
Noninvasive Mapping of Spike Onset identifies the Epileptogenic Zone in Children with Refractory Epilepsy

Margherita A.G. Matarrese1,2,3, Eleonora Tamilia4,5, M Scott Perry1, Joseph R. Madsen6, Steven M Stufflebeam7, Jeffrey Bolton5, Scellig S.D. Stone6, Phillip L. Pearl5, Simonetta Filippi2 and Christos Papadelis1,3,8

1. Jane and John Justin Institute for Mind Health Neurosciences Center, Cook Children’s Health Care System, Fort Worth, TX, USA 2. Research Unit of Nonlinear Physics and Mathematical Modeling, Department of Engineering, Campus Bio-Medico University of Rome, Rome, Italy

3. Department of Bioengineering, University of Texas at Arlington, Arlington, TX, USA    4. Fetal-Neonatal Neuroimaging and Developmental Science Center, Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA

5. Division of Epilepsy and Clinical Neurophysiology, Department of Neurology, Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA 6. Division of Epilepsy Surgery, Department of Neurosurgery, Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA

7. Athinoula Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Harvard Medical School, Boston, USA 8. School of Medicine, Texas Christian University, Fort Worth, TX, USA

s
▪ We retrospectively analyzed interictal iEEG, HD-EEG

and MEG data from 10 children with DRE who
underwent resective neurosurgery with favorable
outcome (Engel 1 at one year after surgery).

▪ Using electromagnetic source imaging, we mapped the
spatiotemporal propagation of spikes in the source
domain with wavelet Maximum Entropy of the Mean
(wMEM) (Fig. 1) and identified the anatomical gyrus
where the spike-onset was located.

▪ We computed the duration, spatial displacement, and
speed of each spike propagation.

▪ For each patient and modality, we defined the region
that predominantly was the first to be active as spike-
onset.

▪ We then estimated the mean distance of these
noninvasive spike-onsets from resection and from the
spike-onset defined invasively that served as gold
standard.

Results: Effective Connectivity and Source Imaging

▪ For many children with drug resistant epilepsy (DRE) of
focal onset, resective neurosurgery is the most
efficacious treatment, but requires a biomarker that
identifies the epileptogenic zone (EZ) with high precision.

▪ Our group has shown that spike-onset, identified via
intracranial electroencephalography (iEEG), is a
powerful biomarker of the EZ, but its delineation implies
complications due to the intrinsic invasiveness. Hence,
the availability of an interictal biomarker that delineates the
EZ non-invasively is paramount.

▪ Here, we aim to map spike propagations non-invasively
via high-density EEG (HD-EEG) and magnetoence-
phalography (MEG), assess the concordance of the non-
invasively localized spike-onset with the one derived from
iEEG, and examine its ability to identify the EZ.

Figure 1. Spike Propagations in HD-EEG, MEG, and iEEG. For each
signal, sensor locations are displayed either on the scalp (HD-EEG and
MEG) or on cortex (iEEG). Spikes of selected sensors are displayed in the
time domain. Events are reconstructed at the source-level and their
temporal occurrence is color-coded from red (lowest time) to blue (highest
time). The reconstructed propagation in the source domain is obtained
using wMEM that performs source localization in the time-frequency
domain using anatomical information from the geometry of gray matter
surface. For each propagation, we apply a moving average within each 5
ms to regularize the sources activity and create a cortical region of
activation (CRA) for each interval.

Conclusion
▪ Our data provide evidence that spike propagation,

and its onset, can be mapped noninvasively with
electromagnetic source imaging in children with DRE.

▪ The non-invasive mapping of such an interictal
biomarker may augment the presurgical evaluation
of children with DRE by reducing the need for invasive
monitoring.

▪ Matarrese MAG, Loppini A, Fabbri L, et al., Spike propagation mapping reveals
effective connectivity and predicts surgical outcome in epilepsy, Brain, Vol. 146,
Issue 9, September 2023, Pages 3898–3912, doi: 10.1093/brain/awad118

▪ Tanaka N, Hämäläinen MS, Ahlfors SP, et al., Propagation of epileptic spikes
reconstructed from spatiotemporal magnetoencephalographic and electroence-
phalographic source analysis, NeuroImage, Vol. 50, Issue 1, March 2012, Pages
217-222, doi: 10.1016/j.neuroimage.2009.12.033.

This work was supported by the National Institute of Neurological Disorders &
Stroke (RO1NS104116-01A1, PI: C. Papadelis; R21NS101373-01A1, PIs: C.
Papadelis & S. Stufflebeam), and Cook Children’s Health Care System (PI:
M.A.G. Matarrese).

Results: Outcome Prediction

▪We found a higher spike propagation rate
in iEEG than HD-EEG (13.5 [3.8-29.4] vs.
4.3 [2.6-9.6] events/min; p=0.048).

▪ No difference in spike propagation rate
was observed between MEG (6.2 [2.4-14.4]
events/min) and both HD-EEG and iEEG
(p>0.5).

▪No difference was observed across
modalities in duration (iEEG: 74 ms [55-
143 ms]; HD-EEG: 71 ms [55-125 ms];
MEG: 70 ms [64-108 ms]; p>0.5; Fig. 2A)
and spatial displacement (iEEG: 5 cm [3-8
cm]; HD-EEG: 8 cm [6-13 cm]; MEG: 6 cm
[3-8 cm]; p>0.5; Fig. 2B).

▪The lowest propagation speed was
observed with iEEG (~0.5 m/s), followed by
MEG (~0.7 m/s) and HD-EEG (~1 m/s) (Fig.
2C).

▪ The spike-onset defined via MEG and HD-
EEG was concordant with the iEEG-
defined spike-onset in 70% and 40% of
patients, respectively (Fig. 3A).

▪ The distance between the non-invasively
localized spike-onset from the iEEG spike-
onset were 3.2 cm [0.8-5.0 cm] for the HD-
EEG and 1.1 cm [0.8-2.4 cm] for the MEG
(Fig. 3BE).

▪ Finally, the distance from resection was
0.9 cm (median) for the iEEG spike-onset
and ~1.6 cm (median) for the spike-onsets
defined via HD-EEG and MEG (Fig. 3C;
p=0.15).

Figure 2. Comparison of spike propagation features across modalities. (A)
Duration, i.e. time interval length where the source space activation is over threshold (B)
spatial displacement, i.e. the sum of all distances from each CRA, and (C) speed of spike
propagation, i.e. ratio of spatial displacement and duration, for iEEG, HD-EEG and MEG.
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Figure 3. Comparison with iEEG gold standard and Resection. (A) Localization of

noninvasive spike-onset compared to the invasive one. Four concordance scenarios: (i)

Type 1 concordance if the noninvasive and invasive spike-onset are in the same gyrus,

identified by Desikan-Killiany cortical parcellation; (ii) Type 2 and (iii) Type 3 if the

noninvasive spike-onset is in the adjacent gyrus, or one gyrus above respect to the invasive

spike-onset respectively; (iv) Type 4 if the two localizations are far more than two gyri. (B)

Distance of the noninvasive spike-onset from the invasive one; and (C) Distance from

resection for the spike-onset with the different modalities.
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