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Abstract

Background The trajectory of attention-deficit hyperactivity disorder (ADHD) symptoms in children and adolescents,
encompassing descending, stable, and ascending patterns, delineates their ADHD status as remission, persistence

or late onset. However, the neural and genetic underpinnings governing the trajectory of ADHD remain inadequately
elucidated.

Methods In this study, we employed neuroimaging techniques, behavioral assessments, and genetic analyses

on a cohort of 487 children aged 6-15 from the Children School Functions and Brain Development project at baseline
and two follow-up tests for 1 year each (interval 1: 1.14+£0.32 years; interval 2: 1.14+0.30 years). We applied a Latent
class mixed model (LCMM) to identify the developmental trajectory of ADHD symptoms in children and adolescents,
while investigating the neural correlates through gray matter volume (GMV) analysis and exploring the genetic
underpinnings using polygenic risk scores (PRS).

Results This study identified three distinct trajectories (ascending-high, stable-low, and descending-medium)

of ADHD symptoms from childhood through adolescence. Utilizing the linear mixed-effects (LME) model, we discov-
ered that attention hub regions served as the neural basis for these three developmental trajectories. These regions
encompassed the left anterior cingulate cortex/medial prefrontal cortex (ACC/mPFC), responsible for inhibitory
control; the right inferior parietal lobule (IPL), which facilitated conscious focus on exogenous stimuli; and the bilat-
eral middle frontal gyrus/precentral gyrus (MFG/PCG), accountable for regulating both dorsal and ventral attention
networks while playing a crucial role in flexible modulation of endogenous and extrinsic attention. Furthermore, our
findings revealed that individuals in the ascending-high group exhibited the highest PRS for ADHD, followed by those
in the descending-medium group, with individuals in the stable-low group displaying the lowest PRS. Notably,

both ascending-high and descending-medium groups had significantly higher PRS compared to the stable-low

group.
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Conclusions The developmental trajectory of ADHD symptoms in the general population throughout childhood
and adolescence can be reliably classified into ascending-high, stable-low, and descending-medium groups. The
bilateral MFG/PCG, left ACC/mPFC, and right IPL may serve as crucial brain regions involved in attention processing,
potentially determining these trajectories. Furthermore, the ascending-high pattern of ADHD symptoms exhibited

the highest PRS for ADHD.

Keywords ADHD, Symptom trajectory, Neurodevelopmental, Genetic, Children and adolescents

Background

Attention-deficit hyperactivity disorder (ADHD) is a
neurodevelopmental disorder that typically emerges in
childhood [1-3], and approximately 15% of individu-
als with an early diagnosis continue to meet clinical
criteria for ADHD in adulthood [4]. While the pre-
vailing understanding of ADHD focuses on two pat-
terns of symptom persistence and remission, emerging
research suggests that not all cases of adult ADHD
are simply continuations from childhood [5-7]. This
indicates the existence of another developmental pat-
tern known as late-onset ADHD, which does not
fulfill diagnostic criteria during childhood and adoles-
cence but exhibits persistent ADHD symptom scores
until diagnosis occurs in early adulthood [8]. Previ-
ous studies investigating the developmental trajectory
of ADHD symptoms have commonly identified three
trajectories: ascending, stable, and descending [9, 10].
However, these studies did not consider the potential
influence of emotional and behavioral issues on devel-
opmental trajectories or explore underlying neural
and genetic mechanisms. Therefore, this study aims to
investigate both the stability of trajectory classification
and elucidate the neurobiological and genetic founda-
tions that underlie the developmental course of ADHD
symptoms.

The development of the human brain entails sig-
nificant alterations, particularly in the emergence and
maturation of highly interconnected hub regions that
facilitate integrated brain function [11]. These regions
undergo an extended period of development extend-
ing into adulthood, during which abnormalities in the
hub brain region can manifest as symptoms of ADHD.
For example, one study reported that children and ado-
lescents with ADHD exhibited lower cortical degree
and betweenness in both the default mode network
(DMN) and ventral attention network (VAN) compared
to healthy controls [12]. Even in adulthood, weakened
hub brain regions persist as a prominent functional
characteristic among individuals with ADHD [13],
including adults who had childhood-onset ADHD [14].
This suggests that changes occurring within hub brain
regions may serve as crucial biomarkers influencing
the developmental trajectory of ADHD characteristics.

Therefore, we propose that key brain regions involved
in attention processing may underlie the dynamic
changes observed in ADHD characteristics.

The existing literature has demonstrated that ADHD is
characterized by various functional and structural neural
network abnormalities, particularly in the fronto-striatal
circuitry [15-22]. Within the frontal cortex, both the
middle frontal gyrus (MFG) and inferior frontal gyrus
(IFG) have been identified as crucial hubs connecting the
dorsal attention network (DAN) and VAN [23]. Specifi-
cally, the MFG plays a pivotal role in regulating both net-
works and flexibly modulating endogenous and extrinsic
attention [24]. Improved remission of ADHD symptoms
has been associated with enhanced node efficiency within
the right MFG [25]. Moreover, neuro-functional activa-
tion patterns in the right MFG hold promise as potential
biomarkers for monitoring acute effects of methylpheni-
date treatment in children with ADHD [26]. A series of
meta-analyses and mega-analyses based on structural or
functional imaging collectively demonstrate that indi-
viduals with ADHD exhibit smaller striatal volumes and
reduced activation compared to healthy controls [18,
19, 22, 27-33]. In a comprehensive study incorporat-
ing both structural and functional image meta-analysis,
patients with ADHD showed decreased GMV and dimin-
ished activation specifically in the right putamen when
compared to controls [34]. The dysfunction within the
prefrontal-striatal circuitry encompassing the striatum
and prefrontal lobe has long been recognized as a fun-
damental neuropsychological basis for ADHD [35, 36].
ADHD is also believed to be associated with the DMN of
activities that require effortful engagement [37]. Several
studies have identified dysregulation of DMN as a crucial
neurobiological basis for recognizing deficits in individu-
als with ADHD [38, 39]. Some scholars argue that ADHD
can be considered as a disorder of DMN [40], which has
been supported by a mega-analysis of multiple large sam-
ples [41]. They hypothesize that the DMN in individu-
als with ADHD may lack regulation from other neural
systems, leading to disruptions in ongoing cognition
and behavior, resulting in periodic lapses in task perfor-
mance—a hallmark feature of ADHD [42]. Furthermore,
abnormal activation of the dorso-ventral attention net-
work during response inhibition [43, 44], reduced volume
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of the visual cortex [45], and weakened motor network
activation [46] have also been observed as significant
deficits in individuals with ADHD compared to healthy
controls. We speculate that these differences may arise
due to alterations within hub nodes across these net-
works contributing to distinct developmental trajectories
of ADHD symptoms.

Previous studies have provided compelling evidence
supporting the genetic basis of ADHD, with heritability
estimates ranging from 0.76 to as high as 0.9, which is the
highest among psychiatric disorders [47, 48]. Twin stud-
ies have further substantiated the heritability of ADHD
symptoms, and advancements in genomic research
now enable direct assessment of genetic contributions
[49-52]. Genomic investigations have identified mul-
tiple common risk alleles and rare mutations that con-
tribute to the underlying genetic architecture of ADHD
[53]. Although individual common risk alleles typically
exhibit modest effect sizes in multifactorial disorders
like ADHD, composite measures such as PRS offer valu-
able biological indicators by estimating an individual’s
cumulative burden of common risk alleles based on
their association statistics and effect sizes derived from
genome-wide association studies [52]. PRS for ADHD
demonstrate higher values in patients with the disorder
compared to controls [54] and are associated with levels
of ADHD symptoms within the general population [55,
56]. A study investigating the developmental trajectories
of ADHD has revealed that the persistence of ADHD
symptoms throughout childhood and adolescence in the
general population is associated with a higher PRS for
ADHD [57]. However, by dichotomizing symptom scores
into binary data to determine the presence or absence of
ADHD, valuable graded information is lost, impeding the
identification of individuals with heightened symptoms
and hindering early prevention and intervention efforts
for those at high risk but without a confirmed diagnosis
of ADHD. In this study, we utilized symptom scores to
examine whether different developmental trajectories
of ADHD symptoms throughout childhood and adoles-
cence in the general population are influenced by PRS for
ADHD.

Therefore, the aims of this study were 1) to identify
and classify distinct developmental trajectories of ADHD
symptoms using longitudinal data spanning 3 years; 2)
to investigate the neural mechanisms underlying these
developmental classifications through intergroup com-
parisons; and 3) to examine the potential contribution
of PRS for ADHD to different developmental trajecto-
ries. To accomplish these aims, we utilized a longitudinal
cohort comprising children and adolescents who under-
went three-wave imaging and behavioral assessments,
along with genetic data. We hypothesized that ADHD
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symptoms would exhibit diverse developmental trajecto-
ries determined by hub brain regions, which could also
be influenced by PRS for ADHD.

Methods

Design and sample

Neuroimaging and behavioral data were obtained from
the Children School Functions and Brain Development
project (CBD, Beijing Cohort), which is a longitudinal
cohort [58]. Baseline data used in the present cohort
study were acquired from July 28, 2016, to October 26,
2019, first follow-up data were acquired from August 9,
2017, to April 11, 2021, and second follow-up data were
acquired from July 27, 2018, to May 1, 2022. All children’s
parents/guardians signed an informed consent form
approved by the Ethics Committee of Beijing Normal
University.

The participants aged 6-16 years underwent three-
wave imaging and behavioral assessment. The two fol-
low-up assessments were at 1 year (1-year follow-up) and
2 years (2-year follow-up) after the baseline assessment.
We identified 487 participants who had behavioral and
neuroimaging data available at the study baseline, 1-year
follow-up, and 2-year follow-up, and all three brain
images of 460 children passed quality control. All par-
ticipants were recruited from primary schools in Beijing
with normal cognitive ability, assessed by a well-validated
Chinese standardized cognitive ability test [59]. Exclu-
sion criteria included notable physical illness or head
trauma. The pediatric expert system training staff used
the Mini-International Neuropsychiatric Interview [60]
to measure children’s mental state, excluding the medi-
cal conditions (including ADHD). The children were pro-
hibited from taking any drugs or ingesting caffeine on the
day of the behavioral tests and MRI scans.

Clinical assessment

The parent-reported version of the Strengths and Diffi-
culties Questionnaire (SDQ) was used to assess symp-
toms of hyperactivity and inattention[61]. The Chinese
version was retrieved from the SDQ website (https://
www.sdqinfo.org/py/sdqinfo/b3.py?language=Chinese).
The SDQ is a reliable and valid tool for mental health
problems in children and adolescents [61] and has been
demonstrated in IMAGEN to be a promising assess-
ment for ADHD symptoms [62—65]. The hyperactivity-
inattention subscale is composed of five items covering
three key symptom domains for ADHD; the subscale’s
internal consistency (Cronbach’s alpha=0.75) is at
an acceptable level [66]. As used in nationwide epide-
miological studies [67], a three-band classification
was established for the SDQ using a cut-off score of 6
(normal: scores<6; borderline: score of 6; abnormal:
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scores >6). We used the parent-report SDQ because it is
more reliable than the child self-report version, and the
parent-report SDQ also has a stronger association with
clinical assessments [61, 67].

Structural MRI

The MRI acquisition protocols and quality controls in
CBD have been described in detail [68]. A high-resolu-
tion T1-weighted magnetization-prepared gradient echo
sequence was collected using 3-T scanners and pre-
processed using the Computational Anatomy Toolbox
(CAT12) (http://dbm.neuro.uni-jena.de/cat) and SPM12
(http://www.filion.ucl.ac.uk/spm), as reported previ-
ously [68] (detailed MRI acquisition, quality controls, and
image processing in Additional file 1: Method S1) [69].

Genetic data

Genotyping was carried out from blood drawn from
CBD participants. The blood collection and genetic
data acquisition were successfully completed by a total
of 1424 children. All individuals were genotyped on
Infinium ' "Omni2.5-8 v1.5 BeadChip. After quality con-
trol, 1282 cases were included in our sample, totaling
69,842 single-nucleotide polymorphisms available for
establishing the polygenic risk score (PRS) for ADHD.
In this study, 473 children completed blood collection.
Quality control of genetic data was in Additional file 1:
Method S2.

Statistical analyses

Latent class mixed model to detect ADHD trajectories

We used a latent class mixed model (LCMM) on ADHD
symptoms data to ascertain different trajectories of
ADHD symptoms from 487 individuals of the CBD
cohort. LCMM was designed to differentiate of individu-
als following different developmental trajectories, pro-
viding specific trajectories, the number of individuals
belonging to each trajectory, and the individual’s prob-
ability of belonging to specific trajectories. Since the
maximum number of known groups of ADHD symptoms
trajectories was 6 [70], therefore, the best-fitting solution
between one class and seven classes was defined through
the lowest Bayesian information criterion (BIC), and the-
oretical and clinical utility of the model. LCMM analyses
were conducted with the R package lecmm (version 2.0.1)
for the R software for Windows, version 4.3.1 [71]. The
model syntax was in Additional file 1: Method S3.

Imaging statistical analysis

The GMYV analysis was implemented using DPAB], a tool-
box for MATLAB [72], and R 4.3.1. To quantify the effects
of groups of ADHD symptoms and age on the GMV, we
used a linear mixed model [73], which can characterize
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the main effects of groups of ADHD developmental tra-
jectories and age, as well as the interaction between
them. The model syntax was in Additional file 1: Method
S3. A significance threshold set at a voxel-wise value of
p<0.001 and a family-wise error (FWE) corrected cluster
probability of p<0.05 were used for multiple comparison
correction [74]. Sex, handedness, parental education,
family income, IQR (image and preprocessing quality),
and site were considered as covariates. IQ is not recom-
mended as a variable to be controlled in cognitive stud-
ies of neurodevelopmental disorders, since it is often
affected by the disorder [75].

Polygenic analysis

The latest genome-wide association meta-analysis of
38,691 patients with ADHD and 186,843 control subjects
was used as the discovery data set [76]; the summary sta-
tistics were downloaded from the Psychiatric Genom-
ics  Consortium (https://pgc.unc.edu/for-researchers/
download-results/). Polygenic risk score analyses were
performed using PRSice-2 after extracting 10 principal
components along with age and gender as covariates [77].
PRS association p values were corrected for multiple test-
ing using the Benjamini and Hochberg false discovery
rate (FDR) method as implemented in the R framework
stats package [78]. When comparing differences in PRS
for ADHD between groups with distinct trajectories of
symptom development, a p-value ranging from 0.05 to
0.10 was considered marginally significant [79].

Results

Demographics and LCMM trajectories of ADHD symptoms
Demographic information is summarized in Table 1.
Relative to baseline, hyperactivity-inattention total score
was gradually reduced for both 1-year and 2-year follow-
ups, as did the proportion of abnormal scores.

When taking into account the entire cohort, the best
model comprised three trajectories: 7.60% (ascending),
13.35% (stable), and 79.06% (descending) (Additional
file 1: Table S1). In addition to the difference in trajecto-
ries, we also examined the difference in the absolute value
of the three trajectories and found that there were signifi-
cant differences among the three groups (F, 1455 =425.29,
#*=0.37, p<0.001). The post hoc test analysis showed
that the ascending group (mean+SD: 6.60 +2.09) > the
descending group (mean+SD: 4.00+1.94)>the stable
group (mean + SD: 0.63 £ 0.77). Therefore, we defined the
three groups as: ascending-high, descending-medium,
and stable-low (Fig. 1). Then, we used a LME model to
fit the age effects under the three trajectories and found
that ADHD symptoms increased significantly with age
in the ascending-high group (£=0.38, p<0.001), no age
effect in the stable-low group (8= —0.10, p=0.181), and


http://dbm.neuro.uni-jena.de/cat
http://www.fil.ion.ucl.ac.uk/spm
https://pgc.unc.edu/for-researchers/download-results/
https://pgc.unc.edu/for-researchers/download-results/

Wang et al. BMC Medicine (2024) 22:223

Table 1 Summary statistics for demographic variables
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Baseline 1-year follow-up 2-year
(n=487) (n=487) follow-up
(n=487)
Age, mean (SD) 9.16 (143) 10.30 (1.51) 1144 (1.58)
Sex, females, n (%) 209 (42.92%)
Parental education, mean (SD)? 581(1.34)
Family income, mean (SD)° 7.63 (1.66)
Cognitive ability, mean (SD) 95.61(12.17) 101.80 (12.64) 10849 (12.21)
Hyperactivity-inattention total score, mean (SD) 415 (2.48) 3.72(2.21) 3.37(2.18)
ADHD categories by hyperactivity-in attention total score, Normal 352 (72.28%) 377 (77.41%) 412 (84.60%)
n (%) Borderline 51 (10.47%) 52 (10.68%) 32 (6.57%)
Abnormal 84 (17.25%) 58 (11.91%) 43 (8.83%)

2b Details for the parental education and family income score can be found in Additional file 1: Method 54

¢ Scores were categorized as follows: normal: score < 6; borderline: score =6; abnormal: score >6

Trajectories of ADHD symptoms
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== Descending-medium
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ADHD symptoms score

0.0
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Fig. 1 The different developmental trajectories of ADHD symptoms. The shaded areas represent the 95% confidence intervals. Individual
participants are represented by individual lines, and participants measured once are represented by dots

ADHD symptoms decreased significantly with age in the
descending-medium group (f=-0.32, p<0.001). The
detailed information of ascending-high, stable-low, and
descending-medium is summarized in Table 2. Age has
no main effect on the trajectory group (Fygees=1.55,
#*<0.01, p=0.214) and no interaction effect between
the trajectory group and the time point (F(4g65=1.56,
#*<0.01, p=0.183). The parental education showed a sig-
nificant difference in the trajectory group (Fy4g4)=5.33,
#*=0.02, p=0.005), and the parental education in the
ascending-high group was significantly lower than that in
the stable-low group (mean difference=0.87, p=0.002).
Family income showed no difference in the trajectory

group (F 48 =0.10, 7°<0.01, p=0.908). Cognitive abil-
ity has a significant main effect on the trajectory group
(Fp,068=222.03, 1*=0.37, p<0.001) and no interaction
effect between the trajectory group and the time point
(Fiy068=2-15, 7°=0.01, p=0.073). The post hoc test
analysis showed that the stable group>the descending
group > the ascending group in the cognitive ability.

To determine the impact of emotional symptoms and
conduct problems on the developmental trajectories
of ADHD symptoms, we assessed the developmental
trajectories of emotional symptoms and conduct prob-
lems by the ADHD symptoms group and found that
they showed similar trajectories to ADHD symptoms
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Table 2 Demographic variables of ascending-high, stable-low, and descending-medium group
Baseline 1-year follow-up 2-year
(n=487) (n=487) follow-up
(n=487)
Age, mean (SD) Ascending-high 9.08 (1.17) 10.15 (1.28) 11.24 (1.27)
Stable-low 943 (1.58) 10.59 (1.65) 11.75(1.73)
Descending-medium 9.12 (1.43) 10.26 (1.50) 11.41(1.58)
Sex, females, n (%) Ascending-high 12 (32.43%)
Stable-low 28 (43.08%)
Descending-medium 169 (43.90%)
Parental education, mean (SD)? Ascending-high 535(1.39)
Stable-low 6.22(1.15)
Descending-medium 5.78 (1.35)
Family income, mean (SD)P Ascending-high 7.51(1.79)
Stable-low 7.63(1.74)
Descending-medium 7.64 (1.64)
Cognitive ability, mean (SD) Ascending-high 90.71(12.09) 96.82 (12.81) 100.02 (13.36)
Stable-low 10261 (11.7) 110.74 (10.5) 115.72 (11.62)
Descending-medium 94.9(11.83) 100.83 (12.32) 108.03 (11.59)
Hyperactivity-inattention total score, mean (SD) Ascending-high 5.73(2.28) 6.41(1.98) 7.68(1.51)
Stable-low 0.85(0.87) 0.60 (0.79) 0.43(0.59)
Descending-medium 455(2.21) 3.99 (1.81) 345 (1.58)
Emotional symptoms score, mean (SD) Ascending-high 1.49 (1.88) 41 (161) 62 (1.66)
Stable-low 0.80 (0.96) 0.63(1.08) 0.54(1.00)
Descending-medium 54 (1.42) 1.18 (1.25) 0.92 (1.07)
Conduct problems score, mean (SD) Ascending-high 2.05(1.54) 2.16(1.30) 254 (1.61)
Stable-low 08 (0.91) 0.92(0.78) 0.88 (0.86)
Descending-medium 72 (1.29) 1.52(1.12) 1.46 (0.99)

2b Details for the parental education and family income score can be found in Additional file 1: Method 53

(Additional file 1: Figure S1). In order to exclude the
influence of emotional symptoms and conduct problems
on the ADHD trajectory, we observed the three develop-
mental trajectory subgroups of ADHD after controlling
them as covariates and found that the outcomes were not
affected (ascending-high: f=0.38, p<0.001; stable-low:
B=-0.09, p=0.229; descending-medium: S= —0.25,
p<0.001).

The different developmental changes of GMV

among descending-medium, stable-low,

and ascending-high group

We use a LME model to explore the main effects of
age, group, and their interaction on GMV. The results
showed that age was significantly positively corre-
lated with four clusters and negatively correlated with
four clusters (Fig. 2A and Additional file 1: Table S2).
A significant group effect was found in the right infe-
rior parietal lobule (IPL, cluster size =237, peak (MNI):
33,—42, 39), Fig. 2B and Additional file 1: Table S3),
and post hoc analysis found that the ascending-high
group (0.291+0.060) was significantly smaller than the

stable-low group (0.317+0.077, p=0.0011) and the
descending-medium group (0.331+0.067, p<0.001), and
the stable-low group was significantly smaller than the
descending-medium group (p=0.006). The interaction
effect between age and group was shown in four clus-
ters: left anterior cingulate/medial frontal cortex (ACC/
mPFC, cluster size=485, peak (MNI): —15, 48, 0), right
IPL (cluster size=338, peak (MNI): —30,—42, 39), right
middle frontal gyrus/ precentral gyrus (MFG/PCG, clus-
ter size=362, peak (MNI): 33,—21, 42), left MFG/PCG
(cluster size=255, peak (MNI):—-24,—21, 66) (Fig. 2C
and Additional file 1: Table S4). Then, we conducted an
analysis on the developmental trajectories of the four
clusters within the descending-medium, stable-low, and
ascending-high groups. Our findings revealed a sig-
nificant age-related decrease in GMV within the four
brain regions in the descending-medium group (left
ACC: r=-0.09, p<0.001; right IPL: r= —0.14, p<0.001;
left MFG/PCG: r=—-0.08, p<0.001; right MFG/PCG:
r=—0.10, p<0.001). In contrast, the GMV within these
regions either significantly decreased or remained
unchanged with age in the stable-low group (left ACC:
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Fig. 2 The different developmental changes of GMV among descending-medium, stable-low, and ascending-high groups. A The age effects
on GMV. B The group (descending-medium, stable-low, and ascending-high) effect on GMV. C The interaction of age and group on GMV. GMV, gray

matter volume. The color bar represents z value. L, left; R, right

r=-0.05 p=0.022; right IPL: r=-0.08, p<0.001;
left MFG/PCG: r=-0.02, p=0.479; right MFG/PCG:
r=—0.03, p=0.132). Interestingly, in the ascending-high
group, there was an observed increase or no change in
GMYV with age (left ACC: r=0.07, p=0.182; right IPL:
r=—0.06, p=0.362; left MFG/PCG: r=0.13, p=0.009;
right MFG/PCG: r=0.04, p=0.351) (Fig. 3A-D).

Contributions of PRS for ADHD
In the genetic data, we found that the mean PRS
for ADHD differed across the descending-medium

(—3.67+0.30x 1074, stable-low (—3.81+0.37x10™%), and
ascending-high group (—3.57+0.36X107%) (F(y 465 =7.66,
7*=0.03, p<0.001, Fig. 4). Then the post hoc test analy-
sis found pairwise differences in the mean PRS for ADHD,
the PRS for ADHD in both the ascending-high (mean dif-
ference=2.38x107°, p<0.001) and descending-medium
group (mean difference=1.37x107°, p=0.0014) were sig-
nificantly higher than those in the stable-low group, while
the difference between the ascending-high group and the
descending-medium group reached marginally significant
(mean difference=1.01x107>, p=0.065).
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Discussion

Based on a 3-year longitudinal cohort dataset, we
employed the LCMM to classify the developmental tra-
jectory of ADHD symptoms in children and adolescents
into three distinct groups: ascending-high, stable-low,
and descending-medium. Utilizing the LME model, we
identified attention hub regions such as the left ACC/
mPFC, right IPL, and bilateral MFG/PCG that poten-
tially determine these three groups with diverse develop-
mental trajectories. Furthermore, significant differences
were observed in PRS for ADHD across the ascending-
high, stable-low, and descending-medium groups. These
findings provide a neurobiological and genetic basis for
understanding the distinct developmental trajectory of
ADHD symptoms.

In this study, we successfully categorized the develop-
ment of ADHD symptoms into three groups: ascending-
high, stable-low, and descending-medium, which aligns
with the findings reported by Breda et al. [9]. Although
their study employed a larger sample size, the lack of con-
sistent measurement tools to assess ADHD symptoms
during follow-up raised concerns about result stability.
To address this issue, our study utilized identical meas-
urement tools and replicated their findings. The three
groups identified in this study represent distinct popula-
tions that necessitate different treatment strategies. First,
the stable-low group comprises children and adolescents
exhibiting the fewest ADHD symptoms with long-term
stability, indicating a favorable developmental trajectory
without requiring attention. Second, the descending-
medium group initially presented higher symptom scores
but experienced further remission as neurodevelopmen-
tal maturation progressed, constituting the majority of
participants. Of utmost concern is the ascending-high
group, characterized by elevated ADHD symptoms at
baseline and a subsequent increase over time. The find-
ings from both the descending-medium and ascending-
high groups emphasize the significance of continuous
dynamic monitoring when encountering high symp-
tom scores in children, and prompt intervention should
be warranted if symptom scores are elevated to prevent
these groups from developing late-onset ADHD.

Furthermore, previous research has indicated that
emotional and conduct problems often influence the
development of ADHD symptoms in children [80, 81].
We examined emotional and conduct problems among
children in each group (ascending-high, stable-low,
and descending-medium) of ADHD symptoms and
observed a similar trajectory; however, this association
was weaker compared to the developmental trajectory
of ADHD itself. Importantly though when control-
ling for emotional and conduct problems’ effects on
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symptom development, we found no impact on the
developmental trajectories across all three groups.
These results suggest that the identified groupings
in our study are primarily driven by ADHD symp-
toms themselves rather than emotional or conduct
problems.

Among the three distinct developmental trajectory
groups, we observed significant differences in parental
education levels, particularly with regards to the ascend-
ing-high group exhibiting significantly lower levels com-
pared to the stable-low group. Both the meta-analysis and
large sample study (n=446,113) corroborated that low
parental education was significantly associated with an
elevated risk of ADHD [82, 83]. This finding aligns with
our current study’s observation that parents belonging to
the ascending-high group had lower educational attain-
ment and higher symptom scores. Furthermore, a study
investigating developmental trajectories of ADHD symp-
toms revealed a primary association between parental
education levels and ADHD symptom scores; specifically,
individuals displaying higher symptom scores tended to
have parents with lower educational backgrounds [84].
Notably, parental education level did not influence the
trajectory of symptom development; for instance, those
in the ascending-low group exhibited higher levels of
parental education compared to individuals in the stable-
high group. Our findings suggest that discrepancies in
parental education primarily relate to variation in symp-
tom severity rather than developmental trajectories.

The cognitive ability difference was observed among
the three distinct developmental trajectories, namely,
the ascending-high group exhibited the poorest cogni-
tive ability, followed by the descending-medium group,
while the stable-low group demonstrated superior cogni-
tive ability. Previous studies have established that cogni-
tive dysfunction is a significant impairment associated
with ADHD [85] and that both ADHD and cognitive
impairment share common genetic origins [86]. A pop-
ulation-based birth cohort study investigating different
developmental trajectories of ADHD symptoms revealed
an association between differences in cognitive ability
and ADHD symptom scores; specifically, higher ADHD
symptom scores at a given time point were correlated
with poorer cognitive performance [87]. These findings
align with our study’s results, where we also identified
differences among groups: individuals in the ascending-
high group displayed the most severe ADHD symptoms
along with the worst cognitive performance, whereas
those in the stable-low group exhibited mildest ADHD
symptoms alongside the best cognitive performance. This
study further confirms that the relationship between cog-
nitive ability and ADHD symptoms primarily depends on
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the severity of these symptoms rather than on their tra-
jectory of change.

By analyzing the interaction effects of different devel-
opmental trajectory groups and age on GMV, we found
four significant brain regions: the left ACC/mPFC, right
IPL, and bilateral MFG/PCG. Further analysis revealed a
significant age-related decrease in GMV within the four
brain regions in the descending-medium group. In con-
trast, the GMV within these regions either significantly
decreased or remained unchanged with age in the stable-
low group. Interestingly, in the ascending-high group,
there was an observed increase or no change in GMV
with age. GMV reduction is usually explained by two
theoretical models: pruning models [88] and myelina-
tion [89]. Pruning models propose that cortical atrophy
reflects the loss or remodeling of synapses, dendrites, or
cell bodies [88]. Myelination models suggest that the cor-
tex seems to undergo shrinkage because of an increase in
the proportion of myelinated axons and that the volume
reduction does not necessarily mean any loss or change
in neuronal material [89]. In this study, we found that the
stable-low group with low symptom scores had a gradual
decrease or no change in GMV, while the descending-
medium group with high symptom scores but then a
rapid decline showed a steady decline in GMYV, suggest-
ing that the decline in GMYV represented by neuroprun-
ing and myelination is the brain basis for lower ADHD
symptom scores or maintenance at lower levels. How-
ever, individuals belonging to the ascending-high group
demonstrated either an increase or no change in GMV,
suggesting potential impediments to neuropruning and
myelination processes.

The ACC/mPFC serves as a central hub in the brain
for integrating cognitive control and directing atten-
tion, affect, and motivation. Consequently, any anatomi-
cal alterations in this region may give rise to impulsivity,
hyperactivity, and inattention—cardinal behavioral mani-
festations of ADHD. Notably, the GMV of the ACC was
found to be significantly smaller (by 21% to 23%) in indi-
viduals with ADHD compared to healthy controls [90].
Furthermore, meta-analysis revealed that ACC function
activation was significantly weaker than that observed in
the healthy control group [19]. Additionally, given that
the ACC is considered as one of the core brain regions
within the default mode network (DMN), it is notewor-
thy that some scholars consider ADHD as a disorder
affecting this network [40]. Reduced DMN consistency
has indeed been identified in individuals with ADHD
[91], while a small sample study on children with ADHD
demonstrated an association between reduced DMN
inhibition and increased intra-individual variability [92].
Therefore, abnormal development of the ACC/mPFC
among individuals exhibiting heightened symptoms of
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ADHD can be viewed as indicative of impaired inhibitory
control.

The MFG serves as the circuit breaker for the DAN
and VAN, responsible for facilitating switching between
these two networks [23, 24, 93, 94]. The coupling of DAN
and VAN in healthy individuals has been shown to pre-
dict attention performance [95]. Abnormal development
of the MFG/PCG, which acts as a central hub for switch-
ing between DAN and VAN, may result in inadequate
cognitive resources necessary for efficient transitions
between these networks. Disruptions in the coupling
of DAN and VAN have been associated with attention
deficits observed across various psychiatric disorders
[96]. Furthermore, increasing the GMV of MFG through
reading intervention has also been found to promote
attentional development [68]. Therefore, the aberrant
developmental pattern identified in the group exhibiting
increased ADHD symptoms within this study may indi-
cate impaired regulation of attention.

The IPL, as a core region of the temporo-parietal junc-
tion (TPJ), plays a crucial role in conscious-based atten-
tion control by manipulating consciousness to focus on
stimulus targets and acting as top-down control over
dorsal and ventral visual systems [97, 98]. Heightened
activation in the right TPJ during attention processing
exhibited a significant correlation with ADHD symp-
tom scores [99]. Impairments in stimulus-driven orient-
ing may arise from functional deficits of the TPJ [100].
The aberrant development of IPL observed in individu-
als with ascending-high ADHD symptoms within this
study might indicate an impaired ability to shift attention
towards unexpected stimuli or reorient attention.

As a crucial constituent of the fronto-striatal circuitry,
previous meta-analyses have consistently reported
decreased striatal volumes and weaker functional activa-
tion in individuals with ADHD compared to TD controls
[18, 19, 22, 27-33]. However, this study exclusively iden-
tified abnormalities solely within the frontal cortex and
did not observe the involvement of the striatum in the
developmental trajectory of ADHD symptoms. We pro-
pose two potential explanations for this finding. First, our
study employed a relatively stringent threshold, whereas
adopting a more lenient threshold revealed involvement
of the striatum. Second, it is well-established that stri-
atal dysfunction plays a pathological role in ADHD, and
a meta-analysis utilizing dopamine transporter imaging
has confirmed the viability of targeting the striatum for
medication [101]. Nevertheless, as our study examined
the developmental trajectory of ADHD symptom scores
in the general population, where most children may not
exhibit abnormalities in dopamine transporters, any
abnormalities in the striatum were not identified under
the relatively stringent threshold used in this study.
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In this study, we investigated the differences in PRS for
ADHD among three subgroups characterized by distinct
developmental trajectories of ADHD symptoms. Our
findings revealed that the stable-low group exhibited the
lowest PRS, while the ascending-high group displayed the
highest PRS. Inconsistent with our results, Riglin et al.
reported that PRS scores were highest in the persistent
group with ADHD symptoms in children and adolescents
[57]. This discrepancy may be attributed to differences
in data modeling approaches employed across studies.
Riglin et al’s study utilized binary scores (ADHD or non-
ADHD), which limited their ability to capture detailed
symptom trajectory information. For instance, their
persistence group could only discern transitions from
non-ADHD to ADHD without observing subsequent
symptom exacerbation after this transition; thus they
classified it as a persistent group solely based on this cri-
terion. Conversely, our study employed symptom scores
enabling us to observe sustained increases in symptoms
over time, leading us to define an ascending-high group.
Therefore, the ascending-high group observed in this
study and the symptoms-persistent group identified by
Riglin et al. are essentially identical. Additionally, our
analysis showed that PRS for ADHD ranked second high-
est in the decreasing-medium group and was lowest in
the stable-low group. These provide a theoretical founda-
tion for grouping interventions based on genetic risk in
advance.

Limitations

This study investigated the developmental trajectory of
ADHD symptoms in children and adolescents, identify-
ing three distinct trajectories and elucidating the pivotal
brain regions underlying the manifestation of ADHD
symptoms as well as their genetic basis. However, sev-
eral limitations exist in this study. First, the longitudi-
nal design only encompassed three time points, which
although spanned a period of 3 years, could benefit from
more frequent assessments (e.g., two to three times per
year) and longer follow-up periods to yield stronger
effects. Second, while SDQ was utilized for measuring
ADHD symptoms in this study, it should be noted that
SDQ is not a comprehensive clinical assessment or vali-
dated structured interview; it has good specificity but
poor sensitivity [102]. Furthermore, the SDQ did not dif-
ferentiate between the subdimensions of inattention and
hyperactivity. Consequently, it was not possible to distin-
guish the developmental trajectory of ADHD symptoms
along these two subdimensions or explore their respec-
tive brain and genetic bases. Additionally, an important
point worth considering is that the SDQ does not meas-
ure impulsivity. Future studies may consider employ-
ing clinical assessment tools or validated structured
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interview that capture both dimensions of hyperactiv-
ity/impulsivity and inattention. Third, given the crucial
role played by fronto-striatal circuitry in ADHD patho-
physiology, we employed VBM analysis to investigate
both cortical and subcortical contributions; however,
significant differences were only observed within corti-
cal regions. For the analysis of the cortex, Freesurfer has
more advantages, therefore, future analysis of the cor-
tex can use Freesurfer for more accurate segmentation
measurement. Finally, we observed a marginal level of
significance in the difference between the ascending-high
and descending-medium groups, suggesting that caution
should be exercised when interpreting these findings in
future studies.

Conclusions

In this study, we employed a LCMM to classify the devel-
opmental trajectory of ADHD symptoms in children and
adolescents into three distinct groups: ascending-high,
stable-low, and descending-medium based on a longi-
tudinal cohort dataset spanning three years. Utilizing
the LME model, we identified attention hub regions as
the neural basis for these distinct developmental trajec-
tories. These regions encompassed the left ACC/mPFC
responsible for inhibitory control, the right IPL involved
in directing attention towards external stimuli, and the
bilateral MFG/PCG accountable for regulating both dor-
sal and ventral attention networks while playing a crucial
role in flexibly modulating internal and external atten-
tional focus. Through PRS analysis, we have revealed
that the ascending-high group of ADHD symptoms
across childhood and adolescence in the general popula-
tion showed the highest PRS for ADHD. This provides a
neurobiological and genetic foundation for understand-
ing the distinct developmental trajectory of ADHD
symptoms.
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