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Abstract
The norepinephrine transporter gene (SLC6A2) and deficits in visual memory and attention were associated with attention-
deficit/hyperactivity disorder (ADHD). The present study aimed to examine whether the SLC6A2 rs36011 (T)/rs1566652 (G)
haplotype affected the intrinsic brain activity in children with ADHD and whether these gene-brain modulations were
associated with visual memory and attention in this population. A total of 96 drug-naive children with ADHD and 114
typically developing children (TDC) were recruited. We analyzed intrinsic brain activity with regional homogeneity (ReHo)
and degree centrality (DC). Visual memory and visual attention were assessed by the delayed matching to sample (DMS)
and rapid visual information processing (RVIP) tasks, respectively. The SNP genotyping of rs36011 and rs1566652 was
performed. Children with ADHD showed lower ReHo and DC in the cuneus and lingual gyri than TDC. The TG haplotype
was associated with significantly increased DC in the right precentral and postcentral gyri. Significant interactions of ADHD
status and the TG haplotype were found in the right postcentral gyrus and superior parietal lobule for ReHo. For the ADHD-
TG group, we found significant correlations of performance on the DMS and RVIP tasks with ReHo in bilateral precentral-
postcentral gyri and the right postcentral gyrus-superior parietal lobule and DC in bilateral precentral-postcentral gyri. A
novel gene-brain-behavior association was identified in which the intrinsic brain activity of the sensorimotor and dorsal
attention networks was related to visual memory and visual attention in ADHD children with the SLC6A2 rs36011 (T)/
rs1566652 (G) haplotype.

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a com-
mon and highly heritable neuropsychiatric disorder in
childhood, with compelling evidence of involving dopa-
minergic and noradrenergic neurotransmission systems [1].
One of the promising candidate genes for ADHD is the
norepinephrine transporter gene, also known as solute

carrier family 6, member 2 (SLC6A2). SLC6A2 is mapped
on chromosome 16q12.2, consisting of 14 coding exons that
span about 45 kb. It codes for the norepinephrine transporter
(NET), which is crucial for the fine tuning of the dopami-
nergic [2] and noradrenergic [3] neurotransmission.
Although allelic variations of SLC6A2 may confer genetic
risk for ADHD [4, 5], the exact mechanisms of the SLC6A2
in the brain remain unclear [6].

Neuroimaging studies on the complex pathophysiology
of ADHD implicate altered connections within and between
major brain networks [7, 8]. In parallel to intrinsic func-
tional connectivity network approaches, complementary
local measurements, such as regional homogeneity (ReHo),
characterizing the degree of local synchronization of
intrinsic brain activity [9], and degree centrality (DC),
measuring the local network connections [10], have also
been applied to detect local abnormalities in ADHD. For
example, previous studies demonstrate decreased ReHo in
the medial prefrontal cortex [11], superior frontal gyri [12],
precuneus [13], and cuneus [13], and increased ReHo in the
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sensorimotor region [12], paracentral lobule/postcentral
[14], and lingual gyrus [15] in ADHD. In addition,
increased DC in precuneus [16] and lingual gyrus [14], and
decreased DC in insula [14] have been reported in ADHD.

Given that the pathway from gene to behavior is com-
plex, imaging genetics studies have the potential to provide
a more comprehensive understanding of the dynamic
interplay of genes, brain and environment [17]. However,
only limited studies have hitherto investigated the effects of
SLC6A2 on brain phenotypes in individuals with ADHD.
Specifically, a previous study on the SLC6A2 rs998424 and
rs3785157 demonstrated that no genotype or genotype-by-
diagnosis effects are observed in any of the measures of
global and lobar brain volumes in children with ADHD [5].
A positron emission tomography study has reported sig-
nificant SLC6A2-moderated correlations of hyperactivity/
impulsivity symptoms with NET binding in the cerebellum
in adults with ADHD [18]. A pharmacological neuroima-
ging study showed increased regional blood perfusion in the
right inferior temporal gyrus and middle temporal gyrus in
homozygous carriers of the rs5569 G-allele in children with
ADHD after treatment with methylphenidate [19]. To our
best knowledge, no study has examined whether SLC6A2
polymorphisms interfere with intrinsic brain activity in
individuals with ADHD, as measured by functional mag-
netic resonance imaging (fMRI) without explicit tasks, i.e.,
resting-state fMRI (RS-fMRI).

There is growing evidence for poor performance on
visual memory and visual attention tasks in children with
ADHD, including impairment in delayed matching to
sample (DMS) [20, 21] and Rapid Visual Information
Processing (RVIP) [7, 22]. For example, children with
ADHD have longer mean latency of correct responses in
DMS [21] and higher misses in RVIP [22] than typically
developing controls (TDC). Previous studies have con-
verged to show a crucial role of norepinephrine in visual
memory [23] and visual attention [24]. Significant asso-
ciations between RS-fMRI signals and the outside-the-
scanner performance on the DMS [25] and RVIP [26]
have been noted in neurotypical individuals. Taken
together, examining the relationships between SLC6A2,
intrinsic brain activity, visual memory, and visual atten-
tion may provide insight into the pathways from SLC6A2
to ADHD.

In this context, we aimed to investigate the differential
brain effects as a function of the ADHD-related SLC6A2
rs36011 (T)/rs1566652 (G) haplotype [4] by examining
ReHo and DC in children with ADHD and typically
developing children (TDC). In addition, we explored the
relationships between SLC6A2-modulated brain altera-
tions, visual memory, and visual attention to identify the
gene-brain-behavior relationships in children with
ADHD.

Materials and methods

Participants

The original sample consisted of 111 eligible drug-naive
children, with DSM-IV ADHD diagnosis, and 125 TDC, aged
7–16. ADHD children were recruited from the Department of
Psychiatry, National Taiwan University Hospital, Taipei,
Taiwan, consecutively. We recruited TDC children from
similar school districts of ADHD children. We interviewed all
the participants and their parents to confirm the ADHD
diagnosis and to exclude other psychiatric disorders by using
the Chinese Kiddie epidemiologic version of the Schedule for
Affective Disorders and Schizophrenia (K-SADS-E) inter-
view. The level of ADHD symptoms was determined by
parent reports on the Chinese version of the Swanson, Nolan,
and Pelham, version IV scale (SNAP-IV) [27].

Participants with full-scale IQ (FIQ) <80, any psychiatric
disorder except ADHD, systemic diseases, or neurological
disorders were excluded from the study. The informed
consent procedures were approved by the Research Ethics
Committee (IRB ID: 200903062R; ClinicalTrials.gov
number, NCT00916851) of the National Taiwan University
Hospital, Taiwan before study implementation. Written
informed consent was obtained from all the participants and
their parents, prior to the performance of any protocol-
specific procedure.

Measurements

ADHD symptoms severity

The first 18 itmes of the SNAP-IV, a 26-item scale, include
Inattention (IA, Item 1–9) and Hyperactivity/Impulsivity
(HI, Item 10–18) subscales, corresponding to the ADHD
core symptoms according to the DSM-IV criteria [28]. Each
item is rated on a 4-point Likert scale (0= not at all, 1=
just a little, 2= quite a bit, 3= very much). The Chinese
SNAP-IV Parent Form has good validity and reliability
[27]. The severity of ADHD symptomatology is the sum
scores of IA and HI subscales (Item 1–18).

Measures of visual memory and visual attention

DMS and RVIP of the Cambridge Neuropsychological Test
Automated Battery (CANTAB) were used to assess visual
memory and visual attention, respectively.

Delayed matching to sample

We used the DMS task to measure the participant’s ability
to remember a complex visuo-spatial stimulus in a paradigm
of delayed recognition memory [29]. The center of the
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screen shows a sample pattern for 4.5 s at the outset of each
trial. The sample pattern remains on the screen at the
simultaneous matching condition when four choice patterns
appear. A delay of 0, 4, or 12 s is introduced between
covering the sample pattern and showing the choice patterns
at the delayed condition. The participant is required to touch
one of the four choice patterns that exactly matches the
sample pattern. The mean times of correct responses taken
in simultaneous and delay tasks are reported.

Rapid visual information processing

The RVIP assesses the participant’s sustained visual atten-
tion [30]. Digits (2 to 9) appeared one at a time (100 digits/
min) in the center of the screen in a random order. Parti-
cipants have to detect three target sequences (3–5–7, 2–4–6,
4–6–8) and respond using a press pad when they see the last
number (7, 6, and 8, respectively). Two indices, including
total hits (the occasions the participant correctly responds),
and total misses (the occasions the participant fails to
respond) are reported.

Genotyping

We designed the primers by using the GenePipe (http://
genepipe.ibms.sinica.edu.tw/seqtool/pages/getSeq.jsp) for
retrieving the flanking sequences of SNP in the platform of
National Genotyping Center of Academia Sinica (http://
lims.ngc.sinica.edu.tw/service/). We performed the geno-
typing of rs36011 and rs1566652 with the matrix-assisted
laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS). By using polymerase chain reaction
(PCR) in GeneAmp 9700 thermocycler, we amplified the
DNA fragment encompassing the SNP site. Then shrimp
alkaline phosphatase (SAP) neutralized the unincorporated
deoxynucleotide triphosphate of the PCR reaction mixture.
After SAP activity was inactivated, we added the probe,
Thermo Sequenase (Amersham Pharmacia, Piscataway, NJ,
USA), for primer extension. Different products of the
extension were differentiated by mass through MALDI-
TOF after amplification. The method of MALDI-TOF has
been applied in the genetic studies on ADHD [4, 31, 32] as
it fulfilled criteria such as accuracy in detecting SNP, sen-
sitivity to score SNPs, and cost-effectiveness.

Magnetic Resonance Imaging (MRI)

Data acquisition

By using a 32-channel phased-arrayed head coil, we obtained
the MRI data on a 3T scanner (Siemens Magnetom Tim Trio).
To complete a 6-min resting-state functional MRI (RS-fMRI)
scan, all participants were verbally instructed to close their

eyes and remain still. We checked their prompt responses to
technicians’ questions to ensure wakefulness at the end of
each scan. All participants denied that they had fallen into
sleep during RS-fMRI scanning. The RS-fMRI parameters of
echo planar imaging (EPI) were 180 volumes; repetition time
(TR)= 2000ms; echo time (TE)= 24ms; flip angle= 90˚;
field of view (FOV)= 256 × 256mm2; matrix size= 64 × 64;
34 axial slices acquired in an interleaved descending order;
slice thickness= 3mm; voxel size= 4 × 4 × 3mm3; imaging
plane being parallel to the anterior commissure-posterior
commissure image plane. In addition, high-resolution T1-
weighted images were acquired (MPRAGE, TR= 2000ms;
TE= 2.98 ms; inversion time (TI)= 900ms; flip angle= 9˚;
FOV= 256 × 256mm2; matrix size= 256 × 256 × 192; voxel
size= 1mm3 isotropic).

RS-fMRI data preprocessing

Standard resting-state EPI preprocessing was performed by
employing the Data Processing Assistant for Resting-State
fMRI (DPARSF) toolbox [33]. We discarded the first five
EPI volumes of the scanning sessions to allow for signal
equilibration. For each participant, functional images were
slice time corrected. We realigned each volume to the first
image volume with a six-parameter spatial transformation
and a least-squares minimization. Realigned EPI images
were registered to T1-weighted images, which were nor-
malized to a Montreal Neurological Institute (MNI) tem-
plate with isotropic 3 mm voxels through the gray matter
(GM) segmentation obtained from structural images. We
denoised the fMRI data by employing the Independent
Component Analysis-based strategy for Automatic
Removal of Motion Artifacts (ICA-AROMA) [34]. After
motion denoising, we further denoised the EPI data by
using the CONN toolbox v.15c [35] to remove other non-
neuronal resources of noises with a component-based
(anatomical CompCor) approach [36]. We included the
first three principal components of the signals from the
cerebral spinal fluid (CSF) and white matter (WM) ROIs,
and linear detrending as regressors in the first-level
regression model for denoising. Before performing the
denoising regression, we filtered all of the regressors. Then
the time course was temporally band-pass filtered (0.01–0.1
Hz), and linear drifts were removed.

Head motion

We estimated the in-scanner head motion by mean frame-
wise displacement (FD) based on the measures derived from
Jenkinson’s algorithm of relative root mean square. We
excluded participants with mean FD exceeding 1 standard
deviation (SD, 0.14 mm) above the sample mean (0.19 mm)
from further imaging analysis. As a result, 15 participants
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with ADHD and 11 TDC were excluded, yielding a final
sample of 210 participants.

ReHo analyses

We generated the ReHo map of each participant by com-
puting the Kendall coefficient of concordance (KCC) of the
time series of a given voxel with those of its nearest
neighbors (26 voxels). We then adopted a whole-brain mask
for removing the non-brain tissues. We divided the indivi-
dual ReHo maps by their own global mean KCC within the
whole-brain mask for standardization purposes. The gen-
erated ReHo maps were spatially smoothed with a Gaussian
kernel of 4.5 mm full-width at half-maximum (FWHM).

DC analyses

We calculated the Pearson correlations between the time
series of all pairs of brain voxels to obtain a whole-brain
functional connectivity matrix for each participant. We
obtained an undirected adjacency matrix by setting at
Pearson’s correlation at > 0.25 level as the threshold for
each correlation to eliminate counting voxels with a low-
temporal correlation. For each voxel, a map of the degree
was computed by counting the number of voxels to which it
was connected. For standardization purposes, the
individual-level voxel-wise DC value was converted to a
DC Z-score map with Fisher’s Z-transformation. The gen-
erated DC maps were spatially smoothed with a Gaussian
kernel of 4.5 mm full-width at half-maximum (FWHM).

Statistical analyses

For baseline assessments of demographic data, we used
percentage for categorical variables and mean scores and
SD for continuous variables. According to the presence of
the rs36011 (T)/rs1566652 (G) haplotype, we divided the
genotypes of the SLC6A2 variant into two groups: the TG
group (TG haplotype carriers) and the Non-TG group (TG
haplotype non-carriers). To examine the effects of ADHD
and the SLC6A2 TG haplotype on the ReHo and DC maps,
a two-way ANOVA was performed with the factors diag-
nostic status (ADHD, TDC) and haplotype (TG, Non-TG)
based on the full factorial design in SPM12. Age, sex, FIQ,
and individual mean FD were included as nuisance cov-
ariates. To control for the false-positive error, we corrected
all significant clusters at the cluster level by controlling
topological family-wise error (FWE) computed according to
Gaussian Random Field theory, employing a cluster-
forming voxel-level height threshold of p < 0.005 and a
spatial extent threshold ensuring a cluster-wise FWE at p <
0.05. We generated the group-wise GM mask, including
voxels, which were present in all the participants. Because

of the finite spatial coverage of the EPI scan, the cerebellum
was excluded from the resting imaging analyses.

To examine the relationship between SLC6A2-modulated
intrinsic brain activity and neuropsychological functioning,
those clusters showing significant effects of the TG haplo-
type in the ADHD group or diagnosis × TG haplotype
interaction were identified as ROIs. We then extracted the
mean ReHo and DC values of these ROIs for partial cor-
relation with the measures of DMS and RVIP, adjusting for
age, sex, FIQ, and mean FD. To control for Type I error in
correlation analyses, a false discovery rate (FDR) correction
was set at q < 0.05.

Results

Demographic and clinical characteristics

These 210 participants were classified as either carriers
of the SLC6A2 rs36011 (T)/rs1566652 (G) haplotype (TG,
n= 45 in the ADHD group and n= 57 in the TDC group)
or non-carriers of this TG haplotype (Non-TG, n= 51 in the
ADHD group and n= 57 in the TDC group). Supplemen-
tary Table 1 showed that each of the genotypes for rs36011
and rs1566652 fitted the values expected based on the
Hardy–Weinberg equilibrium (p > 0.05). The distribution of
the genetic variants in SLC6A2 did not differ significantly
between children with ADHD and TDC. Table 1 demon-
strates that males were more predominant in the ADHD
group than TDC. In addition, children with ADHD were
younger and had lower FIQ, lower total hits, and higher
total misses in RVIP than TDC. The TG carriers had higher
HI scores than those without the TG haplotype.

Effects of ADHD on ReHo and DC

Compared with TDC, children with ADHD showed
decreased ReHo in bilateral cuneus and lingual gyri
(Table 2 and Fig. 1a) and decreased DC in the left cuneus
and lingual gyrus (Table 2 and Fig. 1b).

Effects of TG haplotype on ReHo and DC

Compared with the non-carriers, the TG carriers showed
significantly increased DC in the right precentral and
postcentral gyri (Table 2 and Fig. 2a). Compared with
ADHD children without the TG haplotype, ADHD children
with the TG haplotype showed significantly increased ReHo
and DC in bilateral precentral and postcentral gyri (Table 2
and Fig. 2b, c, respectively). To further disambiguate the
refined effect of the TG haplotype on DC of the right
precentral-postcentral cluster, the supplementary analysis
was conducted excluding the participants with one TG
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haplotype and other genetic variant (heterozygotes). Com-
pared with the non-carriers, the homozygotes of the TG
haplotype still demonstrated a significant increase in DC
(p= 0.02) in the right precentral and postcentral gyri
(Supplementary Table 2; detailed in Supplementary
Information).

Effects of diagnosis × TG haplotype interaction on
ReHo and DC

Significant diagnosis by TG haplotype interactions were
found in the right postcentral gyrus and superior parietal
lobule for ReHo (Table 2 and Fig. 3a). In the ADHD group,
ReHo in the right postcentral gyrus and superior parietal
lobule increased with the TG haplotype (Fig. 3b), while in
the TDC group, the reverse pattern was found.

Correlations between visual memory, visual
attention, and SLC6A2-modulated differences in
ReHo and DC

Previous studies have found that precentral gyrus [37, 38],
postcentral gyrus [39, 40], and superior parietal lobule
[41, 42] were involved in the information processing for
visuo-spatial stimuli and played a crucial role in visual

memory and visual attention. Average ReHo and DC values
were hence extracted from the four clusters showing sig-
nificant effects of the TG haplotype in the ADHD group
(bilateral precentral-postcentral gyri in ReHo and DC,
respectively) or diagnosis × TG haplotype interaction (the
right postcentral gyrus-superior parietal lobule in ReHo) to
calculate brain-behavior correlations. For the ADHD-
TG group (Supplementary Table 3), there were positive
correlations of mean latency of correct responses in the
simultaneous tasks of the DMS with the ReHo of bilateral
precentral-postcentral gyri (r= 0.42, q= 0.024); positive
correlations of mean latency of correct responses in the
simultaneous (r= 0.4, q= 0.036) and delay (r= 0.37, q=
0.04) tasks of the DMS with the ReHo of the right post-
central gyrus-superior parietal lobule; and negative corre-
lations of total hits (r= –0.36, q= 0.04) and positive
correlations of total misses (r= 0.36, q= 0.04) in RVIP
with the DC of the left precentral-postcentral gyri.

Effects of HI and HI × TG haplotype interaction on
DMS, RVIP, and DC

Since carriers with the TG haplotype showed higher levels
of hyperactivity in both ADHD and TDC groups, we
divided all the subjects based on the severity of HI scores

Table 1 Demographics, ADHD symptomatology, and performance on visual memory and visual attention between the four groups

ADHD_TG
(n= 45)

ADHD_NonTG
(n= 51)

TDC_TG
(n= 57)

TDC_NonTG
(n= 57)

Diagnosis F
or χ2 (p)

Haplotype F
or χ2 (p)

Diagnosis by
haplotype F (p)

Age

Mean (SD) 11.2 (2.1) 11.8 (2.5) 12.4 (3.0) 12.3 (2.7) 5.89 (0.016)* 0.41 (0.52) 0.72 (0.4)

Sex

Male (%) 37 (82.2) 45 (88.2) 39 (68.4) 35 (61.4) 11.47 ( < 0.001)*** 0.005 (0.94)

Handedness

Right (%) 42 (93.3) 47 (92.2) 54 (94.7) 54 (94.7) 0.37 (0.54) 0.032 (0.86)

FD

Mean (SD) 0.14 (0.07) 0.16 (0.07) 0.13 (0.06) 0.14 (0.07) 3 (0.09) 1.7 (0.19) 0.9 (0.34)

FIQ

Mean (SD) 106.9 (10.7) 102.5 (13.7) 108.9 (12.4) 111.3 (12.1) 10.1 (0.002)** 0.35 (0.56) 4.0 (0.05)

SNAP-IV

Total ADHD scores 24.2 (11.3) 22.2 (8.7) 7.9 (7.6) 7.5 (6.8) 152.6 ( < 0.001)*** 0.97 (0.32) 0.36 (0.55)

IA 13.7 (5.8) 14.2 (5.5) 4.4 (4.3) 4.4 (4.1) 174.6 ( < 0.001)*** 0.13 (0.72) 0.1 (0.75)

HI 10.5 (6.3) 8 (5.3) 3.6 (3.9) 3.1 (3.6) 71.9 ( < 0.001)*** 4.5 (0.035)* 2 (0.16)

DMSa

Mean latency of correct responses (ms)

Delay 3597 (952) 3461 (828) 3608 (1034) 3353 (875) 0.06 (0.8) 2.13 (0.17) 0.42 (0.52)

Simultaneous 3247 (928) 3143 (802) 3111 (1018) 2976 (1021) 0.01 (0.94) 0.54 (0.46) 0.05 (0.82)

RVPa

Total hits 11.9 (4.3) 12.1 (5.6) 14.3 (5.4) 15 (5.3) 4.5 (0.04)* 0.3 (0.58) 0.4 (0.53)

Total misses 15.1 (4.3) 14.9 (5.5) 12.7 (5.4) 12 (5.3) 4.6 (0.03)* 0.3 (0.58) 0.36 (0.55)

ADHD attention-deficit hyperactivity disorder, TDC typically developing controls, FD frame-wise displacement, FIQ full intelligence quotient,
SNAP-IV the Swanson, Nolan, and Pelham, version IV scale; IA inattention subscale, HI hyperactivity/Impulsivity subscale, DMS delayed
matching to sample, RVP rapid visual information processing

* p < 0.05, ** p < 0.01, *** p < 0.001
aControlled for age, sex, and FIQ
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rather than diagnosis in order to examine the brain and
behavioral effects of HI and HI × haplotype interaction. Our
findings showed that there were no significant effects of HI
or HI × TG haplotype interaction on the DMS, RVIP, and
DC in the right precentral-postcentral gyri (Supplementary
Table 4; detailed in Supplementary Information). We fur-
ther used the original diagnostic group classification, but
controlled for dimensional HI score, in addition to the
aforementioned nuisance covariates in the model. In this
supplementary analysis additionally covarying HI levels,
the TG carriers still showed a significant increase in DC
(p= 0.001) in the right precentral and postcentral gyri
(Supplementary Table 5).

Discussion

This study is the first to demonstrate that ReHo and DC in
sensorimotor and dorsal attention networks are modulated
by the SLC6A2 rs36011 (T)/rs1566652 (G) haplotype in
children with ADHD, and also the first to demonstrate that
these SLC6A2-modulated alterations in ReHo and DC are
related to visual memory and visual attention. Our findings
provide evidence that the SLC6A2 rs36011 (T)/rs1566652
(G) haplotype may play an important role in altered intrinsic
brain activity, visual memory, and visual attention in chil-
dren with ADHD.

Regardless of SLC6A2 genotypes, we identify reduced
ReHo in bilateral cuneus and lingual gyri, and reduced DC
in the left cuneus and lingual gyrus in children with ADHD.
Previous studies have shown that neurobiological altera-
tions of cuneus [13, 43], and lingual gyrus [44] are impli-
cated in the pathophysiology of ADHD. These brain regions
are also functionally involved in neuropsychological diffi-
culties associated with ADHD, especially during working
memory processing [43] and task switching [44].

Our present study demonstrated differential intrinsic
brain activity related to the SLC6A2 rs36011 (T)/rs1566652
(G) in the sensorimotor network. Compared with the
ADHD-Non-TG group, the ADHD-TG group showed
increased ReHo and DC in bilateral precentral and post-
central gyri. Previous studies have documented the invol-
vement of the sensorimotor network in the pathogenesis of
ADHD [45, 46]. In addition, norepinephrine and NET play
a crucial role in the functions of the sensorimotor network
[47]. Activation of motor cortex for response inhibition in
youths with ADHD has been found to predict clinical
response to atomoxetine [48], a selective inhibitor of NET.
Our previous work shows that after 12 weeks of treatment
with atomoxetine, the improvement in the scores of
hyperactivity/impulsivity correlates with decreased intrinsic
brain activity in bilateral precentral and postcentral gyri in
patients with ADHD [49]. Our present study extends theseTa
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findings to show the association of SLC6A2 genotypes with
the ReHo and DC in the sensorimotor network in children
with ADHD.

Despite comparable visual memory assessed by the DMS
across the four groups, the ADHD group performed poorer
in visual attention as presented by lower total hits, and
higher total misses in RVIP than the TDC group, consistent
with previous neuropsychological studies with larger sam-
ple sizes [22]. Our results of correlation analyses suggest
that increased ReHo and DC in the sensorimotor network
are associated with a slower reaction time of visual memory
and decreased the accuracy of visual attention in the
ADHD-TG group. Animal studies demonstrate that neurons

in the somatosensory cortex are activated during the DMS
task [50]. In addition, the motor cortex is reported to be
involved in performance on the RVIP task [51]. Our

Fig. 1 Main Effects of ADHD on ReHo and DC. Relative to TDC,
children with ADHD demonstrate a decreased ReHo in bilateral
cuneus, and lingual gyri and b decreased DC in the left cuneus and
lingual gyrus. Cold colors indicate lower ReHo and DC in the ADHD
group than in the TDC group; p < 0.05, Gaussian Random Field cor-
rected. DC, degree centrality; ReHo, regional homogeneity; TDC,
typically developing children
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findings imply that genetically determined differences in the
sensorimotor network may contribute to the performance of
the visual memory and visual attention tasks in ADHD
children with the TG haplotype. Taken together, our results
of gene-brain-behavior linkage within one study are

supported by existing literature describing norepinephrine-
sensorimotor network [47, 48], sensorimotor network-visual
memory and visual attention [50, 51], and norepinephrine-
visual memory and visual attention [23, 24] relationships.
Our findings may contribute to a model of visual memory
and visual attention enabled by the norepinephrine-related
sensorimotor network in children with ADHD.

A significant interaction between ADHD diagnosis and
TG haplotype is observed in the right postcentral gyrus-
superior parietal lobule on ReHo, with the ADHD-TG
group having the greatest ReHo among the four groups.
Previous studies demonstrate an abnormality in the parietal
regions associated with the dorsal attentional network in
ADHD [52], and the superior parietal lobule plays a crucial
role in visual memory in youths with ADHD [53]. After
treatment with methylphenidate, ReHo in the right post-
central gyrus-superior parietal lobule decreases significantly
in children with ADHD [12]. The present study extends
these findings to show that the SLC6A2-related ReHo
alterations in the superior parietal lobule may be associated
with the visual memory performance in children
with ADHD.

Methodological considerations

Several methodological limitations have to be considered
while interpreting our results. First, due to the referred sample
with strict inclusion and exclusion criteria, our results may not
be generalized to the community-based ADHD population.
Second, the structural architecture and functional organization
of the human brain undergo significant changes across the life
span [54]. Given that ADHD is associated with a delay in
cortical maturation [55], and brain alterations change with
developmental stages in patients with ADHD [56], group
differences observed in cross-sectional neuroimaging studies
may vary according to the age range of the sample examined.
Although we include age as a covariate in analyses, a wide
age range of participants may potentially confound our find-
ings with multiple stages of brain development. Third, we
acknowledge that the present genetic-imaging-behavioral
approach in a cross-sectional cohort is observational and
correlational, and further research with additional levels and
novel integration of methodologies are needed to investigate
the functional effects of the SLC6A2 rs36011 (T)/rs1566652
(G)haplotype in children with ADHD. Fourth, although pre-
vious studies have shown significant associations between
RS-fMRI data and the performance on the DMS [25] and
RVIP [26] tasks outside the MRI scanner, this approach could
potentially weaken the link between RS-fMRI data and neu-
ropsychological performance by time effects. Future studies
based on fMRI evoked by visual memory and visual attention
tasks are required to replicate the current findings. However, it
might also suggest that the observed associations of

Fig. 2 Main effects of the TG haplotype on ReHo and DC. Relative to
participants without the TG haplotype, those with this haplotype
demonstrate a increased DC in the right precentral and postcentral
gyri. For the ADHD group, children with the TG haplotype show
increased b ReHo and c DC in bilateral precentral and postcentral gyri.
Hot colors indicate higher ReHo and DC in the TG group than in the
non-TG group; p < 0.05, Gaussian Random Field corrected. DC,
degree centrality; ReHo, regional homogeneity

Fig. 3 Effects of interaction of diagnosis × TG haplotype on ReHo.
a Significant interactions are found in the right postcentral gyrus and
superior parietal lobule. p < 0.05, Gaussian Random Field corrected.
b Comparison of ReHo in the right postcentral gyrus and superior
parietal lobule across the four groups using box and whisker plots. The
box boundaries represent first and third quartiles, and the midline is the
median. Dots represent values >1.5 box lengths from the upper or
lower edges. ReHo, regional homogeneity
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alterations in ReHo and DC with visual memory and visual
attention are more likely to reflect trait-like features rather
than state contingencies. Fifth, given that the sample size with
two TG haplotypes is small (nine in the ADHD-TG group and
ten in the TDC-TG group), future imaging genetics investi-
gations are warranted to explore the differential behavioral
and brain effects between the homozygous and heterozygous
carriers of the TG haplotype in a larger sample.

In conclusion, we provide the first empirical data to
suggest genotypes of the norepinephrine transporter gene
modulate local intrinsic brain activity of the sensorimotor
and dorsal attention networks in ADHD. Moreover, visual
memory and attention performances of ADHD are influ-
enced by these gene-brain modulations. These findings
advance our understanding of genetic underpinnings of
neurobiological abnormalities in children with ADHD and
provide insight into the underlying neurochemical mod-
ulation of ReHo and DC.
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