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Abstract

Background

Early surgical intervention in children with drug resistant epilepsy has benefits but requires

using tolerable and minimally invasive tests. EEG-fMRI studies have demonstrated good

sensitivity for the localization of epileptic focus but a poor yield although the reasons for this

have not been systematically addressed. While adults EEG-fMRI studies are performed in

the “resting state”; children are commonly sedated however, this has associated risks and

potential confounds. In this study, we assessed the impact of the following factors on the tol-

erability and results of EEG-fMRI in children: viewing a movie inside the scanner; move-

ment; occurrence of interictal epileptiform discharges (IED); scan duration and design

efficiency. This work’s motivation is to optimize EEG-fMRI parameters to make this test

widely available to paediatric population

Methods

Forty-six children with focal epilepsy and 20 controls (6–18) underwent EEG-fMRI. For two

10 minutes sessions subjects were told to lie still with eyes closed, as it is classically per-

formed in adult studies (“rest sessions”), for another two sessions, subjects watched a child

friendly stimulation i.e. movie (“movie sessions”). IED were mapped with EEG-fMRI for

each session and across sessions. The resulting maps were classified as concordant/dis-

cordant with the presumed epileptogenic focus for each subject.

Findings

Movement increased with scan duration, but the movie reduced movement by ~40% when

played within the first 20 minutes. There was no effect of movie on the occurrence of IED,

nor in the concordance of the test. Ability of EEG-fMRI to map the epileptogenic region
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was similar for the 20 and 40 minute scan durations. Design efficiency was predictive of

concordance.

Conclusions

A child friendly natural stimulus improves the tolerability of EEG-fMRI and reduces in-scan-

ner movement without having an effect on IED occurrence and quality of EEG-fMRI maps.

This allowed us to scan children as young as 6 and obtain localising information without

sedation. Our data suggest that ~20 minutes is the optimal length of scanning for EEG-fMRI

studies in children with frequent IED. The efficiency of the fMRI design derived from sponta-

neous IED generation is an important factor for producing concordant results.

Introduction
EEG-fMRI has shown over the last decade to be a useful technique to map epileptic networks
across a range of epilepsy syndromes [1–3]. It provides clinically useful information for the
localization of the epileptic focus [4–7] and may have a role in the prediction of surgical out-
come [6, 8, 9] of drug resistant focal epilepsies. Furthermore, it has played a key role in the
characterization of epileptic networks in focal and generalized epilepsies [4, 10, 11] as well as
revealing the involvement of resting state networks during epileptic activity [4, 10, 12]. Recent
studies [13–15] have shown that network dynamics can be investigated with EEG-fMRI, offer-
ing opportunities to further understanding the pathophysiology of epileptic activity.

However EEG-fMRI studies have a number of potential limitations that may play a role in
the sensitivity of this test to map the epileptogenic region. These include:

1. Low yield: Due to the unpredictable nature of IED [6]

2. Long duration: In order to maximize the chances of capturing IED EEG-fMRI studies tend
to use long scanning times. The optimal length for EEG-fMRI studies has not been formally
assessed.

3. Lack of motion control: associated with long scanning times

4. Variability and poor definition of baseline. Differently from cognitive fMRI studies, EEG-
fMRI baseline is unconstrained and this may affect the power of the test.

There are no studies systematically addressing these interacting factors that affect EEG-
fMRI sensitivity and tolerability

A large proportion of the epileptic syndromes develop during infancy and childhood [16].
From the therapeutic point of view, recent studies suggest that epilepsy surgery may relate to
better outcome in terms of seizure freedom and cognitive abilities when performed at an earlier
stage [17–19]. EEG epileptiform discharges (IEDs) are found in children with epilepsy during
routine EEGs with rates between 18% and 56%[20], IEDs are also more frequent if seizures are
ongoing. Therefore in children with focal epilepsy with poor seizure control it is more likely to
capture IED during an EEG-fMRI scan. These considerations suggest that EEG-fMRI may
have a large yield in children with epilepsy and could contribute to the assessment of surgery in
a population that can be highly benefited from it. Therefore it is timely that EEG-fMRI is made
available to paediatric population.
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One of the main potential limitations of MRI in a paediatric population in general is the
effects of movement on data quality and the tolerance of children to the test. Adult’s long rest-
ing state EEG-fMRI protocols are unlikely to be widely tolerable in a paediatric population.
Most previous EEG-fMRI studies in children have used sedation to control movement inside
the scanner [21, 22]. However, the effect of sedation on epileptic activity and related-hemody-
namic changes remain poorly understood. Furthermore, imaging under sedation has a number
of additional problems: it increases the scanning complexity (due to the need for close medical
supervision); there is a risk (albeit low) of medical complications; it limits the extrapolation of
methods that have been clinically validated in adult studies, where sedation is not used; it
makes group studies more difficult for the following reasons: not all patients may require seda-
tion, and levels of sedation may vary between patients and comparison with healthy control
subjects is not possible, as using sedation is rarely ethically possible in control subjects.

Natural stimulation has been proposed as a way to improve compliance and reduce move-
ment as well as to create a more comfortable experience in the scanner for paediatric popula-
tions [23]. Natural stimulation aims to provide sensory (audio-visual) stimulation whilst
minimally interfering with cognitive networks, provided that this stimulation has a low cogni-
tive demand. Preliminary reports have suggested that resting state network study results can be
replicated when applying low level sensory stimulation such as movies or visual-auditory para-
digms [24].

The effects of low level sensory stimulation such as a movies on epileptic activity are unknown
as is the impact on the functional maps derived from EEG-fMRI studies. To our knowledge, no
previous EEG-fMRI study has used nor investigated this approach.

In this study, we aim to test the impact of: a) a child friendly natural stimulus (i.e. movie); b)
in-scanner head movement; c)the occurrence of interictal epileptiform discharges (IED); d)
scan duration; e) design efficiency; on the results of EEG-fMRI for IED localisation in children
with drug-resistant focal epilepsy.

Material and Methods
The study was approved by NRES Committee London—Surrey Borders Research Ethics Com-
mittee (REC) London Centre. REC reference: 11/LO/1421 Written informed consent was
obtained from all the participants’ guardians in the participant’s behalf.

2.1 Subjects
46 children (25 female; age: mean 13.7 y) with drug resistant epilepsy underwent simultaneous
EEG-fMRI.

Recruited patients were undergoing evaluation for resective epilepsy surgery at Great
Ormond Street Hospital (London, UK). Inclusion criteria for the study were: the presence of
frequent interictal epileptiform discharges on EEG and participant ages between 6 and 18.
Additionally, a group of 20 healthy volunteers (14 female) with an age between 6.6–16.7 years
and a mean age of 11.5 years were scanned following the same protocol.

Controls were significantly younger than patients in our population. We controlled for this
effect statistically when investigating the effect of natural stimulation on in-scanner movement
by using age as a confound.

2.1.1 Clinical assessment of the epileptogenic region. All patients underwent detailed
clinical evaluation, prolonged video telemetry-EEG to document seizures and structural MRI.
Additional tests including FDG-PET, ictal SPECT, MEG and intracranial EEG were performed
in those patients in whom additional information for the localisation of the epileptogenic
region was required. The localization of the epileptogenic region was determined by consensus
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between a group of expert epileptologists based on the review of the results of the panel of diag-
nostic tests. Clinical discussion to determine the epileptogenic region takes place at a multidis-
ciplinary meeting that included neurology, neurosurgery, neurophysiology, neuroradiology
and neuropsychology specialists. See Table 1 for clinical information

2.2 EEG-fMRI acquisition
2.2.1 EEG-fMRI protocol. Participants were fitted with a 64-electrode MRI-compatible

EEG cap (Easy cap, Brain Products, Munich, Germany). Preparation commenced 1 hour
before the scanning time. Prior to placing the subject in the MRI scanner, scalp EEG was
recorded for 10 minutes to obtain a baseline EEG.

Subjects were then transferred to the MRI scanner table. The head was immobilized using a
vacuum and foam cushions. Subjects watched a TV screen via a mirror mounted on the head
coil and sound was delivered through a set of MRI compatible headphones which supressed
scanner acquisition noise.

The subjects were videoed inside the scanner with an MRI compatible camera (Nordic Neu-
roLabs, Bergen, Norway) interfaced with Brain Products recorder software.

The MRI protocol consisted of a T1-weighted volume scan followed by 4 10-minute fMRI
sessions. For two of the fMRI sessions, the subjects were presented with a movie (a ‘Tom and
Jerry’ cartoon clip) chosen to attract and maintain their attention (‘movie session’) and for the
other two sessions, the subjects were instructed to rest with their eyes closed (‘rest session’).
The movie presentation was configured as a paradigm with two blocks of cartoon lasting for 4
minutes each interleaved with 1.2 minute blocks where the screen displayed the words “please
wait”. Rest and movie sessions were alternated and the participants were randomly allocated to
start with the cartoon or resting session.

To investigate the tolerance of children to EEG-fMRI, subjects were asked after each session
whether they were comfortable and if they would like to proceed with another session until
they completed a maximum of 4 sessions.

Tolerance of our study population to EEG-fMRI is expressed as the fraction of patients that
completed a certain proportion of the full protocol (measured as the number of completed ses-
sions). Correlation between the age of the subject and the number of sessions tolerated was
investigated by comparing the mean ages of subjects completing or failing to complete the full
protocol using a T-test. Statistical tests were calculated using SPSS software version 21.

2.2.2 MRI acquisition. Subjects were scanned in a 1.5T Siemens Avanto scanner at Great
Ormond Street Hospital (London, UK) with a 12 channel receive head coil. Echo planar imaging
(EPI) parameters are as follows: 3.3x3.3x4mm resolution with a field of view (FOV) = 210mm,
TR = 2160ms, TE = 30ms, flip angle = 75 degrees, number of slices = 30, slice thickness = 3mm,
slice gap = 1mm, and matrix 64x64, with 300 volumes and a voxel size of 3.3 x 3.3x 4.0 mm.
Image acquisition was continuous.

T1-weighted whole-brain structural images were also obtained in all subjects using a Fast
Low Angle Single Shot (FLASH) gradient echo sequence.

2.2.3. EEG acquisition. EEG data was acquired with a 64 electrode MRI-compatible
equipment (Easy cap and Brain Amp, Brain Products, Munich, Germany) simultaneously with
MRI. Data was band-pass filtered at 0.016Hz-1 kHz with 16-bit digitalization (0.5μV resolu-
tion) and sampling rate was set to 5 kHz.

2.3 EEG pre-processing and analysis
MR gradient and pulse-related artefacts were removed from the EEG using template artefact
subtraction [25, 26] implemented in a commercial EEG processing package (Brain Analyzer;
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Table 1. Clinical and EEG-fMRI information: Summary of each case’s clinical and radiological information. The presumed epileptogenic region is
established during the presurgical evaluation process for each patient after evaluation of a panel of tests. N IED types is the number of different IED identified
in each subject and IED/ session shows the mean number of IED in each session. EEG interictal epileptiform discharges (IED) column shows the field of the
epileptiform activity captured during EEG-fMRI scan. EEG-fMRI map shows the classification of the maps: concordant or discordant. Ep. Region: epilepto-
genic F: Female; M: male: L left; R: right; FCD: focal cortical dysplasia. N/A: non applicable. T-P-O: Temporo-parieto-occipital C: Concordant EEG-fMRI map
with epileptogenic region, D: Discordant EEG-fMRI map with epileptogenic region.

ID Age/
Gender

Presumed ep.
region

MRI lesion/location NIED
types

IED/
session

EEG IED BOLD in
ep.

region

BOLD
outside ep.

region

EEG-fMRI map
classification

#
1

8F L Temporal Tuberosclerosis. Left temporal
prominent tuber

1 5 L temporal N N D

#
2

14F L Frontal pole N/A No IED N/A

#
3

11M Hypothalamus/L
Temporal

Hypothalamic hamartoma 1 34.5 Left
temporal

N Y D

#
4

15M L posterior
quadrant

N/A No IED N/A

#
5

11F R Fronto-
temporal

N/A 1 40.5 R Fronto-
temporal

N N D

#
6

17M R Parietal R parietal FCD. Residual
lesion after surgery

4 167 R Temporal Y N C

#
7

15M R Frontal-central N/A No IED N/A

#
8

15M L Temporal/R
Frontal

L Temporal lobe FCD 3 219 R Frontal Y Y C

#
9

11F L Frontal-central L hemisphere cortical atrophy
perinatal

1 237.6 L central Y N C

#
10

14F R Temporal R temporal FCD 2B 2 169 R Temporal Y Y C

#
11

11F R Fronto-
temporal

N/A 1 134.7 R Fronto-
temporal

Y Y C

#
12

11F R Frontal pole R frontal pole FCD 1 129.5 R Fronto-
polar

Y Y C

#
13

12M R central Skull malformation/ R
hemispheric cortical atrophy

3 151 R central N Y D

#
14

17F R Frontal N/A 1 50 R Frontal Y Y C

#
15

16F L Frontal N/A 1 10.5 Bifrontal
spike-wave
runs

Y Y C

#
16

11F L Frontal N/A 1 20 L Frontal
lateral

N Y D

#
17

14M L Fronto-temporal L hemisphere cortical atrophy
Autoinmune

2 187.2 L Temporal Y Y C

#
18

16F L posterior insula L insular FCD 1 66.7 L central N N D

#
19

18M R parietal
superior and
medial

R precuneus FCD 2A 1 44.7 R Parietal N Y D

#
20

11M R Frontal N/A 2 151.2 R Frontal Y Y C

#
21

16F L posterior
quadrant/L frontal

L T-P-O polymicrogyria
/Unspecific cortical atrophy

3 261.5 L posterior
quadrant

Y Y C

#
22

15M L Temporo-
occipital

L HS 2 101 L posterior
quadrant

Y Y C

#
23

17F L Temporal N/A No IED N/A

(Continued)
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Table 1. (Continued)

ID Age/
Gender

Presumed ep.
region

MRI lesion/location NIED
types

IED/
session

EEG IED BOLD in
ep.

region

BOLD
outside ep.

region

EEG-fMRI map
classification

#
24

17F L Frontal N/A No IED N/A

#
25

8F L Frontal L middle cerebral artery stroke 1 107 Bifrontal
spike-wave
runs

Y Y C

#
26

16M R Frontal N/A 2 114.2 R Frontal N N D

#
27

11M L posterior
quadrant

L choroid plexus papilloma L
posterior quadrant atrophy
secondary to radiotherapy

2 294 L posterior
quadrant

N N D

#
28

13M L Frontal L middle frontal gyrus FCD 1 29 L Frontal N N D

#
29

10F L Frontal N/A 2 87.5 L Frontal N N D

#
30

11M R posterior
quadrant

N/A 3 53.5 R posterior
quadrant

Y Y C

#
31

14M L Occipital L posterior artery stroke 1 57.5 L Occipital Y Y C

#
32

17M L Frontal N/A No IED N/A

#
33

17M R Occipital L occipital atrophy. Iquemic
perinatal insult

1 40.25 L Occipital Y Y C

#
34

13M L Occipital L T-P-O cortical atrophy
perinatal

3 64 L posterior
quadrant

Y Y C

#
35

18F R Frontal Right frontal FCD No IED N/A

#
36

17F R Frontal/R
temporal

Bilateral oribito-frontal
polymicrogyria

2 219 R Temporal Y Y C

#
37

18F R F-T-P junction R T-P-O junction postusurgery
residual FCD

No IED N/A

#
38

11F R Parietal N/A 1 77.5 R central N N D

#
39

18M R Parietal R inferior parietal residual
postsurgical DNET

2 94.5 R Parietal N Y D

#
40

11F R Parietal R parietal FCD 1 375.75 R Parietal Y Y C

#
41

13F R medial
Temporal

R amygdala DNET 1 126.75 R anterior
Temporal

Y Y C

#
42

12M R Perisylvian Bilateral perisylvian
polymicrogyria

1 13.75 R posterior
Fronto-
Parietal

N Y D

#
43

17F L Frontal N/A 2 78.7 L Frontal-
vertex

Y Y C

#
44

13F L Frontal L inferior frontal FCD 2 135.5 L Frontal
lateral

Y Y C

#
45

15F R posterior
cingualte

R posterior cingulate DNET 1 47 R Frontal N Y D

#
46

7M L Frontal N/A 1 74.5 L Frontal
vertex

Y Y C

doi:10.1371/journal.pone.0149048.t001
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Brain Products). EEG was down sampled to 250 Hz and filtered between 0.5 and 70 Hz for
visual review. Interictal epileptiform activity was identified and manually marked on the EEG
traces for each session by consensus between a clinical neurologist (MC) and one of the three
neurophysiologists that participated in the study (KS,CW,DK).

Each of the EEGs was reviewed in both bipolar and referential montages for the accurate
identification of epileptiform abnormalities.

2.4 EEG-fMRI analysis
EEG-fMRI analysis to determine the presence of regional IED-related BOLD changes was per-
formed only for the patients and not for the controls.

The fMRI time series were analysed using a general linear model in SPM8 (http://www.fil.
ion.ucl.ac.uk/spm/spm8). For this purpose, IEDs onsets and durations were converted into a
temporal regressor, and convolved with the canonical hemodynamic response function (HRF)
and its temporal and dispersion derivatives, resulting in 3 regressors for each event type [6].

MRI pre-processing consisted of volume-volume realignment and using SPM followed by
pre-processing with FIACH [27] which removes non-physiological signal changes and creates
a model of physiological noise. Slice timing correction and smoothing with an 8mm kernel was
applied to the FIACH-processed images. Images were analysed in the subject’s space.

The six realignment parameters and six FIACH noise regressors were entered as regressors
of no interest. An additional regressor with the paradigm waveform convolved with the HRF
was entered for the movie sessions to account for the main effect of the task.

Effects related to IEDs were tested with an F-test across the three IED regressors (HRF and
the two derivatives). Changes in BOLD signal were considered significant above a threshold
with p<0.001 (uncorrected) and a cluster size voxel with a minimum of 5 contiguous voxels [5].

2.4.1 Classification of EEG-fMRI maps. EEG-fMRI maps were classified as concordant if
they contained a cluster of significant BOLD signal change within the presumed epileptogenic
region and discordant otherwise [4, 5, 28]. For those patients with multiple types of IED, maps
were considered concordant if a cluster of significant BOLD signal changes was present within
the presumed epileptogenic region for at least one of the IED types (Fig 1).

2.5 Analysis of movie effects
We analysed the effect of movie on the following variables:

2.5.1 Effect of the movie on in-scanner movement. The effect of the movie on subject
movement was estimated using a regression model. The dependant variable was movement
inside the scanner which was quantified by mean frame-wise displacement (MFD) which is the
difference in the position between each volume measured by spatial realignment in spm8 (see
above). The MFD was transformed using the natural logarithm to normalize the distribution of
the residuals. The independent variables were the session type (movie, rest), time (session
order 1 to 4) and age. The interaction between session type and time was also explored.

The model parameters were estimated using a mixed effects model in R [29]. This model
was chosen to account for the variability in baseline subject movement and the heterogeneous
effect of duration on subject movement. As such the effect of time on movement was modelled
as a random effect across subjects.

2.5.2 Effect of movie on IED rate and on the concordance of EEG-fMRI maps. We com-
pared the rate of IEDs during the movie and the rest sessions across all the patients. We further
divided movie sessions into the different blocks of the paradigm (cartoon and “please wait”
blocks) to account for potential differences in IED rate during the stimulus period. An
ANOVA was used to assess the impact of condition on the occurrence of IEDs
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EEG-fMRI maps were created for each session and the concordance of maps was assessed as
detailed above. The effect of movie on the concordance of EEG-fMRI maps was tested using a
two tailed chi square test of session type (movie/rest)�concordance of EEG-fMRI maps (SPSS
version 21).

2.6 Effect of length of scanning on EEG-fMRI maps
To explore the effect of EEG-fMRI scan duration in our population, we calculated the propor-
tion of maps with concordant/discordant results obtained when the first session was consid-
ered alone and compared this proportion to the concordance rate obtained when 2 sessions (20
minutes), three sessions (30 minutes) and four sessions (40 minutes) were considered. For this
purpose, individual general lineal models were generated with either one; two; three or four ses-
sions for each subject using spm8. Models were otherwise specified as described in the EEG-
fMRI analysis section above.

2.7 Effect of Design Efficiency on EEG fMRI map quality
IED frequency and distribution should affect the sensitivity of EEG-fMRI to detect IED-related
fMRI responses, and therefore explain the results in terms of concordance (here discordance
includes a null result). It is necessary to quantify this effect in terms of the efficiency of the
model to detect fMRI changes, that can be estimated as for cognitive fMRI paradigms using the
design efficiency [30] which essentially measures the variability induced in the BOLD signal by
the observed IEDs. We then used a logistic regression to determine whether efficiency can pre-
dict the concordance.

Results

3.1 Tolerance of EEG-fMRI in paediatric population
68 children were recruited, of which 66 (46 patients and 20 controls) underwent EEG-fMRI.
83.3% (55/66) of them completed the whole protocol (4 sessions), while 13.7% (9/66) and 3%

Fig 1. Clinical assessment of the EEG-fMRI maps. EEG-fMRI maps are compared with the location of the
presumed epileptogenic region (green area). Epileptogenic region is assessed clinically based on multimodal
tests. Maps are classified as Concordant if a cluster of significant activation is present in the epileptogenic
region and Discordant otherwise.

doi:10.1371/journal.pone.0149048.g001
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(2/66) completed 3 and 2 sessions respectively. One of the participants only tolerated the scan
when the movie was being displayed.

There were 2 failed scans; one due to intolerance of the EEG-cap application and the second
case due to fear of lying down in the scanner table and entering the scanner bore.

Using a two sample t-test it was found there was a statistically significant difference between
the age of the patients and the number of sessions that they tolerated. Patients who completed
the 4 sessions had a mean age of 13.7 years compared to 9.6 years for those not completing the
protocol (t(44) = 3.457, p< 0.05).

3.2 Effect of the movie on in-scanner movement
The amount of movement inside the scanner was greater for sessions 2-3-4 relative to session
1, t(176) = 2.54, 2.72, 4.34 respectively (p<0.05 for all) (Fig 2). Older subjects moved less than
younger subjects shown by a significant effect of age, t(64) = -2.49, p<0.05. The effect of
movie on in-scanner movement was not statistically significant when it is considered across
all sessions. However, the movie significantly reduced movement when played in the first two
sessions, as evidenced by the significant movie—time interaction in the session 2< session 1
contrast, t(176) = -2.495, p<0.05. This amounted to an average reduction in movement of
approximately 40% by playing the movie in the first 2 sessions.

3.3 Effect of the movie on IED and EEG-fMRI maps
Eighty percent of the patients (38/46) had spikes during the EEG-fMRI scan. For those patients
that did not have detectable epileptic activity during the scan, it was absent for all sessions and
independent of session type (movie or rest).

The mean number of IED per session across all patients and sessions was 112.4 (standard
deviation 88). Patients had between 1 and 4 types of IED with 55% of patients having 1 type,
29% having two types and 13% having 3. Only one patient had 4 different types of IED.

Using an ANOVA it was found that there was no statistically significant effect of condition
(video, please wait, rest) on IED rate, F(2,226) = 0.273, p>0.05 (Fig 3).

There was no significant effect of movie stimuli on the concordance of EEG-fMRI maps: the
proportion of concordant maps derived from sessions with the movie stimuli did not signifi-
cantly differ from the proportion of concordant maps derived from resting sessions (χ2 (1,
N = 137) = 0.81, p>0.05)

3.4 Effect of scan duration on EEG-fMRI map concordance
The EEG-fMRI maps for 18 out of 28 (64%) patients who completed the 4 sessions were classi-
fied as concordant. When considering the first 20 minutes of scanning alone (2 sessions), the
proportion of concordant maps was very similar 63% (24/38). This was despite the potential
increase in age and compliance of the group who could tolerate 4 sessions and the increase in
available data.

Fig 4 (Fig 4) illustrates an example of BOLD changes in the epileptogenic region during the
different type of sessions and for different scan durations

3.5 Effect of design efficiency on EEG-fMRI map concordance
The classification accuracy of the logistic regression of design efficiency on EEG-fMRI concor-
dance was 65%. This was found to be a statistically significant effect (Z = 2.925, p<0.05).

The classification accuracy of the logistic regression model investigating the factors that pre-
dict concordance had a classification accuracy of 65%. The effect of motion, as measured by
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mean framewise displacement, was found not to be statistically significant (Z = -1.43, p>.05).
TSNR was did not predict concordance either (Z = -.453,p>.05). However, design efficiency
was a statistically significant predictor of concordance (Z = 2.49,p< .05).

Discussion
EEG-fMRI studies in epilepsy have been much more frequently performed in adult patients
compared to children. The greater challenges of scanning children may in part explain this dif-
ference. However the potential advantages of well targeted surgical intervention in children
make it important to develop strategies that facilitate brain imaging techniques in this popula-
tion. In addition, tolerable and minimally invasive tests with reduced health risks (i.e. those
associated with ionising radiation or anaesthesia) are particularly important in children.

In this study, a more child-friendly approach to EEG-fMRI was implemented and assessed
in children with epilepsy in the age range 6–18 without using sedation which is one of the larg-
est cohorts of children whom have undergone EEG-fMRI scans. To our knowledge, this is the
first EEG-fMRI study in epilepsy using stimulation during the recording.

Sedation has been the approach of choice in paediatric EEG-fMRI studies [22]. Specific
drugs such as chloral hydrate have shown minimal effects on IED [31], and on the sensitivity
of EEG-fMRI to map the epileptogenic regions [21]. However the effects of these drugs on the
BOLD signal [32, 33] and on resting state networks [34] cannot be ignored as a potential con-
found. The results presented here show that good quality EEG-fMRI data can be acquired in
children as young as 6 years without sedation.

Fig 2. Movement as a function of time. There is an increase of movement of approximately 40% in the
second and third session and of 100% in the fourth session relative to the first. The bars represent the mean
in-scanner movement for each session across patients and controls irrespective of the effect of video and
age. The standard error is represented by T bars. Amount of movement for sessions 2–3 and 4 were
significantly greater compared to session 1 (p< 0.05). Significant differences marked with asterisk.

doi:10.1371/journal.pone.0149048.g002
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We recorded a high rate of tolerance of the protocol among our population and we achieved
longer scanning durations compared to the average resting state (5–10 minutes) [35, 36] and
EEG-fMRI studies (20 minutes) [22] in paediatric subjects. The study was designed so that
every subject underwent both type of sessions (movie and rest), therefore good tolerance can-
not be solely attributed to the movie. In some individuals it was necessary to start with the
movie to enable the scan to proceed, and it was shown to reduce motion (in the first 2 sessions)
demonstrating that it significantly contributed to compliance/tolerability.

EEG-fMRI is typically recorded in resting state with eyes closed [4] under the assumption
that IED are more likely during this state. We showed IED rate was not affected by the movie
(Fig 3) and neither were the concordance of the results obtained. IED frequency changes result-
ing from cognitive tasks is variable among subjects [37] which is in keeping with our findings.

Fig 3. Rate of interictal epileptiform discharges (IED). Bar represent mean number of IED per minute during the resting state sessions and during the two
conditions of the video session (video clip and “please wait” screen). There is no significant difference between the rates of IED in these three conditions.

doi:10.1371/journal.pone.0149048.g003
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The movie clips were chosen to suit a broad age spectrum, with no verbal content in order to
avoid involvement of specific language areas Our results show that this type of stimulation can
be used in EEG-fMRI epilepsy studies without affecting the IED and the BOLD signal changes
in the epileptogenic regions.

In addition to showing that there was no penalty for increasing the tolerability of EEG-fMRI
for children this opens the door to the possibility that EEG-fMRI studies during stimulus could
be effective for localisation of focal epilepsy in tandem with cognitive fMRI that is frequently
obtained for motor and language mapping [38] in this patient group.

We demonstrated that design efficiency is predictive of EEG-fMRI concordance, this sug-
gest that not only the rate but the combination of rate and the distribution in which IED occur
is important for finding significant results. To our knowledge no EEG-fMRI study of patients
with epilepsy has examined the effect of design efficiency on the quality of the EEG-fMRI
result. Design efficiency of the EEG-fMRI experiment provides a measure of the power of the
test to map the epileptogenic region, therefore it is recommended that EEG-fMRI studies in

Fig 4. Example of IED related EEG-fMRI maps. Patient with epilepsy #30. Clinical information: 11 years old male; presumed epileptogenic region located in
the right posterior quadrant (circled in red). No structural lesion. Interictal and ictal epileptic activity arising from right posterior quadrant. Seizure semiology
lateralizes to the right with involvement of the temporal lobe. EEG-fMRI showed significant BOLD signal changes in the posterior hippocampus, para
hippocampal gyrus and fusiform gyrus. Section A shows an example of the activity in the presumed epileptogenic region during video and rest sessions.
Section B shows an example of the activity in the presumed epileptogenic region during 2 sessions versus 4 sessions.

doi:10.1371/journal.pone.0149048.g004

Optimising EEG-fMRI in Children

PLOS ONE | DOI:10.1371/journal.pone.0149048 February 12, 2016 12 / 16



patients with epilepsy measure their design efficiencies and interpret and report their results in
light of them.

The results presented here represent the first systematic attempt to address the optimal scan
duration. Typical scan times in adult EEG-fMRI studies range from 40 to 90 minutes in order
to maximize the chances of capturing IED inside the scanner [6, 9]. While longer scanning
times result in more data and events this does not necessarily result in improved sensitivity and
the later sessions are associated with greater subject movement. Irrespective of the effects of the
movie and age, we can predict from the model an increase in movement of approximately 40%
in session 2 and 3 and of 100% in session 4 relative to the first session (Fig 2 with individual
examples shown in S1 Fig). We also observed an interaction between scan duration and watch-
ing the movie regardless of age. While it is an effective strategy to reduce movement levels in
the first two sessions it did not make any significant improvement in the later sessions. Taken
together with the concordance results that showed no difference between 20 and 40 minutes
recordings in the ability to map the epileptogenic region, and given that IED in this population
are unlikely to be captured in later sessions if they are not present in the first session our data
suggest that EEG-fMRI for approximately 20 minutes may be the optimal scanning length in
unsedated children.

We acknowledge several limitations to this study.
Firstly, our results may be limited by the accuracy of the measure chosen to classify concor-

dance of EEG-fMRI maps. The epileptogenic region was defined by the presurgical tests as
opposed to the surgical outcome which is considered the gold standard to define this region.
Therefore it was not possible to assess the true positive or negative predictive value of the EEG-
fMRI results. The concordance measure used however provides a metric that allowed the objec-
tive comparison of the different factors that contribute to the ability of EEG-fMRI to map IEDs.

Secondly, EEG-fMRI studies in epilepsy may be limited by the hemodynamic response
models used. While there is not a consensus about the best hemodynamic response model to
use in these studies [39], the canonical HRF and its derivatives have a degree of flexibility and
have been consistently shown to capture IED-related BOLD signal changes in the epileptogenic
regions in adult [4] and paediatric populations [21]. In general, broadly canonical responses
have been found at the presumed site of the epileptic focus [40]. Despite the potential limita-
tions of the HRF model used, it should not affect the relationship between concordance and
the various factors examined. As the same hemodynamic model was used throughout this
should not have influenced the conclusions of the study.

Lastly, the conclusions about the optimal duration of EEG-fMRI can be extrapolated to a
subpopulation of patients with frequent spikes such as the one recruited in this study. In sub-
jects with infrequent activity longer scanning times may be optimal.

Conclusions
In conclusion our data shows that good quality EEG-fMRI data can be obtained in children as
small as six without sedation. Child friendly stimulus such as movies improve the tolerability
of the test and reduce the movement inside the scanner without having a significant effect on
the epileptic activity and/or the EEG-fMRI maps.

Twenty minutes of EEG-fMRI acquisition seem to be an optimal duration that maximizes
the likelihood for obtaining significant results and to minimize in-scanner movement in our
patient group with frequent IEDs.

Design efficacy derived from the occurrence of interictal epileptiform discharges is a rele-
vant factor in the quality of EEG-fMRI maps, the quantification of this factor may help in the
interpretation of EEG-fMRI results.
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Supporting Information
S1 Fig. Representative examples of inside-scanner movement and its correlation with video
sessions. Five examples of individual movement parameters across the different scan sessions.
Blue, red and green lines represent the rotation (y axes) on the three axes in space across time/
images (x axes) relative to the first image. Each session comprises 300 images, different sessions
are separated by vertical dotted lines. For each case the type of session (video/ rest) is repre-
sented underneath the X axes by Tom & Jerry picture (movie session) and eyes closes (rest
session). A and B are representative of the most common pattern across subjects showing
increased movement after 2 sessions and an effect of video in the first/second session. D and E
show two examples with large effect of video on the movement. It is even noted increase of
movement during the “please wait” screen. C represents a patient who fell sleep after the first
session with video.
(TIFF)

Acknowledgments
We acknowledge the support of the National Institute of Health Research Great Ormond Street
Hospital Biomedical Research Centre in performing this work.

We are grateful to all the patients and volunteers that participate in this study for their gen-
erosity and to the clinicians and neurophysiologist in the epilepsy unit at Great Ormond Street
Hospital.

Author Contributions
Conceived and designed the experiments: MC TT DC. Performed the experiments: MC SP ES
KS CW TT TB. Analyzed the data: MC DK KS CW. Contributed reagents/materials/analysis
tools: LL. Wrote the paper: MC TT DC SV LL RP CC HC.

References
1. Rosenkranz K, Lemieux L. Present and future of simultaneous EEG-fMRI. MAGMA. 2010; 23(5–

6):309–16. doi: 10.1007/s10334-009-0196-9 PMID: 20101434.

2. Gotman J, Pittau F. Combining EEG and fMRI in the study of epileptic discharges. Epilepsia. 2011; 52
Suppl 4:38–42. Epub 2011/07/16. doi: 10.1111/j.1528-1167.2011.03151.x PMID: 21732941.

3. Centeno M, Carmichael DW. Network Connectivity in Epilepsy: Resting State fMRI and EEG-fMRI Con-
tributions. Frontiers in neurology. 2014; 5:93. doi: 10.3389/fneur.2014.00093 PMID: 25071695;
PubMed Central PMCID: PMC4081640.

4. Salek-Haddadi A, Diehl B, Hamandi K, Merschhemke M, Liston A, Friston K, et al. Hemodynamic corre-
lates of epileptiform discharges: an EEG-fMRI study of 63 patients with focal epilepsy. Brain Res. 2006;
1088(1):148–66. Epub 2006/05/09. S0006-8993(06)00524-5 [pii] doi: 10.1016/j.brainres.2006.02.098
PMID: 16678803.

5. Pittau F, Dubeau F, Gotman J. Contribution of EEG/fMRI to the definition of the epileptic focus. Neurol-
ogy. 2012; 78(19):1479–87. doi: 10.1212/WNL.0b013e3182553bf7 PMID: 22539574; PubMed Central
PMCID: PMC3345614.

6. Thornton R, Laufs H, Rodionov R, Cannadathu S, Carmichael DW, Vulliemoz S, et al. EEG correlated
functional MRI and postoperative outcome in focal epilepsy. Journal of neurology, neurosurgery, and
psychiatry. 2010; 81(8):922–7. Epub 2010/06/16. doi: 10.1136/jnnp.2009.196253 jnnp.2009.196253
[pii]. PMID: 20547617.

7. van Houdt PJ, de Munck JC, Leijten FS, Huiskamp GJ, Colon AJ, Boon PA, et al. EEG-fMRI correlation
patterns in the presurgical evaluation of focal epilepsy: a comparison with electrocorticographic data
and surgical outcomemeasures. NeuroImage. 2013; 75:238–48. doi: 10.1016/j.neuroimage.2013.02.
033 PMID: 23454472.

8. Chaudhary UJ, Carmichael DW, Rodionov R, Thornton RC, Bartlett P, Vulliemoz S, et al. Mapping pre-
ictal and ictal haemodynamic networks using video-electroencephalography and functional imaging.
Brain: a journal of neurology. 2012; 135(Pt 12):3645–63. doi: 10.1093/brain/aws302 PMID: 23250884.

Optimising EEG-fMRI in Children

PLOS ONE | DOI:10.1371/journal.pone.0149048 February 12, 2016 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149048.s001
http://dx.doi.org/10.1007/s10334-009-0196-9
http://www.ncbi.nlm.nih.gov/pubmed/20101434
http://dx.doi.org/10.1111/j.1528-1167.2011.03151.x
http://www.ncbi.nlm.nih.gov/pubmed/21732941
http://dx.doi.org/10.3389/fneur.2014.00093
http://www.ncbi.nlm.nih.gov/pubmed/25071695
http://dx.doi.org/10.1016/j.brainres.2006.02.098
http://www.ncbi.nlm.nih.gov/pubmed/16678803
http://dx.doi.org/10.1212/WNL.0b013e3182553bf7
http://www.ncbi.nlm.nih.gov/pubmed/22539574
http://dx.doi.org/10.1136/jnnp.2009.196253
http://www.ncbi.nlm.nih.gov/pubmed/20547617
http://dx.doi.org/10.1016/j.neuroimage.2013.02.033
http://dx.doi.org/10.1016/j.neuroimage.2013.02.033
http://www.ncbi.nlm.nih.gov/pubmed/23454472
http://dx.doi.org/10.1093/brain/aws302
http://www.ncbi.nlm.nih.gov/pubmed/23250884


9. An D, Fahoum F, Hall J, Olivier A, Gotman J, Dubeau F. Electroencephalography/functional magnetic
resonance imaging responses help predict surgical outcome in focal epilepsy. Epilepsia. 2013; 54
(12):2184–94. Epub 2013/12/07. doi: 10.1111/epi.12434 PMID: 24304438; PubMed Central PMCID:
PMC4498907.

10. Gotman J, Grova C, Bagshaw A, Kobayashi E, Aghakhani Y, Dubeau F. Generalized epileptic dis-
charges show thalamocortical activation and suspension of the default state of the brain. Proc Natl
Acad Sci U S A. 2005; 102(42):15236–40. Epub 2005/10/12. 0504935102 [pii] doi: 10.1073/pnas.
0504935102 PMID: 16217042; PubMed Central PMCID: PMC1257704.

11. Hamandi K, Salek-Haddadi A, Laufs H, Liston A, Friston K, Fish DR, et al. EEG-fMRI of idiopathic and
secondarily generalized epilepsies. NeuroImage. 2006; 31(4):1700–10. Epub 2006/04/21. S1053-8119
(06)00110-8 [pii] PMID: 16624589.

12. Laufs H, Hamandi K, Salek-Haddadi A, Kleinschmidt AK, Duncan JS, Lemieux L. Temporal lobe interic-
tal epileptic discharges affect cerebral activity in "default mode" brain regions. Human brain mapping.
2007; 28(10):1023–32. Epub 2006/11/30. doi: 10.1002/hbm.20323 PMID: 17133385; PubMed Central
PMCID: PMC2948427.

13. Vaudano AE, Carmichael DW, Salek-Haddadi A, Rampp S, Stefan H, Lemieux L, et al. Networks
involved in seizure initiation. A reading epilepsy case studied with EEG-fMRI and MEG. Neurology.
2012; 79(3):249–53. doi: 10.1212/WNL.0b013e31825fdf3a PMID: 22764255; PubMed Central PMCID:
PMC3398433.

14. Murta T, Leal A, Garrido MI, Figueiredo P. Dynamic Causal Modelling of epileptic seizure propagation
pathways: a combined EEG-fMRI study. NeuroImage. 2012; 62(3):1634–42. PMID: 22634857.

15. Moeller F, LeVan P, Muhle H, Stephani U, Dubeau F, Siniatchkin M, et al. Absence seizures: individual
patterns revealed by EEG-fMRI. Epilepsia. 2010; 51(10):2000–10. doi: 10.1111/j.1528-1167.2010.
02698.x PMID: 20726875.

16. Ngugi AK, Kariuki SM, Bottomley C, Kleinschmidt I, Sander JW, Newton CR. Incidence of epilepsy: a
systematic review and meta-analysis. Neurology. 2011; 77(10):1005–12. doi: 10.1212/WNL.
0b013e31822cfc90 PMID: 21893672; PubMed Central PMCID: PMC3171955.

17. Tellez-Zenteno JF, Dhar R, Wiebe S. Long-term seizure outcomes following epilepsy surgery: a sys-
tematic review and meta-analysis. Brain: a journal of neurology. 2005; 128(Pt 5):1188–98. doi: 10.
1093/brain/awh449 PMID: 15758038.

18. Ansari SF, Maher CO, Tubbs RS, Terry CL, Cohen-Gadol AA. Surgery for extratemporal nonlesional
epilepsy in children: a meta-analysis. Child's nervous system: ChNS: official journal of the International
Society for Pediatric Neurosurgery. 2010; 26(7):945–51. doi: 10.1007/s00381-009-1056-7 PMID:
20013124.

19. Skirrow C, Cross JH, Cormack F, HarknessW, Vargha-Khadem F, Baldeweg T. Long-term intellectual
outcome after temporal lobe surgery in childhood. Neurology. 2011; 76(15):1330–7. doi: 10.1212/WNL.
0b013e31821527f0 PMID: 21482948; PubMed Central PMCID: PMC3090063.

20. Wirrell EC. Prognostic significance of interictal epileptiform discharges in newly diagnosed seizure dis-
orders. Journal of clinical neurophysiology: official publication of the American Electroencephalo-
graphic Society. 2010; 27(4):239–48. Epub 2010/07/17. PMID: 20634717.

21. Jacobs J, Kobayashi E, Boor R, Muhle H, StephanW, Hawco C, et al. Hemodynamic responses to
interictal epileptiform discharges in children with symptomatic epilepsy. Epilepsia. 2007; 48(11):2068–
78. Epub 2007/07/25. EPI1192 [pii] doi: 10.1111/j.1528-1167.2007.01192.x PMID: 17645544.

22. Moeller F, Stephani U, Siniatchkin M. Simultaneous EEG and fMRI recordings (EEG-fMRI) in children
with epilepsy. Epilepsia. 2013; 54(6):971–82. doi: 10.1111/epi.12197 PMID: 23647021.

23. Barnea-Goraly N, Weinzimer SA, Ruedy KJ, Mauras N, Beck RW, Marzelli MJ, et al. High success
rates of sedation-free brain MRI scanning in young children using simple subject preparation protocols
with and without a commercial mock scanner—the Diabetes Research in Children Network (DirecNet)
experience. Pediatric radiology. 2014; 44(2):181–6. doi: 10.1007/s00247-013-2798-7 PMID:
24096802; PubMed Central PMCID: PMC3946760.

24. Vanderwal T. Novel uses of natural viewing paradigms in EEG, fMRI and fcMRI. A novel video para-
digm for use in functional connectivity MRI. rganization for Human Brain Mapping Annual Meeting;
June; Hamburg, Germany2014.

25. Allen PJ, Josephs O, Turner R. A method for removing imaging artifact from continuous EEG recorded
during functional MRI. NeuroImage. 2000; 12(2):230–9. doi: 10.1006/nimg.2000.0599 PMID:
10913328.

26. Allen PJ, Polizzi G, Krakow K, Fish DR, Lemieux L. Identification of EEG events in the MR scanner: the
problem of pulse artifact and a method for its subtraction. NeuroImage. 1998; 8(3):229–39. doi: 10.
1006/nimg.1998.0361 PMID: 9758737.

Optimising EEG-fMRI in Children

PLOS ONE | DOI:10.1371/journal.pone.0149048 February 12, 2016 15 / 16

http://dx.doi.org/10.1111/epi.12434
http://www.ncbi.nlm.nih.gov/pubmed/24304438
http://dx.doi.org/10.1073/pnas.0504935102
http://dx.doi.org/10.1073/pnas.0504935102
http://www.ncbi.nlm.nih.gov/pubmed/16217042
http://www.ncbi.nlm.nih.gov/pubmed/16624589
http://dx.doi.org/10.1002/hbm.20323
http://www.ncbi.nlm.nih.gov/pubmed/17133385
http://dx.doi.org/10.1212/WNL.0b013e31825fdf3a
http://www.ncbi.nlm.nih.gov/pubmed/22764255
http://www.ncbi.nlm.nih.gov/pubmed/22634857
http://dx.doi.org/10.1111/j.1528-1167.2010.02698.x
http://dx.doi.org/10.1111/j.1528-1167.2010.02698.x
http://www.ncbi.nlm.nih.gov/pubmed/20726875
http://dx.doi.org/10.1212/WNL.0b013e31822cfc90
http://dx.doi.org/10.1212/WNL.0b013e31822cfc90
http://www.ncbi.nlm.nih.gov/pubmed/21893672
http://dx.doi.org/10.1093/brain/awh449
http://dx.doi.org/10.1093/brain/awh449
http://www.ncbi.nlm.nih.gov/pubmed/15758038
http://dx.doi.org/10.1007/s00381-009-1056-7
http://www.ncbi.nlm.nih.gov/pubmed/20013124
http://dx.doi.org/10.1212/WNL.0b013e31821527f0
http://dx.doi.org/10.1212/WNL.0b013e31821527f0
http://www.ncbi.nlm.nih.gov/pubmed/21482948
http://www.ncbi.nlm.nih.gov/pubmed/20634717
http://dx.doi.org/10.1111/j.1528-1167.2007.01192.x
http://www.ncbi.nlm.nih.gov/pubmed/17645544
http://dx.doi.org/10.1111/epi.12197
http://www.ncbi.nlm.nih.gov/pubmed/23647021
http://dx.doi.org/10.1007/s00247-013-2798-7
http://www.ncbi.nlm.nih.gov/pubmed/24096802
http://dx.doi.org/10.1006/nimg.2000.0599
http://www.ncbi.nlm.nih.gov/pubmed/10913328
http://dx.doi.org/10.1006/nimg.1998.0361
http://dx.doi.org/10.1006/nimg.1998.0361
http://www.ncbi.nlm.nih.gov/pubmed/9758737


27. Tierney TM, Croft LJ, Centeno M, Shamshiri EA, Perani S, Baldeweg T, et al. FIACH: A biophysical
model for automatic retrospective noise control in fMRI. NeuroImage. 2015. Epub 2015/09/30. doi: 10.
1016/j.neuroimage.2015.09.034 PMID: 26416652.

28. Zijlmans M, Huiskamp G, Hersevoort M, Seppenwoolde JH, van Huffelen AC, Leijten FS. EEG-fMRI in
the preoperative work-up for epilepsy surgery. Brain. 2007; 130(Pt 9):2343–53. doi: 10.1093/brain/
awm141 PMID: 17586868.

29. R-Core-Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria; 2014.

30. Dale AM. Optimal experimental design for event-related fMRI. Human brain mapping. 1999; 8(2–
3):109–14. Epub 1999/10/19. PMID: 10524601.

31. Thoresen M, Henriksen O, Wannag E, Laegreid L. Does a sedative dose of chloral hydrate modify the
EEG of children with epilepsy? Electroencephalography and clinical neurophysiology. 1997; 102
(2):152–7. PMID: 9060867.

32. Marcar VL, Loenneker T, Strassle AE, Schwarz U, Martin E. What effect does measuring children
under anesthesia have on the blood oxygenation level-dependent signal? A functional magnetic reso-
nance imaging study of visual cortex. Pediatric research. 2004; 56(1):104–10. doi: 10.1203/01.PDR.
0000130479.43442.5C PMID: 15152054.

33. Magnuson ME, Thompson GJ, PanWJ, Keilholz SD. Time-dependent effects of isoflurane and dexme-
detomidine on functional connectivity, spectral characteristics, and spatial distribution of spontaneous
BOLD fluctuations. NMR in biomedicine. 2014; 27(3):291–303. doi: 10.1002/nbm.3062 PMID:
24449532.

34. Stamatakis EA, Adapa RM, Absalom AR, Menon DK. Changes in resting neural connectivity during pro-
pofol sedation. PloS one. 2010; 5(12):e14224. doi: 10.1371/journal.pone.0014224 PMID: 21151992;
PubMed Central PMCID: PMC2996305.

35. White T, Muetzel R, Schmidt M, Langeslag SJ, Jaddoe V, Hofman A, et al. Time of acquisition and net-
work stability in pediatric resting-state functional magnetic resonance imaging. Brain connectivity.
2014; 4(6):417–27. doi: 10.1089/brain.2013.0195 PMID: 24874884; PubMed Central PMCID:
PMC4120810.

36. de Bie HM, Boersma M, Adriaanse S, Veltman DJ, Wink AM, Roosendaal SD, et al. Resting-state net-
works in awake five- to eight-year old children. Human brain mapping. 2012; 33(5):1189–201. doi: 10.
1002/hbm.21280 PMID: 21520347.

37. Binnie CD. Cognitive impairment during epileptiform discharges: is it ever justifiable to treat the EEG?
The Lancet Neurology. 2003; 2(12):725–30. PMID: 14636777.

38. Duncan JS. Imaging in the surgical treatment of epilepsy. Nature reviews Neurology. 2010; 6(10):537–
50. Epub 2010/09/16. doi: 10.1038/nrneurol.2010.131 PMID: 20842185.

39. van Houdt P, Zijlmans M. Different ways to analyze EEG-fMRI in focal epilepsy: does it matter? Clinical
neurophysiology: official journal of the International Federation of Clinical Neurophysiology. 2013; 124
(11):2070–2. doi: 10.1016/j.clinph.2013.06.007 PMID: 23849759.

40. Lemieux L, Laufs H, Carmichael D, Paul JS, Walker MC, Duncan JS. Noncanonical spike-related
BOLD responses in focal epilepsy. Human brain mapping. 2008; 29(3):329–45. Epub 2007/05/19. doi:
10.1002/hbm.20389 PMID: 17510926; PubMed Central PMCID: PMC2948426.

Optimising EEG-fMRI in Children

PLOS ONE | DOI:10.1371/journal.pone.0149048 February 12, 2016 16 / 16

http://dx.doi.org/10.1016/j.neuroimage.2015.09.034
http://dx.doi.org/10.1016/j.neuroimage.2015.09.034
http://www.ncbi.nlm.nih.gov/pubmed/26416652
http://dx.doi.org/10.1093/brain/awm141
http://dx.doi.org/10.1093/brain/awm141
http://www.ncbi.nlm.nih.gov/pubmed/17586868
http://www.ncbi.nlm.nih.gov/pubmed/10524601
http://www.ncbi.nlm.nih.gov/pubmed/9060867
http://dx.doi.org/10.1203/01.PDR.0000130479.43442.5C
http://dx.doi.org/10.1203/01.PDR.0000130479.43442.5C
http://www.ncbi.nlm.nih.gov/pubmed/15152054
http://dx.doi.org/10.1002/nbm.3062
http://www.ncbi.nlm.nih.gov/pubmed/24449532
http://dx.doi.org/10.1371/journal.pone.0014224
http://www.ncbi.nlm.nih.gov/pubmed/21151992
http://dx.doi.org/10.1089/brain.2013.0195
http://www.ncbi.nlm.nih.gov/pubmed/24874884
http://dx.doi.org/10.1002/hbm.21280
http://dx.doi.org/10.1002/hbm.21280
http://www.ncbi.nlm.nih.gov/pubmed/21520347
http://www.ncbi.nlm.nih.gov/pubmed/14636777
http://dx.doi.org/10.1038/nrneurol.2010.131
http://www.ncbi.nlm.nih.gov/pubmed/20842185
http://dx.doi.org/10.1016/j.clinph.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23849759
http://dx.doi.org/10.1002/hbm.20389
http://www.ncbi.nlm.nih.gov/pubmed/17510926

