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Atypical Functional Connectivity of Limbic Network in 
Attention Deficit/Hyperactivity Disorder

Abstract
Objective: Previous neuroimaging works have been used to research abnormal functional connectivity in patients with Attention Deficit/Hyperactivity Disorder 
(ADHD). Although most of these studies relied on static functional connectivity, we instead attempt to explore dynamic functional connectivity changes associated 
with the limbic network connectivity in ADHD.

Methods: We applied sliding window approach to the resting-state functional magnetic resonance imaging data of 25 children with ADHD and 23 Typically-
Developing Controls (TD) to generate temporal correlations maps, then we evaluated the average and variability of the limbic structures to the whole brain network 
functional connectivity in each window. 

Results: In ADHD compared to TD during eight minutes and twenty two seconds of scanning time, dynamic resting-state analyses revealed increased average 
of limbic network connectivity in three different seconds of the seventh minute (i.e fourth, sixth and eighth) and increased variability within all temporal windows 
in the fifth minute 22 seconds to 32 seconds and between fifth minute 38th second to sixth minute 14th second. ADHD group also reported stronger correlation 
(r=0.62, p<0.001) between in-scanner head motion and ages compared to the TD group (r=-0.1, p<0.001). Moreover, static functional connectivity (long-range) did 
not reveal significant differences between the groups. 

Conclusion: Our findings suggest that dynamic functional connectivity analyses might be crucial in characterizing abnormal patterns in ADHD and that the 
exploitation of these dynamics in further investigations may serve as potential indicators of ADHD.
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Introduction
Attention Deficit/Hyperactivity Disorder (ADHD) is a neurodevelopmental 

disorder commonly diagnosed in childhood and sometimes lasts into 
adulthood [1]. It is believed that two-thirds of children diagnosed with 
ADHD in early childhood continue to have persistent, impairing symptoms 
in adulthood [2], characterized by developmentally inappropriate symptoms 
of excessive inattention, impulsivity and hyperactivity. The inattention 
component of ADHD is manifested as daydreaming, distractibility, and 
difficulty focusing on a single task for a prolonged period [3], the impulsivity 
component is manifested as making hasty actions that occur in the moment 
without first thinking about them and that may have a high potential for 
harm, or a desire for immediate rewards or inability to delay gratification 
[4] while the hyperactivity component is expressed as fidgeting, excessive 
talking, and restlessness [3], with other study suggests that symptoms 
of inattention are more likely to persist into adulthood than symptoms of 
hyperactivity or impulsivity [5], resulting in significant long-term educational 
and social disadvantage [6]. Various functional neuroimaging studies have 
been carried out to discover the pathologies underlying ADHD. Intermingling 
proof has implicated fronto-striatal network anomalies as the core deficits 
of ADHD [7,8]. Blood Oxygen Level Dependent (BOLD) Functional MRI 
(fMRI) technique has been used to analyze the ADHD pathology in task-
based fMRI study where it measures the mismatch between blood flow and 
oxygen extraction when neuronal activity occurs [9]. To date, most BOLD 
fMRI studies on ADHD are task-based [10-13]. That is, they analyzed ADHD 
pathologies by evaluating the brain activity pattern differences between the 

ADHD group and their matched controls in certain cognitive tasks [14]. 
But the results have been inconsistent, for example, one study found 
hypofrontality in ADHD [11], but another study indicated hyperfrontality [13]. 
Such discrepancy could be due to different tasks, ages and comorbidity 
in these studies, also different baseline-activity level may also contribute 
to the inconsistency among task-specific fMRI studies [15]. As compared 
to task-based fMRI studies, studies carried out during resting-state are 
easy to perform (without experiment designing and subject training) and 
comparable across different studies [16]. Biswal and colleagues using first 
functional connectivity analysis discovered that low-frequency fluctuation 
(LFFs, 0.01 Hz to 0.08 Hz) was highly synchronous among motor cortices 
and concluded that low-frequency fluctuation of blood flow and oxygenation 
was indeed a neurophysiological index [17]. Some research groups also 
have used the freely available ADHD-200 sample, consisting of resting 
state fMRI data of 285 children and adolescents with ADHD and 491 healthy 
age-matched controls [18] to address differences in functional connectivity 
in categorical and dimensional analyses [19-22].

Our primary interest lies in understanding the role of thalamus, the 
amygdala, and the hippocampus during the course of ADHD. These three 
regions are part of the brain structure known as the limbic network. The 
limbic network is a collection of brain centers that influence arousal, 
motivation and learning. The amygdala is responsible for determining 
which memories, and where the memories are stored in the brain as well 
as handling the stress within the body. The hippocampus sends memories 
out to the appropriate part of the cerebral hemisphere for long-term storage 
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and retrieves them when necessary. Damage to this area of the brain may 
result in an inability to form new memories [23]. The thalamus is involved in 
sensory perception and regulation of motor functions such as movement. 
It can be observed that ADHD altered behaviors can be linked with limbic 
network processes, a deficiency in this region might result in restlessness, 
inattention, or emotional volatility [24], thus understanding dynamic changes 
in limbic network functional connectivity might provide insights underlying 
mechanisms of ADHD.

In this paper, we aimed to investigate ADHD linked with limbic 
network based on average and temporal variability of dynamic functional 
connectivity. To achieve these goals, sample data of children with ADHD 
and Typically-Developing Controls (TD) were obtained from the ADHD-200 
Sample of Neuroimage group. The diagnostic model was based on sliding 
windows on resting-state fMRI data to construct dynamic correlation maps 
and lastly group differences between ADHD (25 participants) and Typically-
Developing Controls (23 participants) were evaluated.

Materials and Methods

Participants
Original fMRI data of participants were obtained from open-access 

dataset of Neuroimage sample, Neuroimage.001.001.tar.gz release, 
downloaded from the ADHD-200 Sample [25]. Participants in this study 
were of 25 ADHD group (ADHD; five females and twenty males, 16.69 years 
± 2.91 years of age) and 23 Typically-Developing Controls (TD; twelve 
females and eleven males, 17.33 years ± 2.57 years of age). All participants 
were between ages of 11.66 and 20.89, 42 right handed, five left handed 
and one subject unknown (Table 1).

Table 1. Demographic and clinical characteristics of the sample variable.

Gender Clinical characteristics Variables
Age Mean ± standard 

deviation  (range)
16.99 ± 2.74 years         

ADHD/TD (25/23) 16.69 ± 2.91 /17.33 ± 
2.57 years

Gender Female (ADHD/TD) 5/12
Male (ADHD/TD)                      20/11

ADHD  subtype Combined 18 (72%)
Inattentive 1 (4%)
Hyperactive/Impulsive 6 (24%)

Handedness Right (ADHD/TD) 21/21
Left (ADHD/TD) 3/2
n/a* 1

Note: *No available information for this subject.
Resting state fMRI data

All MRI data were obtained on a SIEMENS MAGNETOM Avanto 
syngo MR B17 scanner. The resting-state functional MRI data (T2*) were 
recorded with the following parameters: repetition time (TR)=1.96s, slice 
thickness=3.5 mm, 37 axial slices, data matrix=64 × 64 and 261 volumes. 
A T1-weighted high-resolution anatomical scan (MPRAGE) were collected 
with the following parameter: slice thickness=1 mm, slices per slab=176, 
TR=2730 ms, echo time (TE)=2.95 ms, matrix=256 × 256, Field of View 
(FoV) read=256 mm, FoV phase=100.0%.

Resting state: One resting-state fMRI scan. Participants were asked 
to think of nothing in particular while keeping their eyes closed. No visual 
stimulus was presented during the scan.

Data preprocessing
Resting state fMRI data were preprocessed by Data Processing and 

Analysis for Brain Imaging (DPABI V5.0, http://rfmri.org/) (Yan, Wang, 
Zuo, and Zang), an open-source package based on Statistical Parametric 

Mapping (SPM12, https://www.fil.ion.ucl.ac.uk/spm/) and MATLAB 
(MATLAB and Statistics Toolbox Release 2018b, The Mathworks, Inc., 
Natick, Massachusetts, United States). The steps for data preprocessing 
were as follows: (a) for each subject the first ten volumes were discarded to 
allow for MR signal equilibrium, leaving 251 volumes for further analyses; 
(b) correcting slice-timing and realigning images, in which six subjects 
were discarded for having different slice number (35 instead of 37) in order 
to maintain consistency; (c) reorientation of the structural and functional 
images were done manually; (d) co-registering T1 images were segmented 
into gray matter, white matter, and cerebrospinal fluid on the basis of 
transformation parameters that indicated transformation from subject native 
space into the standard Montreal Neurological Institute (MNI) space; (e) 
nuisance covariates were regressed (including Friston 24 head motion 
parameters [26] global signal, white matter signal, and cerebrospinal fluid 
signal), were subjected to additional regression to control for physiological 
noise; (f) Normalizing functional images to MNI space by Diffeomorphic 
Anatomical Registration Through Exponentiated Lie algebra (DARTEL) 
method and reslicing to 3.0 mm3 × 3.0 mm3 × 3.0 mm3 [27]; (g) the normalized 
images were spatially smoothed using an isotropic Gaussian kernel of 6 
mm Full-Width-at-Half-Maximum (FWHM); (h) band-pass filtering at the 
range of 0.01Hz to 0.08Hz to reduce the effects of low-frequency signals 
and high-frequency aliasing after data normalization; (i) image volumes with 
Framewise Displacement (FD)>0.2 mm were scrubbed to reduce the effect 
of head motion using cubic spline interpolation [28,29] and (j) No fMRI data 
with maximum head motion were excluded.

Regions of interest selection and static functional 
connectivity network analysis

In order to identify differences in resting state functional connectivity 
between ADHD and TD groups, we applied regions from the Automated 
Anatomical Labeling Template (AAL) [30] to calculate the functional 
connectivity based on Region of Interest (ROI) analysis, the 90 ROIs of 
AAL (except, cerebellum) by dividing them into six main regions (including 
prefrontal regions, other regions of frontal lobe, parietal regions, occipital 
regions, temporal regions, and subcortical regions according to prior 
studies [31]. We chose thalamus, the amygdala and the hippocampus 
(Figure 1) of the limbic network as our primary Region Of Interest (ROI). 
Lastly we extracted the average time courses from 90 ROIs in order to 
calculate functional connectivity.

For the construction of the traditional static resting state functional 
connectivity network of the brain, we estimated Fisher’s z-transformed 
Pearson’s correlations coefficients between each pair of the averaged time 
course in 90 ROIs, to improve the normality of correlation distribution which 
is over a full range of 251-image volumes [31,32].

Dynamic resting state functional connectivity analysis
For the construction of dynamic resting state functional connectivity 

analysis network, we used the sliding window method [33]. The window size 
was established at 30 TRs (60s) because 30s to 60s has been considered 
reasonable and was used in previous studies [33,34]. An acceptable 
temporal trade-off between the real dynamic fluctuation and the reliable 
temporal information has been reached by this range [35]. We selected 

Figure 1. Schematic of the selected ROI defined using the Brain Net Viewer. Note: 
( ) Hippocampus; ( ) Thalamus; ( ) Amygdala
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a sliding temporal window length of 30 TRs (60s) to 251 data length 
(502s), rectangular sliding windows unconvolved with Gaussian kernel was 
then used to capture more sharp transitions that could be undetected in 
tapered windows [36]. By sliding the window by the 2-sec step size 1TR, 
222 temporal windows (251-30+1) were generated. Finally, 222 Fisher’s 
z-transformed Pearson’s correlation maps (90 × 90 matrix size, for each 
window) for each subject were obtained which were the dynamic resting 
state functional connectivity maps.

Dynamic resting state functional connectivity 
characteristic metrics

Since it is a time-varying process, we employed two common metrics 
to describe its dynamic characteristics: Average (mean) and temporal 
variability (standard deviation). These metrics are calculated as follows:

( 1)
( , ) 1/ ( , )

=
= ∑ T

t
Mean i j T z i j t                                      (1)

2

( 1)

( , ) (1/ ( 1) ( ( , ) ( , ) ) )
=

= − −∑
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t

Temporalvariability i j T z i j t z i j m
   (2)

Where z(i, j)t is the functional connectivity value between ROI i and ROI 
j in the time window t, T is the number of windows, and z(i, j)m is the mean 
of z(i, j)t over the T windows.

Statistical analysis
For the fMRI statistical analyses, multiple comparison correction was 

performed using Gretna toolbox (http://www.nitrc.org/projects/gretna) with 
a threshold of uncorrected p<0.05. A 5000-times randomized permutation 
test was used. A permutation test is a kind of statistical significance test in 
which all potential values of the test statistic under rearrangements of the 
labels on the observed data points are calculated to obtain the distribution 
of the test statistic under the null hypothesis [37].The regions that made it 
through multiple comparison correction were chosen as Region of Interest 
(ROIs) for post hoc analysis. On these ROIs, a two-tailed, two-sample 
t-test was used to detect the differences between the groups (ADHD vs. 
TD). Statistical significance was defined as a p<0.025 (0.05/2) (Bonferroni 
corrected) value. 

Results

Static resting state functional connectivity
There was no significant difference in average (p=0.395) and temporal 

variability (p=0.079) in static resting state functional connectivity between the 
ADHD and TD groups showing the traditional static functional connectivity’s 
insensitivity to capture neural functional abnormalities relating to ADHD.

Head motion
Based on the composite score of total motion for each individual, the 

results demonstrate that ADHD group also reported stronger correlation 
(r=0.62, p<0.001) between in-scanner head motion and ages compared to 
the TD group (r=-0.1, p<0.001) as seen in Figures 2A and 2B.

Figure 2A. Correlation graph showing in-scanner head motion and ages of ADHD 
group.

Figure 2B. Correlation graph showing in-scanner head motion and ages of TD 
group.

Dynamic resting state functional connectivity 
Average limbic network functional connectivity: Average limbic 

network functional connectivity demonstrated a significant difference 
(p<0.05) between ADHD and TD groups in three consecutive temporal 
windows (w183, w184, w185) after controlling for age, gender and 
handedness (Table 2) (Figures 2 and 3).

Table 2. Average limbic network functional connectivity.

Temporal Windows                  p value (uncorrected)     t value
183 0.046 2.06
184 0.047 2.04
185 0.049 2.02

ADHD group showed increased limbic network functional connectivity 
in these windows compared to the TD group with significant between-group 
limbic network resting state functional connectivity difference (Figure 4).

Variability of limbic network connectivity: As for temporal variability, 
we observed many obvious differences between the standard deviation 
maps of two groups (Table 3) (Figures 4-6). Especially in twenty five 
temporal windows (w132-w137, w140-w158) after controlling for age, 
gender and handedness.

Table 3. Variability of limbic network connectivity.

Temporal Windows                  p value (uncorrected)      t value
132 0.043 2.09
133 0.037 2.16
134 0.036 2.17
135 0.042 2.10
136 0.047 2.05

Figure 3. Functional connectivity map in a single subject level, A is for Attention-
Deficit/Hyperactivity Disorder (ADHD) group, and B for Typically-Developing 
Controls (TD) group at w183 (7 min, 4 sec), w184 (7 min, 6 sec) and w185 (7 min, 
8 sec) respectively. The lines partition the resting state functional connectivity maps 
into six subcategories (i.e., Prefrontal (PFR), Other Frontal (FR), Parietal (PR), 
Occipital (OR), Temporal (TR) and Subcortical regions (SUB). 
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137 0.049 2.03
140 0.046 2.06
141 0.042 2.10
142 0.037 2.16
143 0.033 2.20
144 0.033 2.21
145 0.036 2.17
146 0.036 2.17
147 0.034 2.20
148 0.033 2.21
149 0.027 2.30
150 0.021 2.40
151 0.020 2.43
152 0.020 2.42
153 0.023 2.36
154 0.024 2.34
155 0.022 2.38
156 0.020 2.43
157 0.024 2.35
158 0.040 2.12

ADHD group showed increased variability of limbic network connectivity 
in windows 132-137 (5 min 22 seconds to 32 seconds) and windows 140-
158 (5 min 38th second to 6 min 14 seconds) compared with TD group 
with significant between-group limbic network resting state functional 
connectivity difference (Figure 7).

Discussion

Given the limbic network higher role in our emotions and motivations, 
we aimed to investigate whether functional connectivity of the limbic 
network was abnormal in ADHD-infected children. Interestingly, we found 
that significant differences existed in both average and temporal variability 
between ADHD and Typical-Developing Control (TD) children. To the best 
of our knowledge, this is the first study to address differences in functional 
connectivity in categorical and dimensional analyses based on Neoroimage 
Sample obtained from the ADHD-200 Sample dataset [25].

Figure 4. The average group functional connectivity maps at w183 (7 min, 4 sec), 
w184 (7 min, 6 sec) and w185 (7 min, 8 sec) respectively temporal windows. Where 
C is for Attention-Deficit/Hyperactivity Disorder (ADHD), D for Typically-Developing 
Controls (TD) and E is the group difference of the average dynamic resting state 
functional connectivity (ADHD-TD). 

Figure 5. The group variability maps at 25 different temporal windows for Attention-
deficit/hyperactivity disorder (ADHD) group.

Figure 6. The group variability maps at twenty five different temporal windows for 
Typically-Developing Controls (TD). 

Figure 7. The reproducibility maps of group variability differences (ADHD-TD) 
at twenty five temporal windows. Values are plotted as –log10 (p-value) x sign 
(t-statistic), achieved at P<0.05.
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We utilized sliding window approach to construct dynamic resting state 
functional connectivity maps whose windowed limbic network connectivity 
properties were assessed. We also computed static resting state functional 
connectivity as correlation of fMRI time series over full-range of scanning 
time [33].

Our findings can be summarized as follows: (a) Static resting state 
functional connectivity did not reveal significant differences between ADHD 
and TD groups. (b) Compared with the TD group, dynamic connectivity 
analyses presented ADHD group with increased average functional 
connectivity in limbic region in three-time windows (w183, w184, and w185) 
(Table 2) (Figures 2 and 3). (c) In all temporal correlation windows, the 
variability of limbic network connectivity also demonstrated an increased 
functional connectivity in twenty five windows out of full range 222 windows 
(w(132-137) and w(140-158)) between the groups, findings that could not 
be identified in static functional connectivity analyses (Table 3) (Figures 
5-7).

It has already been shown that dynamic functional connectivity has 
higher predictive power than static in ADHD and provides additional and 
more detailed information for characterization of functional malfunction, 
which makes it particularly important for classification of brain disorders 
[34,38-41]. Previous studies of ADHD associated with limbic network, 
Hulvershorn, et al. revealed higher emotional lability ratings associated with 
greater positive functional connectivity between the amygdala and rostral 
anterior cingulate cortex in youth with ADHD [42], the ADHD group exhibited 
more significant resting state functional connectivities with the dACC in 
bilateral dACC, bilateral thalamus, bilateral cerebellum, bilateral insula and 
bilateral brainstem compared to the controls in another study [14].

Nevertheless, some studies could not identify increased functional 
connectivity in this area, one study reported reduced resting-state brain 
activities in the bilateral putamen in the ADHD group, and no significant 
activity differences were found in the bilateral thalamus [43], another study 
due to severe depressive symptoms, reduced functional connectivity were 
also seen between the left hippocampus and the left Orbitofrontal Cortex 
(OFC) [44].

The occurrence of these differences perhaps results from the fact that 
different studies emphasized particularly ADHD patient’s subtype, so some 
findings may be more suitable for ADHD group of Hyperactivity/Impulsive 
or Inattentive subtype. While in the present study, most ADHD participants 
were of the combined subtype (72%). Moreover, another possible reason 
for the discrepant findings is the removal of motion and nuisance artifacts 
is of utmost importance in all functional connectivity fMRI studies, and in 
particular so in studies that include children with ADHD given that they are 
often more prone to move in the MR scanner compared to controls [40]. In 
line with this hypothesis, during the preprocessing exclusion criteria with 
2.5 mm and 2.5 degree in max head motion, nine subjects were of ADHD 
(sub_02, 03, 04, 08, 09, 10, 20, 21, 22) and only one subject of TD (sub_03).

Our study however presented some limitations. In method we used 
sliding window for the dynamic rsFC analysis network construction, 
however, the authors of this work acknowledge that the sliding window 
technique has a number of drawbacks [45-47], such as multiple parameters 
must be specified, including window function, length, and step size, but due 
to a shortage of ground truth in resting state fMRI data, the ideal settings 
are still uncertain. We can confirm that our work just like the vast majority 
of resting state-dFC studies have employed this technique, mainly due to 
its simplicity [35].

 It is also not clear whether the observed results are specific to only 
ADHD combined subtype or shared with all three types, this implies that our 
conclusions cannot be generalized to the broader ADHD population. Also 
absence of clinical measures related to ADHD limited us from evaluating the 
correlation between patterns of deficits observed in ADHD and its clinical 
evaluation. ADHD group demonstrated larger head motion compared to 
the TD group. Whether results were also influenced by the head motion 
should be the topic for future studies hence attention should be paid when 
interpreting the results.

Conclusion

This study demonstrated that children with Attention Deficit/
Hyperactivity Disorder indicated an increased average and variability of 
limbic network connectivity in short-time-scale (dynamic) based windows 
but did not present any significant results in full-time-scale (static) based 
analyses. These findings suggest that the demonstrated dynamic functional 
connectivity analyses provide strong insights to understand brain deficits 
underlying Attention Deficit/Hyperactivity Disorder than traditional full length 
fMRI analyses.
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