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Abstract
This paper reports a new method to identify the ADHD children using EEG signals and effective
connectivity techniques. In this study, the original EEG data is pre-filtered and divided into Delta, Theta,
Alpha and Beta bands. And then, the effective connectivity graphs are constructed by applying
independent component analysis, multivariate regression model and phase slope index. The measures of
clustering coefficient, nodal efficiency and degree centrality in graph theory are used to extract features
from these graphs. Statistical analysis based on the standard error of the mean are employed to evaluate
the graph theory measures in each frequency band. The results show a decreased average clustering
coefficient in delta band for ADHD subjects. Also, in delta band, the ADHD subjects have increased nodal
efficiency and degree centrality in left forehead part and decreased in forehead middle.

1 Introduction
Attention deficit hyperactivity disorder (ADHD) is a heterogeneous disease with a high prevalence. The
prevalence of children worldwide is estimated to be 8%-12%, and about 60% of symptoms and their effect
continue into adulthood [1, 2]. In recent years, researchers have used brain Computed Tomography (CT),
magnetic resonance imaging (MRI), functional magnetic resonance imaging (fMRI),
magnetoencephalography (MEG), electroencephalography (EEG) and other methods to conduct in-depth
research on the microstructure of the brain [3–6]. The development of the detection method encouraged
the researchers to gain deeper information in ADHD [7]. The brain structure, cerebral blood flow, brain
electrical activity, gene structure, executive ability and cognitive ability of children with ADHD are
significantly different from those of normal children, and this difference exists for a long time [8]. EEG is a
popular and widely used measurement technique for extracting information from brain. It also is a noninvasive nerve discharge detection technology with millisecond-level high time resolution [9]. Visual
inspection of the EEG signal is a method to detect the ADHD [10–12].
One of the methods for detecting ADHD is functional connectivity. The Functional connectivity represents
the statistical correlation of the functional activities of different brain regions in time courses, and the
statistical calculation is performed based on EEG signal [13–15]. Effective connectivity also called the
directed functional connectivity which provided the causal information between each brain regions [16–
18]. At present, most methods of calculating effective connectivity are based on parameter models, such
as Granger causality model, dynamic causality model and multivariate regression (MVAR) model [19–21].
Graph theory is the main mathematical tools used in the brain connectivity analysis, the measures of the
graph theory describe the local and global features of the brain network [22]. Most of the brain
connectivity in ADHD children were focused on the degrees, clustering coefficient, shortest path length,
centrality and efficiency [2, 23].
MVAR model is used to fit the Granger causality model because it can infer the causal information
between each brain region [24]. However, the Granger causality algorithm has the limitation in
constructing effective connectivity which exists volume conduction problem [25]. To overcome this
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limitation, we proposed the phase slope index (PSI) measure to construct effectivity in our study. Most
PSI measure is based on the power spectrum analysis because this algorithm refers to the change of
phase differences as a function of frequency [26]. To get more high frequency resolution in frequency
domain output, we used the MVAR model to represent the power spectrum analysis.
In this study, we used the PSI algorithm based on the MVAR model to construct the effective connectivity.
We applied the connectivity matrix as the graph to extract the features by three graph theory measures
clustering coefficient, nodal efficiency and degree centrality. At last we used the standard error of the
mean (SEM) to get the statistical results between ADHD and health control (HC).

2 Method
The framework of the proposed method is shown in Fig. 1, which indicates how to use effectivity
connectivity to detect the ADHD and HC progress. At first, the 19 channels EEG raw data is collected from
ADHD and HC subjects during a visual attention task. Then, the pre-processing is conducted to remove
the artifacts and noise from the raw data. The MVAR model and PSI algorithm are applied to construct a
connectivity matrix (19 × 19 × 4)in delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz) and beta (13–30
Hz) frequency bands for each subject. Furthermore, graph theoretical analysis is proposed to extract the
features from the connectivity matrix (graph) as global efficiency and clustering coefficient. At last, we
conducted the statistical analysis by applying the SEM algorithm.

2.1 Dataset
To validate the performance of the classification between ADHD and HC in this study, the EEG data for
ADHD and HC from IEEE Data port (DOI: 10.21227/rzfh-zn36) has been used. According to DSM-IV
criteria, participants were 30 children with ADHD (15 boys and 15 girls, ages 7–12) provided by Roozbeh
hospital in Tehran, Iran and 30 HC subjects were (15 boys and 15 girls, ages 7–12) collected from a
primary school. All children of HC group have not got a history of psychiatric brain disorder such as
epilepsy, major medical illness or any report of high-risk behaviors.
The EEG raw data was collected from a 10–20 standard 19 channels electrode cap which correspond to
FP1, FP2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Fz, Cz, Pz respectively. The data has a 128
Hz sample rate and with two reference electrodes A1 and A2.

2.2 EEG pre-processing
EEG signals were filtered in bandpass frequency bands between 0.5 Hz to 50 Hz using a zero-phase finite
impulse response (FIR) filtering algorithm. Independent component analysis (ICA) is used to assume
statistically independent sources, in addition, removing the blinks, eye-movements and artifacts in this
step. Then, we re-referenced the data to the average of all scalp channels.

2.3 Multivariate autoregressive (MVAR) models
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MVAR model can infer directivity and the causal relationship between brain connections based on
effective connectivity methods which is an extension of AR model on multi-dimensional variables [21].
The algorithm of MVAR model is shown as follow:

X(n) =

∑ pk = 1A(k) × X(n − k) + W(n)

1

X(n) = [x 1(n), …, x M(n)] T is the current value of EEG pro-processing signal in time n. M is the channel
number, here M equals to 19. p is the model order, A(k), k = 1, …, p, are M × M coefficient matrix of
MVAR model which describe the linear interaction at lag k from x j(n − k) to x i(n), (i, j = 1, …, M).

W(n) is a vector of zero-mean Gaussian noise process with covariance matrix Σ. Here we use the
multichannel Yule-Walker equation to describe the relationship between the coefficient matrix A(k) and
covariance matrix Σ because its simple calculation and good performance [27]. Thus, the output of the
X(n) is the 19 × 19 × p matrix of each subject.
Another key parameter of the MVAR model is the order of the MVAR model. The choice of order is closely
related to the fitting effect of the model. The small order cannot make full use of the information of the
observation data for accurate fitting. The large order would cause the phenomenon of overfitting and
would increase the expense of calculation.
In this study, Akaike Information Criterion (AIC) equation is provided to assess the order of MVAR model
[28].

AIC(p) = In|Σ(p)| +

2

N

mp 2

2
where Σ(p) represents the covariance matrix of fitting error of the p-order model, and N represents the
total number of settlements used for model fitting. Thus, p = 5 was selected as the model order according
to the AIC equation.
We also need to obtain frequency domain data through coherent spectrum estimation, where the MVAR
model is converted to frequency domain form through Fourier transform. The transfer matrix of MVAR
model H(f), and cross-spectrum matrix S(f) are estimated as follow:
p

H( f ) = ( ∑ − A k e

−1
− jk2πf

)

k=0

3

(

S(f) = H(f)Σ H H(f)
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)

4
where H H(f) is the conjugate transpose of H(f). Σ is the noise covariance matrix. A k is the parameter of

M × M coefficient matrix and the p is the number of model order.
We use the MVAR model to obtain more refined spectral analysis results, which is conducive to more
accurate calculation of effective connectivity coefficients. The spectrum power values were calculated in
whole frequency band. After the MVAR model fitting, we got a 19 × 19 × 128 matrix for each subject,
this is also the input of the PSI algorithm in Eq. (6).

2.4 Effective connectivity analysis
Phase slope index measure is used in our study. The PSI between two given components signals ‘i’ and ‘j’
is defined as:

PSIij = I( ∑ C *ij(f)C ij(f + δ f))
f ∈F

5
where F is the set of frequencies of interest, F equals to half-bandwidth of the integration across
frequencies. C is the normalized coherent spectrum and δ f is an incremental step in the frequency
domain. The normalized coherent spectrum C is defined as:

C ij(f) =

|Sij(f) |
√S ii(f)S jj(f)

6
The definition of S ij(f) means the cross-spectrum between i and j, and it is the output of the Eq. (4).
According to the definition in Eq. (6), the imaginary part of coherent spectrum is used in this algorithm.
Because the imaginary part information of the coherent spectrum would not change due to aliasing
between the signals [29]. In other words, PSI can avoid erroneous estimation in effective connectivity
caused by signal aliasing.
In this study, we used to construct the effective connectivity in four frequency band which delta (0.5–4
Hz), theta (4–8 Hz), alpha (8–13 Hz) and beta (13–30 Hz) respectively between ADHD and HC. An
average effective matrix for an ADHD subject and a HC subject of delta band was shown in Fig. 2 and
Fig. 3.

2.5 Graph theoretical analysis
Two key parameters of the graph are the nodes and edges. To detect the ADHD, we use three graph theory
measures: clustering coefficient, nodal efficiency and degree centrality.

Page 5/15

Threshold method
Regarding to not all connection is necessary to be calculated in the graph theory, threshold method is
used in weighted graph analysis. But threshold method has issue with threshold selection. A higher
threshold may cause the problem of not being able to construct a brain network and a lower threshold
may cause the problem of no meaningful connectivity measures [30]. Empirically, selecting threshold as
0.2 produced the best results.
Clustering coefficient
Clustering coefficient is proposed to assess the ability of segregation in graph which is the most
important measures in researching cognitive problem of brain [31]. The algorithm is shown as follow [22]:

CW

1
=
∑
N
i

2ti w

(

ki ki − 1

)

7
The ti w is the number of triangles around a node i, a subgraph with three nodes and three edges is called
a triangle. k i is the degree of a node i. N is the numbers of nodes, here N equals to 19. The algorithm of
theti and k iis described in Eqs. (8) and (9).

ti w =

1
2

(
j,h∈N
∑

w ijw ihw jh

)

1
3

8

ki =

∑ w ij

j∈N

9
where w ij is the connection weights between node i and node j. When the measures of edges from the
graph are greater than the threshold value, the connection is defined existed and w ijequals to the value of
the edges, otherwise w ij = 0.
Nodal efficiency
Nodal efficiency of a graph measures the ability of each node to exchange information, and is defined as
[22]:

E nodal(i) =

1
1
∑
N−1
l ij

10
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i≠j

where N is the number of the nodes in the graph, and l ij is a path between nodes i and j with the
minimum number of edges.
Degree Centrality
Degree centrality of a graph measures the direct impact of the brain region on other adjacent brain
regions [22]. The degree centrality formula shown as follow:

C d(i) =

∑ w ij

j∈N

11
where w ij is the normalized connection weights that 0 ≤ w ij ≤ 1.
Thus, each subject has four graphs in four EEG frequency bands, and each graph has extracted three
graph theory measures to detect the ADHD.

3 Results

3.1 Statistical analysis
All data were presented as mean ( ± SEM) by the SEM algorithm. SEM represents the relative error
between the sample mean and the overall mean [32]. The smaller the SEM value, the smaller the
sampling error. The SEM algorithm is shown as follow:
n

μx =

∑ i = 1x i

n

12

s=

√

(

)

n
∑ i = 1 xi − μx 2

n−1

13

SE μ =
x

s

√n

14
where x is the sample, n is the number of the sample, μ x is the sample mean, s is the sample standard
deviation and the SE μ is the SEM result. Comparing the statistical analysis result to find the most
x

obviously difference in three graph theoretical measures of four EEG frequency bands.
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3.2 Clustering Coefficient
Using the SEM algorithm to do the statistical analysis for the average clustering coefficient, the result
Table 1. Here we found the HC groups is greater than the ADHD groups obviously in each frequency band.
Table 1
The Statistical results of average clustering coefficient between ADHD and HC
Delta band

Theta band

Alpha band

Beta band

ADHD

0.058 ± 0.003

0.056 ± 0.003

0.054 ± 0.003

0.060 ± 0.003

HC

0.077 ± 0.005

0.074 ± 0.005

0.075 ± 0.005

0.088 ± 0.004

3.3 Nodal Efficiency
Here, we found in delta band the nodal efficiency provided the most different features and the least error
because the mean value between the ADHD and HC, and the smallest value of the SEM. Focus on this
frequency band, the F3 and Fz points which represent the left forehead and the forehead midline point
have significant differences. Comparing the healthy children, the ADHD children has very high ability of
exchange information in left forehead but poor at the forehead middle part.
Table 2
The Statistical results of nodal efficiency between ADHD and HC
Delta band

Theta band

Alpha band

Beta band

F3 - ADHD

0.079 ± 0.008

0.086 ± 0.009

0.089 ± 0.008

0.103 ± 0.008

F3 - HC

0.063 ± 0.008

0.066 ± 0.008

0.071 ± 0.008

0.094 ± 0.011

P3 - ADHD

0.072 ± 0.006

0.087 ± 0.008

0.095 ± 0.010

0.120 ± 0.013

P3 - HC

0.062 ± 0.009

0.068 ± 0.009

0.071 ± 0.009

0.108 ± 0.015

Fz - ADHD

0.014 ± 0.004

0.015 ± 0.005

0.014 ± 0.004

0.026 ± 0.006

Fz - HC

0.031 ± 0.009

0.031 ± 0.009

0.034 ± 0.009

0.057 ± 0.011

Cz -ADHD

0.018 ± 0.003

0.016 ± 0.003

0.020 ± 0.003

0.029 ± 0.006

Cz - HC

0.029 ± 0.005

0.029 ± 0.005

0.030 ± 0.005

0.048 ± 0.012

Pz - ADHD

0.014 ± 0.003

0.012 ± 0.002

0.014 ± 0.003

0.029 ± 0.007

Pz - HC

0.026 ± 0.006

0.026 ± 0.006

0.025 ± 0.006

0.039 ± 0.009
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3.4 Degree Centrality
In Table 3, Delta band also proposed a least error. Comparing the HC groups, we found that ADHD groups
has most difference in F3 and Fz in measure of degree centrality. That means the left forehead of ADHD
children has more correlation with other brain regions, but this ability is poor in the forehead middle part.
Table 3
The Statistical results of degree centrality between ADHD and HC.
Delta band

Theta band

Alpha band

Beta band

F3 - ADHD

1.238 ± 0.153

1.341 ± 0.172

1.359 ± 0.158

1.475 ± 0.145

F3 - HC

0.896 ± 0.129

0.939 ± 0.129

0.997 ± 0.133

1.306 ± 0.198

P3 - ADHD

1.056 ± 0.115

1.300 ± 0.152

1.434 ± 0.170

1.781 ± 0.240

P3 - HC

0.855 ± 0.151

0.955 ± 0.163

0.994 ± 0.165

1.539 ± 0.253

Fz - ADHD

0.134 ± 0.056

0.143 ± 0.065

0.135 ± 0.056

0.263 ± 0.065

Fz - HC

0.378 ± 0.145

0.378 ± 0.144

0.398 ± 0.142

0.764 ± 0.191

Cz - ADHD

0.210 ± 0.049

0.193 ± 0.047

0.205 ± 0.046

0.335 ± 0.072

Cz - HC

0.310 ± 0.068

0.299 ± 0.067

0.295 ± 0.067

0.618 ± 0.200

Pz - ADHD

0.115 ± 0.024

0.117 ± 0.023

0.121 ± 0.022

0.319 ± 0.091

Pz - HC

0.267 ± 0.086

0.264 ± 0.088

0.252 ± 0.087

0.455 ± 0.132

4 Discussion
In EEG signal analysis, multi-channel analysis can provide the structure function relationships between
different areas of the brain which single channel approaches ignore [33]. Here, we construct the brain
network using effective connectivity technique to describe the brain activity in whole brain network. It can
be notice from Fig. 3, PSI algorithm support casual information in connectivity analysis. In previous
study, functional connectivity revealed that the ADHD patient exist the difference in forehead part
comparing with the HC. Here, we use the PSI provide more evidence of the ADHD in causal relationship of
each region of interest in the whole brain.
The nature of EEG signal is dynamic, and it provides a high resolution in times series. The PSI method
(Figs. 2 and 3) is used to combine information about different frequencies. The classic PSI measure are
based on the power spectrum in frequency domain, here we used MVAR model to represent the power
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spectrum analysis. The MVAR model overcome the limitation of the classic PSI method that the poor
resolution in frequency domain for short time dataset. The MVAR-PSI method propose in our study is
more helpful in dynamic analysis of brain activity. We used the MVAR-PSI method construct the effective
connectivity in each frequency band.
Graph theorical analysis as the most popular mathematic tools of brain network analysis is used in this
study. Though the graph theory analysis, the features of ADHD is described clustering coefficient, nodal
efficiency and degree centrality of specific brain regions in Tables 1, 2 and 3. Due to MVAR-PSI method
provided the more information in the graphs such as the casual information and dynamic features, so we
got more findings and understanding of ADHD in our research.

5 Conclusions And Future Work
This research proposed a new method to identify the ADHD children using EEG signals and effective
connectivity techniques. The original EEG data is pre-filtered and divided into Delta, Theta, Alpha and Beta
bands. And then, the effective connectivity graphs are constructed by applying ICA, MVAR model and PSI.
The measures of clustering coefficient, nodal efficiency and degree centrality in graph theory are used to
extract features from these graphs. Statistical analysis based on the SEM are employed to evaluate the
graph theory measures in each frequency band. The results show a decreased average clustering
coefficient in whole frequency bands for ADHD subjects. Also, in delta band, ADHD children has very high
ability of exchange information in left forehead but poor at the forehead middle part. Moreover, left
forehead of ADHD children has more correlation with other brain region, but this ability is poor in the
forehead middle part.
In this research, just 19 channels EEG data were used which could not include more details in brain
regions. In addition, the visual attention task of EEG collection is simple, a more complex task might find
more different features between ADHD subjects and HC subjects. Furthermore, the activity-dependent
fluctuations in connectivity is not consider in this study, we will add a dynamic model in connectivity
analysis in the future.
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Figures

Figure 1
A framework of an effective connectivity analysis in ADHD and HC
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Figure 2
PSI effective connectivity matrix in delta band (0.5 – 4Hz) for ADHD subject
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Figure 3
PSI effective connectivity matrix in delta band (0.5 – 4Hz) for HC subject
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