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Purpose: This study investigated whether abnormal cerebral activity observed in adolescents and adults with ADHD also occurs in
children during the early developmental stages of executive function.

Methods: The study included 52 children with ADHD aged 4.0-9.0 years and 34 healthy control children. Changes in oxygenated
hemoglobin (HbO) levels were measured while participants completed GO/NOGO tasks to assess brain activation and connectivity.
Results: Children with ADHD demonstrated a stable prefrontal activation deficit during the GO/NOGO tasks (prpr < 0.05).
Additionally, hyperconnectivity was observed between the motor area and the prefrontal lobe in these children (uncorrected
p <0.01). The logistic regression model incorporating brain activation and connectivity features achieved an area under the ROC
curve of 0.86 (95% CI, [0.78, 0.95]), with a sensitivity of 0.79 and specificity of 0.85.

Conclusion: The findings suggest that prefrontal region abnormalities are present in children with ADHD at early developmental
stages. This underscores the importance of targeting the prefrontal cortex in interventions and highlights the role of multi-network
coordination in ADHD-related brain abnormalities. Limitations include the cross-sectional design and relatively small sample size,
which should be addressed in future longitudinal studies.
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Introduction

Attention deficit/hyperactivity disorder (ADHD) is a neuro developmental disorder characterized by inattention, hyper-
activity, and impulsiveness.'> ADHD symptoms often manifest in preschool children, with 5.5% - 7.6% estimated
prevalence.®* Understanding the early characteristics of children with ADHD is of great significance for early identifica-
tion and intervention.

The period between ages 4 and 9, during which executive functions develop rapidly, is particularly important for
understanding ADHD’s neurodevelopmental trajectory. This stage is marked by significant maturation in brain regions
related to executive functions, such as the prefrontal cortex. These regions undergo substantial structural and functional
changes that enhance complex information processing. Understanding the specific neurodevelopmental changes in this
age group is essential for early diagnosis and effective intervention in ADHD. A meta-analysis has revealed develop-
mental delays in executive function among preschool children with ADHD.®> Executive function encompasses several
components, including inhibition, working memory, and shifting. The GO/NOGO task and continuous performance task
(CPT) are commonly used measures of executive function in both research and clinical settings. In the context of
relatively simple response inhibition tasks, children’s executive functions improve rapidly from age 4 to mid-childhood.®

A recent large-scale study mapping brain development trajectories indicates that individual differences in the total
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volume of cortical gray matter peak at age 4.” The overall volume of various cortical functional areas reaches its peak
before the age of 10.” Thus, during this period (age 4 to mid-childhood), the brain undergoes significant structural and
functional maturation, enhancing the ability to process complex information.®’ However, the characteristics of brain
activity in children with ADHD aged 4-9 during this period of rapid executive function development remain unclear.
Functional near-infrared spectroscopy (fNIRS) offers a unique advantage over other neuroimaging techniques such as
fMRI and EEG, especially in young children. Due to its robust resistance to motion artifacts and ease of use in
naturalistic settings, fNIRS provides a non-invasive and ecologically valid method to measure brain activation during
cognitive tasks.® This makes it especially useful for studying children who may have difficulty complying with the
requirements of fMRI or EEG, especially children with ADHD. Notably, a consistent hypoactivity within the right frontal
lobe region during the execution of executive function tasks has been observed in children with ADHD.? Furthermore,
children with ADHD exhibit fewer instances of robust connectivity during a GO/NOGO task within the frontoparietal
network and a prevalence of default network connectivity, primarily anchored in bilateral frontoparietal cortices, along-
side heightened global brain connectivity.'® Employing a Flanker task, which demands inhibitory control, revealed
atypical functional connectivity patterns in children with ADHD compared to their neurotypical counterparts, including
the cerebellum, right inferior frontal gyrus, left dorsolateral prefrontal cortex, bilateral precentral gyrus, right supple-
mentary motor area, and left precuneus.'' Moreover, the utilization of fNIRS signals during executive function tasks

1213 underscoring its diagnostic utility

effectively discriminates between children with ADHD and healthy control group,
in clinical settings.

fMRI studies on children and adults suggest that the neurobiological basis of ADHD stems from dysfunction across
multiple brain networks and a reduced degree of segregation between these networks.'*"'® Similar findings have emerged
from fNRIS task-based studies on elementary school children with ADHD, highlighting imbalances among various brain
networks centered in the frontal lobe. However, the clinical diagnosis of ADHD typically begins at age 4,'” yet
neuroimaging studies on ADHD commence at age 6.” Considering that children’s executive functions improve rapidly
from age 4 to mid-childhood, there is a notable gap in research examining preschool children. Currently, there is a dearth
of studies addressing cerebral activity changes during executive function tasks in this younger, less compliant
demographic.

This study aims to investigate the cerebral activity of children with ADHD aged 4-9 when performing an executive
function task. This study also explores the clinical applicability of fNIRS in assisting with diagnosing early childhood
ADHD. We selected children aged 4.0-9.0 years as our study participants, including both children with ADHD and
healthy controls. fNIRS was employed to record changes in oxygenated hemoglobin concentrations (HbO) as children
completed the GO/NOGO task. We hypothesize that, behaviorally, children with ADHD will exhibit a higher number of
errors. Regarding brain activation, we anticipate insufficient activation in the frontal lobe of children with ADHD. In
terms of brain network connectivity, we expect children with ADHD to demonstrate hyperconnectivity in the motor
areas.

Materials and Methods
Participants

Participants were recruited from children who were visited the Beijing Children Hospital from July 2022 to
November 2023. Children with ADHD were recruited from the developmental behavioral clinic, and the inclusion
criteria were as follows: (1) Diagnosis of ADHD according to the DSM-V by a clinician; (2) Intelligence Quotient (IQ) >
80 on the Chinese-Wechsler Intelligence Scale for Children (C-WISC) or Level > 3 on the Raven’s Progressive Matrice
(RPM) or Developmental Quotient (DQ) > 80 on the Children Neuropsychological and Behavior Scale(CNBS); (3)
Never taken any central stimulants, atomoxetine or other psychiatric drugs; (4) Ages between 4.0 and 9.0 years old.
Children in control group were recruited from the medical examination clinic, and the inclusion criteria were as follows:
(1) The chief complaint does not include any attention issues; (2) 1Q> 80 on the C-WISC or Level > 3 on RPM or DQ >
80 on CNBS; (3) Ages between 4.0 and 9.0 years old. To improve diagnostic reliability, all cases were selected following
the unanimous agreement of a panel of experts, which included two psychiatrists and a psychologist. Exclusion criteria
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were: history of tics; neurological disorders, or sensory impairments (seizures or brain injury); mental health conditions
including autism spectrum disorder, motor or communication disorders and Tourette’s syndrome.

The sample included 86 children aged between 4.0 and 9.0 years. The ADHD group comprised 52 participants (6.77
+ 1.19 years, 47 males), while the control group consisted of 34 participants (6.32 + 1.48 years, 27 males). This study
was reviewed and approved by the Beijing Children Hospital of Ethics Committee/Institutional Review Board. Informed
consent was obtained from all participating children and their parents or legal guardians. All procedures performed in the
study were in accordance with the ethical standards of the institutional and national research committee and with the
1964 helsinki declaration and its later amendments or comparable ethical standards.

The Audio-Visual Integration Response Inhibition Task

The test was adapted from the Go/NoGo paradigm and the Continuous Performance Test (CPT) paradigm to assess
executive function in children under audio-visual conditions. Stimuli include pictures and sounds of kittens and puppies.
To ensure younger children understood the task, a brief training session was conducted before the experiment. During
this session, children practiced the task with simplified instructions and visual feedback, completing 8 practice trials.
A trained examiner closely monitored each child for signs of confusion or difficulty in understanding, offering
clarifications or breaks as needed. If comprehension issues were detected, the practice session was repeated up to two
additional times. If the child did not achieve at least 6 correct responses (75%) in both practice sessions, they were not
allowed to proceed to the formal testing phase. In the formal testing phase, children first complete the rest condition by
quietly looking at the central fixation point on the screen for 30 seconds. They then alternated between two task
conditions: “searching for animals” (Go condition) and “searching for puppies” (NoGo condition), each performed twice.
In the Go condition, children responded by tapping the screen when they saw or heard any animal, reflecting general
executive function ability. In the NoGo condition, they were instructed to respond only to pictures or sounds of puppies,
assessing both executive function and inhibitory control. Each trial began with a 1-second fixation point followed by
a stimulus, and children had 2 seconds to respond. If a response was made in time, the next trial commenced; otherwise,
the stimulus disappeared after 2 seconds. A 12-second fixation interval was inserted between each condition. The entire
task, including practice, took approximately 30 minutes. Behavioral data collected during the task included accuracy,
mean reaction time, reaction time variability, omission errors, and commission errors.

fNIRS Data Acquisition and Processing

We acquired cortical neural activity by a 40-channel near-infrared optical imaging system (NirSmart-6000B, Danyang
Huichuang Medical Equipment Co., Ltd, China) operating at three wavelengths (730/808/850 nm) with a sampling rate
of 11 hz. An elastic cap containing 40 channels (15 light source optodes and 16 light detector probes) was arranged (see
Figure 1), and placed on the head of each subject. The source-detector distance was 3 cm.

The fNIRS data underwent preprocessing and analysis using the NIRS Brain AnalyzIR Toolbox.'® The data
processing pipeline proceeded as follows: (1) conversion of raw fNIRS light intensity data to optical density, (2)
application of wavelet-based motion correction to eliminate movement artifacts, (3) band-pass filtering (0.01-0.5Hz)
to eliminate low-frequency noise (eg, data drift) and high-frequency noise such as (eg, cardiac signal), and (4) conversion
to HbO and deoxygenated hemoglobin concentrations (HbR) using the modified Beer-Lambert law with a partial
pathlength factor of 0.1. To specifically address movement artifacts in young children prone to excessive movement,
a trained examiner closely monitored the participants throughout the task. During transitions between different task
conditions, the examiner provided short breaks to help the children regain focus and minimize movement. During data
preprocessing, visual inspection was used to detect segments with excessive motion. Participants showing substantial
head movement or channel signal deviations exceeding 20% were excluded from further analysis. Given the superior

signal-to-noise ratio of HbO compared to HbR, this study exclusively reports changes in HbO data.'” !

Statistical Analysis
We estimated task-evoked hemodynamic responses in each channel for two task phases by NIRS-SPM?? using a general
linear model (GLM). The GLM analysis was utilized to assess brain activation in response to the tasks. In NIRS-SPM,
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Figure | The probe setting for 40-channel fNIRS.
Notes: S denotes source optode and D denotes detector probe.

we used the canonical hemodynamic response function (HRF) for modeling the HbO signals. To reduce high-frequency
noise, we applied wavelet-based high-pass filtering. For prewhitening, we used autoregressive modeling (AR(1)). These
settings were chosen to improve the robustness of hemodynamic response estimates and minimize the impact of noise
artifacts. The GLM equation is as follows: “beta ~ —1 + group:cond +age+gender + (1|subject)”. Task-related activations
were identified using a significance threshold of p < 0.05 (FDR-corrected). Pearson’s correlation coefficients between
channels were calculated using preprocessed HbO concentration changes. To improve the normality of the correlation
coefficients, we chose the z matrix (ie, Fisher’s r-to-z transformation) for the next calculation step. And the results
obtained were used as functional connectivity (FC) values. The outcomes of the FC analysis reflect the functional
connectivity of the brain during the tasks. The results from group-level analyses were visualized using the nirs2img
function (https://www.alivelearn.net/?p=2230) to convert the ¢ statistic values of significant channels and the correspond-

ing MNI coordinates into *.img files. The converted images were then rendered over the 3D brain model using Brainnet
Viewr.”> To comprehensively assess the effectiveness of brain activation and connectivity features as a diagnostic-aid
tool, we employed exploratory factor analysis for dimensionality reduction of brain features, followed by logistic
regression analysis. The predictive model was evaluated by Receiver Operating Characteristic (ROC) curve analysis.

Results

Behavioral Performance

Table 1 showed the behavioral scores of ADHD group and control group on the GO/NOGO task. Children with ADHD
committed more omiss errors (t = 2.57, p = 0.012) and conmiss errors (t = 2.75, p = 0.008) in the NOGO condition
compared to the control group.

Difference in Brain Activation
Figure 2(a) shows the difference in activation of different channels in GLM analysis between ADHD group and control
children under GO and NOGO conditions, and only prpr < 0.05 is reported in Table 2. Compared with the control group,
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Table | Behavioral Differences in the GONOGO Task Between ADHD Group
and Control Groups

Index (condition) ADHD Group | Control Group | T p

Mean SD Mean SD

Accuracy (GO) 0.97 0.04 | 0.98 0.04 —1.46 | 0.149
Accuracy (NOGO) 0.92 0.10 | 0.96 0.04 —2.75 | 0.008
Omission errors (NOGO) 2.90 2.99 1.59 1.74 2.57 0.012
Commission errors (NOGO) | 5.33 6.18 | 2.71 2.43 2.75 0.008

children with ADHD showed insufficient activation in the GO condition in bilateral prefrontal regions (CHS, 6, 8, 10, 26,
27,22,23, 24, t =[-2.72,-4.84]), right superior marginal gyrus (CH16, t =—3.70), and left posterior central gyrus (CH32,
t = —3.31). Compared with the control group, children with ADHD showed insufficient activation of bilateral prefrontal
regions (CH21, 22, 23, 24, t= [-2.72,-4.84]) under NOGO conditions.

Difference in Brain Functional Connectivity

Figure 2(b) presents the differential activation of various channels in the FC analysis between the ADHD and control
groups under GO and NOGO conditions, with both Figure 2(b) and Table 3 reporting uncorrected p <0.01. During the
GO condition, children with ADHD exhibited stronger connectivity compared to the control group in several areas: the
right prefrontal area to the right superior marginal gyrus (CH5-CH2, t=2.64), the right anterior central gyrus to the right
posterior central gyrus (CH31-CHI1, t=3.43; CH31-CH15, t=2.89), and the left anterior central gyrus to the right
prefrontal area (CH34-CH22, t=3.06). In the NOGO condition, children with ADHD showed significantly stronger
internal connections within the right motor area (anterior and posterior central gyrus) (CH17-CH1, CH30-CH1, CH30-
CHI15, CH31-CH1, CH31-CH15, CH31-CH18, t=[2.76, 4.01]), stronger bilateral motor area connections (left posterior
central gyrus to right posterior central gyrus) (CH32-CH1, CH32-CH15, CH33-CHI, t=[2.81, 3.56]), and enhanced
connectivity from the right supramarginal gyrus to the right supraoccipital gyrus (CH36-CH16, t=2.87; CH38-CH16,
t=2.75). Additionally, they exhibited stronger connections from the right marginal gyrus to the right prefrontal area
(CH19-C16, t=2.92), from the left marginal gyrus to the right motor area (right posterior central gyrus) (CH14-CHI,

(a) GLM (b) FC
ADHD vs. Control ADHD vs. Control

/0 !
[ T1 4/ s
e 'Y ) .‘1 ‘ (X X
f
=
e %
[ ] [ ]
GO
H
4 T value 4 * T value °

Figure 2 Differences in brain activation and functional connectivity of brain areas during GONOGO tasks between ADHD and control groups.

Notes: (a) The colors of the brain regions in the figure represent the t-values from the general linear model (GLM) analysis comparing the ADHD group and the control
group during the GO or NOGO conditions. (b) The blue spheres represent different channels, and the lines connecting the spheres indicate significant differences in
functional connectivity (FC) between the two groups in these channels. The thickness of the lines reflects the strength of the t-values. Only channels with a p-value < 0.01
are shown.
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Table 2 Differences in Brain Region Activation in GLM Analysis Between ADHD and Control Groups

Condition | Label of Channel | X Y Z | Brian Region (LPBA40) | B T p Prar

GO CHS5 (S3-D2) 41 6l 6 | R middle frontal gyrus —15.56 | —2.8 | 0.006 0.026
CHé6 (S3-D3) 16 72 12 | R middle frontal gyrus —11.28 | —3.44 | 0.001 0.006
CH8 (S4-D3) =15 | 72 12 | L middle frontal gyrus —8.34 | —2.67 | 0.008 0.030
CH10 (54-D9) —28 | 62 26 | L middle frontal gyrus —14.76 | —4.84 | <0.001 | <0.001
CH26 (S10-D9) -35 | 45 38 | L middle frontal gyrus —142 | -3.54 | 0.001 0.005
CH27 (S10-D10) =53 | 27 36 | L middle frontal gyrus —12.74 | -2.72 | 0.007 0.029
CH22 (59-D3) 2 64 27 | R superior frontal gyrus —-856 | —3.02 | 0.003 0.014
CH23 (59-D8) 14 57 41 | R middle frontal gyrus —-9.44 | -3.04 | 0.003 0.014
CH24 (59-D9) -12 | 57 42 | L superior frontal gyrus —13.52 | —4.61 | <0.001 | <0.001
CHI16 (S7-Dé6) 57 —29 | 56 | R supramarginal gyrus —16.86 | =3.7 <0.001 | 0.004
CH32 (SI13-D11) —43 | =30 | 70 | L postcentral gyrus —15.8 | =3.31 | 0.001 0.008

NOGO CH21 (S8-D8) 35 47 37 | R middle frontal gyrus —10.14 | —2.8 0.006 0.047
CH22 (59-D3) 2 64 27 | R superior frontal gyrus -8.75 —3.45 | 0.001 0.014
CH23 (59-D8) 14 57 | 41 | R middle frontal gyrus —11.02 | -3.92 | <0.001 | 0.005
CH24 (59-D9) —12 | 57 | 42 | L superior frontal gyrus —845 | —3.17 | 0.002 0.024

Table 3 Differences in FC Between ADHD and Control Groups

Condition | Channel A Channel B Brian Region A Brian Region B T P

GO CH5 (S3-D2) CH2 (S1-Dé) R middle frontal gyrus R supramarginal gyrus 264 | 0.010
CH31 (S12-D13) | CHI (SI-DI) R precentral gyrus R postcentral gyrus 3.43 | 0.001
CH31 (S12-D13) | CHIS5 (S7-Dl) R precentral gyrus R postcentral gyrus 2.89 | 0.005
CH34 (S14-DI1) | CH22 (S9-D3) L precentral gyrus R superior frontal gyrus | 3.06 | 0.003

NOGO CHI7 (S7-D12) CHI (SI-D1) R postcentral gyrus R postcentral gyrus 2.76 | 0.007
CH30 (S12-D12) | CHI (SI-DI) R postcentral gyrus R postcentral gyrus 3.36 | 0.001
CH30 (S12-D12) | CHIS5 (S7-DI) R postcentral gyrus R postcentral gyrus 3.27 | 0.002
CH31 (S12-DI13) | CHI (SI-Dl) R precentral gyrus R postcentral gyrus 3.21 | 0.002
CH31 (S12-D13) | CHIS5 (S7-Dl) R precentral gyrus R postcentral gyrus 4.01 | <0.001
CH31 (S12-D13) | CHI8 (S7-DI3) | R precentral gyrus R precentral gyrus 3.04 | 0.003
CH32 (S13-DI1) | CHI (SI-D1I) L postcentral gyrus R postcentral gyrus 3.56 | 0.001
CH32 (S13-DI1) | CHIS5 (S7-Dl) L postcentral gyrus R postcentral gyrus 3.00 | 0.004
CH33 (S13-D14) | CHI (SI-DI) L postcentral gyrus R postcentral gyrus 2.81 | 0.006
CH36 (S15-DI5) | CHI6 (S7-Dé) R superior occipital gyrus | R supramarginal gyrus 2.87 | 0.005
CH38 (S16-DI5) | CHI6 (S7-Dé) R superior occipital gyrus | R supramarginal gyrus 2.75 | 0.007
CHI9 (S8-D2) CH6 (S3-D3) R inferior frontal gyrus R middle frontal gyrus 3.55 | 0.001
CHI4 (S6-D11) CHI (SI-D1) L supramarginal gyrus R postcentral gyrus 3.50 | 0.001
CHIS5 (S7-Dl) CHI4 (S6-DI1) | R postcentral gyrus L supramarginal gyrus 2.81 | 0.006
CHI9 (S8-D2) CHI6 (S7-Dé) R inferior frontal gyrus R supramarginal gyrus 2.92 | 0.005

t=3.50; CH15-CH14, t=2.81), and increased internal connectivity within the right prefrontal region (right inferior frontal

gyrus to right middle frontal gyrus) (CH19-CH6, t=3.55).

Specificity and Sensitivity of Brain Indicators in Predicting Group Outcomes

The exploratory factor analysis identified 15 brain activation indicators with significant intergroup differences from the
GLM analysis (see Table 2), which could be reduced to 5 factors that cumulatively explained 76.18% of the variance. For
the functional connectivity analysis, 18 brain activation indicators exhibiting significant intergroup differences (see
Table 3) were also reduced to 4 factors, explaining 69.90% of the variance. The 5 factors derived from the brain
activation indicators and the 4 factors from the connectivity indicators were used as predictor variables in the logistic
regression model, with patient grouping serving as the response variable. The logistic regression model, which integrated
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brain activation and connectivity features, revealed an area under the ROC curve of 0.86 (95% CI, [0.78, 0.95]). The
model demonstrated a sensitivity of 0.79 and a specificity of 0.85.

Discussion

The purpose of this study was to investigate the cerebral activity of children with ADHD aged 4-9 during the period of
rapid executive function development when performing an executive function task. In terms of behavioral performance
on the GO/NOGO task, consistent with our hypothesis, children with ADHD made more errors of omission and
impulsivity in NOGO conditions requiring inhibitory control. In terms of brain activation, consistent with the conclusions
of previous studies, children with ADHD showed insufficient activation of the frontal region in both GO and NOGO
conditions. In terms of brain network connectivity, ADHD children showed hyperconnectivity, mainly characterized by
internal hyperconnectivity in the right motor area, hyperlinks between bilateral motor areas, hyperlinks in the right
margin back to the right suprachional gyrus, and internal hyperlinks in the right prefrontal area. The logistic regression
model that integrated brain activation and connectivity features produced a strong area under the ROC curve of 0.86
(95% CI, [0.78, 0.95]), with a sensitivity of 0.79 and specificity of 0.85.

In the GO/NOGO task paradigm, the results of this study are consistent with previous studies. A qualitative analysis
of fNIRS studies of participants with ADHD aged 6-16 showed a consistent hypoactivity in the prefrontal region in
multiple executive function tasks.” One intervention study found that the prefrontal hemodynamic increased when
children with ADHD completed executive function tasks after taking atomoxetine,”* This suggests that the prefrontal
functional activity measured by fNIRS can be considered as a target for executive function enhancement and drug
intervention in children with ADHD.® Previous studies have shown that commonly used ADHD medications can have
certain side effects. For instance, methylphenidate may increase the risk of arrhythmias in children with ADHD.?
Transcranial direct current stimulation (tDCS) is a popular non-invasive brain stimulation technique used in ADHD
interventions. Research indicates that tDCS can help improve effort maintenance and enhance task performance in
children with ADHD, especially during activities requiring sustained attention. Stimulation of the right prefrontal cortex
has been linked to increased effort maintenance when anticipating delayed rewards.”® Additionally, anodal stimulation of
the left dorsolateral prefrontal cortex (DLPFC) has shown effects on executive control functions, such as working
memory and interference inhibition.”’

Although the prefrontal region is closely related to executive function, attention, and higher-order motor control, the
abnormal brain development of children with ADHD is not limited to this region, but is related to the abnormal
cooperation and dysfunction between different brain networks.”®* In this study, while hyperactivation in the motor
area was only observed under a more lenient threshold, previous studies using resting state data have shown hypercon-
nectivity in cortical areas, including prefrontal and motor areas. For instance, ADHD children under 12 years exhibit
hyperconnectivity between cortical seeds and the middle frontal gyrus.*® Children with ADHD showed hyperconnectivity
within the somatomotor network compared to healthy controls.>’ In elementary school-age children, parent-rated
inattentive symptoms correlate with increased connectivity between the frontal-motor striatum and regions of the default
mode network.*? Unlike typically developing children, those with ADHD show age-related increases in functional
connectivity between frontal corticostriatal circuits and the somatomotor network.*? Interhemispheric cortical inhibitory
mechanisms are also compromised in children with ADHD.*'***> Abnormally strong interhemispheric somatomotor
connectivity during rest is observed in school-age children with ADHD.*" Additionally, patients with ADHD exhibit
significantly altered dynamic functional connectivity in the cingulo-opercular and sensorimotor networks.** The sign of
maturity of brain networks is functional specialization, that is, the increased degree of separation of different brain
networks. In this study, it was found that there were short-range FC hyperconnections in the brain network of motor and
frontal regions when children with ADHD completed executive function tasks, which may indicate abnormal synaptic
pruning development in these regions. Long-range FC enhancement, such as superior marginal return to the visual area,
motor area, and frontal area, may indicate compensation for abnormal myelination development in these areas in children
with ADHD.

The clinical implications of this study can be summarized in three points. First, children in the early stages of ADHD
show good acceptance of fNIRS equipment. By designing executive function tasks that align with children’s cognitive
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levels and operational habits, we can effectively collect fNIRS signals from them. Second, this study confirms that during
the rapid development of executive function, the brain function and network connectivity in children with ADHD differ
from those in typically developing children. Interestingly, we found significant hyperconnectivity in the motor cortex of
children with ADHD, which aligns with clinical observations that hyperactivity symptoms are more pronounced in early
childhood ADHD. Further research is needed to explore the relationship between motor cortex hyperconnectivity and
behavioral manifestations, as well as developmental trajectories. Lastly, this study confirms that bilateral prefrontal
cortex and bilateral motor cortex are promising targets for neurointervention therapy. While previous studies have
utilized repetitive transcranial magnetic stimulation (rTMS) to activate the prefrontal cortex as an adjunct treatment for
ADHD,* "¢ our findings of hyperactivation in the motor cortex suggest a new potential target for neuromodulation.

Limitations and Strengths

The interpretation of the results should be approached with caution due to the limitations of this study. One key limitation
is the small sample size, with fewer than 20 participants in each age group. This restricts our ability to capture the
dynamic changes in cerebral blood oxygen activity across different ages in children with ADHD. Additionally, the study
lacks extensive behavioral assessments, making it challenging to fully explore the relationship between brain activity and
behavior. In our functional connectivity (FC) analysis, we used an uncorrected threshold of p < 0.01, based on the
exploratory nature of this part of the study. Given the relatively small sample size and the preliminary goals of identifying
potential connectivity patterns in ADHD, we opted for an uncorrected threshold to avoid overly conservative corrections
that could obscure meaningful exploratory findings. We acknowledge that this choice may increase the risk of Type
I errors, and we emphasize that our findings in FC analysis should be interpreted with caution. Future studies with larger
samples will aim to validate these preliminary findings using more stringent correction methods.

The advantage of this study is that the sample included ADHD children aged 46 who had not been paid attention to
in previous studies, and the GO/NOGO paradigm was adopted to investigate the brain activity of children when they
completed executive function tasks. Functional connectivity analysis was first used in children with ADHD to interpret
the characteristics of cerebral blood oxygen activity in children with ADHD from the perspective of brain network.

Conclusion

This study investigates the cerebral activity in children with ADHD during the early developmental stages of executive
function. Our findings reveal that children aged 4 to 9 with ADHD showed increased errors of omission and impulsivity
in conditions requiring inhibitory control, which aligns with our initial hypothesis regarding their behavioral perfor-
mance. These children had extensive hypoactivity in frontal area, hyperconnection within motor area and prefrontal area,
and hyperconnection between superior limbal gyrus and visual area, motor area and prefrontal area when completing
executive control tasks. The logistic regression model that integrated brain activation and connectivity features produced
a strong area under the ROC curve of 0.86 (95% CI, [0.78, 0.95]), with a sensitivity of 0.79 and specificity of 0.85. The
results support the prefrontal region as one of the targets for intervention of ADHD brain abnormalities, and support the
view that ADHD brain abnormalities are the result of multi-network coordination. Future research, including longitudinal
studies, should focus on how these neural patterns change over time. It is also important to explore interventions that can
specifically target the identified connectivity issues in ADHD, providing potential for more personalized treatments.
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