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A B S T R A C T

Objective: Epilepsy causes measurable irregularity over a range of brain signal frequencies, as well as autonomic
nervous system functions that modulate heart and respiratory rate variability. Imaging dynamic neuronal signals
utilizing simultaneously acquired ultra-fast 10 Hz magnetic resonance encephalography (MREG), direct current
electroencephalography (DC-EEG), and near-infrared spectroscopy (NIRS) can provide a more comprehensive
picture of human brain function. Spectral entropy (SE) is a nonlinear method to summarize signal power irre-
gularity over measured frequencies. SE was used as a joint measure to study whether spectral signal irregularity
over a range of brain signal frequencies based on synchronous multimodal brain signals could provide new
insights in the neural underpinnings of epileptiform activity.
Methods: Ten patients with focal drug-resistant epilepsy (DRE) and ten healthy controls (HC) were scanned with
10Hz MREG sequence in combination with EEG, NIRS (measuring oxygenated, deoxygenated, and total he-
moglobin: HbO, Hb, and HbT, respectively), and cardiorespiratory signals. After pre-processing, voxelwise SEMREG
was estimated from MREG data. Different neurophysiological and physiological subfrequency band signals were
further estimated fromMREG, DC-EEG, and NIRS: fullband (0–5Hz, FB), near FB (0.08–5Hz, NFB), brain pulsations
in very-low (0.009–0.08Hz, VLFP), respiratory (0.12–0.4 Hz, RFP), and cardiac (0.7–1.6Hz, CFP) frequency bands.
Global dynamic fluctuations in MREG and NIRS were analyzed in windows of 2min with 50% overlap.
Results: Right thalamus, cingulate gyrus, inferior frontal gyrus, and frontal pole showed significantly higher
SEMREG in DRE patients compared to HC. In DRE patients, SE of cortical Hb was significantly reduced in FB
(p= .045), NFB (p= .017), and CFP (p= .038), while both HbO and HbT were significantly reduced in RFP
(p= .038, p= .045, respectively). Dynamic SE of HbT was reduced in DRE patients in RFP during minutes 2 to
6. Fitting to the frontal MREG and NIRS results, DRE patients showed a significant increase in SEEEG in FB in
fronto-central and parieto-occipital regions, in VLFP in parieto-central region, accompanied with a significant
decrease in RFP in frontal pole and parietal and occipital (O2, Oz) regions.
Conclusion: This is the first study to show altered spectral entropy from synchronous MREG, EEG, and NIRS in
DRE patients. Higher SEMREG in DRE patients in anterior cingulate gyrus together with SEEEG and SENIRS results
in 0.12–0.4 Hz can be linked to altered parasympathetic function and respiratory pulsations in the brain. Higher
SEMREG in thalamus in DRE patients is connected to disturbances in anatomical and functional connections in
epilepsy. Findings suggest that spectral irregularity of both electrophysiological and hemodynamic signals are
altered in specific way depending on the physiological frequency range.
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1. Introduction

Epilepsy is a brain disease characterized by excess neuronal activity
leading to abnormal or synchronized bursts of activity called seizures in
the brain (Fisher et al., 2014b). In electroencephalographic (EEG) mea-
surements, epileptic seizures show fast activity and high intensity. Epi-
leptiform activity can be seen in most of the frequencies within the
physiological EEG range. Focal seizures predominantly occur in theta
(4–7Hz), delta (0–3Hz), or alpha (8–12Hz) frequency bands, but also
beta (13–30Hz), gamma (30–100Hz) and ripple (100–250Hz) are re-
lated to epileptiform activity (Buzsáki et al., 1992; Engel Jr. et al., 2009;
Fisher et al., 2014a). Also the very-low frequencies (VLF) of EEG can be
used to detect epileptic seizure foci (Caspers et al., 1987; Ikeda et al.,
1999; O'leary and Goldrings, 1964; Vanhatalo et al., 2003a). Besides
EEG, heart rate variability (HRV) (up to 0.40Hz) and respiration
(0.15–0.40Hz) are also known to be altered in epilepsy (Ansakorpi et al.,
2011; Lotufo et al., 2012; O'Regan and Brown, 2005). Taken together,
alterations in epilepsy in electrophysiological activity can be present in
various frequencies of several types of signals.

A measure that sums up frequency changes over a wide range could
be helpful in detecting abnormal inter-ictal brain activity in the absence
of visually identifiable, diagnostic EEG discharges. Spectral entropy
(SE) is a measure of signal irregularity, which sums the normalized
signal spectral power (Shannon, 1948). Considering that most physio-
logical signals are nonlinear, entropy as a nonlinear method is ideal to
study neural signals (Faust and Bairy, 2012). Entropy in time domain,
such as approximate entropy (Srinivasan et al., 2007), sample entropy
(Song et al., 2012) and permutation entropy (Bruzzo et al., 2008; Li
et al., 2014a) has been used to study epilepsy. SE is a frequency domain
entropy measure, and it has been calculated in EEG measures in epi-
lepsy (Aarabi et al., 2009; Mirzaei et al., 2010) and to monitor an-
esthesia, values 40 to 65 indicating adequate depth of anesthesia
(Chhabra et al., 2016; Vakkuri et al., 2005; Viertiö-Oja et al., 2004). In
addition to anesthesia, entropy has also been used to calculate vigilance
estimates from EEG (Bruzzo et al., 2008; Shi et al., 2013). Bruzzo et al.
found in same study that permutation entropy worked as a measure in
seizure prediction and estimator of vigilance states in patients with
focal drug-resistant epilepsy. In epilepsy, vigilance is known to be al-
tered (Bruzzo et al., 2008; Danielson et al., 2011; Poirel, 1987), and in
general the state can change during the scan, which can be seen for
instance in global fMRI (Liu et al., 2018; Wong et al., 2016). SE thus
offers a comparable, scale free metric that has already been shown to
reflect epileptic pathology in intracranial (0.5–100 Hz) (Aarabi et al.,
2009) and scalp EEG recordings (0–60 Hz) (Mirzaei et al., 2010).

Although it is most common to calculate entropy from EEG signals,
it has been adapted in other physiological signals as well. ECG changes
in epilepsy have been calculated by multiscale entropy, which is able to
measure complexity of physiological data over different temporal scales
(Liu et al., 2017). Also complexity of blood oxygen level dependent
(BOLD) signal of functional magnetic resonance imaging (fMRI), have
been studied (McDonough and Nashiro, 2014; Smith et al., 2014;
Sokunbi et al., 2015), recently also in epilepsy (Gupta et al., 2017;
Tavares et al., 2017). Gupta et al. have measured wavelet entropy in
Rolandic epilepsy (Gupta et al., 2017) and Tavares et al. have used
complexity analysis in epileptogenic focus localization (Tavares et al.,
2017) based on BOLD signal. To the best of our knowledge, there are no
reports on NIRS signal entropy in epilepsy. Simultaneous multimodal
acquisition of all these parameters might enable a more comprehensive
view of the pathophysiology of inter-ictal activity.

The most popular simultaneous multimodal technique in epilepsy
research is combined EEG-fMRI (Bagshaw et al., 2004; Berman et al.,
2010; Gotman, 2008; Ives et al., 1993; Laufs et al., 2006) and several
studies have shown correlation between EEG and fMRI (Chang et al.,
2016; Goldman et al., 2002; Huang-Hellinger et al., 1995; Ives et al.,
1993; Moosmann et al., 2003; Wong et al., 2016). Also, EEG-fMRI
studies have shown that large-scale networks play crucial role in both

focal and generalized seizures (Centeno and Carmichael, 2014). Thus,
several types of epilepsy share common functional abnormalities and
labeling different types is not unambiguous. Also, despite epileptic
seizures may result from wide area of brain, seizure activity also typi-
cally spreads over specific anatomic pathways (Laufs et al., 2011;
Löscher and Ebert, 1996; Steriade, 2005). In addition to traditional
resting state fMRI (Biswal et al., 1995), recently developed ultra-fast
fMRI imaging sequence, 10 Hz magnetic resonance encephalography
(MREG), increases the sampled signal frequency range 10-fold, i.e. from
0.5 to 5 Hz (Assländer et al., 2013). MREG further improves the de-
tection of single epileptic events (Jacobs et al., 2014; Korhonen et al.,
2014; Lee et al., 2013) by more accurate temporal separation of neu-
ronal events and increased sampling rate that prevents cardior-
espiratory aliasing (Hennig et al., 2007; Posse et al., 2012). Thus, MREG
improves the spectral accuracy of multimodal neuroimaging in terms of
characterizing the frequency ranges of epileptiform activity (Jacobs
et al., 2014).

Over recent decades, evidence that the neurovascular coupling is
altered in epilepsy has accumulated (Gotman et al., 2004; Gotman
et al., 2006; Hawco et al., 2007; Mäkiranta et al., 2005). The commonly
detected hemodynamic delay may change to precedence of hemody-
namic changes compared to electrophysiological activity. Such reversed
couplings have been reported in both EEG/fMRI and ECoG/NIRS stu-
dies in human studies and animal models of epileptiform activity
(Gotman et al., 2004; Hawco et al., 2007; Jacobs et al., 2009; Osharina
et al., 2010; Osharina et al., 2017; Pouliot et al., 2012). Near-infrared
spectroscopy (NIRS) provides a direct, non-invasive measure of cortical
oxyhemoglobin (HbO) and deoxyhemoglobin (Hb) oxygen delivery le-
vels (McCormick et al., 1991; Mehagnoul-Schipper et al., 2002). Thus,
NIRS has been found useful in investigation of epilepsy in both focus
localization and monitoring oxygenation of responses during epileptic
activity (Adelson et al., 1999; Nguyen et al., 2013; Obrig, 2014;
Osharina et al., 2010; Watanabe et al., 2002). In this study we utilized
NIRS to further verify spectral irregularity in epilepsy.

We used SE to investigate the irregularity of brain signal frequencies
in drug-resistant epilepsy (DRE) with multimodal neuroimaging data
combining MREG, NIRS, and DC-EEG. Our aim was to investigate dy-
namic spatiotemporal features of multimodal SE data searching for a
marker to distinguish DRE patients and healthy controls (HC). Our null
hypothesis was that the signal characteristics in the measured MREG,
EEG and NIRS as measured by SE will be identical with DRE patients
and HC. In the results we show multimodal evidence that support the
rejection of this hypothesis. The findings suggest that spectral irregu-
larity of both electrophysiological and hemodynamic signals are altered
in specific ways depending on the physiological frequency range.

2. Methods and materials

2.1. Subjects

The study was approved by The Regional Ethics Committee of the
Northern Ostrobothnia Hospital District. A written informed consent
was obtained from all of the participants according to the Declaration of
Helsinki. Study subjects were selected from the outpatient clinic of
neurology department with the inclusion criteria of having a diagnosis
of focal drug-resistant epilepsy. They were candidates for invasive
treatment options, such as epilepsy surgery (although the patients were
selected in this study with the criteria of not having an obvious struc-
tural cause of epilepsy in the MRI) and stimulation therapy. Patients
either suffered from focal to impaired awareness or focal to bilateral
tonic-clonic seizures. Previous clinical structural MRI was considered
normal in seven patients, mild hippocampal sclerosis or amyglada pa-
thology was suspected in two patients and mild focal cortical dysplasia
was suspected in one patient. Previous interictal EEG-recording were
either normal or showed occasional focal epileptiform discharges in
eight patients and in two patients the seizure onset in temporal lobe was

H. Helakari, et al. NeuroImage: Clinical 22 (2019) 101763

2



documented. EEG data of this study was measured and scanned for the
presence of interictal discharges by experienced clinical neurophysiol-
ogist (S.R.), from Unit of Clinical Neurophysiology, and no clear dis-
charges were found any of the patients. Patients were studied as a po-
pulation that suffered complex, intractable epilepsy and compared to
healthy subjects.

HC (no continuous medication, no alcohol consumption 12 h prior
to scanning) were recruited from the email recruitment lists of the local
University. Ten DRE patients (median ± standard deviation (STD):
34.3 ± 10.8 years, male/female: 3/7) (Table 1) and ten HC
(median ± STD: 24 ± 8.1 years, male/female: 8/2) underwent mul-
timodal imaging of the brain including MREG sequence, NIRS and EEG.

2.2. Data collection

All subjects were scanned in Oulu (Finland) using a Siemens
MAGNETOM Skyra 3 T scanner (Siemens Healthcare GmbH, Germany)
with a 32-channel head coil. Scanning was carried out with MREG se-
quence obtained from Freiburg University via collaboration with
Jürgen Hennig's group (Assländer et al., 2013; Lee et al., 2013;
Zahneisen et al., 2012). MREG is a three dimensional (3D) spiral, single-
shot sequence that undersamples 3D k-space trajectory. It allows ap-
proximately 20–25 times faster scanning than the conventional fMRI
sequence by sampling the brain at the frequency of 10 Hz. 10-min
resting-state scan yielding 5822 brain volumes with multimodal set up
(at least seven different modalities) was performed as before (Korhonen
et al., 2014), with instructions to relax and focus on a cross on the
screen. Our multimodal neuroimaging set-up enables simultaneous
scanning of MREG, EEG, NIRS, continuous non-invasive blood pressure
(NIBP) and anesthesia monitoring as a synchronous system. Four 10-
min scans were carried out in the majority of the DRE patients to ob-
serve potential seizure activity (specific information in Table 1). Four of
HC were scanned twice and the rest only once. The MREG and EEG data
from the first scan was chosen for analysis in 6/10 of DRE patients and
HC, and second for the rest of the study subjects. The second scan was
used, because MREG data of first scan was not comparable in 4/10 HC.
To exclude differences between the first and the second scan, the
second scan was randomly chosen in four DRE patients. In NIRS, the
best available data was chosen into further analysis, due to the tech-
nical problems during the patient scans. Exact information can be found
from supplementary table 1.

The following parameters were used for the 3D whole brain MREG
sequence: repetition time (TR) 100ms, echo time (TE) 36ms, field of
view (FOV) 192mm3, 3mm cubic voxel, and flip angle (FA) 25°. The
data were reconstructed using L2-Tikhonov regularization with lambda
0.1, with the latter regularization parameter determined by the L-curve
method with a MATLAB recon-tool from sequence developers (Hugger
et al., 2011). 3D MPRAGE T1 anatomical images (TR 1900ms, TE
2.49ms, TI 900ms, FA 9°, FOV 240, slice thickness 0.9 mm) were
scanned to register the MREG data onto 4mm Montreal Neurologic
Institute space (MNI).

EEG was recorded with 32-channel, MR-compatible BrainAmp
system (Brain Products, Gilching, Germany) according to the interna-
tional 10–20 system. Ag/AgCl electrodes were placed to the head and
skin potential was reduced by stick abrasion technique to allow DC-
measurement (Hiltunen et al., 2014; Vanhatalo et al., 2003b). Brai-
nAmp SyncBox was used to ensure that the EEG amplifier and the
scanner are in synchrony via a transistor–transistor logic pulse. Elec-
trode impedances were < 5kΩ, sampling rate 5 kHz, band pass from
DC to 250Hz and ECG was recorded. Signal quality was tested outside
the scanner room by recording 30s eyes open and eyes closed.

Fluctuations in cerebral blood flow and volume, (more specifically
concentration changes of HbO and Hb) were measured in synchrony
with fMRI using an MR-compatible NIRS device (Sorvoja et al., 2010).
The device allows to change the combination of wavelengths (Korhonen
et al., 2014; Myllylä et al., 2014), and in this study we used wave-
lengths of 660 and 830 nm. These wavelengths were selected because
they are located on both sides of the isosbestic point of the absorption
spectrum of HbO and Hb, that is, at 800 nm, where the extinction
coefficient of oxygenated and deoxygenated hemoglobin is the same
(Boas et al., 2001; Jöbsis, 1977; Korhonen et al., 2014). Furthermore,
we have shown that this wavelength combination is sensitive to
changes in hemoglobin concentrations (Myllylä et al., 2014). The
sampling rate of NIRS data acquisition was 10 kHz and the sensor was
placed on forehead.

Besides MREG, EEG, and NIRS, continuous noninvasive blood
pressure (Myllylä et al., 2017; Myllylä et al., 2011), respiration (re-
spiration belt) and fingertip photoplethysmography (PPG) (Siemens
MAGNETOM Skyra 3 T scanner devices) and PPG, respCO2, ECG, and
cuff-based blood pressure were registered using 3 T MRI-compatible
anesthesia monitor (GE Datex-Ohmeda™; Aestiva/5 MRI) as described
previously (Korhonen et al., 2014) (Fig. 1).

Table 1
Demographics of patients with drug-resistant epilepsy (DRE).

Patient Gender Age (years) Duration of epilepsy (years) Type of seizures Etiology of epilepsy AEDs Number of scans

1 M 32 8 focal to impaired awareness S? CBZ 800mg, PGB 300mg 2

2 F 36 10 focal to impaired awareness S LTG 550mg, TPR 200mg 4

3 F 26 19 focal to bilateral tonic-clonic U LCM 200mg, LTG 175mg, 2
VPA 1500mg, CLB 10mg

4 F 52 4 focal to impaired awareness U LCM 150mg, ZNS 100mg 4

5 M 36 6 focal to bilateral tonic-clonic U LEV 2500mg, OXCB 1200mg, 4
LCM 300mg

6 M 53 13 focal to bilateral tonic-clonic U LTG 100mg, LCM 200mg, 3
TPR 125mg

7 F 22 12 focal to bilateral tonic-clonic U VPA 900mg, LTG 250mg, 4
CLB 10mg

8 F 25 11 focal to impaired awareness U OXCB 1200mg, ZNS 400mg 4

9 F 35 12 focal to impaired awareness U TPR 100mg, LCM 500mg, 4
CLB 30mg

10 F 26 7 focal to impaired awareness U LEV 2000mg, LCM 150mg, 4
LTG 400mg

AEDs, anti-epileptic drugs; S, structural; U, unknown; CBZ, Carbamazebine; PGB, Pregabalin; LTG, Lamotrigine; TPR, Topimarate; LCM, Lacosamide; VPA, Valproic
acid; CLB, Clonazepam; ZNS, Zonisamide; LEV, Levetiracetam; OXCB, Oxcarbamazebine.
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2.3. Preprocessing of MREG data

MREG data were preprocessed with the FSL pipeline (FSL 5.09)
(Jenkinson et al., 2012). First, the data were high-pass filtered with a
cut-off frequency of 0.008 Hz. To minimize T1-relaxation effects, 180
time points were removed from the beginning. Head motions were
corrected with FSL 5.08 MCFLIRT software (Jenkinson et al., 2002).
After MCFLIRT, brain extraction was carried out with optimization of
the deforming smooth surface model, as implemented in FSL 5.08 BET
software (Smith, 2002) using threshold parameters f= 0.3 and g=0.
For 3D MPRAGE volumes, parameters f= 0.25 and g=0.22 with neck
clean-up and bias field correction options were used. Spatial smoothing
was done with fslmaths 5mm FWHM Gaussian kernel. Motion left de-
spite correction was controlled by SE calculation and observing
movement (mm) from MCFLIRT data. Possible effect of respiration was
considered by calculation of SE from respiration belt data (Skyra). FSL-
tool MELODIC was driven to set fMRI data into time-courses and spatial
maps using single-session, probabilistic independent component ana-
lysis (ICA) (Beckmann and Smith, 2004). Three-dimensional MPRAGE
images were used to register the MREG data into 4-mm MNI space prior
to ICA as a standard procedure in MELODIC. Additionally, preproces-
sing step FIX (FMRIB's ICA-based X-noiseifier) was driven for MREG
data to separate artifacts from neural activity signals in resting-state
fMRI data (Griffanti et al., 2014; Salimi-Khorshidi et al., 2014).

Before using FIX in the study data (DRE and HC), separate data set
was needed. ICA MELODIC was driven similarly for the separate data
set (10 earlier scanned healthy controls) as for the study data set. After
ICA the independent components were visually labeled to noise or
signal by hand using Melodic Result Viewer (MELVIEW). Noise com-
ponents were further sub-labeled to cardiac, respiratory, white matter,
motion or sinus sagittalis/transversus when relevant. Independent
components were classified as resting state networks when several
criteria were satisfied (Griffanti et al., 2014; Zerbi et al., 2015). FIX was
performed for MREG data of DRE patients and HC.

The global MREG signal was computed in FSL by fslmeants com-
mand that counts average time series (intensities).

2.4. Preprocessing of EEG data

DC-EEG was preprocessed off-line using Brain Vision Analyzer
(version 2.0, Brain Products). Gradient artifacts and ballistocardio-
graphic artifacts were removed using standard average artifact sub-
traction method (Allen et al., 1998; Allen et al., 2000). DC-EEG data
were downsampled to 10 Hz using MATLAB for comparable analysis
with MREG and NIRS. All 32 EEG channels were analyzed individually.

2.5. Preprocessing of NIRS data

For quality control, NIRS data was visually checked in relation to
motion artifacts, baseline shifts and unwanted noise. Sensitivity of the
NIRS is regularly tested and validated with optical head phantoms,
designed for the purpose (Korhonen et al., 2014). Raw NIRS time series
were converted into time series of Hb, HbO, and total hemoglobin
(HbT) using Homer2 software (Huppert et al., 2009) and downsampled
to 10 Hz using MATLAB. The method for converting raw NIRS data to
obtain temporal changes in HbO and Hb concentration is based on
modified Beer-Lambert law (Boas et al., 2001; Strangman et al., 2003).

2.6. SE analysis

Before analysis, a linear trend was removed in MATLAB (vR2016b;
The Math Work, Natick, MA) from all of the signals.

SE analysis for MREG, EEG and NIRS was performed in MATLAB. SE
is the measure of irregularity: high entropy tends to be found from
broader spectrum with a lot of frequencies, when in low entropy there
are only a few spikes where energy is concentrated (Inouye et al., 1991;
Urigüen et al., 2017). First we calculated power spectral density (PSD)
through FFT analysis taking the signal's length into account, and then,
normalized PSD by =PSD PSD

PSD (Quinquis, 2008). SE was calculated
using Shannon's entropy:

=
=

pilogpiShannon s entropy
i f

f

1

2

where pi is probability distribution (normalized PSD), f1 denotes the
starting frequency given in number of bins and f2 is ending frequency as
bins (5 Hz corresponds to 4096 in 10min length and 1024 in 2min
length).”

Like described earlier, epilepsy affects in various frequency bands in
the signals having different origins. In addition the conventional fre-
quencies (> 0.5 Hz) in EEG, interictal and ictal activity have been seen
in VLF (Caspers et al., 1987; Ikeda et al., 1999; O'leary and Goldrings,
1964; Vanhatalo et al., 2003a), and also respiratory and cardiac
changes seen in ECG (e.g heart rate variability) may be distracted by
epilepsy (Ansakorpi et al., 2011; Lotufo et al., 2012; O'Regan and
Brown, 2005). In addition we have also shown that MREG signal in DRE
has increased variance in very-low and respiratory frequency, while the
cardiac frequency has less variance (Kananen et al., 2018). Thus we
wanted to further investigate this multimodally with separate sub-
bands for the analysis. SE values were computed for whole 10-min
global MREG, EEG and NIRS signals (5822 time points) in 0–5 Hz
(fullband, FB), 0.08–5 Hz (near-fullband, NFB), brain pulsations in
0.009–0.08 Hz (very-low frequency, VLFP), 0.12–0.4 Hz (respiratory
frequency, RFP), and 0.7–1.6 Hz (cardiac frequency, CFP) by choosing
the sub-band from the power spectrum. For a dynamic analysis of the
global MREG signal and NIRS (1164 time points) for all chosen band-
widths, SE was calculated for 2-min windows with 50% overlap to see
possible effect of vigilance level.

SE was calculated for all sub-bands of 10-min MREG for each voxel
individually, which allows whole-brain localization of SE values. Three-
dimensional standard sequence was used to register the SE data into 2-
mm MNI space for comparable analysis. Data outside the brain was
removed by multiplying the data with the 2-mm MNI standard brain
mask. Moreover, SE values of EEG channels in separate sub-bands were
visualized spatially by inhouse Matlab script based on 10–20 system
EEG.

2.7. Statistical analyses

Two-tailed unpaired samples t-test, randomize analysis with 5000
permutations was performed using FSL to produce a statistical map of
differences between DRE patients and HC as groups (Winkler et al.,
2014). Threshold-free cluster enhancement (TFCE) correction in both
directions (HC > DRE, HC < DRE) separately (Smith and Nichols,
2009) and family-wise error rate control (FWE-corrected) (Holmes

Fig. 1. Scanning, preprocessing and analysis with multimodal setup. A) MREG, EEG and NIRS methods separated. B) Voxelwise MREG signal after preprocessing and
FIX. Temporal signals (global MREG, EEG, 32 channels, NIRS (Hbo, Hb, HbT) used in analysis, 10-min measures of all and 2-min sliding window measures of global
MREG and NIRS. C) PSD calculated from all signals. D) SE calculated by Shannon's equation separately from all signals on chosen sub-bands (0.009–0.08 Hz,
0.12–0.4 Hz, 0.7–1.6 Hz, 0.08–5 Hz, 0–5 Hz). As a result SE value for all voxels in MREG and for global MREG signal, for EEG (all 32 leads, visualized in map), and for
NIRS (Hbo, Hb, HbT). 0 < SE value<1. In SEMREG: bright yellow=highest SE, dark red= lowest SE. In SEEEG: purple= highest SE, bright blue= lowest SE. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 1996) were implemented in the analysis. For the two-dimensional
signals, two-sample, unpaired Wilcoxon test (MATLAB ranksum) was
used to compare SE-values of DRE patients and HC.

3. Results

3.1. Motion control

Mean and SE of MREG relative movement data (obtained from
MCFLIRT) were compared between groups. No significant differences
(SE of relative movement 0.907 ± 0.015 vs. 0.916 ± 0.018, p=0.2
and relative movement mean 0.053 ± 0.011 vs. 0.051 ± 0.010,
p=0.9) between DRE patients vs. HC were found. Additionally, SE of
relative movement signal in 2-min time windows (50% overlap) was
calculated, but showed no significant group differences.

3.2. Respiration control

No significant differences were found between DRE patients and HC
in FB (0.526 ± 0.066, n=8 vs. 0.554 ± 0.063, n=6, p=0.49) nor
in respiratory frequency (0.721 ± 0.089, n= 8 vs. 0.752 ± 0.092,
n=6, p=0.57).

3.3. Spatial voxel-level SE analysis of MREG signal

In FIX-corrected SEMREG map at FB, DRE patients had significantly
higher (p < 0.05) SE located in right thalamus, cingulate gyrus (mostly
anterior), inferior frontal gyrus and frontal pole (Fig. 2B). No difference
was found without FIX correction (Fig. 2A) (Table 2).

Fig. 2. A) Average spectral entropy (SE) maps of FB MREG and FB MREG including FIX for DRE patients (n=10) and HC (n= 10). Red illustrates the lowest and
yellow the highest SEMREG values (cut off 0.5). B) SEMREG of FB MREG FIX was significantly higher in DRE patients than in HC in right thalamus, mid cingulate gyrus,
inferior frontal gyrus, and frontal pole.

Table 2
Group comparison of spatial SEMREG between DRE patients and HC.

DRE > HC Volume (μl) Mean t-score SEM Max int. MNI coordinates

X Y Z

Right Thalamus 608 3.9548 0.0312 4.7676 14 −14 2
Cingulate Gyrus, anterior division 496 3.8828 0.0467 5.1316 4 −2 38
Inferior Frontal Gyrus, pars triangularis 352 4.0919 0.041 4.6421 44 22 12
Frontal pole, Left Cerebral Cortex 136 4.2881 0.0375 4.6113 −4 62 −6

FB SEMREG was significantly (p < 0.05) higher in DRE (n=10) than HC (n=10) in several clusters. Volume, cluster size as voxels, Mean t-score, standard error of
mean (SEM), maximum intensity (Max int.) and Max (X,Y;Z) as MNI coordinates are listed.
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3.4. SEEEG

SE of DC-EEG was visually more variable in DRE patients than in
HC. Significantly higher values of SE were found in DRE patients in DC-
EEG signal (channels FC2 and Poz) and VLF band (CP2) (Fig. 3A). These
were located around the vertex on the cranium. Significantly lower SE
was found in RFP in DRE patients compared to HC (channels Fp1, Fp2,
P3, O2 and Oz, p < 0.05), values located in electrodes surrounding
lower parts of the cranium (Fig. 3B). Furthermore, in DRE patients
compared to HC, RFP changes in SE tended to be reduced in all elec-
trodes at the lower edge of the cranium. Spatially the DC-EEG SE values
in DRE patients were more irregular between neighboring electrodes
(individually and as a group), whereas results of HC followed a more
controlled pattern; lowest values were found in the center vertex of the
brain, and highest values in the periphery.

3.5. SENIRS

SENIRS was significantly lower (Table 3) in DRE patients compared
to HC in FB (p=0.045), in NFB (p=0.017) and CFP (p=0.038) in Hb
and in RFP in HbO (p= 0.038) and HbT (p= 0.045).

Dynamic sliding-window analysis of SENIRS (Table 4) revealed that
DRE patients tended to have lower SE values compared to HC (Fig. 3B).
In FB, SENIRS (HbO, Hb, and HbT) in Hb was lower in DRE patients
compared to HC in Hb in minutes 5 to 7 (p=0.045), in 0.08–5 Hz
bandwidth in Hb in minutes 0 to 2 (p=0.045), 1 to 3 (p=0.038), 2 to
4 (p=0.017), 3 to 5 (p=0.031) and 4 to 6 (p=0.014) and HbT 0 to 2
(p= 0.045). SENIRS was significantly lower in DRE patients also in VLFP
in Hb in minutes 8 to 10 (p= 0.045), in RFP in HbO in minutes 4 to 6
(p=0.009) and 8 to 10 (p=0.038), Hb in minutes 4 to 6 (p=0.021)
and 6 to 8 (p= 0.031) and HbT 2 to 4 (p=0.038), 3 to 5 (p=0.011), 4
to 6 (p=0.0046) and 8 to 10 (p= 0.038) (Fig. 4).

3.6. SE of the global MREG signal

DRE patients showed significantly elevated SEMREG in FB in minutes
8 to 10 (p= .038) in global MREG FIX, in RFP in minutes 5 to 7 –and 6
to 8 (p=0.028 and p= 0.01) and in VLFP in minutes 0 to 2
(p=0.014) and minutes 6 to 8 (p=0.044) (Table 4). SE of the whole
10-min global MREG signal without FIX-correction showed no sig-
nificant difference between study groups.

4. Discussion

We compared SE between DRE patients and HC in simultaneously
measured synchronous MREG, EEG and NIRS signals and detected
spatially overlapping differences between the groups in SE of all three
modalities in 0–5 Hz frequency range. Interestingly, SEEEG in frontal
midline and SEMREG in anterior cingulate gyrus were increased in DRE
patients. We found lower SE in RFP in DRE patients compared to HC in
both EEG and NIRS signals, which were in line with previous evidence
from spatial SEMREG in cingulate gyrus. Taken together, using multi-
modal imaging techniques, we identified spatiotemporal alteration in
brain areas at different frequency ranges in DRE patients.

4.1. Entropy and spectral entropy in epilepsy – DC-EEG

Epilepsy is a disease, which tends to cause rhythmic activity in
certain frequencies but also irregular bursts (Fisher et al., 2014b),
making a measure of signal complexity ideal to study epileptiform ac-
tivity. It is known that synchronous neuronal activity and recruitment
of surrounding neurons are required in epileptic activity
(Schwartzkroin, 1997) resulting increase in regularity. This reduced
complexity of EEG has been demonstrated during inter-ictal state of
patients with epilepsy compared to HC (Kim et al., 2002; Mirzaei et al.,
2010) suiting to our SEEEG results. SE has been shown to reflect epi-
leptic pathology in intracranial (0.5–100 Hz) (Aarabi et al., 2009) and
scalp EEG recordings (0–60 Hz) (Mirzaei et al., 2010) by showing
higher SE during epileptic seizures compared to healthy and inter-ictal
states. Using Shannon's SE it has been shown that SE is elevated in
idiopathic epilepsy compared to controls in 6–12 Hz frequency range in

Fig. 3. Group-differences between DRE patients and HC in different SE mea-
sures, presented for 0–5 Hz, FB. Orange and yellow indicate a significant group-
difference at p < 0.05(*), and p < 0.01 (**), respectively. A) Static SEEEG for
separate channels (mean ± STD) and spatial representation of EEG channels
with indicators for increases in DRE patients. NIRS sensor indicated. B) SEMREG
map indicating an increase in frontal pole (where also NIRS sensor placed) and
cingulate gyrus in DRE patients. C) SENIRS group differences in HbO, Hb (sig-
nificantly lower in DRE patients), and HbT.

Table 3
Group comparison of 10-min SENIRS between DRE patients and HC, significant
results.

Band SENIRS, Average ± Standard deviation p-value

DRE patients HC * < 0.05

n=9 n=10

0–5 Hz Hb 0.40 ± 0.06 0.46 ± 0.10 0.045*
0.08–5 Hz Hb 0.44 ± 0.13 0.58 ± 0.14 0.017*
0.12–0.4 Hz HbO 0.85 ± 0.05 0.88 ± 0.02 0.038*

HbT 0.85 ± 0.05 0.88 ± 0.03 0.045*
0.7–1.6 Hz Hb 0.39 ± 0.20 0.54 ± 0.24 0.038*

HbO, oxygenated; Hb, deoxygenated; HbT, total hemoglobin.
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EEG (Urigüen et al., 2017). Additionally, lower SE in ictal state has
been demonstrated in baseline alpha sub-band (8–15 Hz) EEG com-
pared to both HC and inter-ictal state as well as in whole EEG (0–60 Hz)
in inter-ictal versus healthy states (Mirzaei et al., 2010).

In the current study, both higher SEEEG but also higher STD values
were detected in DRE patients, which were located in midline frontal
and parieto-occipital regions. Higher SE has also been found earlier in
EEG in higher frequencies (6–12 Hz) (Urigüen et al., 2017), but wide
0–60 Hz EEG measures SE was previously lower in inter-ictal versus
healthy states (Mirzaei et al., 2010). Urigüen et al. found that SE values
decreased with time from the last seizure (Urigüen et al., 2017), which
can have an effect for our results too. Interestingly, the SEEEG was de-
creased in DRE patients in RFP especially on the forehead and also
almost in all channels, which supports the corresponding low SE in
NIRS and global MREG in RFP.

4.2. fMRI signal - MREG BOLD

Thalamus has been linked to seizure initiation, propagation and
spread in temporal lobe epilepsy (Bertram et al., 2008; Guye et al.,
2006; Li et al., 2014b; Spencer, 2002), supporting our high SE results in
right thalamus. Recently, a worldwide epilepsy study showed lower
structural volume in right thalamus, raising the importance of a tha-
lamo-cortical pathway in epilepsy (Whelan et al., 2018). Thalamo-
cortical circuits are thought to drive the cortex with strong connections
to limbic system (Çavdar et al., 2008) as well as to regulate con-
sciousness and sleep (Hale et al., 2016; John, 2001; Llinás et al., 1998).
Recently, thalamic functional connectivity was found to be altered
during sleep in idiopathic generalized epilepsy (Bagshaw et al., 2017).
Furthermore, thalamic modulation may have inhibitory effects on
anterior cingulate cortex seizures (Chang and Shyu, 2014). It also has
been shown that functional connectivity and BOLD low frequency
power are reduced by mild anesthesia in cingulate cortex (Greicius
et al., 2008). Both, thalamus and cingulate cortex are linked to altered
functions in epilepsy.

Moreover, SE was higher in DRE patients in frontal pole and inferior
frontal gyrus. Frontal pole is still poorly understood (Semendeferi et al.,
2001), nevertheless, together with the anterior cingulate cortex and
thalamus, the frontal pole is a part of a corticolimbic circuit
(Navratilova and Porreca, 2014), which has been suggested to play a
role in respiratory control (Evans, 2010) and epileptic seizures in ad-
dition to corticothalamic circuit (Holmes, 2008). We found higher SE in
inferior frontal gyrus, which is responsible for speech and language
function (Lazar et al., 2000; Paulesu et al., 1997). It is known that focal
epileptic activity induced by inter-ictal changes or seizure spread can
influence to speech and language organization (Janszky et al., 2003).

4.3. Hemodynamic signal – NIRS

Numerous studies show that epileptic seizures are associated with

Table 4
List of significant differences between DRE patients and HC in dynamic 2-min sliding window SE calculated based on NIRS (HbO, Hb, HbT, 9 DRE patients and 10 HC)
and global MREG signal (10 DRE patients and 10 HC).

SENIRS DRE patients < HC p-value

n=9 n=10 * < 0.05 ** < 0.01

Time window [min] 0–2 1–3 2–4 3–5 4–6 5–7 6–8 7–9 8–10
Band
0–5 Hz Hb*
0.009–0.08 Hz Hb*
0.08–5 Hz Hb*, HbT* Hb* Hb* Hb* Hb* HbO*
0.12–0.4 Hz HbT* HbT* HbO**, Hb*, HbT** Hb* HbT*
0.7–1.6 Hz
SEGlobal MREG DRE patients n=10 HC n=10
0–5 Hz DRE > HC*
0.009–0.08 Hz DRE > HC* DRE < HC*
0.08–5 Hz
0.12–0.4 Hz DRE > HC* DRE > HC*
0.7–1.6 Hz

HbO, oxygenated; Hb, deoxygenated; HbT, total hemoglobin. *: p < 0.05, **: p < 0.01.

Fig. 4. Group-differences between DRE patients and HC in different SE mea-
sures presented for 0.12–0.4 Hz, RFP. Orange and yellow indicate a significant
group-difference at p < 0.05(*), and p < 0.01 (**), respectively. A) Static
SEEEG for separate channels (mean ± STD) and spatial representation of EEG
channels with indicators for increases in DRE patients. B) Dynamic sliding-
window results in SEMREG. C) Dynamic sliding-window results in SENIRS HbT.
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an increase in regional cerebral blood flow (CBF). A portable and
noninvasive technique capable of measuring CBF related parameters
thus could be potentially utilized in diagnosis of epilepsy. NIRS has
already proved its potential in measuring hemodynamic changes in the
brain during epileptic seizures (Jeppesen et al., 2015; Obrig, 2014;
Peng et al., 2014; Watanabe et al., 2000; Watanabe et al., 2002). In
general, most of these studies have reported changes in hemodynamic
parameters (HbO, HbR, HbT), following epileptic activity. However,
both animal and human studies have found also “pre-seizure” changes,
where hemodynamic responses are disturbed several minutes or sec-
onds before the electroencephalographic seizure onset (Mäkiranta
et al., 2005; Osharina et al., 2017; Zhang et al., 2014). In other words,
neurovascular coupling is disturbed in epileptic brains even in the ab-
sence of detectable epileptic seizure activity.

In this study, no epileptiform activity was detected with the EEG
and thus we were able to evaluate SE as a commensurable marker for
multimodal data during inter-ictal state. To the best of our knowledge
this is the first study of SE NIRS signal in epilepsy. We found changed
SE from all multimodal measures synchronously. In general there are
only a few studies based on NIRS entropy in brain diseases. Decreased
complexity of brain signals was linked to mortality and brain injury in
the study of preterm infants (Sortica da Costa et al., 2017). If decreased
entropy is assumed to be associated with a pathological state
(Goldberger et al., 2002), this is also supported by our findings with
DRE patients.

Just like Liu et al. described decreased heart rhythm complexity in
DRE (Liu et al., 2017), our results suggest that respiratory and cardiac
variation measured in frontal cortex are decreased in DRE. In 10-min
measurements, patients had lower SE in HbO and Hb in RFP and in Hb
in CFP, which was especially seen in first 6min in dynamic measure.
Interestingly, significantly lower SE values, in all other bands than
VLFP were observed in DRE patients compared to HC. Decreased
complexity in physiological frequency ranges can thus be seen in
multimodal brain signals of DRE patients.

4.4. Physiological considerations

Autonomic functions such as respiration and HRV are known to be
altered in epilepsy (Ansakorpi et al., 2011; Lotufo et al., 2012; O'Regan
and Brown, 2005; Tomson et al., 1998). Our lower SE findings in NIRS
and EEG measured from brain especially in parasympathetic frequency
range (0.12–0.4 Hz, RFP) are supported by earlier studies (Jansen and
Lagae, 2010; Mukherjee et al., 2009; Sevcencu and Struijk, 2010). Re-
cent article by Liu et al. calculated multi-scale entropy from ECG in DRE
patients and showed similar results than our finding of lower entropy in
DRE patients in parasympathetic frequency range (Liu et al., 2017).
Although EEG is usually though to have neuronal origin, respiratory-
related DC shifts can be seen in EEG (Nita et al., 2004). Furthermore in
our study, DRE patients had higher SE in anterior cingulate gyrus,
which has been shown to be an area of autonomic functions such as
respiratory control (Critchley et al., 2003; Woodward et al., 2008).
Taken together the EEG and NIRS data indicate that altered autonomic
functions may also be altered within the brain physiological signal in
DRE. The autonomic mechanisms may be linked to the control of re-
cently discovered physiological pulsation mechanisms of the brain
(Kiviniemi et al., 2016). Our findings strongly suggest abnormal re-
spiration pulsation mechanism in the brain in epilepsy, although we did
not see difference in direct respiration measure. Findings are supported
by previous literature that venous return from the brain is dictated by
intra-thoracic respiratory pressure pulsations (Schaller, 2004) and re-
spiration affects for movement of cerebrospinal fluid (Klose et al., 2000;
Yamada et al., 2013).

Considering that SE is an established measure of consciousness
(bispectral index, depth of anesthesia), findings between these con-
nections may be linked to known altered vigilance in epilepsy
(Danielson et al., 2011; Poirel, 1987). Vigilance changes in drug-

resistant, focal epilepsy at pre-ictal and ictal state have been found by
calculating permutation entropy scalp EEG (Bruzzo et al., 2008). In-
terestingly, global MREG showed the following results: in RFP patients
tended to have lower entropy until 4–6-min, after which SE increased
compared to controls. Vice versa to RFP, SE in VLFP decreased after 6-
min in patients compared to controls. Global fMRI signal has been
linked to vigilance and arousal by correlating with electrophysiology
(Liu et al., 2018; Wong et al., 2013), suiting the altered vigilance in
epilepsy (Danielson et al., 2011; Poirel, 1987), and this relationship
should be studied further to understand the function between vigilance
and disease itself. Furthermore, sleep disturbances together with re-
spiratory changes have been linked to epilepsy (Manni and Tartara,
2000; Oliveira et al., 2000).

4.5. Preprocessing considerations

We used FIX to clean various types of noise from the data by auto-
classifying bad and good components of the signal (Griffanti et al.,
2014; Salimi-Khorshidi et al., 2014). We got highly localized results
between DRE patients and HC from MREG signal after FIX, which de-
creases the possibility that difference between groups was caused by
noise. It is already shown that FIX is an efficient method on noise re-
moval in traditional fMRI BOLD (Boyacioglu et al., 2015; Feis et al.,
2015; Pruim et al., 2015; Wang and Li, 2015), and our results support
its efficiency also in MREG data. Like other fMRI researchers (Liu et al.,
2018), also we used parallel analysis without and with FIX focusing on
FIX results.

4.6. Limitations

Because of the limited number of good quality 10-min data in
modalities studied (simultaneous MREG, NIRS and EEG) we were un-
able to get age- and gender-matched data, ending up with more females
with older age in the DRE group. Complexity of heart rate dynamics
associated with parasympathetic activity has been found to be higher in
women and high frequency HF power tends to decrease with age (Ryan
et al., 1994). In a recent publication on entropy, impairment of heart
rate complexity seemed to be related to epileptic process itself, and not
to age, AED regimen, severity nor duration of epilepsy (Liu et al., 2017).

As no inter-ictal or ictal epileptiform discharges were detected
during the measurements, our results cannot be straight provided as
results of simultaneous epileptiform activity. However, epilepsy is the
whole brain disease covering many physiological aspects (e.g auto-
nomic nervous system) and our findings may thus be related to other
subclinical phenomena in epilepsy such as inhibitory mechanisms in
parasympathetic and/or sympathetic nervous system (Ansakorpi et al.,
2011; Tomson et al., 1998). Furthermore, as parasympathetic vagal
nerve stimulation reduces epileptic seizure activity (Ben-Menachem,
2002; Wheless et al., 2018; Yang et al., 2007), our findings of elevated
SE may reflect mechanisms inhibiting epileptic activity instead of in-
terictal epileptic activity. The found abnormality in three different
modality supports the epileptic origin of the findings in our study.

Heterogeneity of the patient sample was observable, still sharing the
similarities as drug-resistance and focal type seizures. Overall, epilepsy
is a complex disease with variance of etiology, AEDs used, seizure
frequency etc. and in this drug-resistant epilepsy population epilepsy is
a wide range of brain diseases which all manifest themselves as epi-
leptic seizures. However, structural and functional MRI studies have
shown that seizure propagation pathways are often similar in focal
epilepsies (Centeno and Carmichael, 2014; Laufs et al., 2011; Löscher
and Ebert, 1996; Steriade, 2005), which supports our choice to study
this group.

Unfortunately, NIRS data was not always obtainable from DRE pa-
tients and therefore in five cases the NIRS data was taken only from one
of the four scans available in a patient. However, excluding the non-
matching NIRS measurements, the results still showed decrease in SE in
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concordance to frontal EEG data, especially significant in the re-
spiratory range during first six minutes. We did not see difference in SE
between groups in respiration belt data, but unfortunately, we had only
eight data of DRE patients and six of HC available.

5. Conclusions

Altered SE in DRE patients in cingulate gyrus of MREG and in RFP of
NIRS and EEG together support the prior observation that brain pul-
sation activity in parasympathetic respiratory frequency range is al-
tered in epilepsy. Spatial SEMREG was significantly higher in DRE pa-
tients compared to HC in thalamus, which supports alterations in
thalamic connections in epilepsy. SE findings could be linked to ab-
normal parasympathetic neurovascular control in epilepsy.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2019.101763.

Conflict of interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

This work was supported by Health and Biosciences Doctoral pro-
gramme -grant (HH), Jane and Aatos Erkko Foundation grant (VKi),
Academy of Finland and Aivosäätiö TERVA grant 314497 (VKi,TM),
Academy of Finland Grants 123772 & 275342 (VKi), The SalWe
Research Program for Mind and Body (Tekes—the Finnish Funding
Agency for Technology and Innovation, Grant No. 1104/10) (VKi),
Novo Nordisk Foundation NNF17OC0030124 (TM), Finnish Medical
Foundation (VKi, TT), Finnish Neurological Foundation, KEVO grants
from Oulu University hospital (VKi), Epilepsy Research Foundation
(JK), Finnish Cultural Foundation, North Ostrobothnia Regional Fund
(JK), Orion Research Foundation sr (JK, TT), Tauno Tönning
Foundation (JK).

Acknowledgements

The authors thank contributors who collected samples used in this
study, as well as patients and their families, whose help and partici-
pation made this work possible. Especially we thank Tarja Holtinkoski
for the assistance of measurements, Jussi Kantola for computational
administration and Timo Jämsä for support in Master's thesis project.
We also wish to thank CSC – IT Center for Science Ltd. Finland for
providing computational services.

References

Aarabi, A., Fazel-Rezai, R., Aghakhani, Y., 2009. A fuzzy rule-based system for epileptic
seizure detection in intracranial EEG. Clin. Neurophysiol. 120, 1648–1657.

Adelson, P.D., Nemoto, E., Scheuer, M., Painter, M., Morgan, J., Yonas, H., 1999.
Noninvasive continuous monitoring of cerebral oxygenation periictally using near-
infrared spectroscopy: a preliminary report. Epilepsia. 40, 1484–1489.

Allen, P.J., Polizzi, G., Krakow, K., Fish, D.R., Lemieux, L., 1998. Identification of EEG
events in the MR scanner: the problem of pulse artifact and a method for its sub-
traction. Neuroimage. 8, 229–239.

Allen, P.J., Josephs, O., Turner, R., 2000. A method for removing imaging artifact from
continuous EEG recorded during functional MRI. Neuroimage. 12, 230–239.

Ansakorpi, H., Korpelainen, J.T., Suominen, K., Tolonen, U., Bloigu, R., Myllylä, V.V.,
Isojärvi, J.I.T., 2011. Evaluation of heart rate variation analysis during rest and tilting
in patients with temporal lobe epilepsy. Neurol. Res. Int. 2011.

Assländer, J., Zahneisen, B., Hugger, T., Reisert, M., Lee, H., LeVan, P., Hennig, J., 2013.
Single shot whole brain imaging using spherical stack of spirals trajectories.
Neuroimage. 73, 59–70.

Bagshaw, A.P., Aghakhani, Y., Bénar, C., Kobayashi, E., Hawco, C., Dubeau, F., Pike, G.B.,
Gotman, J., 2004. EEG-fMRI of focal epileptic spikes: analysis with multiple hae-
modynamic functions and comparison with gadolinium-enhanced MR angiograms.
Hum. Brain Mapp. 22, 179–192.

Bagshaw, A.P., Hale, J.R., Campos, B.M., Rollings, D.T., Wilson, R.S., Alvim, M.K.M.,
Coan, A.C., Cendes, F., 2017. Sleep onset uncovers thalamic abnormalities in patients

with idiopathic generalised epilepsy. NeuroImage Clin. 16, 52–57.
Beckmann, C.F., Smith, S.M., 2004. Probabilistic independent component analysis for

functional magnetic resonance imaging. IEEE Trans. Med. Imaging 23, 137–152.
Ben-Menachem, E., 2002. Vagus-nerve stimulation for the treatment of epilepsy. Lancet

Neurol. 1, 477–482.
Berman, R., Negishi, M., Vestal, M., Spann, M., Chung, M.H., Bai, X., Purcaro, M.,

Motelow, J.E., Danielson, N., Dix-Cooper, L., Enev, M., Novotny, E.J., Constable, R.T.,
Blumenfeld, H., 2010. Simultaneous EEG, fMRI, and behavior in typical childhood
absence seizures. Epilepsia. 51, 2011–2022.

Bertram, E.H., Zhang, D., Williamson, J.M., 2008. Multiple roles of midline dorsal tha-
lamic nuclei in induction and spread of limbic seizures. Epilepsia. 49, 256–268.

Biswal, B., Zerrin Yetkin, F., Haughton, V.M., Hyde, J.S., 1995. Functional connectivity in
the motor cortex of resting human brain using echo-planar mri. Magn. Reson. Med.
34, 537–541.

Boas, D.A., Gaudette, T., Strangman, G., Cheng, X., Marota, J.J.A., Mandeville, J.B., 2001.
The accuracy of near infrared spectroscopy and imaging during focal changes in
cerebral hemodynamics. Neuroimage. 13, 76–90.

Boyacioglu, R., Schulz, J., Koopmans, P.J., Barth, M., Norris, D.G., 2015. Improved sen-
sitivity and specificity for resting state and task fMRI with multiband multi-echo EPI
compared to multi-echo EPI at 7T. Neuroimage. 119, 352–361.

Bruzzo, A.A., Gesierich, B., Santi, M., Tassinari, C.A., Birbaumer, N., Rubboli, G., 2008.
Permutation entropy to detect vigilance changes and preictal states from scalp EEG in
epileptic patients: A preliminary study. Neurol. Sci. 29, 3–9.

Buzsáki, G., Horváth, Z., Urioste, R., Hetke, J., Wise, K., 1992. High-frequency network
oscillation in the hippocampus. Science. 256, 1025–1027.

Caspers, H., Speckmann, E.J., Lehmenkühler, A., 1987. DC potentials of the cerebral
cortex. Seizure activity and changes in gas pressures. Rev. Physiol. Biochem.
Pharmacol. 106, 127–178.

Çavdar, S., Onat, F.Y., Çakmak, Y.Ö., Yananli, H.R., Gülçebi, M., Aker, R., 2008. The
pathways connecting the hippocampal formation, the thalamic reuniens nucleus and
the thalamic reticular nucleus in the rat. J. Anat. 212, 249–256.

Centeno, M., Carmichael, D.W., 2014. Network connectivity in epilepsy: Resting state
fMRI and EEG-fMRI contributions. Front. Neurol 5 JUL.

Chang, W., Shyu, B., 2014. Anterior cingulate epilepsy: mechanisms and modulation.
Front. Integr. Neurosci. 7.

Chang, C., Raven, E.P., Duyn, J.H., 2016. Brain-heart interactions: challenges and op-
portunities with functional magnetic resonance imaging at ultra-high field. Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 374.

Chhabra, A., Subramaniam, R., Srivastava, A., Prabhakar, H., Kalaivani, M., Paranjape, S.,
2016. Spectral entropy monitoring for adults and children undergoing general an-
aesthesia. Cochrane Database Syst. Rev. 2016.

Critchley, H.D., Mathias, C.J., Josephs, O., O'Doherty, J., Zanini, S., Dewar, B., Cipolotti,
L., Shallice, T., Dolan, R.J., 2003. Human cingulate cortex and autonomic control:
converging neuroimaging and clinical evidence. Brain. 126, 2139–2152.

Danielson, N.B., Guo, J.N., Blumenfeld, H., 2011. The default mode network and altered
consciousness in epilepsy. Behav. Neurol. 24, 55–65.

Engel Jr., J., Bragin, A., Staba, R., Mody, I., 2009. High-frequency oscillations: what is
normal and what is not? Epilepsia. 50, 598–604.

Evans, K.C., 2010. Cortico-limbic circuitry and the airways: insights from functional
neuroimaging of respiratory afferents and efferents. Biol. Psychol. 84, 13–25.

Faust, O., Bairy, M.G., 2012. Nonlinear analysis of physiological signals: a review. J.
Mech. Med. Biol. 12.

Feis, R.A., Smith, S.M., Filippini, N., Douaud, G., Dopper, E.G.P., Heise, V., Trachtenberg,
A.J., van Swieten, J.C., van Buchem, M.A., Rombouts, S.A.R.B., Mackay, C.E., 2015.
ICA-based artifact removal diminishes scan site differences in multi-center resting-
state fMRI. Front. Neurosci. 9.

Fisher, R.S., Scharfman, H.E., Decurtis, M., 2014a. How can we identify ictal and inter-
ictal abnormal activity? Adv. Exp. Med. Biol. 3–23.

Fisher, R.S., Acevedo, C., Arzimanoglou, A., Bogacz, A., Cross, J.H., Elger, C.E., Engel Jr.,
J., Forsgren, L., French, J.A., Glynn, M., Hesdorffer, D.C., Lee, B.I., Mathern, G.W.,
Moshé, S.L., Perucca, E., Scheffer, I.E., Tomson, T., Watanabe, M., Wiebe, S., 2014b.
ILAE official report: a practical clinical definition of epilepsy. Epilepsia. 55, 475–482.

Goldberger, A.L., Peng, C., Lipsitz, L.A., 2002. What is physiologic complexity and how
does it change with aging and disease? Neurobiol. Aging 23, 23–26.

Goldman, R.I., Stern, J.M., Engel Jr., J., Cohen, M.S., 2002. Simultaneous EEG and fMRI
of the alpha rhythm. Neuroreport. 13, 2487–2492.

Gotman, J., 2008. Epileptic networks studied with EEG-fMRI. Epilepsia. 49, 42–51.
Gotman, J., Bénar, C., Dubeau, F., 2004. Combining EEG and fMRI in epilepsy: metho-

dological challenges and clinical results. J. Clin. Neurophysiol. 21, 229–240.
Gotman, J., Kobayashi, E., Bagshaw, A.P., Bénar, C., Dubeau, F., 2006. Combining EEG

and fMRI: a multimodal tool for epilepsy research. J. Magn. Reson. Imaging 23,
906–920.

Greicius, M.D., Kiviniemi, V., Tervonen, O., Vainionpää, V., Alahuhta, S., Reiss, A.L.,
Menon, V., 2008. Persistent default-mode network connectivity during light sedation.
Hum. Brain Mapp. 29, 839–847.

Griffanti, L., Salimi-Khorshidi, G., Beckmann, C.F., Auerbach, E.J., Douaud, G., Sexton,
C.E., Zsoldos, E., Ebmeier, K.P., Filippini, N., Mackay, C.E., Moeller, S., Xu, J.,
Yacoub, E., Baselli, G., Ugurbil, K., Miller, K.L., Smith, S.M., 2014. ICA-based artefact
removal and accelerated fMRI acquisition for improved resting state network ima-
ging. Neuroimage. 95, 232–247.

Gupta, L., Jansen, J.F.A., Hofman, P.A.M., Besseling, R.M.H., de Louw, A.J.A.,
Aldenkamp, A.P., Backes, W.H., 2017. Wavelet entropy of BOLD time series: an ap-
plication to rolandic epilepsy. J. Magn. Reson. Imaging 46, 1728–1737.

Guye, M., Régis, J., Tamura, M., Wendling, F., Gonigal, A.M., Chauvel, P., Bartolomei, F.,
2006. The role of corticothalamic coupling in human temporal lobe epilepsy. Brain.
129, 1917–1928.

H. Helakari, et al. NeuroImage: Clinical 22 (2019) 101763

10

https://doi.org/10.1016/j.nicl.2019.101763
https://doi.org/10.1016/j.nicl.2019.101763
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0005
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0005
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0010
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0010
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0010
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0015
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0015
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0015
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0020
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0020
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0025
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0025
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0025
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0030
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0030
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0030
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0035
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0035
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0035
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0035
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0040
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0040
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0040
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0045
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0045
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0050
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0050
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0055
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0055
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0055
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0055
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0060
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0060
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0065
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0065
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0065
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0070
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0070
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0070
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0075
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0075
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0075
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0080
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0080
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0080
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0085
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0085
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0090
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0090
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0090
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0095
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0095
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0095
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0100
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0100
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0105
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0105
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0110
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0110
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0110
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0115
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0115
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0115
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0120
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0120
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0120
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0125
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0125
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0130
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0130
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0135
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0135
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0140
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0140
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0145
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0145
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0145
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0145
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0150
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0150
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0155
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0155
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0155
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0155
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0160
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0160
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0165
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0165
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0170
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0175
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0175
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0180
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0180
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0180
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0185
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0185
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0185
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0190
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0190
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0190
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0190
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0190
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0195
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0195
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0195
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0200
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0200
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0200


Hale, J.R., White, T.P., Mayhew, S.D., Wilson, R.S., Rollings, D.T., Khalsa, S., Arvanitis,
T.N., Bagshaw, A.P., 2016. Altered thalamocortical and intra-thalamic functional
connectivity during light sleep compared with wake. Neuroimage. 125, 657–667.

Hawco, C.S., Bagshaw, A.P., Lu, Y., Dubeau, F., Gotman, J., 2007. BOLD changes occur
prior to epileptic spikes seen on scalp EEG. Neuroimage. 35, 1450–1458.

Hennig, J., Zhong, K., Speck, O., 2007. MR-encephalography: fast multi-channel mon-
itoring of brain physiology with magnetic resonance. Neuroimage. 34, 212–219.

Hiltunen, T., Kantola, J., Elseoud, A.A., Lepola, P., Suominen, K., Starck, T., Nikkinen, J.,
Remes, J., Tervonen, O., Palva, S., Kiviniemi, V., Matias Palva, J., 2014. Infra-slow
EEG fluctuations are correlated with resting-state network dynamics in fMRI. J.
Neurosci. 34, 356–362.

Holmes, M.D., 2008. Dense array EEG: methodology and new hypothesis on epilepsy
syndromes. Epilepsia. 49, 3–14.

Holmes, A.P., Blair, R.C., Watson, J.D.G., Ford, I., 1996. Nonparametric analysis of sta-
tistic images from functional mapping experiments. J. Cereb. Blood Flow Metab. 16,
7–22.

Huang-Hellinger, F.R., Breiter, H.C., McCormack, G., Cohen, M.S., Kwong, K.K., Sutton,
J.P., Savoy, R.L., Weisskoff, R.M., Davis, T.L., Baker, J.R., Belliveau, J.W., Rosen,
B.R., 1995. Simultaneous functional magnetic resonance imaging and electro-
physiological recording. Hum. Brain Mapp. 3, 13–23.

Hugger, T., Zahneisen, B., LeVan, P., Lee, K.J., Lee, H., Zaitsev, M., Hennig, J., 2011. Fast
undersampled functional magnetic resonance imaging using nonlinear regularized
parallel image reconstruction. PLoS One 6.

Huppert, T.J., Diamond, S.G., Franceschini, M.A., Boas, D.A., 2009. HomER: a review of
time-series analysis methods for near-infrared spectroscopy of the brain. Appl.
Opt. 48.

Ikeda, A., Taki, W., Kunieda, T., Terada, K., Mikuni, N., Nagamine, T., Yazawa, S., Ohara,
S., Hori, T., Kaji, R., Kimura, J., Shibasaki, H., 1999. Focal ictal direct current shifts in
human epilepsy as studied by subdural and scalp recording. Brain. 122, 827–838.

Inouye, T., Shinosaki, K., Sakamoto, H., Toi, S., Ukai, S., Iyama, A., Katsuda, Y., Hirano,
M., 1991. Quantification of EEG irregularity by use of the entropy of the power
spectrum. Electroencephalogr. Clin. Neurophysiol. 79, 204–210.

Ives, J.R., Warach, S., Schmitt, F., Edelman, R.R., Schomer, D.L., 1993. Monitoring the
patient's EEG during echo planar MRI. Electroencephalogr. Clin. Neurophysiol. 87,
417–420.

Jacobs, J., LeVan, P., Moeller, F., Boor, R., Stephani, U., Gotman, J., Siniatchkin, M.,
2009. Hemodynamic changes preceding the interictal EEG spike in patients with focal
epilepsy investigated using simultaneous EEG-fMRI. Neuroimage. 45, 1220–1231.

Jacobs, J., Stich, J., Zahneisen, B., Assländer, J., Ramantani, G., Schulze-Bonhage, A.,
Korinthenberg, R., Hennig, J., LeVan, P., 2014. Fast fMRI provides high statistical
power in the analysis of epileptic networks. Neuroimage. 88, 282–294.

Jansen, K., Lagae, L., 2010. Cardiac changes in epilepsy. Seizure. 19, 455–460.
Janszky, J., Jokeit, H., Heinemann, D., Schulz, R., Woermann, F.G., Ebner, A., 2003.

Epileptic activity influences the speech organization in medial temporal lobe epi-
lepsy. Brain. 126, 2043–2051.

Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
Neuroimage. 17, 825–841.

Jenkinson, M., Beckmann, C.F., Behrens, T.E.J., Woolrich, M.W., Smith, S.M., 2012. Fsl.
Neuroimage. 62, 782–790.

Jeppesen, J., Beniczky, S., Johansen, P., Sidenius, P., Fuglsang-Frederiksen, A., 2015.
Exploring the capability of wireless near infrared spectroscopy as a portable seizure
detection device for epilepsy patients. Seizure. 26, 43–48.

Jöbsis, F.F., 1977. Noninvasive, infrared monitoring of cerebral and myocardial oxygen
sufficiency and circulatory parameters. Science. 198, 1264–1266.

John, E.R., 2001. A field theory of consciousness. Conscious. Cogn. 10, 184–213.
Kananen, J., Tuovinen, T., Ansakorpi, H., Rytky, S., Helakari, H., Huotari, N., Raitamaa,

L., Raatikainen, V., Rasila, A., Borchardt, V., Korhonen, V., LeVan, P., Nedergaard,
M., Kiviniemi, V., 2018. Altered physiological brain variation in drug-resistant epi-
lepsy. Brain Behav. 8.

Kim, J., Jung, K., Choi, C., 2002. Changes in brain complexity during valproate treatment
in patients with partial epilepsy. Neuropsychobiology. 45, 106–112.

Kiviniemi, V., Wang, X., Korhonen, V., Keinänen, T., Tuovinen, T., Autio, J., Levan, P.,
Keilholz, S., Zang, Y., Hennig, J., Nedergaard, M., 2016. Ultra-fast magnetic re-
sonance encephalography of physiological brain activity-glymphatic pulsation me-
chanisms? J. Cereb. Blood Flow Metab. 36, 1033–1045.

Klose, U., Strik, C., Kiefer, C., Grodd, W., 2000. Detection of a relation between re-
spiration and CSF pulsation with an echoplanar technique. J. Magn. Reson. Imaging
11, 438–444.

Korhonen, V., Hiltunen, T., Myllylä, T., Wang, X., Kantola, J., Nikkinen, J., Zang, Y.,
LeVan, P., Kiviniemi, V., 2014. Synchronous multiscale neuroimaging environment
for critically sampled physiological analysis of brain function: Hepta-scan concept.
Brain Connect. 4, 677–689.

Laufs, H., Lengler, U., Hamandi, K., Kleinschmidt, A., Krakow, K., 2006. Linking gen-
eralized spike-and-wave discharges and resting state brain activity by using EEG/
fMRI in a patient with absence seizures. Epilepsia. 47, 444–448.

Laufs, H., Richardson, M.P., Salek-Haddadi, A., Vollmar, C., Duncan, J.S., Gale, K.,
Lemieux, L., Löscher, W., Koepp, M.J., 2011. Converging PET and fMRI evidence for a
common area involved in human focal epilepsies. Neurology. 77, 904–910.

Lazar, R.M., Marshall, R.S., Pile-Spellman, J., Duong, H.C., Mohr, J.P., Young, W.L.,
Solomon, R.L., Perera, G.M., Delapaz, R.L., 2000. Interhemispheric transfer of lan-
guage in patients with left frontal cerebral arteriovenous malformation.
Neuropsychologia. 38, 1325–1332.

Lee, H., Zahneisen, B., Hugger, T., LeVan, P., Hennig, J., 2013. Tracking dynamic resting-
state networks at higher frequencies using MR-encephalography. Neuroimage. 65,
216–222.

Li, J., Yan, J., Liu, X., Ouyang, G., 2014a. Using permutation entropy to measure the
changes in EEG signals during absence seizures. Entropy. 16, 3049–3061.

Li, Y., Li, J., Lu, Q., Gong, H., Liang, P., Zhang, P., 2014b. Involvement of thalamus in
initiation of epileptic seizures induced by pilocarpine in mice. Neural Plast. 2014.

Liu, H., Yang, Z., Meng, F., Guan, Y., Ma, Y., Liang, S., Lin, J., Pan, L., Zhao, M., Qu, W.,
Hao, H., Luan, G., Zhang, J., Li, L., 2017. Impairment of heart rhythm complexity in
patients with drug-resistant epilepsy: an assessment with multiscale entropy analysis.
Epilepsy Res. 138, 11–17.

Liu, X., De Zwart, J.A., Schölvinck, M.L., Chang, C., Ye, F.Q., Leopold, D.A., Duyn, J.H.,
2018. Subcortical evidence for a contribution of arousal to fMRI studies of brain
activity. Nat. Commun. 9.

Llinás, R., Ribary, U., Contreras, D., Pedroarena, G., 1998. The neuronal basis for con-
sciousness. Philos. Trans. R. Soc. B Biol. Sci. 353, 1841–1849.

Löscher, W., Ebert, U., 1996. The role of the piriform cortex in kindling. Prog. Neurobiol.
50, 427–481.

Lotufo, P.A., Valiengo, L., Benseñor, I.M., Brunoni, A.R., 2012. Epilepsia. 53, 272–282.
Mäkiranta, M., Ruohonen, J., Suominen, K., Niinimäki, J., Sonkajärvi, E., Kiviniemi, V.,

Seppänen, T., Alahuhta, S., Jäntti, V., Tervonen, O., 2005. BOLD signal increase
preceeds EEG spike activity - a dynamic penicillin induced focal epilepsy in deep
anesthesia. Neuroimage. 27, 715–724.

Manni, R., Tartara, A., 2000. Evaluation of sleepiness in epilepsy. Clin. Neurophysiol.
111, S111–S114.

McCormick, P.W., Stewart, M., Goetting, M.G., Dujovny, M., Lewis, G., Ausman, J.I.,
1991. Noninvasive cerebral optical spectroscopy for monitoring cerebral oxygen
delivery and hemodynamics. Crit. Care Med. 19, 89–97.

McDonough, I.M., Nashiro, K., 2014. Network complexity as a measure of information
processing across resting-state networks: evidence from the human connectome
project. Front. Hum. Neurosci. 8.

Mehagnoul-Schipper, D.J., Van Der Kallen, B.F.W., Colier, W.N.J.M., Van Der Sluijs, M.C.,
Van Erning, L.J.T.O., Thijssen, H.O.M., Oeseburg, B., Hoefnagels, W.H.L., Jansen,
R.W.M.M., 2002. Simultaneous measurements of cerebral oxygenation changes
during brain activation by near-infrared spectroscopy and functional magnetic re-
sonance imaging in healthy young and elderly subjects. Hum. Brain Mapp. 16, 14–23.

Mirzaei, A., Ayatollahi, A., Gifani, P., Salehi, L., 2010. EEG analysis based on wavelet-
spectral entropy for epileptic seizures detection. Proc. - Int. Conf. Biomed. Eng. Inf.
BMEI. 2, 878–882.

Moosmann, M., Ritter, P., Krastel, I., Brink, A., Thees, S., Blankenburg, F., Taskin, B.,
Obrig, H., Villringer, A., 2003. Correlates of alpha rhythm in functional magnetic
resonance imaging and near infrared spectroscopy. Neuroimage. 20, 145–158.

Mukherjee, S., Tripathi, M., Chandra, P.S., Yadav, R., Choudhary, N., Sagar, R., Bhore, R.,
Pandey, R.M., Deepak, K.K., 2009. Cardiovascular autonomic functions in well-con-
trolled and intractable partial epilepsies. Epilepsy Res. 85, 261–269.

Myllylä, T.S., Elseoud, A.A., Sorvoja, H.S.S., Myllylä, R.A., Harja, J.M., Nikkinen, J.,
Tervonen, O., Kiviniemi, V., 2011. Fibre optic sensor for non-invasive monitoring of
blood pressure during MRI scanning. J. Biophotonics 4, 98–107.

Myllylä, T., Korhonen, V., Surazynski, L., Zienkiewicz, A., Sorvoja, H., Myllylä, R., 2014.
Measurement of cerebral blood flow and metabolism using high power light-emitting
diodes. Meas. J. Int. Meas. Confed. 58, 387–393.

Myllylä, T., Zacharias, N., Korhonen, V., Zienkiewicz, A., Hinrichs, H., Kiviniemi, V.,
Walter, M., 2017. Multimodal brain imaging with magnetoencephalography: a
method for measuring blood pressure and cardiorespiratory oscillations. Sci. Rep. 7.

Navratilova, E., Porreca, F., 2014. Reward and motivation in pain and pain relief. Nat.
Neurosci. 17, 1304–1312.

Nguyen, D.K., Tremblay, J., Pouliot, P., Vannasing, P., Florea, O., Carmant, L., Lepore, F.,
Sawan, M., Lesage, F., Lassonde, M., 2013. Noninvasive continuous functional near-
infrared spectroscopy combined with electroencephalography recording of frontal
lobe seizures. Epilepsia. 54, 331–340.

Nita, D.A., Vanhatalo, S., Lafortune, F., Voipio, J., Kaila, K., Amzica, F., 2004.
Nonneuronal origin of CO2-related DC EEG shifts: An in vivo study in the cat. J.
Neurophysiol. 92, 1011–1022.

Obrig, H., 2014. NIRS in clinical neurology - a 'promising' tool? Neuroimage. 85,
535–546.

O'leary, J.L., Goldrings, S., 1964. D-C potentials of the brain. Physiol. Rev. 44, 91–125.
Oliveira, A.J., Zamagni, M., Dolso, P., Bassetti, M.A., Gigli, G.L., 2000. Respiratory dis-

orders during sleep in patient with epilepsy: effect of ventilatory therapy on EEG
interictal epileptiform discharges. Clin. Neurophysiol. 111, S141–S145.

O'Regan, M.E., Brown, J.K., 2005. Abnormalities in cardiac and respiratory function
observed during seizures in childhood. Dev. Med. Child Neurol. 47, 4–9.

Osharina, V., Ponchel, E., Aarabi, A., Grebe, R., Wallois, F., 2010. Local haemodynamic
changes preceding interictal spikes: a simultaneous electrocorticography (ECoG) and
near-infrared spectroscopy (NIRS) analysis in rats. Neuroimage. 50, 600–607.

Osharina, V., Aarabi, A., Manoochehri, M., Mahmoudzadeh, M., Wallois, F., 2017.
Hemodynamic changes associated with interictal spikes induced by acute models of
focal epilepsy in rats: a simultaneous electrocorticography and near-infrared spec-
troscopy study. Brain Topogr. 30, 390–407.

Paulesu, E., Goldacre, B., Scifo, P., Cappa, S.F., Gilardi, M.C., Castiglioni, I., Perani, D.,
Fazio, F., 1997. Functional heterogeneity of left inferior frontal cortex as revealed by
fMRI. Neuroreport. 8, 2011–2016.

Peng, K., Nguyen, D.K., Tayah, T., Vannasing, P., Tremblay, J., Sawan, M., Lassonde, M.,
Lesage, F., Pouliot, P., 2014. FNIRS-EEG study of focal interictal epileptiform dis-
charges. Epilepsy Res. 108, 491–505.

Poirel, C., 1987. Circadian patterns of vigilance and seizure susceptibility in genetically
epileptic mice: heuristic aspects in neurology. Prog. Clin. Biol. Res. 227 (B), 459–466.

Posse, S., Ackley, E., Mutihac, R., Rick, J., Shane, M., Murray-Krezan, C., Zaitsev, M.,
Speck, O., 2012. Enhancement of temporal resolution and BOLD sensitivity in real-
time fMRI using multi-slab echo-volumar imaging. Neuroimage. 61, 115–130.

H. Helakari, et al. NeuroImage: Clinical 22 (2019) 101763

11

http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0205
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0205
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0205
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0210
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0210
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0215
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0215
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0220
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0220
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0220
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0220
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0225
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0225
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0230
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0230
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0230
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0235
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0235
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0235
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0235
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0240
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0240
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0240
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0245
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0245
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0245
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0250
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0250
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0250
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0255
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0255
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0255
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0260
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0260
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0260
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0265
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0265
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0265
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0270
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0270
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0270
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0275
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0280
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0280
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0280
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0285
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0285
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0285
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0290
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0290
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0295
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0295
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0295
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0300
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0300
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0305
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0310
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0310
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0310
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0310
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0315
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0315
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0320
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0320
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0320
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0320
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0325
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0325
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0325
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0330
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0330
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0330
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0330
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0335
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0335
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0335
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0340
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0340
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0340
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0345
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0345
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0345
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0345
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0350
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0350
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0350
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0355
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0355
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0360
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0360
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0365
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0365
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0365
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0365
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0370
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0370
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0370
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0375
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0375
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0380
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0380
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0385
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0390
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0390
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0390
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0390
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0395
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0395
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0400
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0400
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0400
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0405
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0405
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0405
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0410
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0410
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0410
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0410
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0410
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0415
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0415
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0415
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0420
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0420
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0420
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0425
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0425
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0425
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0430
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0430
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0430
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0435
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0435
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0435
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0440
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0440
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0440
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0445
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0445
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0450
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0450
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0450
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0450
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0455
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0455
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0455
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0460
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0460
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0465
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0470
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0470
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0470
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0475
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0475
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0480
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0480
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0480
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0485
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0485
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0485
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0485
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0490
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0490
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0490
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0495
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0495
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0495
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0500
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0500
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0505
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0505
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0505


Pouliot, P., Tremblay, J., Robert, M., Vannasing, P., Lepore, F., Lassonde, M., Sawan, M.,
Nguyen, D.K., Lesage, F., 2012. Nonlinear hemodynamic responses in human epi-
lepsy: a multimodal analysis with fNIRS-EEG and fMRI-EEG. J. Neurosci. Methods
204, 326–340.

Pruim, R.H.R., Mennes, M., Buitelaar, J.K., Beckmann, C.F., 2015. Evaluation of ICA-
AROMA and alternative strategies for motion artifact removal in resting state fMRI.
Neuroimage. 112, 278–287.

Quinquis, A., 2008. Digital Signal Processing Using Matlab. Wiley-ISTE.
Ryan, S.M., Goldberger, A.L., Pincus, S.M., Mietus, J., Lipsitz, L.A., 1994. Gender- and

age-related differences in heart rate dynamics: are women more complex than men?
J. Am. Coll. Cardiol. 24, 1700–1707.

Salimi-Khorshidi, G., Douaud, G., Beckmann, C.F., Glasser, M.F., Griffanti, L., Smith, S.M.,
2014. Automatic denoising of functional MRI data: combining independent compo-
nent analysis and hierarchical fusion of classifiers. Neuroimage. 90, 449–468.

Schaller, B., 2004. Physiology of cerebral venous blood flow: From experimental data in
animals to normal function in humans. Brain Res. Rev. 46, 243–260.

Schwartzkroin, P.A., 1997. Origins of the epileptic state. Epilepsia. 38, 853–858.
Semendeferi, K., Armstrong, E., Schleicher, A., Zilles, K., Van Hoesen, G.W., 2001.

Prefrontal cortex in humans and apes: a comparative study of area 10. Am. J. Phys.
Anthropol. 114, 224–241.

Sevcencu, C., Struijk, J.J., 2010. Autonomic alterations and cardiac changes in epilepsy.
Epilepsia. 51, 725–737.

Shannon, C.E., 1948. The mathematical theory of communication. Bell System Techn. J.
27 (379–423), 623–656.

Shi, L.-., Jiao, Y.-., Lu, B.-., 2013. Differential entropy feature for EEG-based vigilance
estimation. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS 6627–6630.

Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17,
143–155.

Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing pro-
blems of smoothing, threshold dependence and localisation in cluster inference.
Neuroimage. 44, 83–98.

Smith, R.X., Yan, L., Wang, D.J.J., 2014. Multiple time scale complexity analysis of
resting state FMRI. Brain Imaging Behav. 8, 284–291.

Sokunbi, M.O., Cameron, G.G., Ahearn, T.S., Murray, A.D., Staff, R.T, 2015. Fuzzy ap-
proximate entropy analysis of resting state fMRI signal complexity across the adult
life span. Med. Eng. Phys. 37, 1082–1090.

Song, Y., Crowcroft, J., Zhang, J., 2012. Automatic epileptic seizure detection in EEGs
based on optimized sample entropy and extreme learning machine. J. Neurosci.
Methods 210, 132–146.

Sortica da Costa, C., Placek, M.M., Czosnyka, M., Cabella, B., Kasprowicz, M., Austin, T.,
Smielewski, P., 2017. Complexity of brain signals is associated with outcome in
preterm infants. J. Cereb. Blood Flow Metab. 37, 3368–3379.

Sorvoja, H.S.S., Myllylä, T.S., Kirillin, M.Y., Sergeeva, E.A., Myllylä, R.A., Elseoud, A.A.,
Nikkinen, J., Tervonen, O., Kiviniemi, V., 2010. Non-invasive, MRI-compatible fi-
breoptic device for functional near-IR reflectometry of human brain. Quantum
Electron. 40, 1067–1073.

Spencer, S.S., 2002. Neural networks in human epilepsy: evidence of and implications for
treatment. Epilepsia. 43, 219–227.

Srinivasan, V., Eswaran, C., Sriraam, N., 2007. Approximate entropy-based epileptic EEG
detection using artificial neural networks. IEEE Trans. Inf. Technol. Biomed. 11,
288–295.

Steriade, M., 2005. Sleep, epilepsy and thalamic reticular inhibitory neurons. Trends
Neurosci. 28, 317–324.

Strangman, G., Franceschini, M.A., Boas, D.A., 2003. Factors affecting the accuracy of
near-infrared spectroscopy concentration calculations for focal changes in oxygena-
tion parameters. Neuroimage. 18, 865–879.

Tavares, V., Ribeiro, A.S., Capela, C., Cerqueira, L., Ferreira, H.A., 2017. Epileptogenic
Focus Localization Using Complexity Analysis of BOLD Signals. ENBENG - Port. Meet.
Bioeng Proc.

Tomson, T., Ericson, M., Ihrman, C., Lindblad, L.E., 1998. Heart rate variability in pa-
tients with epilepsy. Epilepsy Res. 30, 77–83.

Urigüen, J.A., García-Zapirain, B., Artieda, J., Iriarte, J., Valencia, M., 2017. Comparison
of background EEG activity of different groups of patients with idiopathic epilepsy
using shannon spectral entropy and cluster-based permutation statistical testing.
PLoS ONE 12.

Vakkuri, A., Yli-Hankala, A., Sandin, R., Mustola, S., Høymork, S., Nyblom, S., Talja, P.,
Sampson, T., Van Gils, M., Viertiö-Oja, H., 2005. Spectral entropy monitoring is as-
sociated with reduced propofol use and faster emergence in propofol-nitrous oxide-
alfentanil anesthesia. Anesthesiology. 103, 274–279.

Vanhatalo, S., Holmes, M.D., Tallgren, P., Voipio, J., Kaila, K., Miller, J.W., 2003a. Very
slow eeg responses lateralize temporal lobe seizures: an evaluation of non-invasive
DC-EEG. Neurology. 60, 1098–1104.

Vanhatalo, S., Tallgren, P., Becker, C., Holmes, M.D., Miller, J.W., Kaila, K., Voipio, J.,
2003b. Scalp-recorded slow EEG responses generated in response to hemodynamic
changes in the human brain. Clin. Neurophysiol. 114, 1744–1754.

Viertiö-Oja, H., Maja, V., Särkelä, M., Talja, P., Tenkanen, N., Tolvanen-Laakso, H.,
Paloheimo, M., Vakkuri, A., Yli-Hankala, A., Meriläinen, P., 2004. Description of the
entropy™ algorithm as applied in the datex-ohmeda 5/5™ entropy module. Acta
Anaesthesiol. Scand. 48, 154–161.

Wang, Y., Li, T., 2015. Dimensionality of ICA in resting-state fMRI investigated by feature
optimized classification of independent components with SVM. Front. Hum.
Neurosci. 9.

Watanabe, E., Maki, A., Kawaguchi, F., Yamashita, Y., Koizumi, H., Mayanagi, Y., 2000.
Noninvasive cerebral blood volume measurement during seizures using multichannel
near infrared spectroscopic topography. J. Biomed. Opt. 5, 287–290.

Watanabe, E., Nagahori, Y., Mayanagi, Y., 2002. Focus diagnosis of epilepsy using near-
infrared spectroscopy. Epilepsia. 43, 50–55.

Whelan, C.D., Altmann, A., Botia, J.A., Jahanshad, N., Hibar, D.P., Absil, J., Alhusaini, S.,
Alvim, M.K.M., Auvinen, P., Bartolini, E., Bergo, F.P.G., Bernardes, T., Blackmon, K.,
Braga, B., Caligiuri, M.E., Calvo, A., Carr, S.J., Chen, J., Chen, S., Cherubini, A.,
David, P., Domin, M., Foley, S., Franca, W., Haaker, G., Isaev, D., Keller, S.S.,
Kotikalapudi, R., Kowalczyk, M.A., Kuzniecky, R., Langner, S., Lenge, M., Leyden,
K.M., Liu, M., Loi, R.Q., Martin, P., Mascalchi, M., Morita, M.E., Pariente, J.C.,
Rodriguez-Cruces, R., Rummel, C., Saavalainen, T., Semmelroch, M.K., Severino, M.,
Thomas, R.H., Tondelli, M., Tortora, D., Vaudano, A.E., Vivash, L., von Podewils, F.,
Wagner, J., Weber, B., Yao, Y., Yasuda, C.L., Zhang, G., Bargallo, N., Bender, B.,
Bernasconi, N., Bernasconi, A., Bernhardt, B.C., Blumcke, I., Carlson, C., Cavalleri,
G.L., Cendes, F., Concha, L., Delanty, N., Depondt, C., Devinsky, O., Doherty, C.P.,
Focke, N.K., Gambardella, A., Guerrini, R., Hamandi, K., Jackson, G.D., Kalviainen,
R., Kochunov, P., Kwan, P., Labate, A., McDonald, C.R., Meletti, S., O'Brien, T.J.,
Ourselin, S., Richardson, M.P., Striano, P., Thesen, T., Wiest, R., Zhang, J., Vezzani,
A., Ryten, M., Thompson, P.M., Sisodiya, S.M., 2018. Structural brain abnormalities
in the common epilepsies assessed in a worldwide ENIGMA study. Brain. 141,
391–408.

Wheless, J.W., Gienapp, A.J., Ryvlin, P., 2018. Vagus nerve stimulation (VNS) therapy
update. Epilepsy Behav. 88, 2–10.

Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., Nichols, T.E., 2014.
Permutation inference for the general linear model. Neuroimage. 92, 381–397.

Wong, C.W., Olafsson, V., Tal, O., Liu, T.T., 2013. The amplitude of the resting-state fMRI
global signal is related to EEG vigilance measures. Neuroimage. 83, 983–990.

Wong, C.W., DeYoung, P.N., Liu, T.T., 2016. Differences in the resting-state fMRI global
signal amplitude between the eyes open and eyes closed states are related to changes
in EEG vigilance. Neuroimage. 124, 24–31.

Woodward, S.H., Kaloupek, D.G., Schaer, M., Martinez, C., Eliez, S., 2008. Right anterior
cingulate cortical volume covaries with respiratory sinus arrhythmia magnitude in
combat veterans. J. Rehabil. Res. Dev. 45, 451–464.

Yamada, S., Miyazaki, M., Yamashita, Y., Ouyang, C., Yui, M., Nakahashi, M., Shimizu, S.,
Aoki, I., Morohoshi, Y., McComb, J.G., 2013. Influence of respiration on cere-
brospinal fluid movement using magnetic resonance spin labeling. Fluids Barriers
CNS. 10.

Yang, H., Peng, K., Hu, S., Liu, Y., 2007. Inhibiting effect of vagal nerve stimulation to
seizures in epileptic process of rats. Neurosci. Bull. 23, 336–340.

Zahneisen, B., Hugger, T., Lee, K.J., Levan, P., Reisert, M., Lee, H., Assländer, J., Zaitsev,
M., Hennig, J., 2012. Single shot concentric shells trajectories for ultra fast fMRI.
Magn. Reson. Med. 68, 484–494.

Zerbi, V., Grandjean, J., Rudin, M., Wenderoth, N., 2015. Mapping the mouse brain with
rs-fMRI: an optimized pipeline for functional network identification. Neuroimage.
123, 11–21.

Zhang, T., Zhou, J., Jiang, R., Yang, H., Carney, P.R., Jiang, H., 2014. Pre-seizure state
identified by diffuse optical tomography. Sci. Rep. 4.

H. Helakari, et al. NeuroImage: Clinical 22 (2019) 101763

12

http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0510
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0510
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0510
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0510
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0515
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0515
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0515
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0520
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0525
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0525
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0525
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0530
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0530
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0530
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0535
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0535
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0540
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0545
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0545
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0545
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0550
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0550
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0555
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0555
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0560
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0560
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0565
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0565
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0570
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0570
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0570
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0575
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0575
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0580
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0580
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0580
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0585
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0585
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0585
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0590
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0590
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0590
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0595
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0595
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0595
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0595
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0600
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0600
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0605
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0605
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0605
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0610
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0610
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0615
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0615
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0615
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0620
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0620
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0620
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0625
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0625
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0630
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0630
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0630
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0630
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0635
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0635
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0635
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0635
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0640
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0640
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0640
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0645
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0645
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0645
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0650
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0650
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0650
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0650
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0655
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0655
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0655
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0660
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0660
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0660
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0665
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0665
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0670
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0675
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0675
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0680
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0680
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0685
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0685
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0690
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0690
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0690
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0695
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0695
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0695
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0700
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0700
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0700
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0700
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0705
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0705
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0710
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0710
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0710
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0715
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0715
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0715
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0720
http://refhub.elsevier.com/S2213-1582(19)30113-5/rf0720

	Spectral entropy indicates electrophysiological and hemodynamic changes in drug-resistant epilepsy – A multimodal MREG study
	Introduction
	Methods and materials
	Subjects
	Data collection
	Preprocessing of MREG data
	Preprocessing of EEG data
	Preprocessing of NIRS data
	SE analysis
	Statistical analyses

	Results
	Motion control
	Respiration control
	Spatial voxel-level SE analysis of MREG signal
	SEEEG
	SENIRS
	SE of the global MREG signal

	Discussion
	Entropy and spectral entropy in epilepsy – DC-EEG
	fMRI signal - MREG BOLD
	Hemodynamic signal – NIRS
	Physiological considerations
	Preprocessing considerations
	Limitations

	Conclusions
	Conflict of interests
	Funding
	Acknowledgements
	References




