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Background: To explore the brain regions with higher functional connectivity with the
cerebellum at resting state and the brain functions related to cognitive function in children
with attention-deficit hyperactivity disorder (ADHD).

Methods: Thirty children with ADHD and 33 typically developing children (TDC) were
examined using resting-state functional magnetic resonance imaging (fMRI) scans. Seed-
based functional connectivity (FC) analysis was performed.

Results: Four brain areas with higher FC values were identified in ADHD children. These
four areas were the left middle frontal gyrus, right middle frontal gyrus, right superior
temporal gyrus and left parahippocampal gyrus (P < 0.05). The results of the CPT show
that the number of omission errors was significantly higher in the children with ADHD than
in the TD group (5.13+5.12 vs 2.18+2.36, P = 0.000). The commission number in the ADHD
group was also significantly higher than that of the TD group (4.03+6.56 vs 2.00+2.85, P =
0.002). However, no statistically significant difference was observed in the correct reaction
time between the two groups (641.54+146.79 ms vs 584.81+145.82 ms, P = 0.835).
Conclusion: The dysfunction of cerebellar functional connectivity in specific brain regions
may be one of the pathological and physiological causes of cognitive impairment of ADHD.
Keywords: attention deficit hyperactivity disorder, cerebellum, children, functional

connectivity, resting-state functional magnetic resonance imaging

Introduction

Attention deficit hyperactivity disorder (ADHD) is a neurological disorder that
occurs during childhood, and most of the patients continue to show the symptoms
in adolescence and adulthood. The morbidity in children is about 5%.'
Complications of ADHD include learning disability, conduct disorder, and opposi-
tional defiant disorder. Researchers have found multiple brain areas affected in
ADHD including prefrontal lobe, inferior parietal lobule, anterior cingulate, cere-
bellum, and others.” Especially, the important role of cerebellum in ADHD is
increasingly recognized. Previously thought to be responsible for motor balance
and coordination, cerebellum has been identified to have many other functions such
as in the cognitive processing of emotions and negative stimulus, executive func-
tion, attention and language.” Structural MRI analysis indicated that the volume of
cerebellum in children with ADHD is smaller than that of normal children,®
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especially the volume of gray matter in the left cerebellum
is significantly smaller than that of the normal group.’
Moreover, the activation of the cerebellum in children
with ADHD is lower than that of children recovered
from ADHD and the normal control group.® The human
brain functions are often performed by the synergistic
action of multiple brain regions. For example, Rhein
et al showed that ADHD was associated with decreased
functional connectivity between the salience and executive
control networks, as well as with peripheral brain regions.7
However, there is still limited understanding of the corre-
lations of cerebellum activity with other brain regions in
ADHD patients.

Functional magnetic resonance imaging (fMRI) is
a powerful brain imaging method for studying brain
cognition.® The method of functional connectivity (FC)
based on fMRI is widely used in the study of brain net-
works. It refers to the correlation between time series of
two different brain regions and is used to describe the
relationship between different brain regions. The method
of seed-based functional connectivity studies regions cor-
related with the activity in a seed region. In seed-based
analysis, the cross-correlation is identified between the
time-series of the seed and the rest of the brain.’ Zang
et al found that the activation of bilateral cerebellum was
decreased in ADHD group.'® Therefore, this study chooses
the left cerebellum as the seed region to study the brain
mechanism of cognitive representation of ADHD.

In this study, continuous performance test (CPT)'' was
also used to analyze attention behavior of ADHD children.
It is known that the brain area of cerebellum is associated
with attention.> Therefore, the correlation between the
attention behavior and the cerebellar functional connectiv-
ity were analyzed. This study identified four brain regions
showing higher functional connectivity with cerebellum in
ADHD children, and their correlations with attention beha-
vior were explored.

Materials and Methods

Participants

The ADHD group included 30 children (7—12 years old)
who were diagnosed by the ADHD clinic in Changzhou
Children’s Hospital from June 2015 to July 2017, accord-
ing to the diagnostic criteria described by the Diagnostic
and Statistical Manual of Mental Disorders, 5th Edition
(DSM-V).'* There were 18 boys and 12 girls (9.6 = 1.7
years old) (Table 1). All children met the following

Table | Demographic Characteristics of the ADHD and TD
Groups

ADHD TD (n =33) T-value | P

(n =30) M (SD)

M (SD)
Age 9.61 (1.67) 9.35 (1.61) 0.648 0.555
Gender 18 Male 18 Male - -
Verbal IQ 106.60 (11.45) | 103.03 (9.72) 1.338 0.714
Performance 104.57 (12.21) | 104.42 (11.59) | 0.047 0.907
Q
Full-scale 1Q 106.37 (11.65) | 104.15 (9.79) 0.819 0.331

Notes: There were no significant differences in age, verbal 1Q, performance IQ, or
full-scale IQ between the groups.

criteria: 1) no medical history related to the neural systems
and mental health; 2) no history of psychiatric medication;
and 3) sufficient cooperation to undergo MRI scan.

The typically developing controls (TDC) included 33
children from a local school. There were 18 boys and 15
girls (9.8 £ 1.6 years old). The age, gender and education
were matched between the two groups (P > 0.05). Both
ADHD and TDC children were right-handed and had
intelligence quotient (IQ) scores of >80 (measured by the
Wechsler Intelligence Scale for Chinese Children-Revised;
WISCC-R). This study was approved by the Ethical
Committee of Changzhou Children’s Hospital of Nantong
2014-012).
obtained from the parent, and all the children agreed to

University (No. Informed consent was
participate. This study was conducted in accordance with

the Declaration of Helsinki.

MRI Data Acquisition

A Siemens 1.5-Tesla MagnetomAvanto scanner was used to
obtain the brain images. Children were asked to lay flat and
not to do any motor activity. During fMRI scanning, parti-
cipants closed eyes and remained in a calm and awake state.
fMRI data were collected using the echo-planar imaging
(EPI) sequence with the following parameters: axial
slices=18, echo time (TE) = 40 ms, repetition time (TR) =
2000 ms, field of view (FOV) = 240x240 mm, 180 volumes
(6 min), thickness/gap = 6.0/1.2 mm, matrix = 64 x 64, and
flip angle = 90", T1-weighted images were obtained using
the following parameters: TE = 11 ms, TR = 414 ms, FOV
=240 mm % 240 mm, flip angle = 90°, thickness/gap = 5.0/
1.5 mm, and in-plane resolution = 256x256.
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Data Processing

The first 10 time series were discarded and the Data
Processing Assistant for Resting-State fMRI (DPARSF)
V2.3 was used to analyze the remaining data. The process
of slice timing and head motion correction were performed
first. Data would be discarded if head motion exceeded 3 mm.
The functional scans were normalized to the standard tem-
plate and re-sampled to 3x3x3 mm’. Subsequently, smooth-
ing was conducted with a Gaussian kernel of 6 mm full width
at half maximum. Further processes included removal of
linear trends and temporal band-pass filtering (0.01~0.08
Hz). White matter and CSF would be regressed out.

The seed-based functional connectivity analysis was car-
ried out using the Rest software with the left cerebellum
(—49.5,-58.5,-18.5) as the seed region, which was shown to
have the greatest difference between ADHD and TDC
groups by Zang.'® The time series in the cerebellum were
calculated and all voxels were averaged, followed by
Pearson correlation analysis with the time series of other
regions of the whole brain to obtain the FC brain map.

CPT Test

The continuous performance test (CPT) is an indicative Go/
Nogo task. The stimulus content are the Arabic numerals
0~9. The number 1 is the cue (warning), the number 9 after 1
is the Go stimulus (target after warning), the other numbers
after 1 are the Nogo stimulus (nontarget after warning).
Thus, the following numbers after the presentation of the
number 1 act as the distraction stimulus: 0, 2, 3, 4, 5, 6, 7,
and 8. The stimulus consists of 500 numbers, among which
the sequence of number 1 followed by the number 9 is 20%,
the sequence of numbers 1-not-9 (the number after 1 is
not 9) is 20%, the sequence of numbers not-1 to 9 (the
number after not-1 is 9) is 20%, and the probability of
other numbers appearing randomly. Children were asked to

respond to the “9” button that appeared immediately after
“1” and not to press any other number. The stimulus duration
was 200 ms with a stimulus interval of 1300 ms. The
stimulus appeared in the center of the cathode ray tube
display, in black and white. The US e-prime software was
used to control the presentation of stimuli and automatically
record behavioral results.

Statistical Analysis

The two-sample f-tests were performed using Monte Carlo
simulation implemented with REST software."> The
results of two-sample f-tests were overlaid on the Ch2
template.'* The correlations between the functional con-
nection values and the CPT results were analyzed by
DPABI (a toolbox for data processing and analysis for
brain imaging). A corrected threshold of P< 0.05 corre-
sponded to a combined threshold of P< 0.01 at individual
voxel level and cluster size >40 mm®.

Results

Seed-based functional connectivity analysis was performed
on a group of children diagnosed with ADHD and
a matching control group. The time series in the cerebellum
region of each participant were calculated and all voxels
were averaged, followed by Pearson correlation analysis
with the time series of other regions of the whole brain to
obtain the FC brain map of the ADHD group and the control
group. We identified four brain areas using cerebellum as the
seed region in which the FC values of the ADHD group
were obviously higher than those of controls. These four
areas were the left middle frontal gyrus, right middle frontal
gyrus, right superior temporal gyrus and left parahippocam-
pal gyrus (P <0.05, after correction) (Table 2 and Figure 1).
The Z scores of left middle frontal gyrus, right middle
frontal gyrus, right superior temporal gyrus and left

Table 2 The Comparison Between ADHD and Typically Developing Controls by Functional Connectivity

Brain Regions Voxels (mm?®) Brodmann’s Area Talairach Coordinates Z Score
x y z

Left middle frontal gyrus 835 - =27 =21 51 4.10

Right middle frontal gyrus 755 48 45 -3 6 4.38

Right superior temporal gyrus 256 - 45 -24 -6 397

Left parahippocampal gyrus 513 28 —-15 -3 -18 3.32

Notes: Two-sample t-tests (P<0.05, after alphasim correction), cluster size>40mm?, Brodmann brain areas: the system which divides cerebral cortex into a series of
anatomical regions, MNI, Montreal institute of neurology, t-value: positive areas meant that the FC values of the ADHD group were higher than the TDC group.
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Figure | Comparison of the functional connectivity values in the ADHD and TDC groups. (P<0.05, after alphasim correction. The red areas indicate the brain regions in

which the values of FC were higher in the ADHD group than in the TDC group).

parahippocampal gyrus were 4.10, 4.38, 3.97, and 3.32,
respectively, indicating that the FC values of the ADHD
group were higher than that of the TDC group.

The CPT task was used to analyze the behavioral
performance of the two groups separately and the results
are presented in Table 3. Analysis of the reaction time
demonstrated that there was no significance difference in
the performance of the two groups through two-sample
t-test analysis (P = 0.835). However, there was a tendency
towards a slower response in the ADHD group (641.54
+146.79) than in the TD group (584.81£145.82).
Additionally, the number of omission errors and commis-
sion errors were significantly higher in the ADHD group
than that of the TD group (P = 0.000 and P = 0.002).
Furthermore, the hit number was significantly lower in the
ADHD group than in the TD group (P = 0.000).

Discussion

In the present study, our results confirmed that children
with ADHD exhibited lower scores than TD children in hit
number, omission number and commission number in CPT

tasks. These results are consistent with a deficit in atten-
tion and cognition in the ADHD group.'® Furthermore, our
rs-fMRI findings reveal that these impairments could pos-
sibly be associated with inappropriate action in four spe-

cific brain areas, including the left middle frontal gyrus,

Table 3 Results of the Continuous Performance Test the ADHD
and TD Groups

ADHD TD (n = 33) t-value | P

(n =30) M (SD)

M (SD)
Reaction time | 641.54 584.81 (145.82) | 1.537 0.835
(ms) (146.79)
Hit number 44.87 (5.12) | 47.82 (2.36) -2.983 | 0.000
Omission 5.13 (5.12) 2.18 (2.36) 2.983 0.000
number
Commission 4.03 (6.56) 2.00 (2.85) 1.621 0.002
number

Notes: The results of CPT included reaction time, hit number, omission number
and commission number. The results of the ADHD and TD groups were compared.
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right middle frontal gyrus, right superior temporal gyrus
and left parahippocampal gyrus. These brain areas are
thought to be involved in the process of executive control
and cognition. Therefore, our study suggests that abnormal
activation of cognitive brain areas leads to cognitive
impairments in ADHD.

Frontal lobe is important in brain cognition and the
frontal gyrus is involved in decision-making, which is
related to emotion modularization and conflict resolution.
The middle frontal gyrus has been recognized as the focal
point of the cerebral cortex and is prominent in the storage
of spatial information, which is part of the working mem-
ory in the human brain.'® In children with ADHD, the
activation of the prefrontal cortex decreased, the activation
of the left and right frontal gyrus decreased, and the
activation of cerebellum increased.'” Unlike healthy chil-
dren, ADHD children activate right middle frontal gyrus
when they repeat the same thing over and over again.'®
The ADHD children show no discrepant area for working
memory and both the right middle frontal gyrus and the
right precuneus are involved, while the normal children
show more activity in the left middle frontal gyrus.'® This
study showed that the enhanced FC between the cerebel-
lum and the left and right middle frontal gyrus may cause
the disorganized connection network, which led to atten-
tion deficit, impaired working memory and reduced deci-
sion-making function of children with ADHD.

The superior temporal gyrus is associated with the task of
listening and participates in the normal development of the
language-related cortex.”® At the same time, the superior
temporal gyrus is involved in speech processing of high-
level auditory processing, which is an important brain region
for human auditory speech and speech expression.”! The
abnormally reduced volume of the right superior temporal
gyrus may be a neural structural marker for the abnormal
assessment of social emotional information in school-age
children.** In the process of recessive emotion processing,
both the superior temporal gyrus and medial prefrontal lobe
are involved.”® The damage of the right superior temporal
gyrus could lead to failure of visual search tasks.”* The
enhanced FC between the cerebellum and the right superior
temporal gyrus as revealed in our study could reduce the
ability of original spatial perception, emotional attention and
visual exploration, and impetuous processing of social emo-
tions, which is a possible reason for the impulsiveness of
children with ADHD. Meanwhile, spatial perception, audi-
tory voice and visual search dysfunction may be the patho-
logical mechanism of attention deficit in ADHD children.

The left parahippocampal gyrus is part of the limbic lobe.
Studies have shown that activation of the limbic lobe during
sleep can promote the solidification of emotional memory
and cognitive development. However, children with ADHD
have low activation of the limbic lobe and the dysfunction of
the frontal lobe-limbic circuit system, which leads to the
weakening of memory solidification.”> Studies also have
confirmed that the limbic lobe is related to motivation and
emotional function.?® Our study found enhanced FC between
the cerebellum and the left parahippocampal gyrus in ADHD
children, which may result in abnormal emotional regulation
mechanisms, poor emotional control and anger.

The attention network and default mode network
(DMN) are two major cognitive network systems in
human beings and they are antagonistic. One of the patho-
logical bases of cognitive impairment in ADHD may be
the interconnection of brain regions in the DMN or abnor-
mal connections between the DMN and other brain
regions.”” This study found that the connection between
the cerebellum and the middle frontal gyrus is enhanced in
children with ADHD, compared to the connectivity
observed in a TD control group. As the left parahippocam-
pal gyrus is a part of the DMN, enhanced functional
connectivity between the cerebellum and the middle fron-
tal gyrus and the left parahippocampal gyrus of the DMN
may lead to abnormal antagonism between the DMN and
the attention network in ADHD.

In this fMRI study, a greater functional separation was
observed in a series of brain networks, including negative
connections between the cerebellum and the frontal lobe, in
ADHD. However, higher levels of internal changes and fairly
strong positive connections in brain networks have been
observed in ADHD.?® In this study, the functional connec-
tions between the cerebellum and the left and right middle
frontal gyrus as well as the left parahippocampal gyrus were
stronger in the ADHD group than in the TD group, with
higher levels of internal changes observed in responses,
which could lead to the decline of continuous attention ability.

Conclusions

Our study demonstrated that ADHD children showed stronger
functional connections between cerebellum and the left, right
middle frontal gyrus as well as the left parahippocampal gyrus,
compared with the control group. The dysfunction of cerebel-
lar functional connectivity in specific brain regions may be one
of the pathological and physiological bases of cognitive
impairment of ADHD.
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