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Abstract

Object Electroencephalography-functional magnetic res-
onance imaging (EEG-fMRI) coregistration and high-den-
sity EEG (hdEEG) can be combined to map noninvasively
abnormal brain activation elicited by epileptic processes.
By combining noninvasive imaging techniques in a mul-
timodal approach, we sought to investigate pathophysio-
logical mechanisms underlying epileptic activity in seven
patients with severe traumatic brain injury.

Materials and methods Standard EEG and fMRI data
were acquired during a single scanning session. The EEG-
fMRI data were analyzed using the general linear model
and independent component analysis. Source localization
of interictal epileptiform discharges (IEDs) was performed
using 256-channel hdEEG. Blood oxygenation level
dependent (BOLD) localizations were then compared to
EEG source reconstruction.
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Results On hdEEG, focal source localization was detec-
ted in all seven patients; in six out of seven it was con-
cordant with the expected epileptic activity as defined by
EEG data and clinical evaluation; and in four out of seven
in whom IEDs were recorded, BOLD signal changes were
observed. These activities were partially concordant with
the source localization.

Conclusion Multimodal integration of EEG-fMRI and
hdEEG combining two different methods to localize the
same epileptic foci appears to be a promising tool to
noninvasively map abnormal brain activation in patients
with post-traumatic brain injury.
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Introduction

Post-traumatic epilepsy, a common complication of trau-
matic brain injury (TBI), occurs in 15-20 % of patients
with severe brain trauma. The risk of epilepsy is higher
during the first 2 years after both mild and severe TBI, and
it remains elevated for more than 10 years after the injury.
Clinical seizures are often unrelated to the diffuse and
severe brain lesions. And because neurosurgical treatment
is generally unfeasible, correlations between electroen-
cephalography (EEG) activity, clinical seizures and brain
lesions are rarely investigated.

The combined use of EEG and functional magnetic
resonance imaging (fMRI) techniques in epilepsy allows for
the noninvasive hemodynamic characterization of interictal
activity. EEG-fMRI recording can provide information on
the pathophysiological processes underlying interictal
activity, since the hemodynamic changes are a consequence
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of the abnormal neural activity generating interictal epi-
leptiform discharges (IEDs). In detail, fMRI measures the
hemodynamic response induced by neural activity and can
be used to display the active brain regions associated with a
process. fMRI does not directly measure neural activity but
rather the changes in oxygenation and blood flow. The
advantages of fMRI include high spatial resolution (order of
mm) and whole brain coverage. Moreover, fMRI combined
with standard neurophysiological stimulation techniques
can provide important clinical insights into epileptic pro-
cesses. Conversely, EEG measures with high temporal
resolution the neural activity from the scalp generated by
brain current sources activity, producing a current dipole
moment in each tissue volume [40]. For decades EEG has
been used to study and characterize pathophysiologic pro-
cesses in the brain, but it has a limited ability to localize
activity to a deep brain region. Used separately, EEG and
fMRI provide low spatial (EEG, order of cm) or temporal
(fMRI, order of s) resolution, but when combined they have
complementary features. Used simultaneously, EEG and
fMRI is a powerful and noninvasive method to investigate
the spatiotemporal mechanisms of abnormal brain activity
and to precisely define the irritative zone. The relationship
between neuronal physiology and the observed blood oxy-
genation level dependent (BOLD) activity is still unclear.
Research results so far suggest a predominantly linear
coupling between BOLD and neuronal activity [32, 41].

These technologies were combined by [24] and are
widely used in studies of epileptic patients to localize
epileptogenic foci [1, 4, 5, 7, 12, 19, 25, 26, 28-31, 33, 34,
42, 46]. The results have been corroborated in several
important reviews [37, 45, 47].

The conventional analysis of EEG-fMRI data relies on
the general linear model (GLM). The neurologist visually
identifies IEDs, and the convolution of these EEG events
with a model of the fMRI response, i.e., the hemodynamic
response function (HRF), provides the regressor for GLM
analysis of fMRI data. The significance in activation is then
tested by means of a 7 test which compares the signal
intensity of IEDs with that of resting status. In the absence
of a paradigm design, a useful alternative is a multivariate
approach/analysis such as independent component analysis
(ICA). This important technique of data-driven analysis
can be applied to solve the problem of blind source sepa-
ration of signals by dividing the imaging data into several
spatial patterns or independent activation maps. ICA can
also extract task-related as well as physiologically-relevant
non-task-related components and artifactual components.
Although ICA decomposition in fMRI is widely used to
identify networks, a gold standard selection criteria to
separate the ICs related to an internal network from noise-
related ICs is still lacking. The existing methods only rank
the components, after which the neurologist must scroll
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each component manually. Nonetheless, ICA decomposi-
tion is extremely useful for identifying IED-related activity
[39] and the resting state networks (RSNs) of neuronal
activity as regions involved in motor function, visual and
auditory processing, memory, executive functioning and
the default mode network (DMN). In order to identify the
IED-related ICs, the design matrix constructed with the
GLM can be compared with the components by computing
the cross correlation between them.

Another commonly employed technique in the evaluation
of epilepsy is electrical source imaging (ESI). ESI can esti-
mate the localization within the brain volume of the electric
source(s) generating an IED that can be recorded with scalp
electrodes. ESI involves numerous scalp electrodes, high-
density EEG (hdEEG), and realistic head models derived
from structural MRI. The assumption about the number of
electrodes, geometric and anatomical properties, conductive
volume and focus characteristics can enhance the precision of
the inverse solution [38]. Source localization can be used as
part of evaluation of patients with focal epilepsy.

In contrast to standard EEG, hdEEG is a recording
method that relies on numerous electrodes to increase
spatial sampling. Also, hdEEG can be combined with
realistic head models and used in source analysis to
determine the generators of IED. To date, few researchers
have been able to acquire both signals that could repro-
ducibly demonstrate a correspondence between the EEG-
fMRI signal and the electrical sources [56, 58], given that
the generators of the EEG and the BOLD signals do not
always completely overlap. A recent review of the com-
bined use of EEG-fMRI coregistration and EEG source
analysis for event localization in epilepsy reported prom-
ising perspectives for these strategies [57].

In this study, we combined noninvasive imaging tech-
niques in a multimodal approach to investigate the path-
ophysiological mechanisms of epileptic activity in patients
with severe TBI. Here, we describe seven cases of pharma-
coresistant post-traumatic epilepsy. Assessment was per-
formed using a multimodal approach with the use of hdEEG
and EEG-fMRI technologies. The multimodal approach
consists of the source localization applied to 256 EEG-
channel data and GLM and ICA analysis of the EEG-fMRI
data. Finally, the data were independently analyzed and the
results compared by verifying the concordance between EEG
source localization and BOLD response to interictal spikes.

Materials and methods

Patients

The study sample was seven patients with post-traumatic
epilepsy. Clinico-pathological characteristics were roughly
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similar: complex partial seizures (focal) and seizure fre-
quency (from 3 to 25 seizures per month); 5 out of 7
patients presented with cognitive and behavioral impair-
ment; all showed focal activity, spike and slow-wave par-
oxysms. Paroxysmal activity predominated in the left
frontal regions (5/7 patients), in the right-temporal regions
(1/7) and in the left-central regions (1/7).

Patient No. 1  This 43-year-old man sustained severe
TBI in a road accident. The first seizures developed 2 years
later, with initial clonic movements of the right arm and
hand, followed by right leg and orofacial automatisms of
the right side of the face, deflection of the face rightward,
and early loss of consciousness. MRI revealed left brain
cortical and subcortical atrophy with considerable ex vacuo
enlargement of the lateral ventricles. Interictal standard
scalp EEG over the right hemisphere was inconstant; low
voltage (8-9 Hz) EEG over the left hemisphere showed
theta waves associated with polymorphic delta waves
which were more evident on the fronto-central hemisphere
electrodes; specifically, high amplitude (75-120 puV) 2 Hz
spike and wave discharges over the left frontal hemisphere
electrodes which spread to the right hemisphere.

Patient No. 2  This patient suffered head trauma at age
16 years, with bleeding in the left fronto-polar and frontal
regions. Two years later, the first seizure occurred during
the night and was described as grand mal seizures with
tonic clonic movements of the upper and lower limbs.
These were followed by 2-3 episodes of cyclic clinical
tonic-clonic seizures per week. Seizure occurrence even-
tually ceased with additional therapy. Standard EEG
showed theta-wave activity in the left frontal regions with
phase reversal in F3. Other seizures were characterized by
abrupt loss of consciousness, fixed gaze, facial contraction
and mild head version to the right.

Patient No. 3 At the age of 14 years, this patient suffered
an accidental fall resulting in extradural hematoma and
right hemiparesis which resolved (lasting 3 days). Two
apparently generalized tonic-clonic seizures occurred dur-
ing sleep at age 38 years, in addition to sporadic left lower
limb clonic seizures during drowsiness. The patient pre-
sented no motor deficit, sensory, cognitive or behavioral
impairment. Standard EEG showed slow left fronto-tem-
poral foci (drug-resistant) associated with paroxysmal iso-
lated elements in F7. The patient showed continuous theta
activity, sometimes polymorphic delta sequences, of med-
ium voltage on the left frontal electrodes. At the same site,
isolated slow peaks were detected mainly in Fp1/F7. Rare
and isolated polyspikes associated with left frontal slow
waves on derivations were recorded only in stage Il NREM
sleep. These elements showed phase reversal in F7, without
a tendency to spread, and disappeared upon awakening.

Patient No. 4 This patient sustained a fracture of the
right cranial vault in a motorcycle accident 12 years ear-
lier. After the accident, he fell into coma for 22 days. The
front vault was removed and a prosthesis inserted. MRI
findings were principally bilateral frontal lesions. He pre-
sented right-sided blindness resulting from trauma-induced
lesion of the optic nerve and residual orbitofrontal asym-
metry of the facial bones. Interictal standard EEG showed
theta polymorphic sequences during drowsiness associated
with isolated large-voltage paroxysms on the left fronto-
temporal electrodes with phase reversal in F7. These ele-
ments did not tend to spread contralaterally. His history
included brief attacks typically occurring in clusters and
often at night, characterized by oscillatory trunk move-
ments, arm flexion, synchronous bi-manual automatisms,
and proximal isolated movements of the lower limbs
associated with loss of consciousness.

Patient No. 5  This 44-year-old man suffered a head
injury in a workplace accident at the age of 31 years,
associated with an acute left fronto-temporo-parietal sub-
dural hematoma, multiple brain injuries and cerebral
edema resulting in right hemiplegia. The patient also pre-
sented with motor aphasia. Simple focal seizures first
occurring 9 months after the accident were characterized
by initial deviation of the mouth and eyes to the right,
followed by clonic movements of the upper and then the
lower right limb, lasting less than 1 min, on an average of
1-2 times a year. MRI showed bilateral lesions in the
frontal regions and in the left temporo-parietal regions.
EEG recordings were characterized by slow theta, some-
times delta, polymorphic activity intermixed with super-
imposed sharp waves showing phase reversal to C3.

Patient No. 6 At age 19 years, this patient sustained the
first and the most severe head trauma in a road accident,
resulting in a left fronto-orbital lesion. Reconstruction of
the front and placement of implants were performed. Four
years after the accident, the patient experienced two epi-
sodes of morpheic seizures. One year later, he sustained
another head injury, followed by focal and secondarily
generalized seizures (starting with prolonged vocalization
and quickly followed by a tonic and then a clonic phase).
The last seizure occurred 4 months before the present
fMRI study. MRI showed a large left frontal and an
orbitofrontal poroencephalic lesion associated with signif-
icant gliosis. EEG recordings showed persistent epilepto-
genic foci, with theta activities intermixed with
superimposed spikes and waves in the left frontotemporal
regions, with maximum appearance at the F7 electrode.

Patient No. 7 This patient presented bilateral lesions
after sustaining a work-related accident (right temporal
lesion and left temporal lobe lesion). His clinical picture
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was characterized by temporal seizures with temporo-
parietal aura characterized by auditory hallucinations
(“like hearing the sea inside a seashell”) followed by
epigastric sensations, nausea and loss of consciousness. He
sometimes experienced complex hallucinations (“like a
slide series about my past life”) associated with oral
automatisms, head version to the right, fixed gaze and
frothing at the mouth. The patient showed theta-delta
activity with sharp, large-voltage morphology in the fronto-
temporal region and phase reversal in T4.

Data acquisition
HAEEG

HJEEG recording was performed using 256 channels
(Electrical Geodesic, Inc., Eugene, OR, USA). The net was
adjusted so that Fpz, Cz, Oz and the pre-auricular points
were correctly placed according to the international 10/20
system. Due to the geodesic tension structure of the net all
electrodes were evenly distributed on the scalp at approx-
imately the same location across subjects. The data were
recorded against a vertex electrode reference (Cz) at a
sampling rate of 200 or 250 Hz and filtered off-line with a
band-pass filter (1-30 Hz).

EEG-fMRI data

During MRI scanning, EEG data were acquired using an
MR-compatible EEG amplifier (SD MRI 32, Micromed,
Treviso, Italy) and a cap with 32 Ag/AgCl electrodes
positioned according to a 10/20 system. To remove pulse
and movement artifacts during scanning, two of the elec-
trodes were used to record the electrocardiogram (ECG)
and electromyogram (EMG). The EMG electrode was
placed on the right abductor pollicis brevis muscle. The
reference was placed anterior to Fz, and the ground pos-
terior to Fz, as previously described elsewhere [15, 51] for
the same system. EEG data were acquired at a sampling
rate of 1,024 Hz using the SystemPlus software package
(Micromed, Italy). To avoid saturation, the EEG amplifier
had a resolution of 22 bits with a range of £25.6 mV. An
anti-aliasing hardware band-pass filter was applied with a
bandwidth of 0.15-269.5 Hz.

Functional images were acquired on a 1.5 T MR scanner
(Symphony, Siemens, Erlangen, Germany) equipped with
echo-planar imaging (EPI) capability and a standard tran-
sient/receive (TR) head coil. fMRI data were acquired with a
n" weighted EPI sequence (36 slices, TR = 3,700 ms,
TE = 50 ms, 64 x 64 matrix, FOV = 256 x 256, slice
thickness 3 mm; voxel size = 3 x 3 x 3 mm, axial slice
orientation). At the start of each fMRI acquisition, the scanner
gave atrigger signal that was recorded by the EEG system and
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used as a volume marker. A T1-weighted anatomical scan
(192 slices, TR = 1,990 ms, TE = 3 ms; scanning matrix
512 x 512, FOV = 256 x 256; slice thickness 1 mm; sag-
ittal slice orientation) was also acquired for each patient.

The patients were positioned supine on a bed inside the
scanner bore, with elbows flexed at 120° and hands pro-
nated in a relaxed position; the head was stabilized on both
sides with adjustable padded restraints. During fMRI
acquisition, the patients were instructed to keep their eyes
closed and remain as still as possible throughout the pro-
cedure. A total of 200 volumes were acquired for patient
No. 1, and 140 volumes for the other 6 patients; the
duration of one volume was 3,700 ms.

Data analysis
Source localization

HdEEG data were analyzed using Cartool software
(http://sites.google.com/site/cartoolcommunity/). The Tl1
anatomical images acquired before each EEG-fMRI ses-
sion were used to create a realistic model of the brain for
source localization. The original MRI is anisotropic. The
images were converted in isotropic using Brain Voyager
(Brain Innovation, Maastricht, The Netherlands) with a
voxel size of 1 x 1 x 1 mm®. In each patient, the hdEEG
and MRI data and the solution space were restricted to the
gray matter. The solution space for the distributed source
model contains from a min of 3,010 to a max of 3,032
points uniformly distributed over the gray matter of the
brain mapped onto the spherical head model with ana-
tomical constraints (SMAC) space [50]. The SMAC head
model method has been successfully employed in several
previous clinical and experimental studies [9, 22, 38, 49,
58] and it produces localization precisions comparable with
realistic boundary element models [23]. The EEG electrode
positions were matched to the MR scalp surface using
transformation operations such as rotation and translation
according to common landmarks during both EEG and
MRI acquisition. The peak of the spike was used as a
trigger for averaging in epochs of 500 ms. The number
of spikes ranged from 35 to 42. Two time frames were
chosen to characterize spike topography: the first, from the
beginning of the spike to the time point corresponding to
50 % of the rising phase as an epoch characterizing a
source of the possible spike generator [27]; the second, an
epoch at the peak of the spike indicating propagation.
Special attention was paid to marking the same type of
spikes as those obtained during the recordings inside the
scanner. A standardized source imaging procedure, low
resolution brain electromagnetic tomography (LORETA)
[43] constrained to the individual matter, was applied to the
averaged spikes.


http://sites.google.com/site/cartoolcommunity/

Magn Reson Mater Phy (2012) 25:345-360

349

GLM on EEG-fMRI data

EEG pre-processing The data were processed using
Matlab 7 (MathWorks, Natick, MA, USA) and EEGLAB
4.51 (http://scen.ucsd.edu/eeglab/) [14]. The EEG artifact
induced by the magnetic field gradient was digitally
removed off-line using an adaptive filter [3], while the
EEG artifact associated with pulsatile blood flow, ballis-
tocardiogram, was removed using an averaging procedure
[2], both of which were implemented with SystemPlus
software (Micromed). Reference-free recordings were then
obtained by calculating the local average reference using
EEGLAB. A notch filter (50 Hz) was also applied to all
channels. EEG recordings were band-pass filtered from 1 to
30 Hz using a FIR filter because all seven patients had a
routine EEG recording showing focal IEDs at frequencies
above 1 Hz. The signal was then baseline corrected and
detrended; epochs with artifacts were visually identified
and excluded from the analysis.

JMRI pre-processing Before statistical analysis, the
functional data were pre-processed using Brain Voyager
software. The MR images were realigned to reduce the
effect of head motion (three-dimensional motion correction
with sinc interpolation). To correct for the different
acquisition times, slice scan time correction was used in an
ascending, interleaved scanning order with linear interpo-
lation over time. The data were then pre-processed with
linear trend removal to remove all drifts, and with a tem-
poral high-pass filter (three cycles in time course) to reduce
the effect of breathing and physiological noises. The ana-
tomical and functional data were kept in the subject’s
native space. The optional temporal smoothing filter was
not used during analysis, while spatial Gaussian smoothing
was used with Gaussian kernel 6 mm full width at half
maximum (FWHM).

GLM analysis The analysis of EEG-fMRI data was based
on the visual identification of the IEDs on scalp EEG. The
convolution of these EEG events, represented as stick
functions, with the HRF provided the regressor for GLM
analysis of fMRI data. Activated voxels were identified
with a single-subject GLM approach for the time series
data [17]. Confounds were included to account for motion-
related effects. Temporal autocorrelations were accounted
for by fitting an autoregressive (AR) model. Noise was
modeled as an AR process estimated from the residuals by
using Yule—Walker equations. The partial autocorrelation
plots were examined to identify the AR order. A statistical
significance was found for lag 1, indicating that the AR
model was appropriate for all patients, except for patient
No. 3. The confidence interval for statistical significance
was of 95 %. Brain activation was detected by comparing

the signal intensity of active images (IED activity) with
that of resting images based on the changes in local BOLD
signals and on the voxel-wise Student’s ¢ test (with FDR
correction according to the number of voxels related to the
brain volume). Z-score maps representing brain activation
were then generated from r-maps. The results were dis-
played as parametric statistical maps, where the pixel
Z value is expressed on a colorimetric scale.

PICA on EEG-fMRI data

JMRI pre-processing The functional data were pre-pro-
cessed using Multivariate Exploratory Linear Decomposi-
tion into Independent Components (MELODIC) version
3.09, a part of the FSL toolbox (http://www.fmrib.
ox.ac.uk/fsl). The images were smoothed with a Gaussian
kernel 6 mm (FWHM) and motion-corrected. To correct
for the different acquisition times, an interleaved slice
timing correction was used. The data were then pre-pro-
cessed with high-pass temporal filtering (cut-off of 100 s)
and with the removal of non-brain structures from the echo
planar imaging volumes (Brain Extraction Tool [BET]
http://www.fmrib.ox.ac.uk/fsl).

PICA analysis The pre-processed data underwent proba-
bilistic independent component analysis (PICA) decom-
position using MELODIC. The maps were thresholded at a
posterior probability threshold of p > 0.5 [6]. A threshold
of z scores was used to visualize the IC maps. From a
variable number of ICs obtained by PICA decomposition
(range 13-36 components), the components were then
visually selected by an expert neurologist. In order to
identify which components were related to a patient’s IED
activity, the design matrix constructed in the GLM analysis
was fitted to the time course of each component. Compo-
nents significantly related to IED activity were identified
with an F test (p < 0.05, corrected for the number of
components) [39]. Statistically significant F values identify
ICs time courses showing significant signal changes time-
locked to the IED activity.

Results
Comparison of ESI with EEG-fMRI results

Clinical information and results for each patient are
summarized in Table 1. A homogeneous population was
studied to explore methodological issues. This group of
post-traumatic epilepsy patients was consistent in its
number with some clinico-pathological correlations.

On hdEEG, focal source localization was detected in all
patients. In six out of seven patients, it was concordant with

@ Springer


http://sccn.ucsd.edu/eeglab/
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl

Magn Reson Mater Phy (2012) 25:345-360

350

OFH Jo Tes1oaar oseyd “u-d ‘Kmfur woj aInzies 181y 24n212s 357 ‘yuaned 14

1nowuaA [erodure)
onoeA-Xo ay} Jo A[rerere[iq

suors9[ [erodwoliq

2qo] uorsuedxa pue [eoojrrad pue ewiojeway seare [erodwo)
2qo[ rexoduray s1so1[3 pue Aydone [eInpqgns 9Inoe YL -0JUO0IJ 9y} U0 ey
Tesodwo) JySry WS  YIM urelq Ay Jo A11Aed 10d Qrmoely s WS $1  ANANOE BI[Op—EIAYL ap/Sw 0O8°‘1 DXO IedK | [RUOpPIOOdY N LS L
BaIR [BIUOIJ 1J[ 9qo] s1so13 SOPOIOJ[
Ul UONBATORIP [elodwo) )M SeaIe [8)1qI0-0JUOI) [ezodway-ojuoy aIp
pue eoIe [ejuolj -[eNUd puE [BIUOIJ 3] oY) Ul WNIUBID [)UOL} 139 uo saouanbas /8w 7 wedozeuo[) JUSpIOdE
Ur UONBATOY  -[ejuolj 3Jo]  uors9f oreydoousorod aSreT 3Jo1 o3 Jo aImpoery [ MOTS BIOYT, “a1rp/Sw 00y LHA s1eak ) W LS 9
suor3ar [ejorred BUWOPI [BIQIAD pue A3ojoydiowr dreys
-osodwa) 1391 pue [ejuoly  SuOIS9[ urerq o[dnnuwr ym syuouodwoo
SOpOIOd[e  [BIAJE[Iq Ul seare asuapodAy ‘BUWIOJBWIAY [eINpgnS Pale[oSI IIm ap/Sw 001 dd
UOTJBAT)OR Jorysod 955 oreydeousoiod noe [eyorred soouanbas eyjop ‘@1p/3w 00S AdT JUapIOdE
a10d oN [enuad o] Tendiooo-otodwe) 1yog -o1odwey-ojuory Yo7 €D pUE 1Y) MO[S QIp/3w O8] DXO  sywuou g Yom W b S
SOPOIIJ[d
[erodway
S9qO[ [ejuoLy -OJuoly Iaf oIp/Sw 61 dd
9qo]  1ySu A[urews Jnq 3Jo] oY) UO wnrueIo [ejuoty oy} uo soouanbas Q1p/Sw G/ SNZ JUOpIOOE
9qO[ [BIUOL] juoly Y3y  ANSuul [BUSIS JO UONRIANY Y3 o jo axyoery /4  owydiowAjod ey, “QIp/3w 0% 1 ZdD 1A 1 QAoIoI0lN N LTt
(ssaursmoip)
uoneAnoR 9qOJ [eIsow 18K9 BUWOJRWIAY 100 [e1odwoy I1eJ
a10d oN -uoiy 1397 orreydoousoiod [ejuoly 3JoT  [eInpenxd [ejuolf YOI LA -0JuoIj 1Jo] MO[S ApSwQ00T AHT ST $7  [BIUSPIDY N 9% €
s1so1[3 pue Aydone suorgax
uoneAnoR ym $1sK9 orfeydoousorod SUOIS9[ [eIUOI} 13 Ul ap/3w 0Ol DXO JUIpIOJE.
a10d oN 9qO[ [eIu0I] Iejodojuory 1JoT  urelq [ejuoljy [eIJe[lg ¢ KIATIOER SOABM MO[S “aIp/3w 00S‘T VAA s189k ¢ ) W € T
X100
[e1u01} A} arp/3w 001 dd
JO UOTJBATIORAD SOpOI}OJ[d “a1p/3w 0017 DXO
pue VIAS suor3ar SISOI[3 aroydsruay “QIp/3w 000y AT
‘uor3ar [enuad [enuad pue pue suorso] oreydaousoiod [enu22-03u0I} Q1p/Sw GZ€ SNZ JUSpIOOE
1J9[ JO UONBANIOY [eyuoiy o] ‘Kydone 1e1qa100 1Jo] oSewep urelq Yo € oyl uo 3Te)[0A MO AIp/3w 0SS VAA S1BOK ¢ r) N g 1
TAN-Ddd 1S9
aImzies
uonezIed0] 4] SuiSewy uorso rd DHd sSniq ST ewinel], xoS§ o8y id

saqyoid [eoruny T dlqel,

pringer

A's



Magn Reson Mater Phy (2012) 25:345-360

351

the expected epileptic activity as defined by EEG data and
clinical evaluation. BOLD signal changes were observed in
four out of seven patients in whom IEDs were recorded
(patients Nos. 1, 4, 6 and 7). These activities were con-
cordant with the source localization in patients Nos. 1, 6
and 7 and only partially concordant in patient No. 4. In
some patients, the IEDs inside the magnet were not very
frequent and of limited duration, which subsequently cre-
ated difficulties in the off-line analysis. ICA identified IED-
related activity in three out of seven patients (patients Nos.
1, 4, and 6). DMN was not always detected (i.e., patients
Nos. 1 and 5).

Single-subjects results

Patient No. 1 HAEEG activity showed sequences of
spike and wave complexes over the left fronto-central
regions lasting more than 10 s (Fig. la). The source
localization showed a defined localization over the rolandic
areas compatible with focal EEG activity (Fig. 1b). EEG
activity inside and outside the magnet showed a high
amplitude over the left fronto-polar electrodes, with a
phase reversal over the frontal and central electrodes
(Fig. 1c). The GLM analysis showed prominent BOLD
activation over the left central cortical areas (rolandic and
sylvian) adjacent to the brain damage and anterior to the
ventricular enlargement and over the supplementary motor
areas (SMA) during the spikes and wave discharges as
compared to the resting state. A deactivation in the left
frontal and parietal regions, not observed in the source
analysis, was also obtained, FDR (¢ < 0.05) (Fig. 1d). The
PICA decomposition estimated 36 components, five of
which were related to internal processes. Components nos.
30 and 25 were significantly IED-related ICs: the first was
positively correlated with the GLM design matrix and the
second negatively (F test, p < 0.05, corrected for
the number of components); component no. 20 represented
the occipital network; components nos. 16 and 17 the
lesion-related ICs. The DMN was not detected (Fig. le).

Patient No. 2 HdEEG showed slow-wave activity in the
perilesional frontal and prefrontal regions, consistent with
the head trauma (Fig. 2a). The source localization showed
a defined localization over the frontal region (Fig. 2b). The
EEG acquired inside the scanner showed predominant left
frontal activity (Fig. 2c). The EEG-fMRI activation maps
showed no significant activation, probably due to the short
duration of sequences characterized by IED activity, FDR
(g < 0.05) (Fig. 2d). The PICA decomposition estimated
35 components, four of which were related to internal
processes: the DMN (component no. 34); the temporal
network, a network primarily including the bilateral supe-
rior temporal cortex, corresponding to the auditory-

phonological system (component no. 30); and two com-
ponents related to the lesion area (components nos. 2 and
19). No IED-related IC was identified (Fig. 2e).

Patient No. 3  HJEEG data acquisition lasted 40 min;
during drowsiness the patient showed activity with a
maximal amplitude over the left central and frontal regions
(Fig. 3a). The source localization showed left frontal
mesial activity (Fig. 3b). The EEG acquired inside the
magnet showed predominant activity over the left frontal
electrodes, with a phase reversal in F7 (Fig. 3c). No BOLD
activity was detected with GLM analysis, FDR (g < 0.05)
(Fig. 3d). The PICA decomposition estimated 18 compo-
nents, three of which were related to internal processes: the
DMN (component no. 13); the attention network (compo-
nent no. 16); and the temporal network (component no. 8).
No IED-related IC was identified (Fig. 3e).

Patient No. 4 HAJEEG showed high activity over the
right frontal electrodes, as confirmed by the source analysis
(Fig. 4a, b). EEG inside the MR scanner showed high
activity on the frontal electrodes (Fig. 4c). The patient
underwent two continuous EEG-fMRI sessions. During the
first fMRI scanning, a spontaneous critical episode lasting
about 41 s was recorded; it was characterized by arm lift-
ing and flexion, synchronous bi-manual automatisms, and
ended with extension and repositioning of the limbs on the
chest. Isolated synchronous movements of the lower limbs
occurred towards the middle of the critical episode. The
first delta rhythmic sequences and later muscle and motion
artifacts suddenly appeared in the right frontal lobe. During
attenuation of the motor phenomena, delta sequences were
recorded in the left frontal regions. The second fMRI scan
was recorded during interical events and used for the
analysis (Fig. 4c). BOLD activity was perilesional and
localized over the frontal area, FDR (g < 0.05) (Fig. 4d).
The PICA decomposition estimated 22 components, five of
which were selected: one related to IED activity (compo-
nent no. 20); one related to the DMN (component no. 16);
one related to the temporal network (component no. 9); and
two related to the area of the lesion (components nos. 3 and
14) (Fig. 4e).

Patient No. 5 HAJEEG showed high activity over the left
central posterior electrodes (Fig. 5a). The source was
localized over the left residual rolandic area (Fig. Sb). EEG
acquired inside the scanner showed slow activity in the left
motor area, with phase reversal in C3 (Fig. 5¢). No BOLD
activity was detected with GLM analysis, FDR (g < 0.05)
(Fig. 5d). The PICA decomposition estimated 21 compo-
nents, two of which related to the area of the lesion
(components nos. 11 and 15) were selected. No compo-
nents related to DMN or IED activity were identified
(Fig. 5e).
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Fig. 1 Patient No. 1. a HAdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HIEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

Patient No. 6 HdJEEG was recorded in the waking state
and at initial drowsiness. HdAEEG showed high activity
over the left fronto-central-temporal area (Fig. 6a). The
source analysis showed two focal sources near the lesion:
one frontal and more anterior and the other more toward
the left side (Fig. 6b). EEG inside the magnet showed a
slow sequence on the left fronto-temporal electrodes, par-
ticularly over F7 (Fig. 6¢). EEG-fMRI showed two main
changes: the first was characterized by more anterior acti-
vation in the frontal area and the second by more lateral-
ized deactivation in the left frontal area, FDR (¢ < 0.001)
(Fig. 6d). The PICA decomposition estimated 19 compo-
nents, five of which were selected: components nos. 1 and
10 were significantly IED-related ICs; the first was nega-
tively and the second positively correlated with the GLM
design matrix (F test, p < 0.05, corrected for the number of
components); component no. 16 was the DMN; compo-
nents nos. 2 and 3 were lesion-related ICs (Fig. 6e).

Patient No. 7 HAJEEG showed maximal amplitude over
the right temporal electrodes (Fig. 7a). The source analysis
showed a focal source localized in the right temporal lobe
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the average interictal spike is indicated in red. ¢ EEG acquired during
fMRI scanning after preprocessing. d EEG-fMRI results from the
GLM analysis. Corrected p value (FDR, p < 0.05) is visualized, and
the color bar shows the Z score scale. e EEG-fMRI results from the
ICA analysis. The maps were thresholded at a posterior probability
threshold of p > 0.5

(Fig. 7b). The EEG acquired inside the magnet showed
predominant activity over the right temporal regions (T4)
(Fig. 7c). According to the GLM analysis, the BOLD
activity showed an activation in the right temporal lobe and
other sparse activations, FDR (¢ < 0.05) (Fig. 7d). The
PICA decomposition estimated 13 components, three of
which were selected: the DMN (component no. 9); the
occipital network (component no. 1); and the attention
network (component no. 2). No IED-related IC was iden-
tified (Fig. 7e).

Discussion

Here, we report on a multimodal approach to the assess-
ment of post-traumatic epilepsy, a complicated pharma-
coresistant form of epilepsy. Clinical semeiology, BOLD
activation and source localization were compared. Seizure
semeiology indicated the onset of seizures; MRI showed
the diffuse damage that, although a substrate of post-le-
sional epilepsy, is not specific enough to localize epilep-
togenic areas close to or far from injured brain tissue. The
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Fig. 2 Patient No. 2. a HAdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HIEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

correlation between brain metabolic activity and scalp
electrical spikes has been reported in previous studies on
different types of epilepsy [57].

The novelty of this study is the use of a multimodal
approach in which hdEEG and EEG-fMRI data on patho-
physiological mechanisms underlying post-traumatic epi-
lepsy are compared. The utility of a multimodal imaging
approach to localize seizures was investigated by studying
the relationship between source localization at different
time points and BOLD activity. The ESI results showed
one or more sources in all seven patients; and in four out of
seven cases, the GLM results showed BOLD activation.
EEG-fMRI studies demonstrated that IED-related BOLD
signal changes can be observed at the same site and remote
from the putative seizure onset zone in patients with cor-
tical lesions. While multiple BOLD activations may be
interpreted as a measure of network activation in relation to
paroxysmal activity, source localization is able to define a
focal activity.

Combined recordings as in EEG-fMRI have the dual
advantage offered by the high temporal resolution of EEG
and the spatial resolution obtained with neuroradiological
exams. EEG-fMRI coregistration is widely used to study

the average interictal spike is indicated in red. ¢ EEG acquired during
fMRI scanning after preprocessing. d EEG-fMRI results from the
GLM analysis. Corrected p value (FDR, p < 0.05) is visualized, and
the color bar shows the Z score scale. e EEG-fMRI results from the
ICA analysis. The maps were thresholded at a posterior probability
threshold of p > 0.5

the sources of epileptic spikes recorded on the scalp in
patients with no visible lesion on MRI [8, 13, 16, 20, 44].
Nevertheless, very few data exist on EEG-fMRI coregis-
tration in post-traumatic epilepsy. Baudewig et al. [5] the
first to study a patient with generalized epilepsy after head
injury, reported BOLD responses compatible with the
clinical picture. Rodionov et al. compared the findings of
ICA and EEG-based GLM analyses of fMRI data from
eight patients with focal epilepsy. In one patient with post-
traumatic epilepsy, a single matching independent com-
ponent (IC) was found to correspond excellently with the
GLM result [46]. More recently, Cosottini et al. studied
IED-related BOLD response in a patient with post-trau-
matic focal epilepsy at repeated EEG-fMRI exams. They
found that the BOLD response may be focal or multifocal,
depending on the spatial distribution of interictal EEG
activity, and that the selection of IED within a well-defined
focal EEG field, against bilateral diffuse events, can be
helpful in the localization of irritative zones and in
improving the reproducibility of results [12].

There are limitations to the technique, however. First of
all, there are technical problems associated with the inter-
ference between the EEG and MR instruments. During
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Fig. 3 Patient No. 3. a HAdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HIEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

EEG-fMRI acquired simultaneously, EEG is obscured by
artifacts induced by both the static and the time-variant
fields of the MR scanner. Simultaneous acquisition intro-
duces common artifact on MR images and on EEG. The
MR artifacts on images are caused by electrodes, wires and
the EEG system inside the magnet room near the scanner.
Differently, the EEG artifacts are caused by movement of
the leads themselves within the static filed of the magnet
that induces an electromotive force in a wire loop (ballis-
tocardiogram artifact). In addition, the radio-frequency
pulses and the gradient switching, required for MRI, may
induce voltages that obscure the EEG signal (gradient
artifact). These common artifacts on MR images and on
EEG can be filtered off-line [18].

Other limitations are related to the epilepsy. First,
because it is impossible to predict when epileptic dis-
charges will occur, few IEDs will usually appear during the
few minutes of fMRI recording; this hampers the possi-
bility to detect BOLD signal changes [48], e.g., in patients
Nos. 2, 3 and 5. Second, because of the volume conductor,
deep epileptic discharge cannot be captured by scalp EEG
[46]. Nonetheless, these limitations can be overcome by
applying multimodal and comparative analysis approaches.
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the average interictal spike is indicated in red. ¢ EEG acquired during
fMRI scanning after preprocessing. d EEG-fMRI results from the
GLM analysis. Corrected p value (FDR, p < 0.05) is visualized, and
the color bar shows the Z score scale. e EEG-fMRI results from the
ICA analysis. The maps were thresholded at a posterior probability
threshold of p > 0.5

In epilepsy evaluation, the most common method to
analyze EEG-fMRI data is with the GLM, wherein an
a priori hypothesis is made based on the shape of the HRF.
With the GLM approach to the evaluation of epileptic
patients in resting state, a significant concordance can be
observed between focal EEG interictal slow-wave dis-
charges and focal BOLD activation on fMRI.

Different approaches to identifying patterns of coher-
ent activity are used in the analysis of RSNs (for a
review see [10]). A method for hypothesis-driven anal-
ysis is based on correlating the time course in a certain
seed region with the time courses of all other brain
voxels. Seed voxel definition, however, is typically based
on a priori knowledge of functional localization. More-
over, data-driven analyses have attracted increasing
attention: ICA [36]; hierarchical clustering [11]; and
Laplacian clustering [52], none of which require a spe-
cific prior model definition. In particular, ICA can
extract IED-related BOLD components without con-
straints on the HRF. With ICA, fMRI can be analyzed in
the absence of spatial bounds or a priori knowledge
about the time course of activation of the different
components, whether a component is activated by
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Fig. 4 Patient No. 4. a HdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HdEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

specific psychophysiological systems or is related to
machine noise or other artifacts [36].

The ICA method was first applied to patients with epi-
lepsy by [46]. The components were selected if they
showed a spatial overlap with positive BOLD signal
changes in the GLM analysis and a correlation of the
components time course with the model used in the GLM
analysis. More recently, a new method to compare GLM
and ICA results was introduced by [39]. In this study,
spatial ICA was used to extract ICs from the fMRI data,
and a deconvolution method identified component time
courses significantly related to the generalized EEG dis-
charges but without imposing constraints on the HRF. In
our study, the BOLD data were analyzed by both GLM and
ICA. GLM detected significant modifications in four out of
seven patients; whereas ICA identified IED-related activity
in three out of seven patients, and the time course of the
component significantly correlated with the design matrix
created by the GLM in patients Nos. 1 and 6 (F test,
p < 0.05 corrected for the number of components). Com-
pared to the GLM, ICA has the added advantage of
detecting resting-state networks such as the DMN, the
attention network, the posterior network, and the temporal

Scale
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the average interictal spike is indicated in red. ¢ EEG acquired during
fMRI scanning after preprocessing. d EEG-fMRI results from the
GLM analysis. Corrected p value (FDR, p < 0.05) is visualized, and
the color bar shows the Z score scale. ¢ EEG-fMRI results from the
ICA analysis. The maps were thresholded at a posterior probability
threshold of p > 0.5

network. The DMN is relevant for two reasons: first, the
regions involved in the DMN have dense white matter
connections, suggesting that they form part of the brain’s
structural core. Disruption of the DMN is clinically
important, and abnormalities are observed in various neu-
rological and psychiatric disorders [21]. Second, according
to published data, the default mode is present as a baseline
and is suspended during IED activity [28, 54]. Of note is
that DMN was not detected in two patients (patients Nos. 1
and 5) and, when present, it showed modified activation,
especially in the frontal lobe (patients Nos. 2, 3, 4, and 6).
Patient No. 7, who has temporal focus epilepsy, showed a
DMN with very clear frontal activation. A possible
explanation is that the brain damage or long-term epileptic
activity recorded inside the magnet does not allow acti-
vation (or at least in part) of the DMN.

With the advent of simultaneous EEG and fMRI
coregistration, complex transient hemodynamic responses
associated with ictal and interictal events can be mapped
noninvasively. Nevertheless, in patients with epilepsy,
EEG remains the mainstay method to investigate functional
brain abnormalities and to reveal characteristic paroxystic
events reflecting neuronal synchronization. A caveat to this
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Fig. 5 Patient No. 5. a HAdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HIEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

is that a wrong model of individual geometry and con-
ductivity of the brain and a limited number of EEG chan-
nels can influence estimation of the sources. HdEEG
technologies were developed to enhance the poor spatial
information content of EEG activity. In addition, con-
straining the source analysis of high spatial resolution EEG
to a patient’s MRI provides more accurate localization of
epileptic activity. The source localization on hdEEG data
allows for precise mapping of IED activity when the same
analysis on standard EEG fails. Furthermore, the sensitivity
of inter-ictal or ictal EEG can be significantly increased
with the use of additional zygomatic and pre-frontal
electrodes.

The main objective of EEG-fMRI and hdEEG, as an
independent electrophysiological and functional measure-
ment, is to view brain function from various different
perspectives and to detect and describe changes in neuronal
activity. While IED recording and analysis of events can
play a central role in the correct diagnosis of epilepsy,
simple partial seizures may not have a definite location on
scalp EEG. From EEG-fMRI and hdEEG registration,
insights can be gained into networks associated with
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the average interictal spike is indicated in red. ¢ EEG acquired during
fMRI scanning after preprocessing. d EEG-fMRI results from the
GLM analysis. Corrected p value (FDR, p < 0.05) is visualized, and
the color bar shows the Z score scale. ¢ EEG-fMRI results from the
ICA analysis. The maps were thresholded at a posterior probability
threshold of p > 0.5

interictal epileptic activity [20]; moreover, having two
different methods to localize the same epileptic foci is
clinically useful. ESI and simultaneous EEG-fMRI are
complementary methods for exploring epileptic activity.
fMRI shows a complex network of focal hemodynamic
changes related to interictal activity with high spatial res-
olution, whereas ESI identifies the source based on the
electrical scalp activity and reveal the temporal time course
of the regions involved during the spike event. The appli-
cation of multiple methods to investigate the same events is
an additional tool which can add sensitivity to the study. In
particular, these post-traumatic epileptic patients showed
several BOLD activations close to and far from the lesion.
Part of these BOLD activations overlapped with the source
activity in some cases but not in others, suggesting a more
systemic activation or spread activations.

An area where EEG and fMRI integration and ESI have
considerable clinical relevance is in the presurgical eval-
uation of epileptic patients: in many patients with drug-
resistant focal seizures undergoing epilepsy surgery, stan-
dard magnetic resonance imaging scans fail to visualize a
clear epileptic source, making preliminary invasive stereo
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Fig. 6 Patient No. 6. a HdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HHEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

EEG analysis necessary. Simultaneous EEG and fMRI
recording and hdEEG offer a less invasive alternative,
since they provide valuable information to localize the
brain regions generating interictal epileptiform activity. In
this group of TBI patients, who are not candidates for any
surgical treatment, more information on the areas involved
in the epileptic process are necessary in order to understand
the physiopathological mechanisms.

On comparison of the hemodynamic and electrophysi-
ological data, the results demonstrated a good correspon-
dence in three out of seven patients (patients Nos. 1, 6, and
7), in three patients (patients Nos. 2, 3 and 5) no BOLD
activation was found and in one patient (No. 4) the results
were only partially related. The BOLD signal reflects the
effect of electrical activity at the microvascular level, with
high errors of measure (low signal-to-noise ratio), whereas
imprecision in EEG source localization is related to an ill-
posed nature of the problem, to errors of the head and
source models. Other possible explanations may be sought
in deep epileptic activities recognized by fMRI but not
measured on scalp electrodes because of attenuation

the average interictal spike is indicated in red. ¢ EEG acquired during
fMRI scanning after preprocessing. d EEG-fMRI results from the
GLM analysis. Corrected p value (FDR, p < 0.001) is visualized, and
the color bar shows the Z score scale. € EEG-fMRI results from the
ICA analysis. The maps were thresholded at a posterior probability
threshold of p > 0.5

phenomena. Conversely, asynchronous neurons, which
produce only minimal metabolic activities, can be mea-
sured by fMRI and not by EEG [45]. In other cases, the two
signals can be negatively correlated. A high current density
detected by the source localization is associated with hypo-
hemodynamic activity in the same area.

Complementary information can be gleaned from a
strategy that combines source analysis and coregistration,
particularly in those forms of epilepsy in which clear focal
activity is difficult to identify. A multimodal approach
could be ideal for assessing patients with post-TBI epilepsy
probably because of the long period of spiking alternating
with rest periods and because patients with brain injury
have sensitive metabolic changes in perilesional tissues. In
such patients we cannot exclude changes in perfusion
during interictal period due to the functional and anatom-
ical modifications of vessels in a injured brain [35]. In
addition the post-traumatic brain has phenomena of mal-
adaptive plasticity due to fiber rearrangement after diffuse
axonal injury that can be responsible for the epilepto-
genesis [53, 55].
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Fig. 7 Patient No. 7. a HdEEG signal visualized according to the
projected locations of the scalp electrodes (spike average). b HdEEG
source analysis results. On the left, 256-channel EEG traces with a
duration of 1 s (spike average). The global field power is used for the
onset (red line). On the right, EEG source imaging in the rising phase
of the peak and at the peak. The maximum of the estimated source of

Conclusion

Noninvasive imaging techniques such as EEG-fMRI or
hdEEG, separately considered, are widely used to investi-
gate abnormal neural activity in relation to BOLD activity
and electrical activity, respectively. EEG-fMRI can provide
information on the pathophysiological processes underlying
interictal activity, since the hemodynamic changes are a
consequence of the abnormal neural activity generating
IEDs; the source analysis estimates the current density of
the source that generates a measured electric potential and it
yields a plausible dipole localization of irritative regions.
Furthermore, the combined use of EEG-fMRI and hdEEG
offers a new and more complete approach to the study of
epilepsy and may play an increasingly important role in the
evaluation of patients with post-traumatic injury.
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