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EEG-fMRI in focal epilepsies

After the initial experiences, focal epilepsy appeared an ideal paradigm of study for EEG-fMRI. The technique appeared especially 
attractive to investigate both patients with lesional and non-lesional epilepsy with the aim of defining the epileptogenic focus to be sur-
gically removed. Hence, EEG-fMRI could chaperon nuclear medicine investigations (PET, SPECT) as support to guide surgical planning. 

EEG-fMRI has undergone impressive technical improvements in recent years. The technique appears attractive to investigate 
patients with focal epilepsy to identify a surgical target. Yet, its role in identifying the epileptogenic focus is not yet established and 
abnormalities of BOLD signal have been revealed in scattered cortical regions, possibly reflecting not only the source but also the 
spreading of the epileptic activity. EEG-fMRI has also been applied to investigate the cortical networks underpinning generalized 
epilepsy showing a role central of thalamus and a frequent involvement of the Default Mode Network. 

Abbreviations

BOLD: Blood Oxygen Level Dependant; DMN: Default Mode Network; EPI: Echo-Planar Imaging; EEG: Electroencephalogram; fMRI: 
Functional Magnetic Resonance Imaging; GSW: Generalized Spike and Wave

Early development of the EEG-fMRI technique

In 1992 John Ives, Steve Warach and Franz Schmitt first performed an electroencephalogram (EEG) into a 1.5T MR magnet at the Beth 
Israel Hospital, Boston, to investigate a patient with epilepsy through correlation between EEG epileptiform abnormalities and BOLD 
signal (EEG-fMRI) [1]. The initial purpose was identifying the epileptogenic focus, defined as the brain region from which epileptic activity 
starts, overcoming the low spatial resolution and incomplete spatial sampling of surface EEG [2]. Thereafter, epilepsy was increasingly 
explored by the EEG-fMRI technique. First studies had to face technical challenges. Investigators initially employed a ‘spike-triggered’ 
empirical approach to couple EEG and BOLD signal, starting an Echo-Planar Imaging (EPI) sequence after direct on-line detection of an 
epileptiform abnormality on EEG. The ‘spike-triggered’ approach was necessary to avoid the perturbation of the EEG from the electric 
gradient artefacts arising into a static magnetic field [3]. However, the constant electro-cardio-balisto-graphic artefact originated by the 
electric heart activity hampered a continuous reading of the EEG track.

The EEG-fMRI technique flourished after the development of specific subtraction algorithms, synchronized with the EPI sequence, 
that were successfully applied to remove the gradient and electro-cardio-balisto-graphic artefact allowing a continuous reading of the 
EEG track [4]. 

However, earlier results suggested the increase of BOLD signal associated to the surface EEG interictal spikes did not constantly match 
the epileptogenic focus as defined by depth stereo-EEG but also spread to distant brain regions [5-8]. 

It has been hypothesized that the BOLD signal would be related to the spreading of epileptic discharges rather than to the initial 
epileptic activity. In fact, the low temporal resolution of fMRI identifies hemodynamic phenomena on a slower time frame compared to 
the underlying neurophysiological abnormalities (sec vs msec) [9,10]. Technical advancements have then allowed the co-registration 
between fMRI and depth stereo-EEG showing an increase of the BOLD signal both within the epileptogenic focus and in remote areas, in-
cluding the default mode network, which occurred during both EEG interictal and ictal abnormalities [11,12]. The default mode network 
(DMN) is a network usually activated at rest and deactivated after a task, composed by interacting brain regions known to have activity 
highly correlated with each other and distinct from other networks in the brain [13].
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In recent years specific syndromes and seizure types have also been explored. In ‘vertiginous seizures’, the ictal EEG/fMRI has revealed 
activation clusters in the temporo-parieto-occipital regions and deactivation in the ipsilateral cerebellar hemisphere, all regions involved 
in the vestibular integration network [16]. 

The identification of brain networks in focal epilepsies prompted to investigate generalized epilepsies. In generalized epilepsies, it has 
long postulated a central role for the thalamus, which would be primarily activated (‘centro-encephalic’ or ‘cortico-reticular’ theories) or 
secondarily involved after trigger from a cortical focus (‘cortical focus’ theory) [17]. 

Early studies explored generalized spike-and-waves (GSW) discharges, irrespective from the specific syndrome, and demonstrated 
a constant increase of BOLD signal within the thalamus as well as variable BOLD modifications over distant cortical regions [18-21]. In 
particular, decrease of BOLD signal have been disclosed over the mesial frontal, insula, cingulate and parietal cortex, regions constituting 
the DMN. Therefore, GSW would perturb the normal resting state of the brain [22,23].

Such interference with the DMN has been specifically observed in childhood absence epilepsy (CAE) and in eyelid myoclonia with 
absences and has been hypothesized to underpin the altered state of consciousness typical of absence seizures [24-26]. Such widespread 
deactivations have been observed alternatively after thalamic activation or after an initial cortical activation (frontal or parietal) [27-29]. 
Such difference have been hypothesized to depend on drug responsiveness by Szaflarski., et al. A, who observed early thalamic activation 
in drug-responsive CAE, early cortical activation in drug-resistant CAE [30]. 

The time course of BOLD signal has also been investigated through innovative approaches, exploring the hemodynamic response 
which both precedes and follows the electroencephalographic abnormalities. According to this paradigm, Benuzzi., et al. found DMN acti-
vation to precede the GSW onset in absence seizures [31].

Many evidences converge on the detrimental effect of interictal discharges on brain functional connectivity. It has recently been dem-
onstrated that the epileptiform discharges can especially interfere with visual and attentional networks in focal epilepsy, irrespective 
from the location of the epileptogenic focus [14]. In benign rolandic epilepsy, epileptiform discharges would interfere with brain networks 
responsible for language, behaviour and cognition [15]. Such interferences with physiological brain networks might underpin the nega-
tive effect of epileptic activity on cognitive functioning. 

EEG-fMRI has also been applied to investigate photosensitivity in Juvenile Myoclonic Epilepsy, disclosing an increase of BOLD signal in 
putamen before the onset of the photoparoxysmal response, followed by thalamus activation and lately by widespread cortical, putamen 
and caudate deactivations [32]. Recent studies have also investigated genetic epilepsy such as GLUT1 Deficiency Syndrome, showing the 
an increased BOLD activity in the premotor-striatal network and a decrease in the thalamus [33-35].

The EEG-fMRI technique has undergone impressive technical improvements in recent years. Several studies have demonstrated the 
involvement of complex neuronal networks both in focal and generalized epilepsy. However, the relationship between EEG and BOLD sig-
nal has not been completely elucidated. Further studies exploring larger series, using ictal EEG abnormalities or studying the correlation 
between EEG and the BOLD signal at 7T ultra-high field could provide further advancements in non-invasively identifying the epileptic 
focus and in understanding the pathophysiological substrates of generalized epilepsies.

EEG-fMRI in focal epilepsies

Each generalized epilepsy exhibits relatively homogeneous characteristics and is therefore particularly attractive for group analysis. 

Bibliography

Conclusion

1. Ives JR., et al. “Monitoring the patient’s EEG during echo planar MRI”. Electroencephalography and Clinical Neurophysiology 87.6 
(1993): 417-420.

2. Smith SJM. “EEG in the diagnosis, classification, and management of patients with epilepsy”. Journal of Neurology, Neurosurgery, and 
Psychiatry 76.2 (2005): ii2-ii7. 

3. Warach S., et al. “EEG-triggered echo-planar functional MRI in epilepsy”. Neurology 47.1 (1996): 89-93.

https://www.ncbi.nlm.nih.gov/pubmed/7508375
https://www.ncbi.nlm.nih.gov/pubmed/7508375
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1765691/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1765691/
https://www.ncbi.nlm.nih.gov/pubmed/8710131


945

Citation: Emanuele Bartolini. “EEG-fMRI in Epilepsy: An Overview”. EC Neurology 10.10 (2018): 943-946.

4. Patel MR., et al. “Echo-planar functional MR imaging of epilepsy with concurrent EEG monitoring”. American Journal of Neuroradiol-
ogy 20.10 (1999): 1916-1919.

5. Bénar CG., et al. “The BOLD response to interictal epileptiform discharges”. Neuroimage 17.3 (2002): 1182-1192.

6. Salek-Haddadi A., et al. “Hemodynamic correlates of epileptiform discharges: an EEG-fMRI study of 63 patients with focal epilepsy”. 
Brain Research 1088.1 (2006): 148-166.

7. Vulliemoz S., et al. “Simultaneous intracranial EEG and fMRI of interictal epileptic discharges in humans”. Neuroimage 54.1 (2011): 
182-190.

8. An D., et al. “BOLD responses related to focal spikes and widespread bilateral synchronous discharges generated in the frontal lobe”. 
Epilepsia 56.3 (2015): 366-374.

9. Hamandi K., et al. “Combined EEG-fMRI and tractography to visualize propagation of epileptic activity”. Journal of Neurology, Neuro-
surgery, and Psychiatry 79.5 (2008): 594-597.

10. Vulliemoz S., et al. “The spatio-temporal mapping of epileptic networks: combination of EEG-fMRI and EEG source imaging”. Neuroim-
age 46.3 (2009): 834-843.

11. Chaudhary UJ., et al. “Mapping preictal and ictal haemodynamic networks using video-electroencephalography and functional imag-
ing”. Brain 135.12 (2012): 3645-3663.

12. Chaudhary UJ., et al. “Mapping human preictal and ictal haemodynamic networks using simultaneous intracranial EEG-fMRI”. Neuro-
Image: Clinical 2311 (2016): 486-493.

13. Raichle ME., et al. “A default mode of brain function”. Proceedings of the National Academy of Sciences of the United States of America 
98.2 (2001): 676-682.

14. Shamshiri EA., et al. “Interictal activity is an important contributor to abnormal intrinsic network connectivity in paediatric focal 
epilepsy”. Human Brain Mapping 38.1 (2016): 221-236.

15. Xiao F., et al. “Real-time effects of centrotemporal spikes on cognition in rolandic epilepsy: An EEG-fMRI study”. Neurology 86.6 
(2016): 544-551.

16. Morano A., et al. “Ictal EEG/fMRI study of vertiginous seizures”. Epilepsy and Behavior 68 (2017): 51-56. 

17. Weir B. “The morphology of the spike-wave complex”. Electroencephalography and Clinical Neurophysiology 19.3 (1965): 284-290.

18. Salek-Haddadi A., et al. “Functional magnetic resonance imaging of human absence seizures”. Annals of Neurology 53.5 (2003): 663-
667.

19. Aghakhani Y., et al. “fMRI activation during spike and wave discharges in idiopathic generalized epilepsy”. Brain 127.5 (2004): 1127-
1144.

20. Hamandi K., et al. “EEG-fMRI of idiopathic and secondarily generalized epilepsies”. Neuroimage 31.4 (2006): 1700-1710.

21. De Tiege X., et al. “Metabolic evidence for remote inhibition in epilepsies with continuous spike-waves during sleep”. Neuroimage 40.2 
(2008): 802-810.

22. Gotman J., et al. “Generalized epileptic discharges show thalamocortical activation and suspension of the default state of the brain”. 
Proceedings of the National Academy of Sciences of the United States of America 102.42 (2005): 15236-15240.

23. Gotman J. “Epileptic networks studied with EEG-fMRI”. Epilepsia 49.3 (2008): 42-51.

24. Liu Y., et al. “EEG-fMRI study of the ictal and interictal epileptic activity in patients with eyelid myoclonia with absences”. Epilepsia 
49.12 (2008): 2078-2086.

25. Moeller F., et al. “Changes in activity of striato-thalamo-cortical network precede generalized spike wave discharges”. Neuroimage 
39.4 (2008): 1839-1849.

EEG-fMRI in Epilepsy: An Overview

https://www.ncbi.nlm.nih.gov/pubmed/10588118
https://www.ncbi.nlm.nih.gov/pubmed/10588118
https://www.ncbi.nlm.nih.gov/pubmed/12414258
https://www.ncbi.nlm.nih.gov/pubmed/16678803
https://www.ncbi.nlm.nih.gov/pubmed/16678803
https://www.ncbi.nlm.nih.gov/pubmed/20708083
https://www.ncbi.nlm.nih.gov/pubmed/20708083
https://www.ncbi.nlm.nih.gov/pubmed/25599979
https://www.ncbi.nlm.nih.gov/pubmed/25599979
https://www.ncbi.nlm.nih.gov/pubmed/18096681
https://www.ncbi.nlm.nih.gov/pubmed/18096681
https://www.ncbi.nlm.nih.gov/pubmed/19408351
https://www.ncbi.nlm.nih.gov/pubmed/19408351
https://www.ncbi.nlm.nih.gov/pubmed/23250884
https://www.ncbi.nlm.nih.gov/pubmed/23250884
https://www.ncbi.nlm.nih.gov/pubmed/27114897
https://www.ncbi.nlm.nih.gov/pubmed/27114897
http://www.pnas.org/content/98/2/676
http://www.pnas.org/content/98/2/676
https://www.ncbi.nlm.nih.gov/pubmed/27543883
https://www.ncbi.nlm.nih.gov/pubmed/27543883
https://www.ncbi.nlm.nih.gov/pubmed/26747882
https://www.ncbi.nlm.nih.gov/pubmed/26747882
https://www.ncbi.nlm.nih.gov/pubmed/28109990
https://www.ncbi.nlm.nih.gov/pubmed/4157831
https://www.ncbi.nlm.nih.gov/pubmed/12731002
https://www.ncbi.nlm.nih.gov/pubmed/12731002
https://www.ncbi.nlm.nih.gov/pubmed/15033899
https://www.ncbi.nlm.nih.gov/pubmed/15033899
https://www.ncbi.nlm.nih.gov/pubmed/16624589
https://www.ncbi.nlm.nih.gov/pubmed/18201907
https://www.ncbi.nlm.nih.gov/pubmed/18201907
https://www.ncbi.nlm.nih.gov/pubmed/16217042
https://www.ncbi.nlm.nih.gov/pubmed/16217042
https://www.ncbi.nlm.nih.gov/pubmed/18304255
https://www.ncbi.nlm.nih.gov/pubmed/18657177
https://www.ncbi.nlm.nih.gov/pubmed/18657177
https://www.ncbi.nlm.nih.gov/pubmed/18082429
https://www.ncbi.nlm.nih.gov/pubmed/18082429


946

Citation: Emanuele Bartolini. “EEG-fMRI in Epilepsy: An Overview”. EC Neurology 10.10 (2018): 943-946.

Volume 10 Issue 10 October 2018
© All rights reserved by Emanuele Bartolini.

26. Li Q., et al. “EEG-fMRI study on the interictal and ictal generalized spike wave discharges in patients with childhood absence epilepsy”. 
Epilepsy Research 87.2-3 (2009): 160-168.

27. Moeller F., et al. “Simultaneous EEG-fMRI in drug-naive children with newly diagnosed absence epilepsy”. Epilepsia 49.9 (2008): 
1510-1519.

28. Tyvaert L., et al. “Thalamic nuclei activity in idiopathic generalized epilepsy: an EEG-fMRI study”. Neurology 73.23 (2009): 2018-2022.

29. Carney PW., et al. “The core network in absence epilepsy. Differences in cortical and thalamic BOLD response”. Neurology 75.10 
(2010): 904-911.

30. Szaflarski JP., et al. “Cortical and subcortical contributions to absence seizure onset examined with EEG/fMRI”. Epilepsy and Behavior 
18.4 (2010): 404-413.

31. Benuzzi F., et al. “Increased cortical BOLD signal anticipates generalized spike and wave discharges in adolescents and adults with 
idiopathic generalized epilepsies”. Epilepsia 53.4 (2012): 622-630.

32. Bartolini E., et al. “Abnormal response to photic stimulation in juvenile myoclonic epilepsy: an EEG-fMRI study”. Epilepsia 55.7 (2014): 
1038-1047.

33. Vaudano AE., et al. “Brain correlates of spike and wave discharges in GLUT1 deficiency syndrome”. NeuroImage: Clinical 13 (2016): 
446-454.

34. Liu Z., et al. “Linear and nonlinear relationships between visual stimuli, EEG and BOLD fMRI signals”. Neuroimage 50.3 (2010): 1054-
1066.

35. Moeller F., et al. “EEG-fMRI study of generalized spike and wave discharges without transitory cognitive impairment”. Epilepsy and 
Behavior 18.3 (2010): 313-316.

EEG-fMRI in Epilepsy: An Overview

https://www.ncbi.nlm.nih.gov/pubmed/19836209
https://www.ncbi.nlm.nih.gov/pubmed/19836209
https://www.ncbi.nlm.nih.gov/pubmed/18435752
https://www.ncbi.nlm.nih.gov/pubmed/18435752
http://n.neurology.org/content/73/23/2018.short
https://www.ncbi.nlm.nih.gov/pubmed/20702791
https://www.ncbi.nlm.nih.gov/pubmed/20702791
https://www.ncbi.nlm.nih.gov/pubmed/20580319
https://www.ncbi.nlm.nih.gov/pubmed/20580319
https://www.ncbi.nlm.nih.gov/pubmed/22242887
https://www.ncbi.nlm.nih.gov/pubmed/22242887
https://www.ncbi.nlm.nih.gov/pubmed/24861441
https://www.ncbi.nlm.nih.gov/pubmed/24861441
https://www.sciencedirect.com/science/article/pii/S2213158216302637
https://www.sciencedirect.com/science/article/pii/S2213158216302637
https://www.ncbi.nlm.nih.gov/pubmed/20079854
https://www.ncbi.nlm.nih.gov/pubmed/20079854
https://www.ncbi.nlm.nih.gov/pubmed/20605747
https://www.ncbi.nlm.nih.gov/pubmed/20605747

	_GoBack

