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Sink into the epileptogenic zone: findings
from directed SEEG functional connectivity

decomposition

This scientific commentary refers to ‘The interictal suppression
hypothesis is the dominant differentiator of seizure onset zones
in focal epilepsy’ by Doss et al. (https:/doi.org/10.1093/brain/
awael89).

For patients with medically refractory focal epilepsies, epilepsy sur-
gery represents the most effective treatment option. Many of these
patients require intracranial EEG investigation to delineate the epi-
leptogenic zone (EZ, the zone primarily responsible for generating
seizures) and its relationship with eloquent cortices. Advances in
intracranial EEG investigation, most notably in signal analysis
and quantification, have led to the discovery that the EZ often in-
cludes multiple brain regions with simultaneous discharges during
both interictal and ictal periods.’ This has led to a paradigm shift,
with the EZ now thought of as a network of interconnected regions
rather than as a single focus from which epileptic activity spreads
to surrounding areas.’

In addition, numerous methods have been developed to assess
the synchronization of brain electrophysiological signals, in order
to evaluate cerebral functional connectivity. Altered functional
connectivity during the interictal period has been linked to epilep-
togenicity.? It is now well established that, in various forms of focal
epilepsy, regions within the EZ are more highly interconnected
than regions outside.” Furthermore, zones where seizures initiate
show greater functional connectivity with seizure propagation
zones than with zones not involved in seizures.? Patterns of inter-
ictal functional connectivity also correlate with surgical outcomes:
greater functional connectivity within the resected zone is asso-
ciated with favourable outcomes, while greater functional connect-
ivity outside the EZ is linked to unfavourable outcomes.? Assessing
interictal functional connectivity has shown promise as a means of
delineating the EZ.>

Progress in functional connectivity analysis has also led to the
emergence of conceptual pathophysiological hypotheses. For in-
stance, in multivariate and Granger-based assessments of func-
tional connectivity (in which the history of multiple time series is
used to predict the future of a time series of interest), methods
like partial directed coherence (PDC) allow estimation of the direc-
tionality of functional connectivity and determination of whether
one region leads another, controlling for indirect connections. By
averaging all connections of a brain region (a node), it is possible
to estimate whether that region behaves as a sender/source or re-
ceiver/sink within the network.

Interestingly, several studies have indicated that during the
interictal period, the EZ acts predominantly as a sink, with greater
inward functional connectivity than outward. This inward con-
nectivity is stronger than that observed in regions outside the
EZ, while the outward connectivity remains comparable.? Such
directed functional connectivity has been shown to allow for bet-
ter EZ determination than undirected functional connectivity.?
However, it should be noted that this sink behaviour is not repro-
duced in all studies (for instance, studies using bivariate functional
connectivity estimation and others on focal cortical dysplasia have
suggested greater outward functional connectivity from the EZ?).
Such divergence could stem from differences in the methods
used, with multivariate analyses being mandatory to unravel such
patterns, and/or from the impact of interictal epileptiform dis-
charges (IEDs). Questions remain regarding the importance of these
patterns within the overall functional connectivity and their con-
sistency across patients, as previous studies were conducted at
the group level. Furthermore, methods to extract the main patterns
without prior assumptions are also needed. Doss and co-workers®
begin to tackle these issues in a new study in Brain.

The authors assessed functional connectivity in 81 patients with
various forms of epilepsy and locations of the EZ by performing
multivariate analysis on the frequency domain (PDC) of stereo-EEG
(SEEG) time series. From this directed functional connectivity ana-
lysis, they were able to estimate the relative strengths of outward
and inward connections from each node (i.e. SEEG bipolar chan-
nel). The novelty of this study is the application of a data-driven
(i.e. without a specific a priori hypothesis) decomposition tech-
nique, specifically principal component analysis (PCA), to the func-
tional connectivity matrix to disentangle connectivity patterns
(PCA components) that can be ranked in decreasing order in terms
of the variance explained (Fig. 1). Notably, among the top five com-
ponents, the authors found a component with high inward and low
outward functional connectivity in all patients, which they termed
the ‘interictal suppression hypothesis’ (ISH) component. This find-
ing illustrates the consistency of functional connectivity patterns
across patients, independent of the type of focal epilepsy. In
~80% of patients, the ISH component was ranked top, explaining
the most variance in the data (~15%, PC 1 group), while in the other
patients, it explained less variance (PC 2 group).

The authors then examined the spatial distribution of this ISH
component, focusing on the relative participation of each node
(i.e. the channel weight in the component). They found that nodes
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Figure 1 Overview of the study by Doss et al.® (A) From stereo-EEG (SEEG) interictal recordings (periods with and without spikes), Doss et al.® estimated
multivariate directed functional connectivity (FC) by assessing how time series can predict the future of other time series using Granger-based squared
partial directed coherence. (B) The authors decomposed their functional connectivity matrix into components using principal component analysis
(PCA) with different weights for inward and outward functional connectivity for each channel. They consistently identified one component with
high weights for inward and low weights for outward functional connectivity (Component 1). (C) The analysis of the channel weights within this com-
ponent revealed that nodes within the epileptogenic zone (EZ) exhibit greater inward than outward functional connectivity compared to other zones.
The authors hypothesize that this is due to increased surrounding inhibition toward the EZ. However, the source of this greater inward functional con-
nectivity is unknown. (D) Further studies are needed: (i) to confirm that this stronger inward functional connectivity is truly due to increased functional
connectivity from propagation (PZ) and non-involved zones (NIZ); (ii) to understand whether this inward functional connectivity is inhibitory; and
(iii) to investigate the added value of this new method and findings in the diagnosis and treatment of focal medication-refractory epilepsies.

within the EZ were significantly over-represented in the ISH com- the PCA analysis allowed differentiation of the EZ from other zones
ponent compared to other regions, suggesting that the EZ has high- in both patient groups, but particularly strongly in the PC 1 group.
er inward than outward functional connectivity. Information from Although the main results were presented in the alpha band,
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they remained robust across all sub-bands, confirming that the pat-
tern is not frequency-specific.

Finally, the authors compared the clinical features of the two
patient groups without finding any significant differences, particu-
larly regarding surgical outcomes. However, there were differences
in SEEG spatial sampling, with fewer non-involved zones sampled
in the PC 2 group, potentially explaining the greater difficulty in
capturing the ISH pattern in this subgroup. Unfortunately, it re-
mains unclear whether identifying nodes belonging to the EZ
from the ISH component is easier than identifying them from the
raw functional connectivity matrix, as this has not been formally
tested. Nonetheless, some of the results showed a larger difference
between the EZ and other zones using functional connectivity re-
constructed from the ISH component, suggesting that future stud-
ies addressing this question would be worthwhile.

Overall, this work reinforces the observation of higher out-
ward and lower inward functional connectivity in the EZ, demon-
strating that such patterns are common across patients and often
represent the most significant pattern in the functional connect-
ivity matrix. This finding has conceptual implications, shifting
our view of the EZ from being a source of excitatory or disruptive
information for other brain areas (a view derived from temporal
dynamics seen during seizures and IED propagation; in this study,
the effect of IEDs is unknown) to the EZ being a receiver or sink
during interictal states.

Interestingly, previous studies have shown that this pattern
can reverse during seizures, with the EZ becoming the leading
region.? The authors conceptualize this observation as inhibitory
information sent from the non-EZ to the EZ to prevent seizures
(ISH), mirroring the concept of surrounding inhibition observed
during seizures.” However, it cannot be directly inferred that
higher inward connectivity towards the EZ is inhibitory, as func-
tional connectivity analyses cannot distinguish between inhibi-
tory and excitatory transmission. Translational studies correlating
directed functional connectivity with microscopic evaluation of
neurotransmission in neural circuits, and large scale computational
realistic neural mass modelling® could resolve this issue.
Furthermore, as the observations are at the node level, it remains
unclear whether this increased inward functional connectivity
originates from regions outside the EZ or from other areas within
the EZ, as no specific studies on these connections have been
conducted to date.

In addition, as intracranial EEG studies do not include healthy
control groups, it is uncertain whether the observed increase in
inward functional connectivity within the EZ reflects a true en-
hancement compared to normal physiological conditions; it could
also represent a reduction in inward functional connectivity in
regions outside the EZ, which would produce a similar imbalance
of higher inward and lower outward functional connectivity in
the EZ relative to the entire SEEG-sampled network. Notably, the
only intracranial EEG studies that compared functional connectivity
between patients with and without epilepsy showed a disconnec-
tion of the EZ from the rest of the brain; scalp EEG studies have de-
monstrated decreased outward functional connectivity from the
EZ, and diffusion MRI studies have shown preserved structural con-
nectivity within the EZ and decreased structural connectivity out-
side.? Future studies should look at the links between areas within
and outside the EZ, and between these zones. Non-invasive EEG or
magnetoencephalography studies could also evaluate whether the
inward functional connectivity towards the EZ truly increases com-
pared to healthy controls. Another strategy could involve comparing
normative atlases of functional connectivity from non-pathological
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intracranial EEG channels, although no such atlas for directed func-
tional connectivity has yet been developed.

Studies at various scales are thus needed to confirm the ISH
and the current work opens up several new research avenues.
First, using PCA and other decomposition techniques on the func-
tional connectivity matrix is promising for generalizing findings
from group level to patient level and enabling data-driven ana-
lyses without prior assumptions. It would undoubtedly be worth
developing this approach for studies in patients with neurological
conditions. However, the clinical value of these new metrics in de-
lineating the EZ remains to be assessed, particularly in compari-
son to other ictal and interictal markers. Given the plethora of
metrics suggested for localizing the EZ, comprehensive analysis
of various metrics to disentangle the added value of each one is
crucial, as well as proper statistical testing considering the class
imbalance between EZ/non-EZ.

Another exciting research direction is to estimate how neuro-
modulation changes the functional connectivity pattern accord-
ing to outcomes. Previous work has shown that decreasing
functional connectivity during stimulation periods is associated
with favourable outcomes.’ Investigating whether responders to
neuromodulation exhibit a pattern of reinforced inward func-
tional connectivity towards the EZ would be valuable. It may
even be worth considering tailoring a patient’s stimulation para-
meters to maximize this effect using non-invasive functional
connectivity data.

Another growing field is the use of ‘digital twins’, namely in silico
modelling of brain epileptic behaviour from patient data (usually
using structural connectivity and ictal excitability markers).'
Currently, these models do not include information on the direc-
tion of connectivity. Integrating patterns of directed functional
connectivity into the models may be interesting for exploring their
impact on performance in delineating the EZ or in defining the op-
timal treatment strategy (in silico resection or neuromodulation).

Last but not least, despite significant advances in intracranial
EEG quantification and functional connectivity analyses, there re-
mains a need to integrate such metrics into clinical practice in epi-
lepsy surgery centres, so that patients may benefit from these
developments. Easy-to-use metrics that can be rapidly computed
in user-friendly open software, and clinicians fully trained in their
application, are greatly needed.

Stanislas Lagarde™? and ([?)Fabrice Bartolomei?

1 Epileptology and Cerebral Rhythmology Department (member of the ERN
EpiCARE Network), APHM, Timone Hospital, 13005 Marseille, France

2 INS, Institut de Neurosciences des Systémes, Aix Marseille University,
INSERM, 13005 Marseille, France

Correspondence to: Stanislas Lagarde
E-mail: stanislas.lagarde@univ-amu.fr

Acknowledgements

We would like to thank Nicolas Roehri and Isotta Rigoni for useful
methodological discussions on the topic.

Funding

S.L. is supported by the LFCE (Ligue Frangaise Contre I'Epilepsie,
French chapter of the International League Against Epilepsy) and
PHOCEO (fonds de dotation de I’AP- HM).

G20z Aienuer 1z uo Jasn g |lIasIe\-X1y ausianun Aq €£9€2.2/2062/6/L1 L/2191e/uleIq/Wwoo dno-olwapede/:sdjy Wol) papeojumod


https://orcid.org/0000-0003-2916-1302
https://orcid.org/0000-0002-1678-0297
mailto:stanislas.lagarde@univ-amu.fr

Scientific Commentary BRAIN 2024: 147; 2902-2905 | 2905

Johnson GW, Doss DJ, Morgan VL, et al. The interictal suppres-
sion hypothesis in focal epilepsy: Network-level supporting evi-
dence. Brain. 2023;146:2828-2845.

6. Doss D], Shless JS, Bick SK, et al. The interictal suppression hy-
pothesis is the dominant differentiator of seizure onset zones
in focal epilepsy. Brain. 2024;147:3009-3017.

Competing interests 5.

The authors report no competing interests.

References
1. BartolomeiF, Lagarde S, WendlingF, et al. Defining epileptogenic

networks: Contribution of SEEG and signal analysis. Epilepsia. 7. Schevon CA, Weiss SA, McKhann G, et al. Evidence of an in-
2017;58:1131-1147. hibitory restraint of seizure activity in humans. Nat Commun.
Lagarde S, Bénar CG, Wendling F, Bartolomei F. Interictal func- 2012;3:1060.

tional connectivity in focal refractory epilepsies investigated by 8. Allouch S, Yochum M, Kabbara A, et al. Mean-field modeling of
intracranial EEG. Brain Connect. 2022;12(10):850-869. brain-scale dynamics for the evaluation of EEG source-space
Narasimhan S, Kundassery KB, Gupta K, et al. Seizure-onset re- networks. Brain Topogr. 2022;35:54-65.

gions demonstrate high inward directed connectivity during 9. Carron R, Roncon P, Lagarde S, Dibué M, Zanello M, Bartolomei F.
resting-state: An SEEG study in focal epilepsy. Epilepsia. 2020; Latest views on the mechanisms of action of surgically implanted
61:2534-2544. cervical vagal nerve stimulation in epilepsy. Neuromodulation.
Gunnarsdottir KM, Li A, Smith R], et al. Source-sink connectivity: 2022;26(3):498-506.

A novel interictal EEG marker for seizure localization. Brain. 2022; 10. Jirsa V, Wang H, Triebkorn P, et al. Personalised virtual brain

145:3901-3915.

models in epilepsy. Lancet Neurol. 2023;22:443-454.

G20z Aenuer 4z uo Jasn g o|liesIBN-XIY SNSISAIUN AQ ££9€Z/L/Z062/6/LY 1 /B101E/UIEIq/W0D dNo dILapED.)/:SA)Y WO} PAPEOJUMO(



	Sink into the epileptogenic zone: findings from directed SEEG functional connectivity decomposition
	Acknowledgements
	Funding
	Competing interests
	References


