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Abstract

Our brain is a complex organ with different levels of interaction and therefore can be thought as a
complex network. In high level interactions, the brain network is formed by interconnected areas called
nodes and their connections are the links. Hubs play a key role in information processing in the brain. Brain
networks can be extracted using several imaging modalities, here we focus on networks based on resting
state fMRI (rsfMRI) where spontaneous brain activity is indirectly measured resulting in a blood-oxygen-
level dependent (BOLD) signal for each voxel. Brain regions or voxels are said to be functionally connected
and therefore, a link exists, if they present temporal correlation. The advantages of rsfMRI are the easiness
of the acquisition suitable for children and clinical population and to be able to uncover networks related
to spontaneous or “default mode” of the brain. Moreover, it has been shown that the resting state networks

are impaired in psychiatric and neurological disorders.

Rolandic epilepsy (RE) is one of the most common epilepsy in childhood manifesting abnormal EEG
activity in central-temporal areas. Despite seizure remission during adolescence, recent studies have shown
a serious of comorbidities. Moreover, the risk of cognitive impairments has been linked to interictal

epileptic discharges (IED). Nevertheless, the underlying mechanisms are not fully understood.

Here, we applied two novel methods to resting state fMRI, the blind deconvolution method to recover
the neural activity and to extract the hemodynamic response (HRF) and functional connectivity density

(FCD). FCD is a data-driven voxel-wise new tool combining graph theory and functional connectivity that
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unveils densely connected regions that can work as functional hubs of information in the brain. The goal
was to identify hubs of information flow and possible network disruption in RE in patients with and without

IEDs.

FCD maps revealed main hubs in the posterior cingulate, precuneus, cuneus and calcarine. Patients with
IEDs during the scanner showed higher FCD as compared to healthy controls and larger hub in the
postcentral precentral gyri, key focal areas in RE. Patients with no IEDs during the scanner showed overall
lower FCD as compared to controls and IED groups. Group comparison revealed hyper local connectivity
in bilateral thalamus in the patients with IEDs compared to patients without IEDs. Additional exploratory
HRF analysis showed that patients with IEDs presented higher response height in the HRF in the thalamus
evidencing the inhomogeneity of the HRF among groups.

We speculate that locally abnormal information flow in bilateral thalamus might suggest the involvement
of this region in the generation of spikes in RE. It also provides additional evidence for an epileptic as a
network disease rather than a focus dysfunction. This hypothesis could be further confirmed in meta
analysis, small group size is the main limitation of this study. To the best of our knowledge, this is the first

study to combine blind deconvolution and FCD to the whole brain analysis in RE.

Introduction

Our brain is a complex organ with different levels of interaction and connections and therefore can be
thought as a complex network. In high level interactions, the brain network is formed by interconnected
areas called nodes and their connections are the links. Due to the nature of the interactions in the brain, the
optimal network should be able to process locally specialized information as well as to connect localized
information centres among themselves. In this way, information can travel globally and fast in the brain.

Hubs play a key role in this interplay.

The brain networks can be calculated using several imaging modalities as functional magnetic resonance
imaging (fMRI), structural magnetic resonance imaging, electroencephalogram (EEG), diffusion tensor
imaging (DTI) among others. Here we focus on networks based on resting state fMRI (rsfMRI) where
spontaneous brain activity is indirectly measured resulting in a blood-oxygen-level dependent (BOLD)
signal for each voxel. Voxels (~mm?) are the minimum brain unity that can be measured by the fMRIL. In
rsfMRI, the subjects lie in the scanner from 5 to 10 min and are instructed to relax. Brain regions or voxels
are said to be functionally connected and therefore, a link exists, if they present temporal correlation.
Typically, links between areas or voxels are inferred using Pearson’s correlation coefficient. The main
advantages of rsfMRI are the easiness of the acquisition suitable for children and clinical population and to
be able to uncover networks related to spontaneous or “default mode” of the brain. Moreover, it has been

shown that the resting state networks are impaired in psychiatric and neurological disorders.



Epilepsy is one the most common neurological disorders and it is characterized by unpredictable
seizures, atypical oscillatory dynamics and sychronization across brain regions [1]. Rolandic epilepsy (RE)
is idiopathic childhood epilepsy, with a typical onset at age of 7 — 10 years. Seizures can be infrequent and

usually occur at night during sleep. Despite seizure remission during adolescence, recent studies have

shown a series of comorbidities in attention [2], language [3], motor performance [4], memory [5]. The risk

of cognitive impairments has been linked to interictal epileptic discharges (IED)[2,6,7] that are abnormal

waveforms not associated with seizure symptoms. Nevertheless, the underlying mechanisms are not fully

understood [6].

The most used tools to investigate epilepsy are EEG and fMRI. EEG is widely used to characterize the
abnormal electrical activity present in the brain signal of epileptic patients and to identify its source, while
fMRI, due to its high spatial resolution is helping to uncover subcortical structures involved in epilepsy as
well as whole brain connectivity. Resting state fMRI is a relatively young technique that is particularly

suitable for the study of epilepsy, especially when working with children, due to the ease of data acquisition.

In resting state fMRI, as opposed to the task fMRI, the spontaneous events of the brain activity are
measured. Although the invaluable contributions of the fMRI, little concern is taken about the nature of the
signal in this technique. What is in fact being measured is an indirect secondary effect of the real neural
activity in which there is a hemodynamic delay due to the fact that it takes several seconds to the changes
in the oxygen level in the tissues to be perceived in the MRI [8,9]. It results in a measured signal that is
delayed, relative to the real neural activity, causing a temporal blurriness. In addition, the hemodynamic
response (HRF) is most of the times considered to have a canonical shape that is homogeneous across brain
regions. Nevertheless, there is evidence that this is not the case for epilepsy [10-14]. All of these technical
inaccuracies together can lead to distorted and blurred time series. The common way to account for those

is performing a deconvolution.

Deconvolution has proven to be a good technique to overcome these problems applied for event- related
fMRI diminishing the inherent temporal blurring in fMRI, hence increasing the temporal precision of the
neural activity time course [8]. The same method was adopted for resting state data and called blind
deconvolution [15,16] . In the blind deconvolution events are blindly obtained from BOLD signals. Once
the signal is deconvolved, the following step is the choice of the most suitable analysis methods. Often in

resting state fMRI, functional connectivity (FC) is chosen.

Classical FC assesses only global correlations and it faces issues as the choice of a seed. Choosing the
seed, a strong a priori hypothesis is needed and may bias the outcome. To overcome these issues, we used
a new technique named functional connectivity density (FCD) which combines functional connectivity and
graph theory. FCD investigates voxel-wise local and large-scale network unveiling important global and

local hubs of information by clustering functional correlations in the whole brain [17,18].



Here, firstly we applied a blind deconvolution method for resting state fMRI to estimate the neural signal
with increased the temporal precision and to extract the HRF for posterior exploratory analysis. Secondly,
we applied FCD to the neural signal to identify particularities of local and global networks involved in

Rolandic epilepsy.

Methods

Participants

Children with RE were recruited from the Second Affiliated Hospital of Zhejiang University School of
Medicine, China. Patients were diagnosed by experts based on ILAE classification [19], the presence of
simple partial tonic-clonic seizures during sleep, and spike-waves in centrotemporal regions. Exclusion
criteria were focal brain lesions, falling asleep during scanning, or head motion exceeding 3mm in
translation or 3 degrees in rotation. The whole resting-state fMRI run was used for each subject. Healthy
controls were recruited from local primary schools in Hangzhou, China. These subjects had no history of
neurologic disorders, psychiatric illnesses or gross abnormalities on brain MR images.

After the exclusion criteria this study involved 27 children with Rolandic epilepsy, 15 of which presented
interictal epileptiform discharges (IEDs), 12 non-IED and 11 age-matched healthy controls (HCs) (Tablel).
The division of IED and nonlED group were performed based on spikes present in the EEG recordings. For
all subjects in the non-IED group, there were no spikes during the total length of the EEG-fMRI
simultaneous recordings. All subjects in the IED group presented spikes during the EEG-fMRI recordings.

Table 1. Clinical data

IED non-IED HC P value
Age (years) 8.93+1.71 10.25+2.26 8.73£1.95 0.1344*
Sex (females:males) 10:5 5:7 6:5 0.4395°
Onset age (years) 7.80+1.21 7.42+2.71 0.6273¢
Side of EEG (R:L:B) 9:5:1 6:4:2 0.6977¢
Number of seizures (/year) 2.25+1.36 9.64+15.53 0.2171¢
Treatment:Naive 5:10 10:2 0.0094°¢
Medication (LEV:VAL:LTG:0XC) 0:2:3:1 5:3:4:1 0.3621¢
Mean FD 0.19+0.04 0.16+0.02 0.13+0.01 0.2659*

20ne-way ANOVA.

b Kruskal-Wallis ANOVA.
¢ two-sample T test.
4Mann Whitney U-test.

¢ Chi-square test.

MRI data acquisition

Brain imaging data were acquired on 3T MRI scanner (GE discovery 750 MRI) and using a standard
head coil at the Center of Cognition and Brain Disorders, Hangzhou Normal University, China. Foam pads
were used to reduce head motion and scanner noise. All participants were asked to hold still, with eyes
closed, not to think of anything in particular. The rsfMRIs were acquired using an EPI sequence, TR/TE
2000 ms/30 ms, and flip angle 90° and EPI sequence with 26 axial slices of 3.2 mm thickness, with in-plane



resolution 64 x 64 and TR/TE = 2000ms/30ms, FOV 220x 220mm, no interslice gap, 240 volumes.
Subsequently, T1-weighted anatomical images were acquired in the sagittal orientation using a MPRAGE
sequence (TR/TE 8.06 ms/3.136 ms, FA 8°, FOV =256 x 256 mm?, matrix= 256 x 256, slice thickness=1

mm, no interslice gap, and 176 slices).

Preprocessing

To ensure for steady-state longitudinal magnetization, the first 10 images were excluded. The remaining
230 images were corrected for slice timing and realigned. Individual T1 was coregistered to functional
images. Then anatomical images were segmented into gray matter, white matter, and cerebrospinal fluid;
spatially normalized with voxel size 3 mm to the MNI template. The functional images were spatially
smoothed with a 6-mm FWHM. All above mentioned preprocessing steps were performed using DPARSF
http://rfmri.org/DPARSF, [20]. Afterwards, the signal from the whole brain, white matter and cerebrospinal

fluid was regressed; temporal band-pass filtering (0.01 — 0.1 Hz) was applied using REST toolbox [21].
Finally, detrending was done with SPM12. We also calculated Framewise displacement (FD) [22] to

account for movement.

HRF signature extraction and blind deconvolution for resting state fMRI

Deconvolution has proven to be a good technique for diminishing the inherent temporal blurring in
fMRI, hence increasing the temporal precision of the neural activity time course [8]. The blurring is due
the fact that the fMRI signal is solely a secondary measure of the real neural activity where there is a
hemodynamic time lag.

The neural activity can be either task related or spontaneous [23]. In resting state studies, as opposed to
the task fMRI, the neural events are not explicit. Moreover, there is an increase believe that the relatively
large amplitude BOLD signals might encode important information [24].

We applied a more general deconvolution method for resting state called blind deconvolution [15,16].
In this method, events were obtained from peaks of the brain spontaneous activity from BOLD signal,
signatures from resting state HRF were extracted from BOLD peaks, as in Wu et al. (2013, 2015). HRF
was estimated for each voxel using Finite impulse response (FIR) function rather than a canonical HRF
since recent work showed that canonical HRF may not be suitable for epilepsy [10]. To analyze possible
inhomogeneities in the hemodynamic activity we extracted 3 features from the HRF: response height, time
to peak and full width at half maximum (FWHM) as measures for magnitude, latency and duration. The
extracted HRF was then used to deconvolve the BOLD time series to obtain the neural signal. The code for
the HRF blind deconvolution is freely available at
http://users.ugent.be/~dmarinaz/HRF _deconvolution.html

Functional connectivity density mapping (FCD)
Functional connectivity density (FCD) is a data-driven voxel-wise new graph theory tool [17,18] that

unveils densely connected regions that can work as functional hubs of information in the brain network. By
adding at the voxel-level graph measures as degree, strength and cluster to the classic FC, FCD takes a step

further in the basic network construction.
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Firstly FCD calculates the links given by Pearson’s correlation coefficient between one voxel xyand the
other voxels x; X, ..,X,in the brain and a MRI signal-to-noise threshold T, only statistically significant
correlation links with correlation greater than 0.6 and T=50 are kept [17,18]. To compute local FCD, the
number of significant functional connections per voxel in the local cluster, k, is inferred using a three-
dimensional searching algorithm developed in IDL (ITT Visual Information Solutions). If a voxel x;was
functionally connected to xy,and adjacent to a voxel linked to x,by a continuous path of functionally
connected voxels, X, was added to the local cluster of
Xo- The local FCD at x,was the total number of elements in the cluster (Fig. 1)

Global FCD is the local degree of each voxel, disregarding cluster restrictions and is defined as
Nx(N-1)/2 [17].
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Fig. 1. Local voxel cluster in FCD .

Statistics
The local and global FCD maps were spatially smoothed 6 mm FWHM in SPM 12 to minimize

differences across subjects in brain anatomy according to [18]. For statistical group analysis, one-way
ANOVAs were performed in SPM 12 and a threshold of p<0.05 family-wise error (FWE) correction on a
cluster level was considered. Movement given by framewise displacement [22], age and gender were

included as covariates.

Results

nonlED




Fig. 2. Local FCD within group map showed hub regions where voxels were functionally connected to their neighbors.

Before applying FCD, the neural signal was estimated by a blind deconvolution. This procedure allows
for signals with increased temporal precision and, in addition, provides the HRFs for posterior exploratory
analysis. The resulting neural signal was used to calculate the FCD, a new voxel-wise data-driven method
that combines the classical FC with graph analysis. We applied FCD in 3 groups: epileptic patients with
IEDs during the scan, epileptic patients without IEDs during the scan and healthy controls. FCD revealed
hub regions in which voxels were continuously functionally connected to their neighbors (Fig 2). The mean
local FCD of the control group revealed hubs in the posterior cingulate, precuneus, cuneus, calcarine. The
IED group had higher FCD than the healthy controls and larger hub in the postcentral precentral gyri. In
turn, the non IED group showed lower FCD than healthy controls for most brain regions, with exception of
superior medial frontal.

Our FCD group analysis revealed an increase in strength of local (or also called short-range) functional
connectivity density in patients with IED in bilateral thalamus as compared to non-IED patients (Fig.3A,
Table 2). Other comparisons IED versus HC and non-IED versus HC did not show any differences as well
as for global FCD.

The HRF group analysis between IED and non-IED showed bigger response height to IED group in left
thalamus (Fig. 3B; table 2). The response height in the average voxel-specific HRF (-9,-21, 6) across
subjects were 3 times higher for the IED group compared to the non-IED (Fig. 1C). The HRF for the non-
IED group was delayed as compared to the IED group: time to peak for the non-IED was 12 s and for the
IED was 10 s. The same analysis above was done using canonical HRF instead of FIR (see section HRF

signature extraction and blind deconvolution for resting state fMRI ) and no group differences were found.
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Fig. 3. A — Higher local FCD in bilateral thalamus in the IED group as compared to the non-IED group. B — Higher response
height in the left thalamus for the IED group as compared to the non-IED group. C — Average Hemodynamic response function
(FIR) for IED and non-ED groups



Table 2. Clusters with significant differences between groups.

REGION XY Z T Voxels in
the cluster

IED>nonlED
(cluster level FWE, p=0.005, n=270)

Thalamus L 3 24 6 4.53 89

Thalamus R 9 21 0 5.07 80

Brainstem R 5.09 59
6 27 -6

HRF — Response height (ANOVA)
(cluster level FWE, p=0.013, n=9)
Thalamus L 9 21 6 4.04 9

Discussion

The brain can be thought as a complex network. In high level interactions, the brain network is formed
by interconnected areas called nodes and their connections are the links. Hubs play a key role in information
processing in the brain. The brain networks can be calculated using several imaging modalities, here we
focused on networks based on resting state fMRI (rsfMRI) where spontaneous brain activity is indirectly
measured. The main advantages of rsfMRI are the easiness of the acquisition suitable for children and
clinical population and to be able to uncover networks related to spontaneous or “default mode” of the
brain. Moreover, it has been shown that the resting state networks are impaired in psychiatric and
neurological disorders.

We calculated by means of the FCD the distribution of hubs in brain of the healthy controls and patients
with RE. FCD is a robust and reliable measure that reveals densely connected regions in the brain that can
work as hubs of information processing. The FCD for the control group revealed similar map as found in
meta study by Tomasi and Volkow, [18] with high FCD in the posterior cingulate, precuneus, cuneus,
calcarine. Patients who had IEDs during the scanner presented in average hyper connected map. Moreover,
a large hub was seen in the postcentral/precentral gyrus. This result expected because these regions are
known to be a focal area in RE. Surprisingly, patients that did not present I[EDs during the scanner presented
in average a hypo connected map. In the group level, we found higher local FCD in bilateral thalamus in
patients with IEDs compared to non-IEDs, which means a hyper-connected local network in this region,
where more information is being exchanged within thalamus and local surroundings during abnormal
electrical activity in the brain. Thalamus is a key area in the brain and works as a gateway keeper regulating
and integrating sensory information. Although, it has been proposed that rolandic spikes could be generated
within the thalamo-cortical circuitry [25-27], most studies conducted in RE patients with no cognitive

deficits did not report findings in cortical-subcortical network [10,28] except in [29]. It is important to



stress that these studies applied a different methodology than network analysis, in addition, there is a lack
of network studies in RE.

The network analysis was complemented by an exploratory HRF study. We found differences in the
HRF height confirming an inhomogeneity in the hemodynamic response in the thalamus among groups.
The height of HRF on left thalamus was up to 3 times bigger in the IED group when compared to the non-
IEDs. This difference in height shown here reflects the neural and vascular changes resulting from
spontaneous neural activity. Analyses with canonical HRF showed no differences between groups. It is an
additional evidence that canonical HRF may not be the best model for RE, especially for subcortical regions
as also shown by previous studies [10—14].

Altogether, we provide another experimental evidence for the involvement of thalamus and generation
of spikes in RE, supporting the hypothesis that dysfunction in thalamo-cortical part of the somatosensory
system might play a role in the pathophysiology of RE [25-27]. It has been shown that intrinsic activity in
the thalamus is correlated to the number of IEDs the recent study [29]. In epilepsy, seizures are often
associated with thalamo-cortical system [25,30-33]. It has been suggested that the thalamus would play an
important role in source synchronization and oscillatory activity in non-REM sleep [26]. Interestingly, in
RE seizures usually occur at night during sleep.

In addition, our results showed hyper excitability away from the expected focal cortical seed located in
rolandic area. This represents an additional evidence that RE is not solely a focal localized disease and
should rather be thought as disease that affects complex networks in the brain [34]. The role of the thalamus
could be further confirmed in meta analysis as the small group size is the main limitation of this study. To
the best of our knowledge, this is the first study to combine blind deconvolution and voxel wise network

analysis by FCD to the whole brain of RE patients.
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