the diagnosis and treatment of the disorder.
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1. INTRODUCTION

Attention Deficit Hyperactivity Disorder (ADHD) is the most
commonly diagnosed condition in children, characterized by
age-inappropriate problems like inattention, impulsivity, and
hyperactivity (Thomas et al., 2015; Sayal et al., 2018). ADHD
is therefore related to cognitive, academic, familial, and
occupational problems (Usami, 2016). Social functioning is also
directly impacted by ADHD. This might be manifested as peer
rejection and disagreements. Social dysfunction may negatively
affect the short- and long-term prognosis of ADHD youngsters.
The activities that encourage social inadequacies are directly
linked to ADHD diagnosis in some infants. While children with
ADHD crave social interaction, they often struggle to adapt their
behavior to their environment due to the nasty, angry tone of
their interactions as well as their hyperactive/impulsive behavior.
This implicates rule infractions, aggressive and dominating
behavior, and physical and verbal animosity. It also includes
agitation and intrusion, which are often inappropriate and
difficult to remedy (Lahey et al., 2005).

ADHD is linked to functional deficits in the cognitive,
academic, familial, and occupational areas of everyday life
(Usami, 2016). Social functioning is another crucial aspect of
ADHD that is directly affected. This might present itself as
peer rejection and disputes with other children and adults.
Social dysfunction may have a significant negative impact on
the short- and long-term prognosis of children with ADHD.
The practices that promote social deficiencies may be a direct
result of diagnosing symptoms of ADHD in at least some infants.
Some of ADHD’s DSM-IV criteria, such as “interrupting or
intruding on others,” even explicitly relate to poor social conduct
(Lahey et al., 2005). Generally, the combination of hyperactivity,
impulsivity, and inattention is likely to affect social behavior.
Although children with ADHD have a strong desire to interact
with others, they typically struggle to adapt their attitude to
their surroundings. Two behavioral characteristics are typically
linked to social difficulties in children with ADHD, namely the
unpleasant, hostile tone of their interactions, as well as their
hyperactive/impulsive behavior. Rule violations, antagonistic and
dominating behavior, and the use of physical and verbal hostility
are examples of the first aspect. These actions may pose a direct
threat to others, and they have been proven to be substantial
predictors of negative peer nominations in both ADHD and non-
ADHD children. Examples of the second aspect comprise restless
and invasive conduct, which is frequently inappropriate in the
current setting and difficult to remedy (Lahey et al., 2005).

The orbitofrontal cortex (OFC), the amygdala, and the
temporal cortex (mostly the superior temporal sulcus-STS) were
found to be primary elements of the so called “social brain,”
in the early 1990s (Brothers, 1990). Afterwards, other areas like
the medial prefrontal cortex (mPFC) and the anterior cingulate
cortex (ACC), were shown to be primary for social functioning
and were therefore included with the initial core (Frith and
Frith, 2006; Bickart et al., 2014). Modern definitions of social
brain usually incorporate dynamic and hierarchical structure of
circuitry entangled in elementary constructs of more automated
systems like the identification of socially significant stimuli as

well as relatively overlapping circuitry implicated in higher-
order operations of the psychological condition. For instance,
feelings such as disgust or anger were basically associated
with the aversion network where the insula is key component
(Buckholtz et al., 2008). This implicates that the insula, among
other brain regions in the aversion network, is mediated in
aversive behaviors such as avoiding strangers that are not
trustworthy. Studies have also demonstrated the implication
of the insula in the "social decision making" that enables the
selection of flexible behavioral responses to others (Rogers-Carter
and Christianson, 2019). More precisely, the insular cortex is
anatomically located to connect integrated social sensory cues
to the social decision making network, resulting in flexible and
adaptive behavioral outcomes to social and emotional stimuli. In
line with these findings, Belfi et al. (2015) suggested that subjects
with lesion on the insula had aberrant trust expressions. During
a trust game, when acting as an investor, these people behaved
benevolently (showing misguided trust), and when acting as a
trustee, they acted malevolently (infringing their partner’s trust).
Although the topic of attention, play and social behavior in
children with ADHD has been studied for years now, yet, it
is unfortunate that tackling the role of the insula in the social
dysfunctioning in children with ADHD is still scarce. Large
body of research barely mentioned the insula as part of different
networks related to social functioning, especially with regard to
neuroimaging-based investigations.

The majority of neuroimaging research indicates static brain
networks across the course of an fMRI session. These networks
show functional connections and interactions between distinct
cortical and subcortical brain regions during task execution
or at rest. However, because activity in static networks does
not clearly display changes that occur over short periods of
time during an fMRI scan, dynamic reconfiguration-based
methods to discover the modular architectures of changing
networks are becoming more popular and the so called dFC
was introduced. By partitioning fMRI images into time windows,
the interconnections between brain regions can be better
understood. Dynamic reconfigurations are more sensitive and
able to detect more changes in human brain activity than static
reconfigurations (Patil et al., 2021). whether static or dynamic,
at rest or task-based, accurately identifying the altered functional
connectivity generated by ADHD or any other specific disorder is
a critical endeavor that may reveal the disorder’s causative factors.
Both in childhood and adulthood, imaging studies have revealed
structural and functional abnormalities in the brains of ADHD
patients. Many evidence from fMRI studies strongly suggest that
biomarkers and alterations in interactions within and between
different brain connectivity may contribute to the disruption
of normal brain functions and cognitive performance, leading
to fluctuations in attention in patients with ADHD (Sonuga-
Barke and Castellanos, 2007; Shappell et al., 2021). Functional
impairments in fronto-cortical and fronto-subcortical networks
are basic deficiencies in both children and adults with ADHD,
according to Rubia et al. (2014). Consistent with these findings,
Guo et al. (2020) questioned the consistency of ADHD diagnosis
from childhood to maturity, as well as the similarities and
differences in abnormal functional connectivities (FCs) across
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ADHD children and adults. To put it another way, they looked
at clinical changes and pathophysiological continuity in ADHD
patients from childhood to adulthood. On the other hand, a
thorough research in the literature yielded to very few researches
addressing dFC in ADHD. For instance, Ahmadi et al. (2021)
revealed that subtypes of ADHD have generalized anomalies in
static FC and dFC between large-scale resting state networks,
encompassing cortical and subcortical areas, when compared to
typically developing youngsters. They came to the conclusion
that dynamic changes in brain FC may better help to explain
the pathophysiology of ADHD. Sun et al. (2021) suggested state-
dependent dynamic changes in large-scale brain connections
and network topologies in ADHD. Yang et al. (2021) found
that children with ADHD have more unstable dFC of the
amygdala subregions, which may impact their cognitive skills.
As a result, it should be indicated that to ensure successful
diagnosis, therapy, and prevention, it is critical to research the
sophisticated mechanisms underlying ADHD, as well as the
functional deficits of the diseased brain. rs-fMRI is one such a
non-invasive and safe method of detecting spontaneous brain
activity (Lu et al., 2018). Over the last three decades, numerous
studies have been conducted to investigate potential imaging
changes and biomarkers of ADHD. However, no significant
findings were yield to study the dFC of the insula in children with
ADHD, and its contribution to social dysfunction.

From a neurobiologic standpoint, ADHD is increasingly being
recognized as a disorder resulting from disruptions in large-
scale brain networks. Extant studies of brain’s FC in ADHD,
however, have provided inconsistent outcomes, with some
research suggesting hyper- and hypoconnectivity with respect to
neurotypical controls and others providing null findings, mostly
between the same brain networks, likely due to weak theoretical
models, inadequate quantitative approaches, and variation in
protocols and measures across data collection silos. Importantly,
little is understood about the dynamics of brain connectivity
in ADHD, because earlier research assumed that functional
linkages across brain regions or networks were stationary.
Aiming to overcome these challenges, this study investigated
Insular subregions to test the hypothesis that insular dFC among
different brain regions is impaired in children with ADHD,
and these impairments may play a role in social dysfunction.
Furthermore, the neural biomarkers found in children with
ADHD were analyzed to see if they might be used as group-
level features to distinguish patients with ADHD from HCs. The
findings of this study could provide new imaging-based insights
that can assist explain the clinical manifestations of ADHD and
improve our understanding of the brain mechanism behind its
symptoms in the pathway to ADHD.

2. MATERIALS AND METHODS

2.1. Participants and Measures
Shenzhen Children’s Hospital provided data with a total of
30 ADHD boys aged between 7 and 10 years and 28 HCs
having the same age range. Two experienced psychiatrists
assessed all of the patients to ensure that they met the
diagnostic criteria for ADHD based on clinical interviews

that followed the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition. The participants and their parents
were interviewed using the Schedule for Affective Disorders
and Schizophrenia for School-Age Children-Present and
Lifetime Version interview (K-SADS-PL; Kaufman et al.,
1997). ADHD diagnoses were based on the Diagnostic and
Statistical Manual of mental disorders-fourth edition (DSM IV)
(Association, 2013). Clinically-referred children who satisfied
the DSM-IV criteria (either mixed, mainly inattentive, or
predominantly hyperactive/impulsive subtype) were included in
this study.

For each ADHD patient, parents, teachers, and other
people who are in charge of caring for the kid were
asked about the child’s behaviors and conducts in various
settings, such as at home, school, or with peers. The
Conners-3 parent/teacher ratings (Conners, 2008) was used
to evaluate ADHD symptoms and associated issues such
as disruptive behavior and learning difficulties. The used
lengthy Conner-3 version has 105/111 items (parent/teacher)
that are graded on a 4-point Likert-scale from 0 (never)
to 3 (very much/very frequently). The Conners-3 comprises
scales such as hyperactivity/impulsivity, inattention, learning
problems, executive functions, aggression, peer relations (content
scales); DSM IV-inattention and hyperactivity/impulsivity, DSM
IV-conduct disorder, DSM IV-oppositional defiant disorder
(symptom scales); ADHD index, Global index. We obtained an
internal consistency Cronbach’s α (Christiansen et al., 2016) of
0.84 for the content scales and α = 0.80 for the symptom scales
of the Conners-3 parent rating scale. Children with ADHD who
showed persistent patterns of inattention and/or hyperactivity-
impulsivity that affect their functioning and development for
at least 6 months were diagnosed. Accordingly, healthcare
providers examined symptoms of inattention such as: (1) failing
to pay close attention to details or making thoughtless blunders,
in schoolwork, (2) frequently struggling to maintain focus
on chores or recreational activities, (3) frequently ignoring
instructions and directions and failing to complete homework
or chores (e.g., loses focus, side-tracked), (4) having a hard
time keeping track of tasks and activities, (5) during regular
activities, the kid is prone to forgetfulness and distraction, (6)
frequently misplaces items required for chores and activities (e.g.,
school materials, pencils, books, tools, eyeglasses), (7) frequently
avoids, hates, or is hesitant to accomplish tasks that demand
sustained mental effort (such as schoolwork or homework).
Symptoms related to hyperactivity and impulsivity were also
examined such as: (1) being unable to play or participate in
leisure activities in a peaceful manner, (2) talking excessively,
(3) having difficulty waiting for their turn, (3) disturbs or
invades the privacy of others (e.g., butts into conversations or
games). The cognitive function was assessed using the Stroop
Color and Word Test (SCWT) (Lee and Chan, 2000) which
indeed has effect on the working memory that can, in turn,
have behavioral consequences similar to those of externally
perceived stimuli. As for the assessment of social functioning,
there were specific questions about the number of close friends,
the contact with them. Ratings were made on a 4-point scale
(less than one, 1–2, 3–4, 5 or more). The quality of ADHD

Frontiers in Neuroscience | www.frontiersin.org 3 May 2022 | Volume 16 | Article 890596

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Fateh et al. Insular dFC in ADHD

children’s relationships with friends and their reactions to
family members visits was also evaluated using a questionnaire
of a 5-point scale [from 0 (no contact/reaction at all) to 5
(very well)].

The K-SADS-PL was used to consult the children in HCs
group, as well as their parents, to check that they did not fulfill
the diagnostic criteria for ADHD or any other mental illnesses.
Normal eyesight and hearing were also required, as well as a
Full-Scale Intelligence Quotient (FSIQ) ≥ 70 calculated using
the Wechsler Intelligence Scale for Children, Fourth Edition.
Participants with current or previous psychological illnesses,
major physical disorders, neurological disorders, or brain injuries
were not allowed to participate in this study. The Shenzhen
Children’s Hospital Medical Research Ethics Committee gave
their approval to this study. All of the children agreed to take part
in this study, and their parents gave signed informed consent.

2.2. rs-fMRI Data Acquisition
The rs-fMRI data for all participants were obtained using a 3.0-
T system scanner (Siemens Magnetom Skyra) at the Radiology
Department of Shenzhen Children’s Hospital, Shenzhen, China.
The rs-fMRI data were acquired using echo-planar imaging (EPI)
sequence with the following parameters: repetition time (TR)
= 2, 000 ms; echo time = 30 ms; flip angle= 90◦; matrix size =
64× 64; 32 axial slices; field of view = 24× 24 cm2; slice thickness
= 3 mm and no gap. Structure 3D-MPRAGE; T1 Repetition
Time [TR, ms] = 2,300 ms, Echo Time [TE, ms]= 2.26; Number
of Averages = 1.0, Slice Thickness = 1.0 mm, Field of View
(FOV)= 256mm.

2.3. Data Pre-processing
The DPABI toolkit (Yan et al., 2016) was used to preprocess the
data. Because of the volatility of the initial magnetic resonance
imaging signal and the participants’ adaption to the experimental
setup, the first 10 volumes were eliminated. The remaining 220
volumes were first realigned to correct for head-motion before
being corrected by the acquisition time delay among different
slices. Under the head motion criterion of ±3 mm and no
participant was excluded. The pictures were then normalized
and resampled into a voxel size of 3 × 3 × 3 mm3 utilizing
an uniform segmentation of anatomical images. The following
three steps were engaged in normalization: 1) Each participant’s
T1 structural images were co-registered to their corresponding
functional images; 2) Co-registered T1 images were segmented
into gray matter, white matter, and cerebrospinal fluid using
transformation parameters that indicated transformation from
subject native space to standard Montreal Neurological Institute
(MNI) space; 3) Functional images were finally transformed
into the standard space using transformation p. Additional
regression was applied to nuisance factors, such as 24 head
movement parameters, global signal, white matter signal, and
cerebrospinal fluid signal, to adjust for physiological noise,
such as motion and cardiac and respiratory cycles. Following
that, the data were linearly detrended, filtered at 0.01–0.08
Hz, and smoothed with a 6mm full-width-at-half-maximum
Gaussian kernel.

2.4. Head Motion
The mean framewise displacement (FD) created during the
scanning process was removed using Jenkinson’s relative root-
mean-square technique (Jenkinson et al., 2002). To evaluate the
voxel-wise motion differences between the two groups, the mean
FD (Jenkinson) was determined. The mean FD did not change
substantially between the ADHD and HC groups (p < 0.6).

2.5. Static Functional Connectivity Analysis
Seed areas were chosen based on the presence of social
dysfunctioning-related anomalies in right and letf dAI, vAI,
and PI in FC. The seeds were obtained using cluster analysis,
in agreement with earlier literature (Deen et al., 2011), in
which the insula was subdivided based on FC pattern clustering.
We were primarily interested in the rdAI and rvAI regions,
which have been linked to attention and emotion, as well
as an outwardly and inwardly oriented system, respectively
(Touroutoglou et al., 2012). The right and left hemispheres of the
dAI, vAI, and PI were then transformed to MNI 152 standard
brain (3-mm resolution) and used as seed regions in the FC
analysis in HC and ADHD patients. We used the REST toolbox
(http://restfmri.net/forum/index.php) to perform seed-based FC
studies to evaluate the aberrant sFC of seed regions in HC and
ADHD. Between the mean time course of each seed region and
the time course of all other voxels in the entire brain, Pearson’s
correlation coefficient was derived. To increase the Gaussianity of
their distribution, the resulting r maps were turned into z maps
using Fisher’s r-to-z transformation. We obtained z-score maps
for each subject that represented the sFC of the right and left of
dAI, vAI, and PI.

2.6. Dynamic Functional Connectivity
Analysis
Using the DynamicBC toolbox (Liao et al., 2014), the sliding
windowmethod was used to analyze the dFC for each participant.
According to previous research, the window length is an open
but important parameter in sliding window based resting state
dynamic computation (Fateh et al., 2020; Li et al., 2020; Yang
et al., 2021). This approach can calculate the time-varying
covariance of interregional neural signals, which is the variance
of dFC, and reveal the temporal aspects of FC during the full scan
period. The sliding window method uses the window length as a
crucial parameter.The minimum window length should not be
smaller than 1/fmin, as per Leonardi and van de Ville (Leonardi
and Van De Ville, 2015), because a very short window length may
generate spurious fluctuations. In addition, the fmin represents
the time courses’ minimal frequency. The dynamic properties
of the time series would be made unobservable if the window
length was too long. We chose a window length of 50 TRs (i.e.,
100s) and a step size of 1 TR because a window length of 50
TR was proposed to maximize the balance between recording
a fast altering dynamic relationship and producing credible
estimations of the correlations between regions (Liao et al.,
2018) (i.e., 2s). In the validation analyses that followed, other
window lengths and step sizes were also evaluated. Liao et al.
(2018) computed the Fisher’s z-transformed Pearson’s correlation
coefficient between the average time series of each seed region
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and the remaining voxels in the whole brain in each window.
As a result, each participant received a set of sliding-window
correlation maps. Calculating standard deviation values at each
voxel across sliding-windows was used to estimate the dFC.

2.7. Statistical Analyses
To see if there was a difference in the dFC of the insular subregion
between HCs and ADHD patients, a two-sample t-test model was
used. Confounding factors such as the mean FD, age, gender, and
grade were regressed out. T-statistic images were transformed to
z-statistic images, and then thresholder using clusters identified
by a z value of > 2.3 and a cluster-level thresholder p-value of
0.05, corrected for whole-brain multiple comparison correction
using Gaussian random field theory. The regions of interest
(ROIs) for the post-hoc analysis were chosen from the survivors’
brain clusters. The data were corrected by multiple comparisons
using Gaussian random field theory (GRF, voxel-wise p < 0.001,
cluster-wise p < 0.05, two-tailed) and the dynamic R-fMRI
indices and voxel-wise concordance were compared using a two-
sample t-test. On these ROIs, a two-tailed, two-sample t-test
was used to evaluate the differences between two groups (HC
vs. ADHD). The statistical significance level is p < 0.05/6.
(Bonferroni correction). Brain regions data are summarized in
Table 1 and the positions of the Insular sub-regions are depicted
in Figure 1.

2.8. Validation Analysis
We performed validation analysis for several sliding window
lengths besides 50 TR to corroborate our findings of dFC
variability derived from 50 TR lengths of the sliding window. As
a consequence, we recalculated the primary dFC results with the
other two window lengths (30TR and 80TR).

3. RESULTS

3.1. Demographic and Clinical Information
The demographic and clinical characteristics of the ADHD
and HC groups were listed in Table 2. No differences in sex
and mean FD were detected between the two groups. We
found a large differences in IQ, working memory and learning
problems between the two groups, in a way that these variables
were lower in ADHD patients compared to HCs. For social
functioning, children with ADHD had a significantly lower
number of social contacts, and a poorer quality of social contacts

with family members compared to the HCs group. It was also
shown that ADHD patients had more problems with social
relations with their peers although the effects were marginally
significant (i.e., p < 0.1).

3.2. Differences of the dFC in the Right dAI,
vAI and PI Among ADHD, and HCs
Compared with HCs, patients with ADHD showed significantly
decreased dFC between right dAI with left middle frontal gyrus
and left postcentral gyrus and between right vAI with right
cerebellum crus. No significance was found in the PI. Moreover,
no increased dFC has been obtained between the two group.
Details regarding information on differences of dFC in between-
group are introduced in Figure 2 and Table 2.

3.3. Differences of the dFC in the Left dAI,
vAI and PI Among ADHD, and HC
Compared with HCs, patients with ADHD showed significantly
decreased dFC between dAI, vAI and PI and left thalamus, left
precuneus and right temporal pole, respectively. No increased
dFC has been detected between the two group. Details pertaining
to the results of between-group differences in dFC of left
subregions of insula is presented in Figure 3 and Table 2.

3.4. Validation Analyses
To verify our findings of dFC in insular subregions variability
obtained from sliding-window length of 50 TRs (100s), we
performed auxiliary analyses with different sliding window

FIGURE 1 | Seed regions of the insula in the Brian.

TABLE 1 | Brain clusters showing significant effects in the dFC of insular subregions.

Seed region Brain regions Cluster size Z score M N I ADHD(n = 30) HC(n = 28)

Voxels X Y Z M ± SD M ± SD

Right dAI Left middle frontal gyrus 80 –5.76 –33 9 36 0.02 ± 0.01 0.05 ± 0.01

Right dAI Left postcentral gyrus 85 –5.02 –48 –33 63 0.02 ± 0.009 0.05± 0.019

Right vAI Right cerebelum_crus 91 –5.54 33 –75 –48 –0.13 ± 0.14 –0.001± 0.12

Left dAI Left thalamus 68 –7.75 –3 –15 3 0.02 ± 0.012 0.05± 0.019

Left vAI Left precuneus 79 8.1 –42 –60 0 –0.09 ± 0.15 0.02 ± 0.14

Left PI Right temporal pole 65 –6.27 43 20 –22 0.02 ± 0.0.01 0.05 ± 0.016

SD, Standard Deviation; M, Mean value; dAI, dorsal Anterior Insula; vAI, Ventral Anterior Insula; PI, Posterior Insula.
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TABLE 2 | Demographic and clinical information.

Variables HC (n = 28) ADHD (n = 30) p-values

Age, mean ± SD 8.6 ± 0.97 8.6 ± 0.56 0.11a

Sex (male) 28 30

Grade, mean ± SD 3 ± 0.83 2.6 ± 0.56 0.02a

FD, mean ± SD 0.05 ± 0.02 0.06 ± 0.02 0.6a

IQ scores, mean ± SD 108.6 ± 10.81 84.3 ± 9.37 < 0.001a

Working memory,

mean ± SD

19.5 ± 3.10 9.95 ± 2.11 < 0.001a

Behavioral problems,

mean ± SD

1.12 ± 0.45 0.50 ± 0.40 < 0.001a

Anxiety score,

mean ± SD

0.54 ± 0.35 0.12 ± 0.10 < 0.01a

Learning problems,

mean ± SD

1.15 ± 0.5 0.45 ± 0.30 < 0.01a

Psychosomatic

disorder, mean ± SD

0.21 ± 0.18 0.12 ± 0.30 0.51a

IS(time), mean ± SD 18.2 ± 8.5 9 ± 3.5 < 0.01a

Number of social

contacts

3.2± 0.80 2.98± 0.82 < 0.1a

Quality of social

contacts-family

3.45 ± 1.07 3.34 ±1.04 < 0.1a

Quality of social

contacts-friends

3.78 ± 1.50 4.10 ± 1.28

Problems with social

relations with their

peers

3.00 ± 2.19 3.04 ± 2.80 < 0.1a

HC, healthy control; ADHD, Attention deficit hyperactivity; FD, frame-wise displacement;

SD, Standard deviation; a, Two-samplet-test; IS, interference score.

lengths. We recalculated the main results by using two other
window lengths (30 TR and 80 TRs) were similar to the main
results of 50 TR in our study.The corresponding results are shown
in the Supplementary Materials. All validation analysis results
are presented in Supplementary Figures S1–S4.

4. DISCUSSION

Impaired attention, impulsivity and hyperactivity are the solely
hallmarks in ADHD. These symptoms are directly related
to social dysfunctioning that mostly affects the daily life of
ADHD patients, especially kids. Despite its importance to the
neuroimaging research community, few studies about dFC in
children and adolescents with ADHD have been published so
far. Although there are no clinically accurate biomarkers for the
diagnosis of ADHD, this study investigated the insula dFC with
other brain regions in the hope that such research can promote
to the discovery of numerous viable candidate biomarkers,
especially those associated to social dysfunctioning. Our findings
support the hypothesis that the insular dFC with distinct brain
regions is altered, and these deficits may be implicated in social
dysfunction. Consistent with our hypothesis, compared to HCs,
patients with ADHD showed decreased dFC values between right
dAI and the left frontal_mid gyrus, left postcentral gyrus and the
right of cerebellum crus. Results also indicated a decreased dFC

between left dAI and thalamus, left vAI and left precuneus and
left PI with temporal pole mid.

Social dysfunctioning is a broad term that is manifested by
various neuropsychiatric disorders. To date, the majority of
studies investigating social functioning have relied on self-report,
questionnaire-based measures of social function (Hodgetts et al.,
2017). In this study, with regard to ADHD, during diagnosis
testing, we opted for a number of aspects (i.e., cognitive and
executive functioning, working memory, learning problems,
and anxiety-related symptoms and other measures; namely the
number of social contacts, the quality of social contacts for
both family and friends and the problems with social relations
with their peers) depending on the available participants’ data.
These aspects entail other related concepts such as emotion
regulation and attention orientation. The current findings, as
well as those from earlier studies (Biederman et al., 1993),
suggest that children with ADHD frequently experience issues
with social relationships. Due to their behavioral problems (e.g.,
not following the rules when playing a game), these children
may not have the same opportunities to make friends. Other
impaired functional connectivity that are possibly associated with
social dysfunctioning are discussed below considering our dFC’s
findings. We also found a considerable differences in IQ, working
memory and learning problems between the two groups. Many
studies have demonstrated that both IQ and workingmemory are
related to learning in a sense that these IQ and working memory
would predict reading, writing, and math skills in children
(Alloway and Copello, 2013). Our findings are consistent with
other existing studies in the literature (Rohrer-Baumgartner et al.,
2014) that found in children with below median IQ-score, a
larger number of ADHD symptoms were more likely to be
accompanied by reports of lower expressive language skills. One
possible reason for such lower scores and their implications
to the lower expressive language skills is due to impaired
(decreased) dFC between the Insula and the frontal middle
gyrus since these two regions have been involved in language,
self expression and learning. More related interpretations are
presented below.

The insula (or insular cortex) is a thin ribbon of gray matter
tissue that lies just deep to the lateral brain surface, separating
the temporal lobe from the inferior parietal cortex (Broder and
Preston, 2011). Taste, visceral sensation, and autonomic control
are only a few of the homeostatic activities pertaining to basic
survival needs that involve the insula. It was also proved that the
insula regulates the sympathetic and parasympathetic nervous
systems, which control autonomic activities (Bud Craig, 2009).
According to functional connectivity studies and in line with
our study, the human insula has at least three different segments
(Nomi et al., 2016). A dorsal anterior insula (dAI) subdivision
with connections to the frontal, anterior cingulate, and parietal
areas is participated in cognitive control processes; a ventral
anterior insula (vAI) subdivision has connections to limbic
areas and is involved in affective processes; and a mid-posterior
insula (PI) subdivision has connections to brain regions for
sensorimotor processing (Cereda et al., 2002). Based on our dFC
analysis, while studying time-varying patterns of interactions
between insular subdivisions and other brain regions, we found
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FIGURE 2 | The variance of dFC between the right insula and other brain regions, obtained by comparing HCs and ADHD groups, using two sample t-test;

(A) Between right dAI and Left Middle frontal gyrus (first row) and Left postcentral gyrus (second row). (B) Between right vAI and right cerebelum curs.

that the dAI has more changeable connections than the other
insular segments. This is consistent with previous research
indicating the dAI’s functional "diversity," which is engaged
across numerous task domains (Penfield and Faulk, 1955; Cereda
et al., 2002). On the other hand, recent functional imaging
investigations have found that the left or right lateralization
of emotional processing is influenced by stimulus valence
(positive or negative emotions) (Harrington, 1995), behavior
(approach/withdrawal) (Davidson et al., 1990), and subjective
state (perception/experience) (Peelen et al., 2010). In regard to
the lateralization of the human insula, our findings revealed
the following insights: (1) stronger dFC of the insula in the
left hemisphere than the right, which was manifested among
all subdivisions (2) heterogeneous connectivity between insula
subdivisions’ profiles. In accordance with these findings, a
number of lesion case studies elucidated the role of left insula in
executive set-switching (executive functioning) which is mainly
associated with ADHD. For instance, Varjačić et al. (2018)
suggested support for the role of the left insular cortex in flexible
attention switching among stroke survivors. Markostamou et al.
(2015) studied the case of a woman with an acute left anterior
insular infarction that led to executive (word and design fluency,

mental flexibility, sustained attention, inhibitory control) but not
language, visuoperceptual, or memory deficits. Conflicting with
these findings, by considering the the way we relate language to
our interpersonal relationships, while some functional imaging
studies reported greater activation in the left insula in equal
bilingual young adults (Chee et al., 2004), others demonstrated
the brain’s ability to sustain proper language without the
insula (Duffau et al., 2001). On the other hand, regarding our
second finding which supports many relevant recent researches
proposing a tripartite organization rather than the traditional
anterior-posterior dichotomy. Nomi et al. (2018) elucidated that
the functional profiles of the insular subdivisions are both unique
and overlapping.

Our decreased dFC results were compatible with other studies
(Wang et al., 2020) that found significant decreases in both
functional connectivity and global network efficiency. This
decrease may correspond to either patients’ insula incapability
to integrate external sensory information with cognitive abilities
including supervisory attentional control (Cieslik et al., 2015) and
interior emotion or to the small size of the data sample. The
former inference is due to the anatomy of the nervous system
whereby the thalamus takes information from “homeostatic
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FIGURE 3 | The variance of dFC between the left insula and other brain regions, obtained by comparing HCs and ADHD groups, using two sample t-test;

(A) Between left dAI and Left thalamus. (B) Between left vAI and left precuneus, (C) between left PI and right temporal_pole_mid.

afferent” sensory pathways and transfers it to the insula, which
then sends it to a number of limbic-related regions, including
the amygdala.

Another key result of this study is the alteration of dFC
between left AI and left thalamus. Consistent with our findings, in
regard with social dysfunctioning, the processing of information
relevant to gustatory, visceral, and autonomic functions, and
even salient information and emotion regulation, is underpinned
by connections between the thalamus and the anterior insula
(Ghaziri et al., 2018). A decreased FC with limbic regions such
as the amygdala, hippocampus, thalamus, and insula in people
with subclinical anxiety were reported in Scheinost et al. (2013)
and in ADHD adolescents (Rubia et al., 2019). Mills et al. (2012),
in turn, also suggested a corticostriatal-thalamic connectivity
changes in children with ADHD and they then discussed the
relation of these results to patients’ working memory ability.
Working memory is critical for reasoning, decision-making, and
behavior guidance and it is among the core difficulties especially
for students with ADHD. We continually handle social cognitive
information, whether it’s keeping track of friends’ viewpoints
during conversation, a roomful of colleagues’ beliefs during a

conference, or the political ideology of someone we just met.
Smooth social interaction necessitates keeping track of a variety
of social data, such as individual attributes and interpersonal
relationships and this referred to social working memory where
both the thalamus and the insula are involved (Meyer and
Lieberman, 2012). This illustrates our result in a sense that
deficits in working memory in children, especially during
learning-based activities, can result in children experiencing
information overload and thus they may act out behaviorally or
withdraw socially. In other words, this disrupted dFC between
left AI and left thalamus, a finding that can be interpreted as
support for the significant differences we found in IQ, working
memory and behavioral problems between the two groups.

Importantly, we found a disrupted dFC between the right dAI
and frontal middle gyrus. The implication of the frontal middle
gyrus in competencies such as literacy, numeracy has been
widely discussed by neuroimaging studies (Koyama et al., 2017).
However, in line with our findings, Japee et al. (2015) suggested
the role of middle frontal gyrus in the reorienting of attention
which indicates the individuals’ ability to efficiently pick and
guide their attention toward behaviorally relevant information in
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their environment. Postcentral gyrus, on the other hand, was also
involved in our study whereby dFC analysis showed alterations
between this region and the right dAI. Intriguingly, Du et al.
(2020) found a stronger within-network connectivity in the
insula, the thalamus and the postcentral gyrus among other brain
regions that constitute the so called punishment network. From a
social psychological standpoint, this study strongly supports our
results in such a way that people are compelled to comply out
of fear of punishment since a minority position is aversive and
it can result in hostility, condemnation, rejection from others,
or social isolation. People may be encouraged to adhere to the
majority position in order to escape such social penalty. Along
with our results, the finding that the postcentral gyrus is amongst
the potentially relevant brain areas in punishment processing,
represents what could be a previously unknown function for this
part of the brain and could provide a new target for researchers.

Our findings also showed altered dFC between left PI and
right temporal pole. Generally, temporal areas comprising the
temporal sulcus were found to be involved in the so called
social attention and face perception particularly (Nummenmaa
and Calder, 2009). Social attention refers to the social conduct
that underpins joint attention, with the goal of coordinating
attention allocation with others. These crucial social abilities are
thought to be dependent on the development of attention skills
such as (1) detecting eye-direction and (2) allocating attention
to the same focus of attention as another human being. These
cortical areas are critical in the processing of socially relevant
cues such gaze following, eye direction, and head orientation
(Hopkins et al., 2014). Conflicting with these findings, other
literature interestingly suggested that temporal pole activations
are more common in sophisticated emotional tasks like theory
of mind activities, but are less common in simpler emotional
tasks like emotional face perception or gaze perception tasks
(Olson et al., 2007).

To sum up, by interpreting our results, we displayed the
insula’s ability to be both specialized and integrative and
to operate both independently and cooperatively. This could
explain how the insula functions as a network hub, coordinating
input from various cognitive areas and activities. More replicated
research on this area is required in the future especially for
more specified aspects associated to social dysfunction such as
social inattention.

4.1. Limitations
Power considerations may limit our ability to examine the
consequences of medications and comorbidity with other
diseases, particularly those with inattention impairments like
autism, substance dependence, depression, anxiety or learning
disorders. Furthermore, the consequences of head motion are in
general a constant source of concern in in ADHD and imaging
youth. To deal with the issue of motion, we omitted high-motion
subjects as an exclusion criteria, and we suggest considering
other methods such as regressing realignment parameters
and performing individual-level separation techniques such
as independent component analysis. Moreover, this research
used cross-sectional data and merely served as a surrogate
for maturational effects. Extending and refining dynamic

connectivity techniques in ADHD will be possible in the future
with larger and longitudinal subject populations.

Furthermore, in task-based fMRI trials, nothing is known
about how dynamic functional connections are associated to
social dysfunctioning. Although prior research has shown that
the insula’s static functional connections are altered within the
salience and default mode networks (Zhao et al., 2017), there
have been few studies that have looked at dynamic functional
connections underlying social dysfunctioning during task states
(Fong et al., 2019). Future research should look into how dynamic
connections between insula subdivisions function in task-based
fMRI studies.

Also, in our current configuration, functional connectivity
evaluations were conducted using standardized insular sub-
region seeds. Individual differences in the size and placement
of functional areas may have an impact on connectivity maps.
Individualized seeds created from a functional parcellation
approach will aid future investigations in overcoming these
methodological flaws.

Finally, It should be noted that the current dFC method
is just one of several approaches for mapping the dynamic
functional connections between distinct brain areas. Graph
theoretical approaches (Braun et al., 2015), test statistics tracking
time course variations (Zalesky et al., 2014), co-activation
pattern identification (Chen et al., 2015), and employing time
frequency information (Yang et al., 2014) have all held promise
in identifying changes in functional connections that static FC
methods fail to capture. Future research should look into how
these different measurements can help to better understand the
dynamic functional links of the insula subdivisions.

5. CONCLUSION

Clinicians can diagnose psychopathology associated to insular
dysfunction and stratify differential remedies by translating basic
science into clinically useful facts. To improve our treatments,
we must connect the pieces of evidence to fully comprehend
any brain region, learn how the brain works, and decode clinical
manifestations. The regulation of instrumental parts of the brain,
such as the insula, is at the heart of daily life’s micro-operations.
This study provides evidence that the ability of the insula to serve
as a subjective experiencing and feeling center that combines
emotional, sensory, cognitive, and motor functions is its primary
purpose. Therefore, we suggest that the insula is implicated
in social dysfunctioning in childern with ADHD, and hence,
aberrant insular dFC and provides an essential connectivity
marker associated with a diagnosis of ADHD.
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