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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a devel-
opmental and psychiatric disorder that commonly begins in 
childhood and may persist into adulthood. ADHD is more 
prevalent in males, characterized by inattention, impulsivity, 
and hyperactivity. With the high prevalence and large medical 
burden, many studies1-3 have sought to uncover the pathophys-
iology of ADHD. Several brain regions such as the putamen 
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were found to be atypical in ADHD.4-6 The putamen is a neu-
ral hub which integrates projections from diverse cortical re-
gions and relays to the thalamus and other cortex regions. Nu-
merous studies have reported morphological and functional 
abnormalities in the putamen. For example, a previous struc-
tural magnetic resonance imaging (MRI) study found that par-
ticipants with ADHD had significantly smaller volume in the 
putamen than healthy controls.7 A meta-analysis study has also 
documented the putamen abnormality in children with ADHD.8 
Abnormal functional connectivity between the putamen and 
thalamic regions related to spatial working memory process-
ing was observed in ADHD.9 A resting-state functional MRI 
(R-fMRI) study observed altered functional connectivity of the 
putamen in ADHD patients.10 These studies indicated that the 
alterations in the putamen may involve ADHD. 

Granger causality analysis (GCA) is an approach to identify 
whether the current time series in a brain region or network 
(X) can be predicted by the past time series of another (Y). GCA 
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can reveal the causal relationship between regions or networks 
by establishing the regression equation for X and Y. For exam-
ple, using this method, a R-fMRI study found abnormal effec-
tive connectivity of the frontal cortex to cerebellum in ADHD 
patients compared with typically developing controls (TDC).11 
Another study using GCA differentiated patients with ADHD 
from TDC based on effective connectivity among salience net-
work and frontoparietal network.12 However, to the best of our 
knowledge, effective connectivity in the putamen in patients 
with ADHD remains unclear. 

In the present study, our aim was to investigate the effective 
connectivity of the putamen using GCA. We first computed the 
fractional amplitude of low-frequency fluctuation (fALFF) in 
order to determine whether functional deficits in the putamen 
occurred, which can enhance the reliability of differences found 
in subsequent analysis. Converging evidence from fMRI stud-
ies13,14 has revealed localized abnormalities in some brain areas 
were associated with interregional functional dysconnectivity. 
Therefore, GCA of R-fMRI data was conducted to investigate 
the effective connectivity between the putamen and the rest of 
the brain regions in ADHD patients relative to TDC. We se-
lected GCA values and fALFF values with significant between-
group differences as features to differentiate patients with ADHD 
from TDC using a machine learning approach, which can eval-
uate the strength of relevant regions measures in distinguish-
ing these two groups. Finally, we carried out a correlation anal-
ysis to identify the associations of the effective connectivity and 
fALFF values in the putamen with symptom severity underly-
ing ADHD. We hypothesized that the effective connectivity 
in the putamen would be abnormal in ADHD compared with 
TDC and the effective connectivity with significant group dif-
ference would be correlated with symptom severity of ADHD.

METHODS

Participants 
A total of thirty-two ADHD patients (age: 12.66±1.75 years; 

gender: 32 males/0 female) and fifty-two age-matched right-
handed TDC (age: 12.09±1.61 years; gender: 52 males/0 fe-
male) were included in the current study. These subjects were 
part of the Peking University (Peking) dataset archived at the 
Neuroimaging Informatics Tools and Resources Clearinghouse 
(NITRC) platform. ADHD participants were diagnosed based 
on the Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition (DSM-IV) criteria. All data were obtained from 
the ADHD-200 Consortium (http://fcon_1000.projects.ni-
trc.org/indi/adhd200/). 

Symptom severity of ADHD and TDC was assessed using 
Attention-Deficit/Hyperactivity Disorder Rating Scale (AD-
HD-RS). The exclusion criteria for the study included the fol-

lowing: 1) participants who were right-handed males and age 
>12 years and <16 years were initially selected; 2) participants 
with intelligence quotient (IQ) greater than 80 were included 
according to the Wechsler Intelligence Scale for Chinese Chil-
dren-Revised (WISCC-R); 3) participants with poor quality 
images or incomplete phenotypic data were excluded; 4) par-
ticipants with excessive movement during R-fMRI scanning 
were excluded (translation >2.5 mm or rotation >2.5 degrees 
in any direction). All study procedures were conducted in ac-
cordance with the Declaration of Helsinki and were approved 
by the local Institutional Review Board (IRB No. 20201124). 
Prior to participation, informed consent was received from all 
subjects and their parents/legal guardians. 

Imaging acquisition and preprocessing
The images were acquired with a Siemens MAGNETOM 

Allegra syngo 3.0 T MR Scanner (Siemens AG, Medical Solu-
tions, Erlangen, Germany). Functional images were collected 
by using a T2*-weighted gradient-recalled EPI sequence. A 
high-resolution T1-weighted structural image in the sagittal 
orientation was obtained with magnetization-prepared rapid 
gradient echo (MPRAGE) sequence. The detailed image acqui-
sition parameters can be seen at the ADHD-200 website (http://
fcon_1000.projects. nitrc.org/indi/adhd200/).

Data processing was implemented using the Data Process-
ing Assistant for Resting-State fMRI (DPARSF, http://www.
rfmri.org/), Resting-State fMRI Data Analysis Toolkit (REST, 
http://www.restfmri.net/forum/REST) and custom code writ-
ten in MATLAB. Image preprocessing consisted of: 1) removal 
of the first 10 functional images for the scan environmental 
adaptation; 2) slice timing correction on the remaining 226 
slices; 3) performing head motion correction (translation <2.5 
mm or rotation <2.5 degrees). Moreover, we performed two-
sample t-test to analyze the between-group differences of the 
3 translational parameters (X, Y, and Z) and the 3 rotational 
parameters (yaw, pitch and roll). We did not observe any sig-
nificant difference in the above 6 directions; 4) nuisance co-
variate regression (Friston-24 motion parameters, white matter 
signal and cerebrospinal fluid signal); 5) spatial normalization 
into Montreal Neurological Institute (MNI) space using the 
transformation derived from T1 segmentation, and resampling 
at 2×2×2 mm3; 6) spatial smoothing with a 4 mm full-width 
half-maximum isotropic Gaussian kernel; 7) temporal filtering 
(bandpass, 0.01–0.08 Hz).

Voxel-wise fALFF and GCA analysis
The DPARSF software was used to conduct fALFF analysis. 

The fast Fourier transform (FFT) was implemented to convert 
the time series of each voxel into a frequency domain to obtain 
the power spectrum. The square root of the power spectrum 



Z Lan et al. 

   www.psychiatryinvestigation.org  765

was integrated within a low-frequency band to obtain the am-
plitude of low-frequency fluctuation (ALFF) of each voxel. The 
fALFF reflects the relative contribution of the ALFF within a 
specific frequency band (0.01–0.08 Hz) to the ALFF of the en-
tire frequency range.15 The fALFF is an effective measure to 
quantify intrinsic spontaneous neural activity across the whole 
brain.

We implemented GCA using REST software. The regressive 
models are as follows:

In the above model, Yt and Xt denote two time series, Ai and 
A`i are signed-path coefficients, Bi and B`i are autoregression 
coefficients, Et and E t̀ are residual, and Zt is covariates. The time 
series Xt significantly causes the time series Yt if the signed-path 
coefficient Ai is significantly larger. Similarly, the Yt can be de-
fined as a significant Granger cause to Xt if the signed-path co-
efficient A ì is significantly larger. In the present study, the time 
series for the left ventral rostral putamen (VRP) was defined as 
the seed time series X, and the time series Y denoted the time 
series of all voxels in the brain. We estimated the X-to-Y effects 
and the Y-to-X effects. Finally, the GCA maps were Z-trans-
formed for standardization.

Support vector machine classification
Based on the results of two-sample t-test, the significant be-

tween-group differences in the GCA values and fALFF values 
of the left VRP were selected as features for classification. The 
support vector machine (SVM) classifier with radial basis func-
tion was used to evaluate discrimination capability of ADHD 
from TDC. The accuracy was estimated by k-fold cross-vali-
dation (CV) to evaluate the performance of this classifier.

Statistical analysis
We employed two-sample t-test to analyze the between-group 

differences in GCA values. Gaussian Random Field (GRF) the-
ory was applied for cluster-level multiple comparisons correc-
tion (voxel level p<0.005, cluster level p<0.05). According to 
a previous study, multiple linear regression was conducted to 
control for the effect confounds, including age, verbal IQ, per-
formance IQ, full IQ, and mean framewise displacement (FD).16 
Pearson correlation analysis was carried out between the GCA 
values and fALFF values with ADHD symptom severity (inat-
tentive scores and hyper/impulsive scores), while correcting 
for effects of age, verbal IQ, performance IQ, full IQ and mean 

FD. The GCA values were extracted between the left VRP and 
the other regions that had significant X-to-Y effects and/or Y-
to-X effects in the bivariate GCA.

RESULTS

Demographic and clinical data
The demographic characteristics are shown in Table 1. There 

were no significant differences in age (p=0.133) or mean FD 
(p=0.192) between the ADHD and TDC groups. ADHD par-
ticipants had significantly lower scores on verbal IQ (p=0.001), 
performance IQ (p<0.001) and full IQ (p<0.001) than the TDC 
group. The inattentive scores (p<0.001) and hyper/impulsive 
scores (p<0.001) of the ADHD group were significantly high-
er than the TDC group.

fALFF analysis
Anatomically, the putamen is a highly heterogeneous struc-

ture consisting of three subregions in each hemisphere: the 
dorsal rostral putamen (DRP, peak MNI coordinates: x=±25, 
y=8, z=6), dorsal caudal putamen (DCP, x=±28, y=1, z=3), 
and VRP (x=±20, y=12, z=-3).17 These nuclei receive projec-
tions from several brain regions and are involved in various 
neural responses. We computed fALFF in order to determine 
whether functional deficits in the putamen occurred. The fALFF 
analysis was performed to obtain fALFF maps for each partici-
pant and then transformed to Z scores. Finally, the mean z 
scores of fALFF were extracted from each spherical ROI re-
spectively for subsequent analysis. Because the mean fALFF 
values in the left VRP (x=-20, y=12, z=-3, MNI coordinates) 
displayed significant between-group differences (p<0.05, false 
discovery rate corrected), and we did not find significant dif-

Table 1. Demographic and clinical data

ADHD 
(mean±SD)

TDC 
(mean±SD)

p-value

Number of subjects 32 52
Gender (male/female) 32/0 52/0
Age (years) 12.66±1.75 12.09±1.61 0.133
Handedness (R/L) 32/0 52/0
Mean FD 0.08±0.033 0.07±0.027 0.192
Verbal IQ 109.59±14.40 120.23±14.30 0.001
Performance IQ 95.78±13.82 112.29±15.42 <0.001*
Full IQ 103.72±10.62 118.42±14.59 <0.001*
Inattentive scores 27.81±4.05 15.56±3.75 <0.001*
Hyper/impulsive scores 21.66±5.88 13.09±3.42 <0.001*
*p<0.001. ADHD, attention-deficit/hyperactivity disorder; TDC, 
typically developing controls; SD, standard deviation; R, right; L, 
left; FD, framewise displacement; IQ, intelligence quotient
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ference in the other five subregions, the left VRP was set as a 
region of interest (ROI) with a 3 mm radius referring to pre-
vious studies.18,19

Granger causality analysis
The GCA revealed that ADHD patients showed significant-

ly decreased effective connectivity from the left VRP to the left 
calcarine (CAL), right medial part of the superior frontal gyrus 
(mSFG), left orbital part of superior frontal gyrus (ORBsup), and 
left middle occipital gyrus (MOG) than TDC. ADHD patients 
exhibited increased effective connectivity from the left inferior 
occipital gyrus (IOG) and right lingual gyrus (LING) to the left 
VRP compared with the TDC group (Table 2 and Figure 1).

Classification results
We selected GCA values and fALFF values with significant 

between-group differences as classification features to differ-
entiate patients with ADHD from TDC using SVM. We em-
ployed a 5-fold CV algorithm for the estimation of classification 
accuracy. After repeating this procedure 50 times, the mean 
classification accuracy reached 72.3% (range from 0.657 to 
0.763, SD=0.021).

Relationship between GCA values and fALFF values 
with clinical variables

As shown in Figure 2A, the GCA values from the left VRP 
to left CAL were significantly positively correlated with the hy-
per/impulsive scores of ADHD patients (r=0.39, p<0.05, un-
corrected). The GCA values from the left VRP to left MOG 
(Figure 2B) were negatively correlated with the hyper/impul-

Table 2. Altered effective connectivity from and to the left ventral 
rostral putamen in ADHD

Brain 
region

Cluster size 
(voxels)

Peak 
t-value

p-value
Peak MNI (X, Y, Z) 
coordinates (mm)

Effective connectivity from the left ventral rostral putamen 
ADHD<TDC

L CAL 173 -4.24 0.01 -4, -84, -10
R SFGmed 183 -4.28 0.007 10, 72, 2
L ORBsup 212 -4.48 0.003 -20, 70, -2
L MOG 159 -3.92 0.017 -38, -90, 16

Effective connectivity to the left ventral rostral putamen 
ADHD>TDC

L IOG 132 4.59 0.006 -40, -72, -8
R LING 328 3.78 <0.001 6, -74, -2

Significance level was set at voxel p<0.005, cluster p<0.05, GRF 
corrected. MNI, Montreal Neurological Institute coordinates; 
ADHD, attention-deficit/hyperactivity disorder; TDC, typically 
developing controls; R, right; L, left; CAL, calcarine; SFGmed, the 
medial part of the superior frontal gyrus; ORBsup, the orbital part 
of superior frontal gyrus; MOG, middle occipital gyrus; IOG, in-
ferior occipital gyrus; LING, lingual gyrus; GRF, Gaussian Ran-
dom Field

Figure 1. Significant differences in effective connectivity from and to the left VRP. Significance level was defined at voxel p<0.005, cluster 
p<0.05, GRF corrected. R, right; L, left; ORBsup, the orbital part of superior frontal gyrus, orbital; CAL, calcarine; mSFG, the medial part of 
the superior frontal gyrus; MOG, middle occipital gyrus; IOG, inferior occipital gyrus; LING, lingual gyrus; GRF, Gaussian Random Field.
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sive scores of ADHD patients (r=-0.45, p<0.05, uncorrected). 
We did not observe any significant correlation between the 
GCA values of the left VRP and inattentive scores (p>0.05). 
Moreover, we did not find any significant correlation between 
the fALFF values of the left VRP and inattentive scores (p>0.05) 
and hyper/impulsive scores (p>0.05).

DISCUSSION

In the present study, we aimed to identify whether the effec-
tive connectivity of the putamen was atypical in ADHD, which 
was conducive to describing the neural circuit of ADHD at the 
level of macrostructural organization. We examined the abnor-
mal information flow of the left VRP in ADHD group, which 
was more functionally specific. The GCA revealed that the ef-
fective connectivity of patients with ADHD from the left VRP 
to left CAL, right mSFG, left ORBsup and left MOG were de-
creased compared with TDC. However, the effective connec-
tivity from the left IOG to left VRP and right LING to left VRP 
was enhanced in patients with ADHD. We selected GCA values 
and fALFF values with statistically significant between-group 
differences as classification features to identify ADHD patients 
from TDC using SVM. The classification results showed that 
the accuracy attained 72.3%. Moreover, GCA values from the 
left VRP to left CAL were positively correlated with the hyper/
impulsive scores of ADHD patients, while GCA values from 
the left VRP to left MOG were negatively correlated with the 
hyper/impulsive scores of ADHD patients. The above findings 
indicated that abnormal effective connectivity in the putamen 
might be a valuable neuroimaging measure for ADHD.

The fALFF analysis was implemented to determine whether 
functional deficits in the putamen occurred among patients 
with ADHD. The results demonstrated that the left VRP exist-
ed significant group differences. Aberrant reward processing 

has been proven to play a crucial role in the pathophysiology 
underlying ADHD.20 The VRP is a key region in reward pro-
cessing circuit, which receives projections from cortical areas 
(mainly the orbitofrontal cortex) and is mainly involved in an-
ticipation of future rewards.21 A previous study considered that 
ADHD patients show symptoms of inattention or hyperactiv-
ity due to their inability to predict and evaluate future rewards.22 
Therefore, the functional abnormalities in the VRP may be used 
as a potent predictor in ADHD diagnosis and treatment.

A previous R-fMRI study has demonstrated altered func-
tional connectivity in the putamen among ADHD patients.9 
However, this study provided only non-directional connectiv-
ity and the directed connectivity of putamen remain unclear. 
Our results showed reduced effective connectivity from the 
left VRP to bilateral superior frontal gyrus (SFG) in patients 
with ADHD compared with TDC. It is noted that the dysfunc-
tion of cortico-striato-thalamo-cortical (CSTC) circuit has 
been proposed as a prevailing hypothesis of pathophysiology 
of ADHD23-26 and the putamen is one of the main nuclei in stri-
atum. Therefore, the abnormalities of CSTC circuit might re-
sult from decreased effective connectivity of the left VRP to bi-
lateral SFG. These results are consistent with a previous study 
which reported patients with ADHD exhibited atypical func-
tional connectivity between the left putamen and right SFG.10 

Our results found that the effective connectivity of the left 
VRP to the left CAL and left MOG in patients with ADHD was 
reduced. Moreover, the effective connectivity of right LING to 
the left VRP and left IOG to the left VRP was significantly en-
hanced in patients with ADHD. These regions were mainly 
concentrated on the occipital gyrus, CAL and LING, which were 
involved in visual processing. In recent years, numerous neuro-
imaging studies have attached increasingly importance to in-
vestigate the dysfunction of frontal-striatal circuits in ADHD.27-30 
However, some structural and functional MRI studies report-
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ed visual cortex abnormalities. For example, a previous R-fMRI 
study observed patients with ADHD exhibited increased re-
gional homogeneity (ReHo) in the bilateral LING and occip-
ital cortex.31 The LING is mainly involved in visual phonolog-
ical processing32 and the hyper-activation in the LING might 
suggest that patients with ADHD need more attention resourc-
es to sustain visual phonological processing in daily life. A task-
based fMRI study also reported that ADHD patients displayed 
increased activation in the left LING relative to TDC.33 As for 
the occipital cortex, abnormal activation in the occipital areas 
might result from a lack of inhibition of sensory perception.34 
Furthermore, a structural MRI study reported that patients with 
ADHD had reduced volume of occipital gray matter.35 Another 
voxel-based morphometry study confirmed that patients with 
ADHD exhibited decreased whiter matter volume in the left 
CAL relative to TDC.36 The above results indicate that the ab-
normalities of the visual cortex are related to ADHD to some 
extent, thus, the visual cortex deserves deeper investigation to 
clarify its mechanism in patients with ADHD.

There were several limitations in the current study. Firstly, 
the current study was only limited to male participants due to 
ADHD is more prevalent in males, which might weaken the 
generalization of our results. Secondly, the small sample size 
might challenge the statistical power in our study. Further stud-
ies are needed to expand sample size. Thirdly, we observed vi-
sual cortex abnormalities, but the underlying causes of these 
alterations remain unclear. Therefore, further studies are re-
quired to determine whether and how these alterations reflect 
the neural mechanism in ADHD patients. Fourth, we have not 
performed a comprehensive assessment of the comorbidity of 
the data in the current study, which might bring challenges 
to the investigation and identification of ADHD. Accordingly, 
it is necessary to consider the psychiatric co-morbidity that is 
concurrent with it.

In summary, we identified the abnormal information flow 
of the left VRP in ADHD. Our study demonstrated alterations 
of effective connectivity between the left VRP with SFG and 
visual cortex, which may extend our understanding of the neu-
ral loop underlying ADHD. 
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