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Results  Despite strong artifacts, efficient correction of 
intra-MRI EEG could be achieved with optimized artifact 
removal algorithms, allowing robust identification of inter-
ictal epileptiform discharges. Noise-sensitive topography-
related analyses and electrical source localization were 
also performed successfully. Localization of epilepsy-
related hemodynamic changes compatible with the lesion 
were detected in three patients and concordant with find-
ings obtained at 3 T. Local loss of signal in specific regions, 
essentially due to B1 inhomogeneities were found to depend 
on the geometric arrangement of EEG leads over the cap.
Conclusion  These results demonstrate that presurgical 
mapping of epileptic networks and eloquent cortex is both 
safe and feasible at UHF, with the benefits of greater spa-
tial resolution and higher blood-oxygenation-level-depend-
ent sensitivity compared with the more traditional field 
strength of 3 T.

Keywords  EEG–fMRI · Presurgical mapping · Epilepsy · 
Ultra-high field

Introduction

Functional magnetic resonance imaging (fMRI) is a non-
invasive technique capable of detecting hemodynamic 
changes related to functional brain activity. The most 
widely used acquisition methods rely on the blood-oxy-
genation-level-dependent (BOLD) effect, which arises 
due to a local modification of the magnetic susceptibility 
caused by the paramagnetic properties of deoxyhemoglobin 
[1]. The ability to acquire fMRI at ultra-high field (UHF) 
offers the opportunity to greatly enhance BOLD contrast 
sensitivity and to subsequently improve the spatial resolu-
tion or decrease the number of events required to observe 
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(UHF) for clinical evaluation of patients with epilepsy.
Materials and methods  Simultaneous EEG–fMRI was 
acquired at 7 T using an optimized setup in nine patients 
with lesional epilepsy. According to the localization of the 
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was also performed in two patients.
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a significant effect [2, 3]. Furthermore, the intravascular 
signal contribution from draining veins decreases with 
magnetic field strength [4], allowing a more accurate local-
ization. These benefits open the possibility to better char-
acterize epileptic networks using simultaneous electroen-
cephalography (EEG) and to enhance our understanding of 
negative BOLD responses [5]. EEG–fMRI at UHF would 
permit more precise identification of epileptogenic areas 
and functional vital cortex during presurgical evaluations. 
Better EEG–fMRI sensitivity may be beneficial to patients 
with few interictal epileptiform discharges (IED) or those 
with mitigated results at 3 T.

However, the acquisition of EEG during fMRI, especially 
at UHF, suffers from various artifacts that compromise 
data quality. First, gradient artifacts completely obscure 
the EEG during fMRI acquisition. The rapid switching of 
magnetic field gradients produces electromagnetic induc-
tion into the loops formed by the wires of the EEG, the 
amplitude of which depends on gradient slew rates [6]. If 
EEG acquisition is synchronized with the MR clock, gradi-
ent artifacts are strictly periodic and reproducible and can 
easily be removed using moving average artifact template 
subtraction [7, 8]. Second, any motion or vibration of elec-
trodes and leads in the static magnetic field produce induced 
electromotive forces in EEG that are proportional to the 
field strength [9]. In particular, pulse artifacts (PA), which 
are due to a combination of nodding head motion follow-
ing each heartbeat, scalp expansion inducing motion of the 
electrodes near superficial arteries, and Hall effect produced 
by blood flow [10, 11], strongly contaminate the EEG. Con-
trary to gradient artifacts, PA are nonstationary and highly 
variable between successive heartbeats. The use of averaged 
artifact subtraction (AAS) is not sufficient to accurately 
remove PA, especially at higher fields [8, 12, 13], where 
both amplitude and variability greatly increase with mag-
netic field strength [14]. A second step using independent 
component analysis (ICA) [15] or optimal basis set (OBS) 
[16] is generally used to remove residuals. At UHF, vibra-
tions induced by the helium pump [17] or by the ventila-
tion system [18] could also seriously affect EEG quality, but 
they can be limited by using an optimized setup with ultra-
short bundled wires [19]. Spontaneous head motion may 
also affect EEG recordings at higher field and compromise 
subsequent gradient and PA correction using moving aver-
age template subtraction. The fMRI realignment parameters 
can be used to improve gradient artifact removal [20], and 
piezoelectric sensors or additional loops on the EEG caps 
can be used to filter out motion artifacts [9, 21, 22].

Furthermore, the presence of EEG electrodes and conduc-
tive wires can alter the homogeneity of the static magnetic 
field (B0) and disrupt the radiofrequency (RF) field (B1), 
leading to local signal dropout and distortion in the vicinity 
of EEG electrodes and to a global decrease of signal-to-noise 

ratio (SNR) [23]. These artifacts mainly depend on field 
strength and can significantly impact image quality at UHF. 
However, given that physiological noise is also reduced, 
temporal SNR of functional images is less affected, even in 
the presence of a dense-array EEG cap [24].

In addition to substantial artifacts, simultaneous record-
ings of EEG and fMRI at UHF raise important concerns 
regarding patient safety. First, the presence of EEG mate-
rials may alter the transmit B1 field distribution, resulting 
in unpredicted local specific absorption rate (SAR) modi-
fication [25]. Second, the radiofrequency pulse wavelength 
decreases with static magnetic field intensity, increasing the 
risk of resonant antenna effects in the wires, especially at 
7 T [26, 27].

In this report, preliminary results obtained in nine 
patients with epilepsy using simultaneous EEG–fMRI at 
7 T are presented. Our aim was to demonstrate that using 
an optimized setup and appropriate artifacts removal algo-
rithms, eloquent cortex and epileptic-related hemodynamic 
changes can be safely and reliably detected at UHF for 
clinical presurgical evaluation of epileptic patients. To our 
knowledge, this is the first report of simultaneous EEG–
fMRI acquisition at UHF in patients with epilepsy.

Materials and methods

Patients

Nine epileptic patients with refractory lesional epilepsy 
were selected for simultaneous EEG and fMRI recordings 
at 7 T. For this study at UHF, patients with confirmed or 
strong suspicion of abnormalities of cortical development, 
who can benefit from structural imaging at higher field, 
were recruited. The frequency of IED was not an inclusion 
criterion. The exam had to be interrupted before simulta-
neous recording in two patients due to a focal seizure dur-
ing structural imaging (patient 2) and to strong sensations 
of vertigo (patient 7). According to lesion localization, one 
patient also underwent a language fMRI (patient 9), and 
one completed a motor fMRI (patient 8) for presurgical 
mapping of eloquent cortex to be preserved during surgery. 
Clinical details for each patient are summarized in Table 1. 
All patients gave written informed consent, and the study 
was approved by the local ethics committee.

Data acquisition

Simultaneous EEG–fMRI

Simultaneous EEG–fMRI acquisitions were performed in 
a 7-T head-only scanner (Siemens Magnetom, Erlangen, 
Germany) equipped with an eight-channel transmit/receive 
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head RF coil (Rapid Biomedical, Rimpar, Germany) dur-
ing 20 min at rest with eyes closed. All functional images 
were acquired using a T2

*-weighed gradient-echo echo-
planar imaging (GRE-EPI) sequence (TR  =  2000  ms, 
TE = 25 ms, α = 78°, voxel size = 1.5 × 1.5 × 1.5-mm3, 
32 axial slices with 1.5-mm interslice gaps).

An optimized EEG setup, with a customized 64-elec-
trode cap (EasyCap, Herrsching, Germany) connected to 
two MR-compatible amplifiers (Brain Products, Gilching, 
Germany) via two ultra-short bundled cables, was used 
[19]. Each electrode lead included two 5  kΩ resistors—
one near the electrode and one in the connector—to limit 
induced currents and thereby ensure patient safety [28]. 
EEG was acquired at 5 kHz synchronized with the 10-MHz 
MR clock to facilitate removal of gradient artifacts.

Patient 9 also had a simultaneous EEG–fMRI recording 
at 3  T (Siemens Prisma-Fit, Erlangen, Germany). Func-
tional images were acquired using a 20-channel head coil 
with a GRE-EPI sequence (TR = 2000 ms, TE = 25 ms, 
α = 90°, voxel size = 3 × 3 × 3.75-mm3, 32 axial slices). 
EEG was recorded at 1-kHz with a 256-channel MR-com-
patible EEG (Electrical Geodesic Inc., Eugene, OR, USA).

Structural imaging

A 0.6 ×  0.6 ×  0.6-mm3 resolution MP2RAGE [29] and 
0.4  ×  0.4  ×  1-mm3 resolution susceptibility-weighted 
imaging (SWI) were acquired for localization purposes in a 
separate session without EEG using a 32-channel head coil 
(Nova Medical, MA, USA).

Mapping of language and motor functions

Two runs for functional localization of the primary motor 
cortex of both hands were performed in patient 8. He was 
asked to open and close the hand (left or right) during four 
blocks of activation alternating with four blocks of rest, 
each with a duration of 24 s.

Patient 9 completed a language fMRI during which he 
listened to congruent and incongruent sentences for eight 
blocks of 24  s alternating with blocks of controls during 
which the same sentences were played backward [30]. For 
this patient, the same language task was performed at 3 T.

Data analysis

EEG preprocessing

Since most artifacts are proportional to the magnetic field 
and are much stronger at 7 T, gradient and PA correction 
is crucial to limit artifact residuals. The conventional arti-
fact removal algorithms based on a template moving aver-
aging using the neighboring occurrences of the artifact [7, 

31] were adapted to avoid large artifacts, such as motion, 
entering into the template and contaminating the recording. 
Gradient artifacts were corrected using a moving average 
artifact subtraction method [7]. Nevertheless, median filter-
ing is less sensitive to outliers than average filtering [32], 
and accordingly, the traditional averaging of L neighboring 
artifacts was replaced by a hybrid mean and median filter-
ing to benefit from the strength of both methods. For each 
time point of the template, values of the L neighboring arti-
facts were sorted and the K minimal and maximal values 
removed from the averaging (L = 30, K = 3). This method 
allows exclusion of large outliers from the template and is 
much less sensitive to motion.

The EEG was then downsampled to 1 kHz, and PA were 
detected using an estimated ballistocardiogram signal cal-
culated as the difference between the averaged EEG signals 
from a subset of 20 electrodes (FT9/FT10, TP9/TP10, FT7/
FT8, T7/T8, TP7/TP8, F7/F8, AF7/AF8, F5/F6, FC5/FC6, 
C5/C6) located on the right and on the left temporal regions 
[33]. PA removal is generally performed using AAS that 
considers the preceding and following occurrences of the 
PA to be corrected [31]. However, PA are characterized by 
a great variability in amplitude and waveform between suc-
cessive heartbeats, increasing with magnetic field intensity 
and giving rise to residuals after PA correction [14]. To deal 
with this important variability, we replaced the conven-
tional moving averaging approach with a nonlocal mean 
(NLM) filtering [34] in which all PA occurrences were con-
sidered, with a weight depending on their similarity with 
the artifact instance to be corrected.

For each channel, the epochs of EEG are extracted 
around the PA peaks, resulting in a matrix X of dimensions 
[N, T] where N is the number of PA occurrences and T is 
the number of time samples in the epochs. The epoch win-
dow was automatically adjusted for each patient to deal 
with heart-beat variability. The L2-norm di,j between each 
pair of PA epochs stored in X was calculated. A weighting 
matrix was then built:

where λ is a filtering parameter set to 0.3.
Each PA was then estimated using NLM:

This method allows correcting the PA with less sensitiv-
ity to spontaneous head motion and to the high variability 
between successive PA occurrences. With this algorithm, 
the presence of residuals was negligible in comparison with 
the standard AAS correction (Fig. 1), and no additional step 
using ICA or OBS was required.

wi,j = e
−

d2
i,j

�2

P̂Ai =

∑N
j=1(wi,jXj)
∑N

j=1 wi,j
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fMRI processing

All fMRI preprocessing and general linear model (GLM) 
analyses were performed using SPM8 (Wellcome Trust 
Centre for Neuroimaging, UCL, London, UK). Functional 
MRI images were motion-corrected, co-registered onto a 
high-resolution structural image, and spatially smoothed 
with an isotropic Gaussian kernel of 4 mm full width at 
half-maximum. Functional time series were analyzed 
voxel by voxel with a GLM. Low-frequency noise and 
signal drift were removed using a discrete cosine trans-
form basis set with a filter cutoff period of 128  s. The 
six realignment parameters (R) and their Volterra expan-
sion—RtR

2
t Rt−1R

2
t−1

, where t and t  −  1 refer, respec-
tively, to the current and preceding timepoint [35]—were 
reduced using singular value decomposition (SVD). The 
NC first SVD components explaining at least 99  % of 
the variance, or the first six SVD components if NC > 6, 
were included into the GLM model as covariate regres-
sors. This SVD reduction allows consideration of the 24 
realignment parameters to remove any residual motion-
related variance without decreasing too greatly the num-
ber of degrees of freedom while ensuring orthogonality of 
the model.

Spike‑related and topography‑related analyses

An experienced neurophysiologist visually detected IED 
in the corrected EEG. If no IED were recorded during the 
simultaneous EEG–fMRI session, a patient-specific epilep-
tic topographic map was built by averaging IED detected 
in the clinical EEG acquired outside MRI. The presence 
of this epileptic topographic map in the intra-MRI EEG 

was quantified by means of correlation-based fitting. IED 
timing or the time course of the topography-based corre-
lation was then convolved with the canonical hemody-
namic response function and used as a regressor for fMRI 
analysis [36]. IED-related or patient-specific topography-
related hemodynamic changes were detected using a t test 
[p < 0.05, family-wise error (FWE) correction for multiple 
comparisons].

Electrical source imaging

Electrical source imaging (ESI) [37] was also performed 
with the interictal epileptic map using the freely available 
software Cartool (https://sites.google.com/site/fbmlab/car-
tool) [38] and compared with fMRI localization. Forward 
model was built using a locally spherical model with ana-
tomical constraints (LSMAC) [38] based on the individual 
patient’s high-resolution structural imaging. A linear-dis-
tributed inverse-solution algorithm with biophysical con-
straints was used to estimate the 3D current density distri-
bution [39]. The EEG map at the 50 % rising phase of the 
averaged IED was considered for source analysis, as this 
timepoint localizes more accurately the underlying electri-
cal source than the peak that already involves areas of spike 
propagation [40].

Motor and language mapping

For motor and language tasks, the block design was con-
volved with the canonical hemodynamic response func-
tion, and activated areas were identified using a GLM 
analysis (p  <  0.05, family-wise correction for multiple 
comparisons).

Fig. 1   Global field power of the averaged pulse artifact in one patient before correction (in black) after averaged artifact subtraction (AAS) (in 
red) and after nonlocal mean (NLM) averaging (in green). Residual artifacts after NLM correction are lower than after AAS correction

https://sites.google.com/site/fbmlab/cartool
https://sites.google.com/site/fbmlab/cartool
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Results

Spike‑related and topography‑related analyses

After optimized gradient and PA removal, the EEG was 
visually of excellent quality without noteworthy residu-
als. Despite PA of large amplitude and with a more com-
plex waveform than at lower fields, IED could be identified 
after correction in two patients (patients 1 and 9, Fig. 2). In 
four patients, no IED were detected, even during the EEG 
acquired outside the MRI. For the last patient, rare IED 
were identified outside MRI and used to build an interictal 
topographical epileptic map (patient 4). Clinical details and 
results for each patient are summarized in Table 1.

Patient 1

After gradient and PA correction, 28 left parietal IED 
were identified in the EEG acquired during fMRI (Fig. 2). 
Structural MRI revealed a cortical and subcortical lesion, 
discretely hyperintense in the left temporo-occipital region 
on T2 and fluid-attenuated inversion recovery (FLAIRC) 
sequences, with a blurred differentiation between grey and 
white matter at 3 T, suggestive of a focal cortical dysplasia 

and hyperintense on SWI at 7  T (Fig.  3a). IED-related 
BOLD changes were located in the left mesio-occipital cor-
tex in concordance with the lesion (Fig. 3b). ESI was possi-
ble using the IED detected on the intra-MRI EEG and was 
located in the same region (Fig. 3c).

Patient 4

Left frontal dysplasia was identified in the structural imag-
ing of this patient, whereas bilateral frontocentral IED was 
detected in the EEG recorded outside MRI. However, no 
IED were detected during simultaneous EEG–fMRI, and 
topography-related BOLD changes were located in bilat-
eral frontotemporal areas using the interictal topographic 
map obtained outside MRI.

Patient 9

Structural imaging at 7  T revealed a small focal cortical 
dysplasia in left posterior temporal (Fig.  4a). Interictal 
EEG recorded outside and inside the MRI were character-
ized by very frequent spikes, polyspikes, spikes-and-wave, 
and abnormal theta and delta activity. We decided to per-
form topographical-related analysis to better model the 

Fig. 2   Magnetic resonance 
(MR)-related artifact removal 
and electroencephalography 
(EEG) quality. a Raw EEG with 
gradient artifacts. b EEG after 
gradient artifact removal in the 
same time period. Pulse artifacts 
are highlighted in blue. c EEG 
after pulse artifact removal in 
the same time period. Interictal 
epileptiform discharges (IED), 
similar to the IED acquired 
outside the magnetic resonance 
imaging (MRI), are highlighted 
in red
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interictal epileptiform activity. The epileptic topographical 
map was obtained outside the MRI scanner using high-
density EEG (Electrical Geodesics, Inc., 256 electrodes). 
This map allowed localization of epileptic sources with 
ESI in left temporal lobe (Fig.  4b) in concordance with 
the presence of the lesion. BOLD activation obtained with 
topography-related analysis using this same map was in the 
same area of the temporal lobe (Fig. 4c). For this patient, 
simultaneous EEG–fMRI was also acquired at 3 T with a 
different MR-compatible EEG (EGI, 256 electrodes). The 
topography-related analysis realized at 3 T produced posi-
tive BOLD changes accurately in the same location as 7 T 
but with a lower statistical power (Fig. 4c).

Localization of eloquent cortex

Patient 8

The motor fMRI realized in patient 8 did not produce any 
significant activation in the contralateral primary motor 

cortex but only in the ipsilateral cerebellum. This can be 
explained by an important signal dropout in superior fron-
toparietal areas (Fig.  5a) due to the presence of the EEG 
connector and wires. The gradient-echo images and B1

+ 
maps using a SA2RAGE sequence [41] in a phantom with 
the same 64-channel cap confirmed this finding (Fig. 5b). 
These B1

+ inhomogeneities were found to be highly depend-
ent on the geometric arrangement of conductive leads in 
the EEG cap. The use of another MR-compatible net (EGI, 
256 electrodes, with the wires converging toward the back 
of the neck instead of the top of the head) also led to a gen-
eral decrease in SNR yet produced a very different B1

+ dis-
tribution (Fig. 5c).

Patient 9

The language fMRI performed in patient 9 revealed signifi-
cant activation in the left inferior frontal gyrus and left tem-
poral gyrus (Fig.  6a), concordant with previous localiza-
tions reported with this task [30]. The same task realized at 

Fig. 3   Localization of interictal epileptic activity in patient 1. a Sus-
ceptibility-weighted imaging revealing a left mesio-occipital lesion 
(highlighted in red). b Interictal epileptiform discharge (IED)-related 
blood-oxygenation-level-dependent (BOLD) changes (p  <  0.001, 20 
voxels extent cluster, for visualization) in left mesio-occipital con-

cordant with the lesion. c Left intra-magnetic resonance imagign 
(MRI) IED averaging and corresponding scalp topographical map. 
Right electrical source imaging concordant with lesion and IED-
related BOLD localizations
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3 T in the same patient produced activations strictly in the 
same areas, though with a lower statistical value (Fig. 6b).

Discussion

This work demonstrates the feasibility of recording simul-
taneous EEG–fMRI at 7  T in epileptic patients using an 
optimized setup that has been shown to decrease environ-
ment noise [19] and using modified artifact correction tech-
niques to better remove artifact residuals (Fig.  1). After 
correcting gradient and PA, EEG quality allowed IED 
detection and the possibility of performing topography-
related analysis. We also illustrate the possibility of com-
plementing presurgical evaluation by oninvasive localiza-
tion of eloquent cortex with fMRI.

Patient safety and comfort

As already reported in a previous study on phantom 
and healthy individuals with this setup, no significant 

temperature increases were found on EEG electrodes dur-
ing simultaneous acquisition [19]. None of the patients 
reported any heating sensation or discomfort during the 
recordings. One patient had a focal seizure during structural 
imaging, and the exam was immediately interrupted for 
safety reasons. The risk of having a seizure in the MRI is 
not field-strength-dependent and may occur at lower field. 
We recruited patients who did not have frequent general-
ized tonic–clonic seizures, and medication was not modi-
fied before the exam. Another patient complained of vertigo 
when she was moved into the magnetic field. Adverse side 
effects such as nausea, vertigo, metallic taste in the mouth, 
or light flashes are increased at UHF compared with lower 
field but are generally well tolerated [42] and not specific to 
this patient population.

MRI‑related artifact removal

The optimized setup with ultra-short bundled wires used 
in this work allows a significant reduction in environ-
ment noise contributions, due to vibrations, that result in 

Fig. 4   Localization of interictal epileptic activity in patient 9. a 
High-resolution structural imaging (MP2RAGE), revealing a left 
temporal focal cortical dysplasia (highlighted in red). b Electrical 
source imaging realized using interictal epileptiform discharge (IED) 
recorded outside magnetic resonance imaging (MRI). The electric 
source is located in the left posterior middle temporal gyrus close to 

the lesion. c Topography-related blood-oxygenation-level-depend-
ent (BOLD) changes obtained by spatial correlation of the epileptic 
topographic map obtained outside functional MRI (fMRIC). BOLD 
changes (p < 0.001, 20 voxels extent cluster, for visualization) were 
located on the middle posterior temporal gyrus close to the lesion at 
7 T (left) and 3 T (right)
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important artifacts at UHF [19]. In order to be less sensi-
tive to motion artifacts, we used a hybrid mean and median 
moving-average algorithm to remove gradient artifacts. 
Thanks to synchronization of the EEG acquisition with the 
MR clock, these artifacts were successfully corrected. PA 
at UHF are characterized by a large amplitude and great 
variability between successive heartbeats. To deal with this 
nonstationarity, we implemented an NLM algorithm that 
removed PA successfully with less residuals than using 
conventional AAS (Fig.  1). Given that the corrected EEG 

was of good quality, without visible residuals, a second 
step using ICA or OBS was not required, thus decreasing 
the processing time and making the artifact correction pipe-
line fully transposable for real-time processing.

EEG–fMRI combination

After MR-artifact removal, IED were identified in the 
intra-MRI EEG, and hemodynamic changes related to this 
interictal activity were successfully detected. Epileptic 

Fig. 5   Functional image quality 
in the presence of electroen-
cephalography (EEG). a Func-
tional images [gradient-echo 
echo-planar imaging (GRE-
EPI)] during motor functional 
magnetic resonance imaging 
(fMRI) in patient 8. Important 
signal losses are visible in supe-
rior frontocentral areas. b GRE 
images in a phantom without 
EEG (upper row), with 64-chan-
nel Brain Products system (mid‑
dle row) and with 256-channel 
EGI system (lower row). Signal 
losses are located in upper axial 
slices with Brain Amp system, 
whereas they are located in 
posterior regions with EGI 
system. c B1

+ maps obtained 
with SA2RAGE sequence 
without EEG (upper row), with 
64-channel Brain Products 
system (middle row) and with 
256-channel EGI system (lower 
row). B1

+ field distributions are 
expressed as a fraction of the 
nominal flip angle
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source localization was performed with these intra-MRI 
IED, allowing for a better spatiotemporal localization of 
interictal epileptic activity [43, 44]. In case of absence 
or rare interictal events, a topographic epileptic map 
obtained outside MRI can be used to detect hemodynamic 
changes related to interictal activity [36]. This type of 
topographical analysis is very sensitive to noise, such as 
PA residuals or motion. The concordant localization of 
epileptic activity with this method, according to the lesion 
in structural images, demonstrates outstanding corrected 
EEG quality.

Mapping of eloquent cortex

Very few studies have reported fMRI results from patients 
at UHF [45, 46]. In our study, language or motor fMRI 
were proposed for presurgical mapping of eloquent cor-
tex in patients in whom the lesion was potentially close 
to these areas, which were to be preserved during surgery. 
The language network, including temporal–parietal junc-
tion and inferior frontal areas, was successfully mapped in 
one patient. In contrast, the motor primary cortex could not 
be mapped in a second patient due to strong local signal 
dropouts caused by EEG wires and connectors. Presurgical 
mapping of functional cortex can be realized at UHF but 
should be done preferably without EEG electrodes. Even in 
this case, attention should be paid to local susceptibility-
related artifacts, especially in inferior frontal regions, to 
avoid false negatives [45].

Image quality

The presence of the EEG system results in a global SNR 
loss, although functional images are affected less than 
structural images [19, 24]. Local susceptibility artifacts due 
to the presence of electrodes were limited to the skull and 
did not affect the brain. However, B1

+ maps were strongly 
affected by the presence of EEG electrodes and leads. This 
resulted in important signal dropout in specific regions, 
depending on the EEG cap configuration. The signal drop-
out in the superior frontocentral region using the 64-chan-
nel Brain Products EEG compromised detection of hemo-
dynamic changes in primary motor cortex for patient 8. 
However, the B1

+ map obtained using a 256-channel EGI 
system on a phantom revealed a different distribution, with 
signal losses mostly in parieto-occipital regions. Depend-
ing on the brain region of interest, the choice of EEG cap 
layout could be crucial. Possible improvements include cap 
design modification to obtain a homogenous field distribu-
tion or the use of an EEG cap based on conductive ink tech-
nology (InkCap) that permits improvement of image qual-
ity during simultaneous recordings [47].

Comparison with 3 T

The topography-related BOLD changes obtained at 3 T and 
7  T in patient 9 were located consistently and rigorously 
in the same brain area near the lesion, attesting to good 
reproducibility across field strengths, as already shown by 

Fig. 6   Presurgical language mapping using functional magnetic 
resonance imaging (fMRI) in patient 9 [p  < 0.05, family-wise error 
(FWE) correction] at a 7  T and b 3  T. Blood-oxygenation-level-

dependent (BOLD) activations were obtained in left inferior frontal 
gyrus and left superior temporal gyrus at 3 T and 7 T
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comparing 1.5 T and 3 T [48]. BOLD sensitivity obtained 
at 7 T is known to be greater than at 3 T, but this compari-
son is particularly difficult in the case of spontaneous activ-
ity such as in epilepsy because it may vary greatly between 
recordings depending on the epileptic activity (number of 
IED events, for instance). The language localization per-
formed both at 3 T and 7 T in the same patient revealed 
the same networks, but sensitivity was greatly enhanced at 
higher field (Fig. 6). A comparison with a greater number 
of patients is needed to confirm these findings, though the 
increase in BOLD sensitivity with field strength itself has 
been shown many times in various brain regions [2, 3].

Clinical feasibility and relevance

Despite its various benefits, the role of UHF MRI in clini-
cal contexts is still a topic of debate. These preliminary 
results demonstrate that simultaneous EEG–fMRI at UHF 
could be used safely to map epileptic networks. This non-
invasive presurgical mapping can be complemented by 
localization of eloquent cortex using fMRI with a greater 
sensitivity. This opens the opportunity to increase spatial 
resolution, improving localization and spatial specificity; or 
to decrease the experiment duration, increasing efficiency. 
Overall, the possibility to record EEG–fMRI at UHF opens 
new perspectives to better characterize epileptic networks 
and may thus prove highly relevant for both fundamental 
research and clinical practice.

Conclusion

Epileptic network and functional eloquent cortex locali-
zations using an optimized EEG–fMRI setup and artifact 
removal algorithms can be performed safely at UHF. EEG 
quality allows noise-sensitive analyses such as EEG topog-
raphy spatial correlation, yielding precise localization of 
correlated hemodynamic changes. B1

+ inhomogeneities 
are highly dependent on the choice of EEG cap and could 
potentially be reduced in regions of interest by adapting the 
layout of the wires. These results open new perspectives to 
better characterize epileptic networks at higher field, with 
greater spatial resolution and better BOLD sensitivity than 
at 3 T, and could be beneficial for patients having mitigated 
results obtained with clinical MRI available today.
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