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Summary 

Objective: The aim of this report is to present our clinical experience of EEG-fMRI in 

localising the epileptogenic focus, and to evaluate the clinical impact and challenges 

associated with the use of EEG-fMRI in pharmacoresistant focal epilepsy. 

Methods: We identified EEG-fMRI studies (n=118) in people with focal epilepsy performed 

at our centre from 2003 to 2018. Participants were referred from our Comprehensive Epilepsy 

Program in an exploratory research effort to address often difficult clinical questions, due to 

complex and difficult-to-localise epilepsy. We assessed the success of each study, the clinical 

utility of the result, and when surgery was performed the postoperative outcome. 

Results: Overall, 50% of EEG-fMRI studies were successful, meaning that data was of good 

quality and interictal epileptiform discharges were recorded. With an altered recruitment 

strategy since 2012 with increased inclusion of patients who were inpatients for video-EEG 

monitoring, we found that this selected inpatient group were more likely to have epileptic 

discharges detected during EEG-fMRI (96% of inpatients vs 29% of outpatients, p<0.0001). 

To date, 48% (57 of 118) of patients have undergone epilepsy surgery. In 10 cases (17% of 

the 59 successful studies) the EEG-fMRI result had a ‘critical impact’ on the surgical 
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decision. These patients were difficult-to-localize because of subtle abnormalities, apparently 

normal MRI, or extensive structural abnormalities. All ten had a good seizure outcome at one 

year after surgery (mean follow-up 6.5 years). 

Significance: EEG-fMRI results can assist identification of the epileptogenic focus in 

otherwise difficult-to-localise cases of pharmacoresistant focal epilepsy. Surgery determined 

largely by localisation from the EEG-fMRI result can lead to good seizure outcomes. A 

limitation of this study is its retrospective design with non-consecutive recruitment. 

Prospective clinical trials with well-defined inclusion criteria are needed to determine the 

overall benefit of EEG-fMRI for preoperative localisation and postoperative outcome in focal 

epilepsy.

Keywords: EEG, fMRI, focal epilepsy, epilepsy surgery

Key Points:

 50% of our EEG-fMRI studies were successful, meaning that data was of good quality and 

interictal epileptiform discharges were detected. 

 Interictal epileptiform discharges were more often seen during EEG-fMRI when 

performed as a hospital inpatient than outpatient (p <0.0001).

 EEG-fMRI result critically influenced the decision to offer surgery in patients with subtle 

abnormalities, normal MRI or extensive multi-lobar abnormalities. 

 EEG-fMRI is feasible in a tertiary hospital clinical environment and can aid surgical 

planning in complex epilepsy cases.

 Prospective, well-controlled clinical trials are needed to determine the benefit of EEG-

fMRI in the pre-surgical assessment of epilepsy.

1 Introduction

The best hope for improvement in pharmacoresistant focal epilepsy is surgical removal of the 

brain region responsible for the epileptogenic onset. Seizure freedom is achieved for between 

34% and 74% of patients selected for surgical procedures.1 However, even with current best 

clinical practice, a majority (72%) of patients referred for pre-surgical evaluation are not able 

to proceed to surgery.2 One of the main reasons for the failure to offer surgical treatment is 

because the epileptogenic zone cannot be adequately localised.3  

Simultaneous EEG-fMRI is a highly specialised technique, where EEG recording is used to 

detect the times at which interictal epileptiform discharges (IEDs) occur and functional MRI 
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(fMRI) is used to map the spatial distribution of activity associated with the IEDs.4 This 

promising technique thus has the potential to contribute to localisation of the epileptogenic 

focus. Multiple previous reviews have provided details of EEG-fMRI technical basics, 

artefact correction, data acquisition, concurrent analysis techniques, limitations, as well as 

presented key findings from various research centres.5-9 We have also published numerous 

technical advancements, applications and comments regarding EEG-fMRI in epilepsy (for 

example10-26), some of which include subsets of patients that are included in this review.

However, other reviews and our previous reports leave a number of key questions 

unanswered, including:

1) Can EEG-fMRI be practically employed in a working clinical environment?

2) How often are EEG-fMRI studies successful in a typical clinical population with epilepsy 

(i.e. can good quality data be obtained, and interictal EEG discharges IEDs detected)?

3) Does performing EEG-fMRI ultimately benefit individual patients? Specifically, does 

EEG-fMRI improve localisation of the epileptogenic focus, influence decision-making in 

epilepsy surgery, and are outcomes after surgery altered?

Therefore, in this retrospective review we provide an overview of the practical use of EEG-

fMRI in the clinical environment at a single tertiary-referral epilepsy centre. We present our 

institution’s experience with EEG-fMRI acquired from patients with focal epilepsy, over a 

16-year period, and address some of the issues related to performing EEG-fMRI studies in 

this setting. Finally, we consider the factors influencing success of the study and the clinical 

utility of the result. 

2 Methods 

2.1  Patient recruitment

We reviewed our experience of simultaneous EEG-fMRI in patients with pharmacoresistant 

focal epilepsy scanned at 3 tesla at The Florey Institute of Neuroscience and Mental Health, 

Austin Campus, Melbourne, Australia (including at the now-amalgamated Brain Research 

Institute) between 2003 and 2018.

At our institution, EEG-fMRI has been a research-based procedure and is not otherwise 

available as a routine part of standard clinical care. Patients were referred for EEG-fMRI 

mainly from the Comprehensive Epilepsy Program at Austin Health, which is a tertiary centre 

for epilepsy management including a well-established track record of epilepsy surgery.27 
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In earlier years of the review period, all EEG-fMRI studies were research-funded, 

participants were selected based on active EEG findings during inpatient video-EEG-

monitoring, and participants were subsequently imaged as outpatients at another hospital site 

remote from the monitoring unit. The availability to perform EEG-fMRI during video-EEG 

monitoring has been facilitated by the co-location of The Florey at the Austin Health campus 

since 2012, and the attendance of hospital medical staff while these studies are performed. 

EEG-fMRI studies were then performed while patients were either outpatients, or during 

inpatient video-EEG monitoring at Austin Health. During inpatient monitoring, anti-epilepsy 

medications are often reduced or withdrawn entirely, and patients have a degree of sleep 

deprivation (either incidentally or due to intentional reversal of the sleep-wake cycle). For 

inpatient cases, EEG-fMRI studies were organized on the last day of the video-EEG 

monitoring. In rare cases, when EEG-fMRI could not be performed at the end of inpatient 

stay, EEG electrodes from video-EEG monitoring were removed for the EEG-fMRI and 

reapplied after the study.

Since 2012, many EEG-fMRI studies were clinically referred (hospital-funded) while others 

were recruited purely as part of research projects, especially related to the validation and 

development of EEG-fMRI methods (research-funded). Reasons for clinical referral were 

variable, but frequently included very complex cases where referral was made after other 

investigations provided conflicting or uninformative results. Our usual practice has been to 

discourage referrals where the frequency of interictal epileptiform discharges (IEDs) recorded 

on inpatient or outpatient EEG is less than 10 per hour. For example, this has been the case 

for a few hospital inpatients, where administration of anti-seizure medications (particularly 

benzodiazepines) have abolished IEDs prior to a scheduled study. Only patients who 

eventually completed an EEG-fMRI study are reported here; those who were deemed unsafe 

to undergo MRI are not included. 

Several research-only studies of specific epilepsies have also been undertaken at our centre 

with targeted recruitment – these do not form any part of this cohort and are described in 

detail elsewhere (childhood absence epilepsy14,15; Lennox–Gastaut syndrome12,24,25; benign 

epilepsy with centrotemporal spikes19).

2.2 Data acquisition and analysis

We allocate 90 minutes of scanner time for fMRI acquisition, which includes 60 minutes of 

simultaneous EEG and fMRI recording. Participants are instructed to stay still and keep their 
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eyes closed. We encourage participants to drowse and/or sleep during the study as this often 

increases the frequency of IEDs. No sedating medication is used.

Between 2003 and 2011, fMRI data were acquired using a 3T General Electric (GE) Signa 

LX scanner. Between 2012 and mid-2013 fMRI data were acquired using a 3T Siemens Trio. 

From mid-2013 to 2018, data were acquired using a 3T Siemens Skyra scanner. 

Full details of the EEG-fMRI protocol have been described previously (GE Signa15,17,18 

Siemens Trio24,25; Siemens Skyra21,23). In brief, fMRI data were obtained using a gradient-

recalled echo planar imaging with blood oxygenation-level dependent (BOLD) weighting and 

whole-brain slice coverage (GE Signa protocol #1: repetition time = 3.0s, echo time = 40ms, 

flip angle = 60°, 25 slices, 4.0mm thick + 1.0mm gap, field of view = 240mm; acquisition 

matrix size = 128 x 128 yielding in-pane resolution 1.875mm x 1.87 mm; GE Signa protocol 

#2: repetition time = 3.2s, echo time = 40ms, flip angle = 80°, 40 slices, 3.2mm thick + 

0.2mm gap, field of view = 220mm; acquisition matrix size = 64 x 64 yielding in-pane 

resolution 3.4mm x 3.4mm; Siemens Trio: repetition time = 3s, echo time = 30ms, flip angle 

= 85°, 44 slices, 3mm thick + 0.2mm gap, field of view = 216mm; acquisition matrix size = 

72 x 72 yielding in-pane resolution 3mm x 3mm; Siemens Skyra: repetition time = 3s, echo 

time = 30ms, flip angle = 85°, 44 slices, 3mm thick + 0.2mm gap, field of view = 216mm; 

acquisition matrix size = 72 x 72 yielding in-plane resolution 3mm x 3mm). 

Simultaneous EEG data were acquired according to the 10-20 standard system of electrode 

placement. Prior to the fMRI acquisition, a short period of EEG data is recorded outside the 

scanner to ensure good technical quality and to assist later identification of IEDs. Between 

2003 and 2011 we employed an in-house custom-developed EEG acquisition system, with 18 

non-metallic scalp electrodes. From 2012 to 2018, a 32-channel MR-compatible EEG cap 

(BrainCap MR, EasyCap GmbH, Germany) and a BrainAmps EEG recorder was used (Brain 

Products GmbH, Germany) in conjunction with both the Siemens Trio and Skyra MRI. Since 

2005, additional signals from three carbon-fibre loops electrically isolated from the scalp 

have been acquired along with the EEG, for detection of head motion artefacts.10,18 Acquired 

EEG recordings were preprocessed and then reviewed by epileptologists experienced in EEG 

interpretation, for manual mark-up of all epileptic activity. For each patient, long-term and 

out-of-scanner EEG was first used to define the expected categories of morphologically 

distinct IEDs epileptiform discharges (for example spikes or polyspike-waves discharges in 

singletons or trains, paroxysmal fast activity or focal slowing). These specified IED types 

were then identified on the inside-scanner EEG record, and the onset and end of each 

discharge marked. 
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FMRI data were preprocessed in MATLAB (MathWorks Inc., USA) using SPM (Wellcome 

Department of Imaging Neuroscience) with the aid of iBrain28 and the iBrain Analysis 

Toolbox for SPM.29 Standard preprocessing included: slice timing correction, re-alignment to 

reduce the effects of head motion, and coregistration to a standardised EPI template. For the 

Siemens data, the template was the EPI template provided with the SPM package (which 

approximates the space of the 152-brain MNI T1-weighted template); for the GE Signa, due 

to signal distortions and dropout in this early-generation 3T scanner, a custom average 

template (in approximately the same space as the MNI template) was used to provide a target 

that more closely matched images acquired on this scanner.22 

In our analysis, We used standard General Linear Modelling to extract statistical parametric 

maps of brain activity from EEG and fMRI with each IED type modelled using its own 

regressor. This was obtained as a boxcar function convolved with the SPM canonical 

haemodynamic response function (HRF). Temporal and dispersion derivatives were included 

as additional columns in the design matrix. Nuisance covariates were also entered as 

regressors of no interest, specifically a cosine basis set to perform high-pass filtering 

(1/128Hz), scrubbing regressors to ignore high-motion time points, and motion regressors 

derived from the motion estimates of the realignment pre-processing. Resultant statistical 

maps were thresholded at p<0.05 corrected for multiple comparisons (family-wise error). 

Unthresholded statistical maps were retained to aid interpretation.

Both significant BOLD increases and decreases related to IEDs were considered equally, 

since it has been demonstrated that both can be observed in the epileptogenic zone.30,31

2.3 Definitions

In this retrospective analysis we assessed collected EEG-fMRI data in terms of (1) success of 

the study and (2) the clinical utility of the study result. 

For the purposes of this review, A ‘successful’ study was defined as a study with good 

quality fMRI and EEG data (i.e., free from serious artefacts) and with active EEG recording 

showing frequent IEDs or the presence of typical ictal events. Studies of the patients who did 

not have any epileptic activity recorded inside the scanner or who had unsatisfactory 

technical quality of either EEG or MRI data were classified as unsuccessful. For clinical 

purposes at our institution, no GLM-based analysis is reported to the epilepsy team in cases 

where no IEDs are detected during the study.

Clinical utility was assessed by the consequences of providing EEG-fMRI results to the 

clinical team. Our routine clinical practice is to record the working case formulation and 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

management plan during each multidisciplinary team meeting, and the conclusion is dictated 

by a senior epileptologist with the plan clearly described. From retrospective review of these 

records, we evaluated whether the treatment plan had been altered following presentation of 

the EEG-fMRI results, i.e. whether surgery was proposed or surgical plans were re-defined 

(such change were mainly based on the localisation revealed in the IED-related BOLD maps). 

Specifically, we defined that the EEG-fMRI results had a ‘critical impact’, when it was 

considered to have influenced the final decision for surgery, i.e. surgery decision was based 

on the EEG-fMRI localisation. We defined the EEG-fMRI results as only ‘supportive’ when 

the results were in-line with presumed epileptogenic focus based on other modalities, but did 

not influence the surgery decision, i.e. data sufficient to proceed to surgery was available 

without the EEG-fMRI result. The EEG-fMRI results ‘did not support’ the surgical 

localisation in cases where the EEG-fMRI localisation was discordant with presumed 

epileptogenic focus, i.e. BOLD clusters were remote from the presumed epileptogenic focus. 

We assessed the ‘critical impact’ and supportive/unsupportive character of the result only for 

cases where surgery was performed. 

3 Results

3.1 Patient recruitment

In total, 118 patients with an electroclinical diagnosis of focal epilepsy had EEG-fMRI 

performed over the 16-year review period, which is 6% of all patients admitted for inpatient 

video-EEG over this time. Of these, 79 studies were performed prior to 2012 with a mean 

scan duration of 537 minutes (range 20-60 minutes) on the GE Signa. Subsequently, 12 

studies were recorded with a mean scan duration of 585.8 minutes (range 40-60 minutes) on 

the Trio and 27 studies were performed with a mean scan duration of 579.7 minutes (range 

16-60 minutes) on the Skyra. Since 2012, 5 of 39 scans (13%) were stopped early because of 

the patient’s general discomfort (n=3) or a convulsive seizure (n=2).

3.2 Technical evaluation of data acquisition

Overall, 59 out of 118 (50%) EEG-fMRI studies were successful (Table 1). Prior to 2012, 33 

of 79 studies (42%) were successful, with the remainder either having no IEDs epileptic 

discharges during the study (41 of 79, 52%) or failure of data acquisition due to buffer 

overflow of the EEG recording system (5 of 79, 6%). Since 2012, 26 of 39 studies (67%) 
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were successful, while 13 (33%) did not have any IEDs. epileptic discharges during the 

study. 

Table 1 near here

With regard to seizures, 10 out of 59 (17%) patients with successful EEG-fMRI experienced 

at least one ictal event during the study. These included nine ictal events in six patients 

scanned at the GE Signa, and 13 ictal events in four patients scanned at the Skyra scanner. 

All patients who had seizures during the study had frequent IEDs, meaning that these studies 

would remain ‘successful’ by our definition even if ictal events were ignored.

3.3 Effect of inpatient versus outpatient referral

Since 2012, 22 of 39 studies (56%) were performed as hospital inpatients. Of the inpatient 

group, typically on reduced medications, 96% (21 of 22) had IEDs recorded during the EEG-

fMRI study. In contrast, in patients studied in the outpatient setting, only 29% (5 of 17) had 

IEDs recorded during the EEG-fMRI study (Table 2 and Suppl.Figure 1). The difference in 

detection of IEDs between the inpatient and outpatient groups was statistically significant 

(chi-squared test; p<0.0001). 

Table 2 near here

3.4 Detection of a significant BOLD response with IEDs

A statistically significant (thresholded at p<0.05, family-wise error-corrected) BOLD 

response in association with one or more IED types was detected in 51 of 59 successful EEG-

fMRI studies (86%) (Table 3). We have not observed susceptibility artefacts in cases with no 

significant BOLD changes.

Table 3 near here

We considered whether the number of IEDs could explain the presence or lack of a 

significant BOLD finding. In the 51 cases with significant BOLD changes, the median 

number of recorded IEDs per IED-type-per study was 93 (range 10-1132) and the median 
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aggregate duration of marked IEDs per IED-type-per-study was 60 seconds (range 0.94-

809.7seconds). 

In the remaining eight cases with no significant BOLD response, we recorded median 32 

IEDs (range 10-412), with a median aggregate duration of marked IEDs of 6.1 seconds (range 

0.8-98.5seconds). There was a statistically significant difference in number of IEDs (Mann-

Whitney U-test; U=404, Z=2.63043, p=0.009) and their aggregate duration (Mann-Whitney 

U-test; U=221.5, Z=4.40512, p<0.001) between two groups. The anatomical location and 

nature of the underlying pathology may also be a relevant factor to whether a significant 

BOLD response is detected. In surgical cases with no significant BOLD changes from 

standard GLM analysis (n=7), 57% patients underwent anterior temporal lobe resection, 

mostly performed because of mesial temporal tumours or hippocampal sclerosis.

In the GE Signa cohort, we recorded a total of 51 IEDs types in 33 patients, with 12 patients 

having more than one type of IED. Twenty-seven of 33 patients (82%) had statistically 

significant BOLD response associated with their 39 IED types. Statistical analysis of 12 IED 

types in six patients did not reveal any significant change in BOLD changes signal.

In the Siemens cohort, 26 patients had 38 IEDs types, with 12 patients having more than one 

type of IED. Of those, 24 (92%) had statistically significant BOLD changes associated with 

their 36 IEDs types. Two IEDs types in two patients did not demonstrate any significant 

change in BOLD signal.

3.5 Clinical impact of EEG-fMRI findings

Despite the time-consuming nature of EEG-fMRI analysis, the usual analysis turnaround in 

our institution is on the order of weeks. The EEG-fMRI result was ready prior to the final 

surgical discussion for each patient in this study.

Overall, 57 of the total 118 patients have proceeded to epilepsy surgery. A further six cases 

with significant BOLD response have been offered epilepsy surgery and are currently on a 

surgical waitlist. Surgeries performed and postoperative outcomes for the full cohort are 

shown in Figure 1. Overall, 43 (75%) had good outcome at 2 years after surgery (ILAE class 

1 or 2).

Figure 1 near here
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In operated patients, the EEG-fMRI result had a ‘critical impact’ on the surgical decision in 

10 cases (see Table 4 for clinical details). Within this group, four were clinically reported as 

‘MRI-negative’, three had very subtle MRI abnormalities (small dysplastic lesions), and three 

had obvious and extensive multi-lobar MRI abnormalities (multiple tubers, post-meningitis 

gliosis, extensive bilateral periventricular nodular heterotopia). Three patients had previous 

unsuccessful epilepsy resections, including two of the ‘MRI-negative’ cases and one patient 

with extensive post-meningitis lesions. The majority of these patients (80%) had good post-

surgical outcomes. 

In four of those 10 patients (patients #2, 4, 7, 9) EEG-fMRI results informed the decision to 

proceed to intracranial video-EEG before surgery to explore the regions of interests and 

validate the EEG-fMRI findings. The EEG-fMRI result influenced the invasive electrode 

placement in each case, i.e. electrode placement was re-defined to cover the areas of BOLD 

change. This sub-group includes cases with previous surgeries or discordant data, where 

intracranial EEG aimed to clarify the localisation of a single focus.

Table 4 near here

In operated patients with significant BOLD, the EEG-fMRI result was supportive, but not 

‘critical’, for surgical localisation in 11 cases (Suppl.Table 1). Most of these patients (73%) 

had good post-surgical outcomes.

In the subgroup, where no IEDs were detected during EEG-fMRI (n=29), 55% patients 

underwent standard anterior temporal lobectomy, with a higher proportion of mesial temporal 

lobe pathologies (e.g. hippocampal sclerosis, developmental tumours or temporal pole 

encephaloceles), where sufficient data to proceed to surgery was available even without the 

EEG-fMRI result. Figure 2 shows examples of cases where the EEG-fMRI result had ‘critical 

impact’ or was ‘supportive’ for surgical localisation. See Suppl. Table 1 for details on all 

surgical cases with no EEG-fMRI result or supportive but not ‘critical’ EEG-fMRI result. 

Figure 2 near here
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Twenty-four patients (47%) of the total 51 with significant BOLD response have not had, and 

are not scheduled for, epilepsy surgery. The main reasons are lack of a convincing single 

epileptic focus (n=12 including MRI-negative status or extensive brain malformations) or a 

significant risk of cognitive deficits with resection of the presumed epileptogenic zone (n=8). 

In all patients with significant BOLD and defined presumed epileptogenic focus, and who 

have not proceeded to/are not scheduled for surgery, EEG-fMRI results were concordant with 

other clinical information (Suppl.Table 2). This was assessed by epileptologists via visual 

comparison of the EEG-fMRI result and localisation of the presumed epileptic focus. 

4 Discussion

This single-centre uncontrolled retrospective review, examining the research application of 

EEG-fMRI in difficult-to-localize focal epilepsy, confirms that this technique is feasible in a 

clinical environment and can aid surgical planning in this very complex patient cohort. Over 

the last 16 years in our centre, 50% of EEG-fMRI studies were successful. Recently a much 

higher proportion of successful cases has been achieved by selecting patients to be studied 

who have frequent epileptiform discharges IEDs during inpatient video-EEG monitoring, 

while on reduced or withdrawn medications. EEG-fMRI results critically influenced the 

decision to offer surgery in 10 patients, corresponding to 17% of the 59 successful EEG-

fMRI studies. 

Similarly, previous studies have reported that EEG-fMRI led to resection in one patient and 

opened new prospects of surgery in three others32 and allowed a more specific localisation of 

epileptic focus when compared with EEG alone, in half of patients.33 Significant BOLD 

response can help delineate the epileptogenic region and concordance between BOLD 

response and resection is indicative of seizure freedom.34-37 Collectively, these findings 

support EEG-fMRI as a useful tool to define the epileptic focus.

Generally, good quality EEG recording and MR images, together with frequently occurring 

IEDs, are essential for a successful EEG-fMRI study.6 In practice, performing EEG-fMRI in 

epilepsy patients carries many additional challenges that need to be overcome to obtain good 

results. At present, simultaneous EEG-fMRI is used in just 14% of European epilepsy surgery 

centres to aid the localisation of the epileptogenic focus.38 Barriers to wider adoption include 

substantial initial setup cost for MRI and compatible EEG equipment, the challenges of 

integrating these technologies and the required expertise across electrophysiology and 
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imaging domains. Additionally, the current limited evidence of eventual benefit to patients 

may hamper institutional or government commitment to funding. 

Medications and IED frequency 

One of the biggest barriers for a successful EEG-fMRI study in our institution was an 

inactive EEG. Overall, 46% of patients did not have any epileptic activity seen on scalp EEG 

during the recording. The majority of these patients underwent EEG-fMRI as an outpatient 

while they were taking multiple medications. However, a change in our approach in 2012 has 

led to a dramatic improvement, as 96% of patients recorded whilst an inpatient for video-

EEG monitoring have shown IEDs during the EEG-fMRI recording. This improved success 

rate may be largely due to better participant selection. For inpatient studies, we could recruit 

participants with frequent IEDs epileptic discharges seen on long-term EEG from the ward, 

whereas in outpatient cases we could only rely on previous EEG recordings and could not 

predict how active the EEG would be on the day of the EEG-fMRI study.

Reduction of medication may increase the rate of IEDs and improve the sensitivity of EEG-

fMRI studies. Withdrawing antiepileptic medications during inpatient EEG-video monitoring 

enables this step to be taken safely in a medically supervised environment (considering the 

risk of provoking frequent or prolonged seizures) and allows these medication-reduced EEG-

fMRI studies to be performed without ethical concerns.39 Organizing such studies at short 

notice can be a logistical challenge, due to MR scanner unavailability and timely MRI safety 

clearance. This can be overcome by the weekly scheduled timeslot for inpatient EEG-fMRI 

studies. Reduction of antiepileptic medications in the outpatient setting could be 

contemplated for selected patients under the guidance of their treating physician, but for 

many patients this would be contraindicated due to safety concerns. 

Resources and costs 

EEG-fMRI studies require MR-compatible EEG equipment due to safety and performance 

issues.40 Currently, many commercial EEG systems are available for safe use in the MR 

scanner and EEG-fMRI recordings are well-established in selected clinical research 

environments worldwide. The operational cost of a standard EEG-fMRI study is considerably 

higher than for a conventional MRI study due to the numerous additional resources required, 

including pre-scan preparation and post-scan data analysis. For example, EEG-fMRI setup 

with standard 10-20 system and 35 electrodes takes 30-50 minutes (including a short period 

of recording prior to moving into the MRI scanner), while data filtering, marking up of IEDs 

and data analysis takes additional 5-15 hours depending upon the complexity of the recorded 
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EEG. It is worth noting that manual markup of the EEG is considerably more onerous than 

typical clinical assessment of EEG, because in EEG-fMRI all the epileptiform events need to 

be marked to provide the optimum model for subsequent analysis of the associated BOLD 

signal. The multiple resources involved in EEG-fMRI together with the relatively high 

logistical setup cost and expertise required for EEG-fMRI can be a barrier to performing 

more frequent, routine studies. To help translate EEG-fMRI research into a faster, more 

affordable and easier-to-use tool in clinical settings, we recently developed and implemented 

an IED detection algorithm for scalp interictal EEG recordings. Our recent study shows that 

automatic spike detection can provide comparable and, in some cases, even superior results 

compared to manual EEG markup in EEG-fMRI analysis.21 Similarly, another recent study 

shows that deep-learning-based semi-automatic spike detector can produce comparable EEG-

fMRI results compared to traditional markup methods.41  

Lack of significant BOLD response

The standard GLM analysis did not demonstrate any significant BOLD response in eight out 

of the 59 successful studies in this series (14%). Our data suggests that the number of IEDs 

and their aggregate duration might influence the detection of significant BOLD changes. 

Lack of significant BOLD response may reflect also limitations in the standard fMRI signal 

modelling, or be associated with the quality of detected IEDs.16 The phenomenon of lack of 

BOLD signal changes associated with IEDs has been reported by other researchers.42-44 In 

some cases, continuous local epileptic activity (which is not necessarily seen on scalp EEG 

recordings) might have resulted in too little contrast between the spiking and an implicit 

baseline in the GLM. We have also observed that BOLD activity associated with some spikes 

may not follow the conventionally assumed response function, and can even begin before the 

onset of the scalp discharge.19 

In this review we have focussed on the conventional GLM analysis of fMRI data as the 

primary measure that was reported to our Comprehensive Epilepsy Program. Although a 

GLM approach is by far the most commonly used for the integration of EEG and fMRI, it is 

ineffective when IEDs are not seen in the EEG. Other methods, involving independent 

component analysis (ICA),45 an EEG-derived scalp topography-based method46 or local 

connectivity analysis47 may also be useful when IEDs are not detected during EEG-fMRI.

Impact on clinical care

We examined the MRI features of 10 patients where EEG-fMRI had a critical impact. In 

these cases, the other clinical investigations provided conflicting or uninformative results, 
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particularly when there was no apparent structural epileptogenic lesion (‘MRI-negative’) or 

when an extensive multi-lobar structural malformation was present. The majority of these 

patients had an excellent seizure post-operative outcome after epilepsy surgery. All these 

focal resections were guided by the results of the EEG-fMRI study.

Interestingly, within the surgical group with no IEDs detected during EEG-fMRI, we found a 

high proportion of cases with mesial temporal lobe epilepsy, which often generates relatively 

infrequent scalp-detectable epileptic discharges. As the most common form of adult epilepsy, 

with a strong evidence base for surgical treatment,48 EEG-fMRI will often not be needed to 

determine the management for these patients. Within the surgical group where EEG-fMRI 

result was congruent and supportive but not ‘critical’ for the surgical decision, we found 

mainly lesional cases, indicating that EEG-fMRI may be less influential when a clear 

structural lesion has already been established.

5 Conclusions

This retrospective review has presented our experience with EEG-fMRI studies in patients 

with pharmacoresistant focal epilepsy over a 16-year period. EEG-fMRI is now a well-

established tool for mapping the location of epileptic activity and can feasibly be applied in a 

tertiary hospital environment. The findings from EEG-fMRI can have a critical impact on 

patient management, including influencing the decision for targeted surgical resection, with 

good subsequent seizure outcomes. 

We therefore consider it is time for a systematic, well-controlled and suitably powered 

clinical trial, to evaluate whether EEG-fMRI can improve outcomes for patients. Only with 

this evidence will it be possible to accurately estimate the potential cost vs benefit of routine 

clinical EEG-fMRI for pre-surgical planning in epilepsy, and to argue for the additional 

resourcing of radiology (MRI) and neurophysiology (EEG) that will be needed to enable 

provision of this technology across epilepsy centres more widely.
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Figure legends

Figure 1. EEG-fMRI in pre-surgical assessment and surgery outcomes – an overview.

Abbreviations: BOLD = Blood-Oxygen-Level-Dependent, CEP = Comprehensive Epilepsy Program, 

EEG = electroencephalography, fMRI = functional magnetic resonance imaging, ILAE 1 = 

completely seizure-free, no aura, ILAE 2 = only auras, no other seizures.
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Figure 2. Case A: ‘critical impact’: MRI negative patient with discordant EEG and ictal SPECT data. 

Decision prior to EEG-fMRI was to do not perform surgery due to lack of a convincing single 

epileptic focus. After EEG-fMRI, decision was to perform intracranial EEG guided by the EEG-fMRI 

result and subsequently a resection guided by the EEG-fMRI result. Case B, ‘supportive’: The EEG-

fMRI result was supportive of surgical localisation in a left superior frontal region but did not have a 

‘critical impact’ on surgical planning. The epileptic focus was well-defined based on other concordant 

modalities prior to EEG-fMRI study, and the EEG-fMRI result was in agreement with this 

localisation. Abbreviations: EEG = electroencephalography, fMRI = functional magnetic resonance 

imaging, ILAE 1 = completely seizure-free, no aura, PET = Positron Emission Tomography, SPECT 

= Single Photon Emission Computed Tomography, y =year.

Suppl. Figure 1. IEDs are more often seen during EEG-fMRI when performed as a hospital inpatient 

during video-EEG monitoring (data 2012-2018), p <0.0001. Abbreviations: EEG = 

electroencephalography, fMRI = functional magnetic resonance imaging, IEDs = interictal 

epileptiform discharges.

  Table 1. Success of EEG-fMRI studies performed in our research institute.

   Abbreviations: EEG = electroencephalography, fMRI = functional magnetic resonance imaging.

Number of studies

3T GE Signa
3T Siemens Trio/ 

SkyraObtained EEG-fMRI study

(2003-2011)

n=79

(2012-2018)

n=39

Total 

Successful study (epileptic activity present on EEG, good quality 

data)
33/79 (42%) 26/39 (67%) 59/118 (50%)

No epileptic activity evident on EEG during the study 41/79 (52%) 13/39 (33%) 54 /118 (46%)

Bad quality data (serious artefact, data unusable) 5 (6%) 0 5 /118 (4%)

Total 79 39 118
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   Table 2. IEDs presence during EEG-fMRI in inpatient/outpatient setting (data 2012-2018), p <0.0001.

Number of studies

3T Siemens Trio/ Skyra IEDs during EEG-fMRI No IEDs during EEG-fMRI Total

Inpatient 21 1 22

Outpatient 5 12 17

Total 26 13 39

    Abbreviations: EEG = electroencephalography, fMRI = functional magnetic resonance imaging, IEDs = interictal epileptiform discharges.

Table 3. BOLD response in EEG-fMRI studies.

Number of studies

EEG-fMRI findings 3T GE Signa

(2003-2011)

3T Siemens Trio/ Skyra

(2012-2018)
Total

Significant BOLD response present 27/33 (82%) 24/26 (92%) 51/59 (86%)

No significant BOLD response despite IEDs 

detected
6/33 (18%) 2/26 (8%) 8/59 (14%)

Abbreviations: BOLD = Blood-Oxygen-Level-Dependent, EEG = electroencephalography, fMRI = functional magnetic resonance imaging, IEDs = interictal 

epileptiform discharges.
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Table 4. Clinical details on cases where the EEG-fMRI result had a ‘critical impact’ on the surgical decision. 

Patient
Age 

[years]
Sex

Seizure 

onset age

Epilepsy 

semiology

Scalp EEG 

report

Formal MRI 

report
PET report Ictal SPECT report Previous surgery

EEG-fMRI 

findings
iEEG Epilepsy surgery Reported pathology

Outcome 

(follow-

up)

Individual ‘critical 

impact’ of EEG-fMRI 

results

1 38 M 4y R TLE
R temp and 

R central
MRI-negative

R inferolateral 

temp
R temp - R temp -

R anterolateral 

temp 

corticectomy

Old cortical loss and 

gliosis, features consistent 

with old infarction

ILAE 1 

(11y)

EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

2 33 F 3mo R posterior

R post 

quadrant, R 

temporal

R frontal and 

R occipito-

parietal lesions 

(post infantile 

salmonella 

meningitis)

R parieto-

occipital
R parieto-occipital

R parietal 

corticectomy at the 

age of 27y, sz ongoing 

(pathology: atrophic 

tissues, gliosis)

R parieto-

occipital

R frontal and R 

parietal 

implantation 

revealed R 

parieto-occipital 

focus

R parieto-

occipital 

lesionectomy

Astrocytosis, with 

increased numbers of 

corpora amylacea

ILAE 1 

(8y)

iEEG decided 

based on EEG-

fMRI; EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

3 21 M 11mo R TLE
R posterior 

temp
MRI-negative Diffuse R temp

R frontal and R 

posterior temporal

Partial R temp lesion 

removed at the age of 

11mo (pathology: 

ganglioglioma),sz 

return at the age of 

12y

R posterior 

temp
-

R anterior 

temporal 

lobectomy

Evidence of partial HS, 

gliosis

ILAE 1 

(9y)

EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

4 16 M 12y L parietal
L posterior 

temporal

Suspected 

very subtle L 

parietal 

dysplastic 

lesion

L temp, L 

parietal
L temporoparietal - L parietal

L postcenral 

implantation 

revealed L 

parietal focus

L parietal 

lesionectomy
FCD IIb

ILAE 3 

(8y)

iEEG decided 

based on EEG-

fMRI; EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

5 10 M 2.5y R TLE
R anterior- 

temp
MRI-negative R temp

R mesial and 

posterolateral temp
- R amygdala -

R anterior 

temporal 

lobectomy with 

partial removal 

of the amygdala 

but sparing of 

the hippocampus

Gliosis
ILAE 1 

(15y)

EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

6 38 F 26y L TLE L temp

Bilat PVNH, 

more on the L 

than R, 

involving L 

anterior temp 

and L 

posterior 

Bitemporal, 

worse on the L

L temporal, L 

inferior frontal
- L temp -

L post inferior 

temp 

corticectomy

Heterotopic grey matter 

(dysplasia)

ILAE 1 

(13mo)*

EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'
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quadrant

7 49 M 18y R FLE

R frontal, 

bilateral 

temp

Very subtle R 

frontal 

dysplastic 

lesion

L temp, R temp, 

R orbitofrontal
R frontal -

R mesial 

temp, R 

caudate, R 

frontal

R fronto-temp 

implantation 

revealed R 

frontal focus

R inferior frontal 

lesionectomy
FCD IIb

ILAE 1 

(5y)

iEEG decided 

based on EEG-

fMRI; EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

8 41 M 10y L TLE
L temp, rare 

R temp

L HS, multiple 

tubers (L temp 

lobe, L 

parietal region 

and L anterior 

cingulate)

L temp, L 

parietal

L temp, L 

oribtofrontal
-

L anterior 

temp
-

L anterior temp 

lobectomy
Dysplasia, multiple tubers

ILAE 1 

(4y)

EEG-fMRI resulted 

in modified 

surgical plan 

(smaller resection 

volume)

9 27 F 8y R TLE

R posterior 

quadrant, 

bilateral 

temp

MRI-negative R temp R temp

R posterior inferior 

temp corticectomy at 

the age of 25y, sz 

ongoing (pathology: 

negative)

R posterior 

inferior 

temp

R posterior temp 

implantation 

revealed R 

posterior temp 

focus

R posterior 

inferior temp 

corticectomy

FCD IIb
ILAE 1 

(2.5y)

EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

10 24 M 23y R parietal
R frontal, 

parietal

Subtle R 

mesial parietal 

lesion

R frontal NA -

R medial 

parietal, 

frontal
-

R parietal 

lesionectomy

Cavernoma
ILAE 3 

(1y)

EEG-fMRI 

changed decision 

from 'no surgery' to 

'surgery'

Abbreviations: EEG = electroencephalography, F = female, FCD IIb =  Focal cortical dysplasia type IIb, FLE = frontal lobe epilepsy, HS = hippocampal sclerosis, iEEG = intracranial electroencephalography, ILAE 1 = completely seizure-free, no aura, 

ILAE 3 = 1 to 3 seizure days per year; ± auras,  L = left, M = male, mo = month, MRI = magnetic resonance imaging, NA = not available, PET = Positron Emission Tomography, PVNH = periventricular nodular heterotopia, R = right, sz = seizure, temp= 

temporal, SPECT = Single Photon Emission Computed Tomography, TLE = temporal lobe epilepsy, y = year. *Patient died 13 months after epilepsy surgery from an unrelated cause.
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