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Towards network-guided neuromodulation 
for epilepsy

Rory J. Piper,1,2 R. Mark Richardson,3 Gregory Worrell,4 David W. Carmichael,5 

Torsten Baldeweg,2 Brian Litt,6 Timothy Denison7 and Martin M. Tisdall1,2

Epilepsy is well-recognized as a disorder of brain networks. There is a growing body of research to identify critical nodes 
within dynamic epileptic networks with the aim to target therapies that halt the onset and propagation of seizures. In 
parallel, intracranial neuromodulation, including deep brain stimulation and responsive neurostimulation, are well-es
tablished and expanding as therapies to reduce seizures in adults with focal-onset epilepsy; and there is emerging evi
dence for their efficacy in children and generalized-onset seizure disorders. The convergence of these advancing fields is 
driving an era of ‘network-guided neuromodulation’ for epilepsy. In this review, we distil the current literature on net
work mechanisms underlying neurostimulation for epilepsy. We discuss the modulation of key ‘propagation points’ 
in the epileptogenic network, focusing primarily on thalamic nuclei targeted in current clinical practice. These include 
(i) the anterior nucleus of thalamus, now a clinically approved and targeted site for open loop stimulation, and increas
ingly targeted for responsive neurostimulation; and (ii) the centromedian nucleus of the thalamus, a target for both deep 
brain stimulation and responsive neurostimulation in generalized-onset epilepsies. We discuss briefly the networks as
sociated with other emerging neuromodulation targets, such as the pulvinar of the thalamus, piriform cortex, septal area, 
subthalamic nucleus, cerebellum and others. We report synergistic findings garnered from multiple modalities of inves
tigation that have revealed structural and functional networks associated with these propagation points — including 
scalp and invasive EEG, and diffusion and functional MRI. We also report on intracranial recordings from implanted de
vices which provide us data on the dynamic networks we are aiming to modulate. Finally, we review the continuing evo
lution of network-guided neuromodulation for epilepsy to accelerate progress towards two translational goals: (i) to use 
pre-surgical network analyses to determine patient candidacy for neurostimulation for epilepsy by providing network 
biomarkers that predict efficacy; and (ii) to deliver precise, personalized and effective antiepileptic stimulation to prevent 
and arrest seizure propagation through mapping and modulation of each patients’ individual epileptogenic networks.

1 Department of Neurosurgery, Great Ormond Street Hospital, London, UK
2 Developmental Neurosciences, UCL Great Ormond Street Institute of Child Health, University College London, 

London, UK
3 Department of Neurosurgery, Massachusetts General Hospital and Harvard Medical School, Boston, USA
4 Department of Neurology, Mayo Clinic, Rochester, USA
5 Department of Biomedical Engineering, King’s College London, London, UK
6 Department of Neurology and Bioengineering, University of Pennsylvania, Philadelphia, USA
7 MRC Brain Networks Unit, University of Oxford, Oxford, UK

Correspondence to: Dr Rory J. Piper  
Developmental Neurosciences  
UCL Great Ormond Street Institute of Child Health  
University College London  
30 Guilford Street  

Received January 17, 2022. Revised May 30, 2022. Accepted June 16, 2022. Advance access publication June 30, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by- 
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, 
please contact journals.permissions@oup.com

https://orcid.org/0000-0002-6422-5853
https://orcid.org/0000-0001-8880-8386
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/brain/awac234


3348 | BRAIN 2022: 145; 3347–3362                                                                                                                             R. J. Piper et al.

London WC1N 1EH, UK  
E-mail: Rory.Piper.20@ucl.ac.uk

Keywords: epilepsy; deep brain stimulation; responsive neurostimulation; networks; connectivity

Glossary
Connectivity: The relationship that a node(s) has with another or others. In terms of brain connectivity, there is a common reference to 
‘structural connectivity’ (e.g. integrity of white matter connections between regions) and ‘functional connectivity’ [e.g. correlation in 
brain activity (EEG or fMRI signal) between brain regions].
Network: A group of interconnected entities. Networks exist in different scales – for example an ’epileptogenic network’.
Neuromodulation: ‘The alteration of nerve activity through targeted delivery of a stimulus, such as electrical stimulation or chemical 
agents, to specific neurological sites in the body’ (The International Neuromodulation Society194).
Node: A specific entity within a network. Connections (or ‘edges’) may be measured between nodes.
Seizure-onset zone: A brain region or network (of multiple regions) that are responsible for the development of seizures.
Synchrony: A measure of functional connectivity that may be determined as the similarity or correlation between the signal time
series (e.g. those dervied from EEG or fMRI) of two or more nodes.

Introduction
We now understand that epilepsy is a disorder that alters the normal 
connectivity of the brain.1–6 Advances in brain connectivity (‘network 

neuroscience’ or ‘connectomics’) research over the last few decades7,8

have driven the study of epilepsy as a network disorder. The propaga

tion of abnormal brain activity both during (ictal) and between (inter- 

ictal) seizures alters widespread networks in generalized-onset epi

lepsy, but we also now understand that focal epilepsy subtypes have 

a wider implicated network than previously considered,9,10 i.e. a per

sistent group of around 30% of patients with epilepsy will develop 
drug-resistant epilepsy (DRE) and require alternative forms of ther
apy.11 Not all patients with DRE, however, are eligible for surgical resec
tion of the seizure-onset zone (SOZ). Whilst traditional epilepsy 
surgical options—including resections and disconnections—have the 
potential to decouple the epileptogenic network from the normal net
works of the brain,12,13 they are limited by their morbidity and irrever
sibility. Stimulation therapies provide a greater degree of control and 
reversibility while being minimally-invasive, potentially offering a 
more accurate and controllable treatment option. Intracranial neuro
stimulation interventions, such as deep brain stimulation (DBS) and re
sponsive neurostimulation (RNS), have become effective and available 
treatment options to reduce seizure burden for selected patients with 
DRE.14–16 Although not further discussed in this review, vagus nerve 
(extracranial) stimulation also delivers neuromodulation in order to re
duce seizure frequency by altering brain networks via the afferent in
nervation of the vagus nerve.17

Advances in brain network analyses and the fortuitous 
availability of data gathered from long-term implants in the 

human epileptic brain has enabled a cascade of research in 

the field of ‘network-guided neuromodulation’.18–21 Our under

standing of how neurostimulation works on a network level 

has been made possible by studying and combining multiple 

complimentary methods such as diffusion and functional MRI 

(fMRI),22–25 scalp EEG and intracranial EEG.26

Whilst there have been recent reviews that have summarized 
the current availability and efficacy of intracranial neurostimula

tion therapies for epilepsy,14–16,27,28 we here approach these therap

ies from a network neuroscience perspective. A network-guided 

neuromodulation framework for epilepsy allows us to ask 

questions that may advance the treatment options and efficacy 

that we can offer to patients. These include but are not limited to: 
(i) What are the mechanisms through which current neurostimulation 

therapies inhibit epileptic activity in brain networks?

(ii) What are the network properties of the thalamic regions currently im

planted with antiepileptic devices that make them useful targets for 

neurostimulation?

(iii) Are there other potential stimulation targets and what are the network 

properties associated with these?

(iv) Are there properties of pre-operative epileptic networks (biomarkers) 

that are predictive of clinical response to neurostimulation therapies?

(v) How can we use networks to optimize and personalize neurostimulation 

to maximize its efficacy?

This review of intracranial neuromodulation approaches these 
questions, draws on the latest studies and suggests future research 
that may help us to advance in this field.

The mechanistic role of network 
modulation in neurostimulation 
for epilepsy
From a connectivity perspective, all epilepsy surgery interventions 
are an attempt to sufficiently disrupt the epileptogenic network to 
prevent seizures and to prevent the alteration of ‘healthy’ brain 
networks.29 Surgical resection and thermal ablation directly target 
and destroy the putative SOZ and hemispherotomy or corpus callo
sotomy surgeries structurally ‘disconnect’ the white matter bridg
ing the epileptogenic and normal networks. DBS instead targets 
the most influential downstream ‘propagation points’ within the 
epileptogenic network and aims to prevent onward spread of seiz
ure activity. RNS aims to suppress seizure generation by stimulat
ing the SOZ in ‘response’ to epileptiform activity recorded at the 
SOZ. These concepts are illustrated in Fig. 1.

This review does not attempt to describe all of the hypotheses 
that have been postulated to explain the efficacy of DBS and RNS. 
Other articles have specifically set out to summarize these ap
proaches across multiple scales and modes.31–33 These include, but 
are not limited to, mechanisms of DBS at the local/target level; for ex
ample, high-frequency stimulation has been suggested to prevent 
onward propagation of seizures by either direct inhibition 
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(‘functional lesioning’) of the target or activation disrupting 
pathological activity in circuits (‘jamming theory’).34 In addition, 
studies have suggested that DBS disrupts pathological oscillations 
as a therapeutic mechanism.35 At the cellular level, for example, it 
has been suggested that thalamic stimulation causes glutamate35,36

and adenosine36 release that may reduce thalamic oscillations. 
Since these mechanisms have already been reviewed in detail, our 
review summarizes and questions the main contributions that 

intracranial neurostimulation may offer in terms of wider ‘network’ 
modulation.

Neurostimulation desynchronizes the epileptogenic 
network

Desynchronization of epileptogenic neural networks has been 
shown in multiple investigations as a responsible mechanism for 

Figure 1 Potential network modulation mechanisms of resective surgery, DBS and RNS using mesial temporal lobe epilepsy as an example of a focal 
epileptogenic network. This annotation uses coronal sections of an ex vivo brain from the BigBrain Project (open-source; https://bigbrainproject.org/).30

https://bigbrainproject.org/
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the efficacy of neurostimulation.37 In 1954, Penfield and Jasper com
mented on the hyper-synchronization of brain activity occurring 
during epileptiform activity,38 and this observation remains corrobo
rated in the literature.39–44 For example, the study in sheep by 
Stypulkowski et al.45 compared the network alterations in the 
Papez circuit between anterior nucleus of the thalamus (ANT; ‘indir
ect’) and hippocampal (‘direct’) stimulation. Both indirect and direct 
high-frequency stimulation suppressed theta-band power of local 
field potentials (LFPs) in the hippocampus, but only direct stimula
tion caused a ‘post-ictal suppression’ (defined as a higher threshold 
to produce further discharges from the hippocampus following 
stimulation). A more recent in-human study by Yu et al.43 investi
gated nine patients with temporal lobe epilepsy (TLE) undergoing 
intracranial EEG through inclusion of an electrode in the ANT. They 
showed that high-frequency stimulation of the ANT caused the 
broadband LFPs measured in the ANT to become desynchronized 
with LFPs in the ipsilateral hippocampus and neocortex. A subse
quent study by Scherer et al.42 supported these findings of desyn
chronization in 14 patients with TLE with intermittent ANT DBS 
investigated with scalp EEG. They found that stimulation caused de
synchronization of scalp-recorded theta and alpha band activity in 
responders, but not in non-responders, which supports this finding 
as an important therapeutic mechanism.

DBS therefore uses high-frequency stimulation to prevent so- 
called ‘propagation points’ (stimulation targets, e.g. the thalamus) 
from allowing seizure activity from the SOZ to propagate to and 
synchronize with the unaffected networks of the brain (Fig. 1). 
DBS may also prevent seizure propagation by suppressing the local 
generation of seizure activity through common projections, for ex
ample along the Circuit of Papez in the case of ANT stimulation 
(Fig. 2). In comparison, RNS offers a closed-loop system in which 
the receiving and delivering electrodes are both located in the 
SOZ, and RNS suppresses synchronization locally or regionally dur
ing the occurrence of ictal and inter-ictal epileptiform activity.

The concept of desynchronization is relatively straightforward 
to apply to focal-onset epilepsies (Fig. 1) but more challenging to 

understand in generalized-onset or multifocal-onset epilepsies. 
Bilateral thalamic stimulation may desynchronize cortically driven 
epileptiform activity from the subcortical networks, as suggested 
by studies that have shown that Lennox-Gastaut syndrome is a 
cortically-driven network disorder.52

Can neurostimulation normalize brain networks?

We question if electrically disrupting the epileptogenic network al
lows restoration of normal cortical network functioning. This con
cept of ‘neural hijacking’ has been postulated before by Cheney 
et al.53, who suggest that ‘high-frequency stimulation eliminates 
and replaces natural activity’. However, whilst functional network 
normalization has been shown in resective epilepsy surgery,54 anti
seizure medication therapy55,56 and in DBS for other conditions 
such as Parkinson’s disease,57 there remains a lack of evidence and 
need for investigation for this effect in neurostimulation for DRE.

There is an understandable focus within the current neurosti
mulation literature on seizure frequency reduction as the primary 
outcome measure for neurostimulation strategies. There have 
been a number of studies, however, that have investigated the 
neuropsychological improvement associated with neurostimula
tion for epilepsy, most comprehensively covered by Chan et al.58

in their review. Longer-term data at five59 and nine years60 follow
ing the SANTE trial of DBS for DRE showed that patients gained 
neuropsychological improvement—including improvement in at
tention, executive function, mood (including depression, tension 
and anxiety) and subjective cognitive function. Similarly, a study 
that examined cognitive outcomes 2 years following the RNS trial 
identified a small yet significant improvement in cognition.61 Of 
significance, there has recently been a prospective clinical trial 
examining the cognitive effects of DBS of the anterior nucleus of 
the thalamus for epilepsy. Heminghyt et al.62 randomized eight 
adults to active stimulation and 10 adults to no stimulation for 6 
months following implantation but did not show any cognitive dif
ferences between the groups at the 6-month endpoint. However, at 

Figure 2 Demonstration of the anatomical locations of the current propagation points/stimulation targets. (A) The ANT and (B) CMT. The images were 
created using LeadDBS46,47 with simulated trajectories within the BigBrain backdrop.30 The ANT (anteroventral) and CMT regions of interest and re
spective MNI coordinates were taken from the THOMAS atlas.48,49 The MNI coordinates are derived according to the centre of the regions of interest 
of the THOMAS atlas: anteroventral (right, 5, −5, 12; left, −5, −6, 12) and CMT (right, 10, −19,3; left, −10, −20,3). (C) Unconstrained fibres were seeded from 
each target using the normative fibre-tracking dataset of 32 adult participants from the Human Connectome Project.50,51
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1 year (the open-label phase), there was a reduction in the propor
tion of patients experiencing executive dysfunction.

It may be, however, that a mechanism that allows these neuro
psychological improvements is the relief from seizures or weaning 
of antiseizure medications, but some have argued that this may not 
be the only mechanism.63 In addition, neurostimulation may allow 
neuropsychological improvements by normalizing brain networks. 
Regardless, neurostimulation may be of particular therapeutic va
lue in the developing brains of children—in whom the comorbid
ities of epilepsy may be equally or more concerning than 
seizures. Data to shed light on paediatric outcomes is likely to 
soon become available owing to a recent increase in DBS and RNS 
studies in children.64–66

Lastly, neurostimulation approaches must consider the risk of 
iatrogenic and negative implications to the normal brain net
work(s). Adverse events are not uncommon in neurostimulation 
therapies—for example, the SANTÉ trial of DBS reported that 
18.2% of participants had a paresthesia and 16.4% withdrew due 
to adverse effects. Studies of diffusion MRI in patients undergoing 
DBS for movement disorders have demonstrated that it is possible 
to model optimal electrode positioning that allows for targeting ef
ficacious white matter connections (tracts) but avoiding those asso
ciated with adverse effects.20 Other adverse effects that remain 
uninvestigated from a network perspective include the potential 
effects of neurostimulation on cognition, mood and sleep.67

Neurostimulation alters temporally dynamic brain 
networks

As well as considering stationary (single time point) brain net
works, there is a need to consider that brain networks are dynamic 
over time. Patients with epilepsy demonstrate temporally orga
nized seizure occurrences that respect either circadian (in the 
course of a day), multidien (over multiple days) or circannual 
(over years) patterns.68,69 The opportunity to study data recorded 
from intracranial devices, such as patients undergoing intracranial 
EEG for pre-surgical assessment, has demonstrated changing ‘seiz
ure pathways’ within the epileptogenic network of individual pa
tients across time.70 Whilst RNS is responsive to seizure activity 
in real-time, both DBS and RNS therapy may be refined by further 
‘adaptive’ stimulation regimes that account for cyclical seizure 
patterns.

The ability of RNS and more recent DBS technologies to detect 
LFPs within the epileptogenic network over time allows for fur
ther investigation of the neurophysiological impact of stimula
tion on the patient’s epileptic network. There is a growing 
consensus that the efficacy of RNS is likely due to an long-term 
neuromodulatory effect on the epileptogenic network, rather 
than only arresting seizures.71 Sisterson et al.72 proposed this 
temporal effect to result from progressive disruption of epilepto
genic network connectivity and reduction of the core synchro
nized population, rendering the clinical manifestation of 
seizures less severe, rather than RNS just being a ‘defibrillator 
for the brain’. In a recent in-human study, Khambhati et al.73

used the long-term data from 51 patients with DRE (with either 
a mesial temporal or neocortical SOZ) treated with RNS to exam
ine the dynamics in interictal epileptiform connectivity over time 
by constructing a network using device-recorded LFPs. In pa
tients with RNS electrodes in two SOZs the inter-electrode net
work was temporally plastic, meaning that they were able to 
detect alterations in functional connectivity (measured as ‘phase 
locking values’) between these electrodes over time and 

particularly within the first year post-implantation. For patients 
with neocortical electrodes, they found that functional connect
ivity was decreased in alpha and beta bands but increased in 
gamma bands between SOZs in ‘super’ responders (>90% reduc
tion in seizures) compared to poor responders (<50% reduction 
in seizures). This led the authors to propose a ‘spark-on-kindling’ 
hypothesis, suggesting that RNS desynchronizes the epilepto
genic network (‘kindling’) and reduces the risk of a seizure gener
ation caused by inter-ictal epileptiform discharges (‘spark’). This 
may provide a mechanistic explanation for the observations from 
both RNS and DBS long-term clinical studies showing that seizure 
frequency often gradually decreases over time.60,74 This concept 
of stimulation-induced plasticity agrees with the observations 
from the literature on dystonia showing gradual improvement 
in symptoms with DBS over a number of months.31

It is conceptually plausible that closed-loop RNS, with both 
sensing and stimulation electrodes in the SOZ, may induce plas
tic change in the SOZ and reduce the number of focal-onset sei
zures. However, it is intriguing to consider how this mechanism 
might occur during DBS to reduce the frequency of focal-onset 
seizures. This raises the question as to whether DBS also has a 
‘plastic’ influence on the SOZ as well as working to isolate/desyn
chronize the SOZ from the rest of the brain’s network. However, 
the data from the aforementioned study by Yu et al.43 showed 
that ANT stimulation decreased the rate of inter-ictal epilepti
form discharges and high-frequency oscillations, supporting 
the plasticity concept. A provisional longer-term study has 
been reported in one patient who first had RNS with receiving 
and stimulating leads in the seizure onset and who then went 
on to have ANT DBS.75 In this patient, over 1.5 years, ANT DBS 
progressively suppressed hippocampal epileptiform activity. 
Overall, however, further research is required into the effects of 
stimulation on brain networks and their dynamics.

Propagation points within the 
epileptogenic network
In this section, we focus on network studies concerning the intra
cranial targets of neuromodulation therapies for epilepsy. We 
have focused primarily on the regions of the thalamus—the ANT 
and centromedian nucleus of the thalamus (CMT) that are DBS 
and RNS targets in current clinical practice. We also highlight hypo
thetical targets that either have previously been targeted or may 
bring future opportunities, including the pulvinar of the thalamus, 
piriform cortex (PC), septal area (SA), subthalamic nucleus (STN) 
and cerebellum.

Thalamus

The notion that the thalamus is a critical hub in the propagation of 
seizures is not a new concept. Following the dawn of Penfield’s 
‘Montreal Procedure’ for epilepsy in 1930s, during which patients 
with epilepsy undergoing awake craniotomy would have cortical 
stimulation followed by ablation, attention was turned to deeper 
structures.76 The thalamus became a target of therapeutic neuro
stimulation in the animal studies by Penfield and Jasper as early 
as 1949.38,77,78 The thalamus is responsible for the mediation of re
ciprocal cortical to subcortical connections and thus defined as an 
‘integrative hub’ for functional brain networks.79

The thalamus has classically been implicated as a propagation 
point in generalized-onset seizures80,81 and focal-onset seizures 
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with secondary generalization on account of the onward bilateral 
cortical spread of epileptiform activity and connection to the brain
stem. However, more recent evidence suggests that the thalamus 
also has a significant network role in focal-onset epilepsies without 
secondary generalization. From a clinical perspective, in the land
mark SANTÉ trial of DBS for adult DRE there was also significant im
provement in seizure frequency seen in those patients with 
focal-onset epilepsy.82

The role of the thalamus has been a particular focus in studying 
the epileptogenic network of TLE,41 partly due to the relative amen
ability to group studies owing to the homogeneity of the epileptic 
network in this condition. He et al.83 demonstrated that patients 
who were not rendered seizure-free following temporal lobe resec
tion surgery for TLE were more likely to have a higher functional 
connectivity of the thalami on preoperative resting-state fMRI, sug
gesting that thalamic ‘hubness’ within the epileptogenic network 
could be used as a biomarker of postoperative seizure recurrence.

The thalamus is a complex structure with nuclei that each have 
distinct connectivity profiles. The two common targets of DBS are 
the ANT and CMT (shown in Fig. 2). Of note, ANT stimulation re
mains the only Food and Drug Administration (USA) and National 
Institute for Health and Care Excellence (UK) approved stimulation 
target for adults with DRE. The pulvinar is another nucleus of the 
thalamus that has been shown to be a component in the epilepto
genic network84,85 but has been less well studied.

Anterior nucleus of the thalamus

The ANT has been a stimulation target for epilepsy for several dec
ades. Early studies in humans include a study by Mullan et al. of 
nine patients who had lesioning of the ANT in the 1960s86 and a 

small cohort reported by Upton and Cooper87 of six adults who 
underwent ANT stimulation in the 1980s. The SANTÉ trial validated 
the efficacy of ANT stimulation, in which adults with focal-onset 
(TLE or extra-TLE) DRE underwent bilateral ANT DBS.82 Despite 
this early success of clinical translation, subsequent and ongoing 
research continues in order to further understand the network me
chanisms that explain the efficacy of this therapy and to refine neu
rostimulation strategies.

The ANT has been described as a component of the ‘extended 
hippocampal system’,88 as it receives inputs from the mamillary 
body (via the mammillothalamic tract), subicular and retrosplenial 
cortex, whilst it has outputs to the medial prefrontal cortex (de
tailed in Fig. 3). These brain regions connected to the ANT are com
ponents of the so-called ‘Papez circuit’.89 This network of cortical 
and subcortical structures gives a route of seizure propagation be
tween the hippocampus and thalamus by connections through 
the mammillothalamic tract and the fornix. The ANT feeds back 
to the hippocampus via the cingulum to the parahippocampal 
gyrus and entorhinal cortex.90 Neurostimulation that targets nodes 
(including the ANT) within the Papez circuit may desynchronize, or 
even recalibrate, this network.

The ANT is composed the anteroventral, anterodorsal and antero
medial subnuclei. There are ANT subnucleus-specific differences in 
connectivity,88,91 and studies have investigated the differences in 
lead placement between patients who have and have not responded 
to ANT DBS. Multiple retrospective studies have shown that stimula
tion of the anterior-ventral and anterior-medial ANT is more asso
ciated with responder status,92–95 but the wider network substrates 
that underpins this more efficacious target have not yet been demon
strated. A recent connectivity study by Schaper et al.96 looked at 20 pa
tients undergoing ANT DBS and found that responders (>50% seizure 

Figure 3 A simplified schematic of the connections of the current and potential propagation points/stimulation targets. This figure demonstrates the 
common connections between these current and potential stimulation targets, including the ‘Circuit of Papez’. Current targets: ANT (red), CMT (blue). 
Potential targets: PC (yellow), septal area (SA; green), pulvinar (PUL; purple) and STN (orange). Connections with multiple colours show common con
nections with the respective stimulation targets.
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reduction) had a shorter distance of the contacts to the junction of the 
ANT and mammillothalamic tract.

Stereo-EEG (SEEG) has offered an opportunity to investigate the 
connectivity profile of the ANT in the epileptogenic network, as de
monstrated in the aforementioned study by Yu et al.43 Another inter
esting SEEG study by Chaitanya et al.97 has examined 26 seizures in 
seven patients with drug-resistant TLE and investigated the dynamic 
changes in synchronization between the SOZ and ANT. They showed 
that there was an increase in coupling between the amplitude of high 
gamma band in the SOZ and the phases of low-frequency oscillations 
(alpha, delta and theta) in the ANT. They also showed, however, that 
the synchronization between the ANT and the epileptic network pre
ceded seizure-onset, suggesting that the ANT has a key role in the ic
togenesis as well as seizure propagation. A further study by Toth 
et al.98 used an epileptogenicity index based on SEEG data and found 
that seizures that had an onset in the mesial temporal lobe (compared 
with other SOZs) had a higher and faster rate of ANT recruitment and 
that ANT recruitment preceded clinical onset. They also found that 
seizures that recruited the ANT lasted longer. The authors suggest 
that the ANT has a key role in the early organization and maintenance 
of seizure activity. Also, data from LFPs captured from DBS devices 
with sensing capabilities (e.g. the ‘Medtronic Percept’) are beginning 
to emerge that may provide further information on long-term net
work effects of ANT stimulation in DRE.99

The abnormal synchronization of thalamo-cortical seizure ac
tivity has been best studied in the TLE paradigm. The results from 
the SANTÉ trial suggest that patients with TLE are more likely to re
spond to DBS than extratemporal epilepsy or generalized epilepsy 
cases.82 The SANTÉ trial showed that although patients with TLE 
had a median of 44% seizure frequency reduction from baseline, 
there was no significant difference in seizure frequency reduction 
in patients with seizures with onset in the frontal, parietal or occipi
tal lobes. That said, the SANTÉ trial was not statistically powered to 
compare rates of efficacy according to different SOZs, and other 
studies have identified connectivity alterations that are suggestive 
of a role of the ANT in a wider cortical network. For example, a study 
of five patients with epilepsy undergoing ANT DBS measured a 
transient reduction in intracortical inhibition within the motor cor
tex, determined by increases in motor thresholds during transcra
nial magnetic stimulation.100 Additionally, in a study of five 
patients with either multifocal or generalized epilepsy undergoing 
ANT stimulation, time-locked cortical responses (estimated using 
scalp EEG and source modelling) during ANT stimulation were in
creased in ipsilateral cingulate gyrus, insular cortex and lateral 
temporal cortices.44 Lastly, a study of 10 patients with idiopathic 
generalized epilepsy were studied with paired EEG-fMRI which 
showed that the ANT (as well as CMT) was activated during 
spike-and-wave discharges,101 suggesting ANT synchrony with 
the generalized epileptogenic network and thus a potential propa
gation point.

RNS has been used to treat generalized epilepsy, with a receiv
ing detector on the cortex and the stimulation contacts in the 
ANT.102 Further studies are required to understand the network 
mechanisms by which extratemporal epileptogenic networks 
may benefit from ANT stimulation. Lastly, further studies are also 
required in order to determine the potential for ANT stimulation 
to be of benefit in children with epilepsy.64,65,103

Centromedian nucleus of the thalamus

The CMT (shown in Fig. 2) is an intralaminar nucleus sited at the lat
eral wall of the third ventricle.104 The CMT has been a 

neurostimulation target for 30 years, particularly for the treatment 
of generalized-onset epilepsies, namely Lennox-Gastaut syn
drome. Studies from as early as the 1990s105–111 identified the 
CMT as a potentially efficacious stimulation target, but CMT DBS 
has only recently been supported by prospective clinical 
trials112 including a randomized controlled trial of CMT DBS for 
Lennox-Gastaut syndrome (the ’ESTEL trial’).113 Furthermore, cor
responding in vivo human studies investigating the network sub
strates of the CMT are only beginning to emerge.

A study by Torres Diaz et al.114 used both diffusion and function
al MRI acquired in 10 adults with generalized epilepsy undergoing 
CMT DBS. Although the cohort was small, the clinical effect was 
striking—with 8/10 achieving at least 50% seizure frequency reduc
tion. The structural (diffusion tractography) and functional (fMRI) 
networks of the CMT were determined using the lead contacts as 
seeds—‘volume of tissue activated’. Improved outcomes were asso
ciated with increased connectivity between the volume of tissue 
activated and the reticular system, supporting the hypothesis 
that the brainstem is an important component of CMT network.52

The functional connections of the CMT, derived from resting-state 
fMRI, involved the anterior cingulate, pre-frontal, pre-central, post- 
central, insular, medial temporal and occipital cortices. Similarly, 
results from simultaneous EEG-fMRI in young adults with 
Lennox-Gastaut syndrome in the ESTEL trial identified significant 
connectivity with the basal ganglia, brainstem, cerebellum, sen
sorimotor cortex, premotor cortex and limbic cortex.115 The same 
group have published two other paired EEG-fMRI studies showing 
that, in both adults and children with Lennox-Gastaut syndrome, 
generalized paroxysmal fast activity starts in the cortex and in
volves the CMT only after a delay,116 perhaps propagating to the 
brainstem via cortico-reticular pathways first before involving the 
CMT afterwards.115 A study by Kim et al.,117 using both diffusion 
MRI and EEG and in a cohort of 10 patients undergoing DBS for ei
ther generalized or multifocal epilepsy, also showed that the anter
ior cingulate gyrus and frontotemporal regions had significant 
connections with the CMT.

A recently published study, also from the ESTEL trial,113 used 
probabilistic mapping, structural connectivity (tractography) and 
functional connectivity (simultaneous EEG-fMRI) to refine the 
‘sweet spot’ (the target of area of maximal efficacy) for CMT DBS 
in 20 young adults with Lennox-Gastaut syndrome.118 The study 
identified that DBS lead localization in the anterior-inferior-lateral 
CMT border (the parvocellular region) was associated with patients 
with higher seizure frequency reduction. Structural connectivity 
profiles associated with greater seizure frequency reduction 
showed higher connectivity with the premotor cortex, frontal oper
culum, putamen, globus pallidus, hippocampus, cerebellum and 
brainstem. Posterior (parietal, occipital and temporal) cortical con
nectivity was, in contrast, associated with lesser seizure frequency 
reduction.

Lastly, so far, only a few reports exist of efficacy of RNS for the 
treatment of drug-resistant idiopathic generalized epilepsy. For ex
ample, a recent retrospective cohort of four patients with idiopathic 
generalized epilepsy treated with CMT RNS demonstrated seizure 
frequency reductions ranging between 75–99%, seizure duration re
duction and quality of life improvements. Another group have re
ported that bilateral RNS was used to detect seizure activity from 
and deliver neurostimulation to the CMT in a 16-year-old boy 
with primary generalized epilepsy.119 It will be intriguing to review 
the results from the upcoming RNS trial for patients with 
Lennox-Gastaut syndrome that will detect seizure activity at the 
cortex and will use the CMT as the stimulation target.120
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Alternate and prospective stimulation targets

Whilst we will not discuss these in such detail as currently targeted 
propagation points, there are several other stimulation targets that 
have been or could be explored for the treatment of epilepsy. We 
have chosen to discuss also the pulvinar of the thalamus, piriform 
cortex (PC), septal area (SA), subthalamic nucleus (STN) and cerebel
lum, which may be emerging as potential therapeutic stimulation 
targets.

Pulvinar of the thalamus

The pulvinar of the thalamus has received less attention than ANT 
and CMT. The pulvinar is a large region of the thalamus that has dis
tinct zones with differing connectivity profiles. The inferior and lat
eral subregions are considered the ‘visual pulvinar’ with strong 
connectivity to the occipital lobe121 and has been a suggested stimu
lation target for patients with posterior quadrant SOZs.85

The medial pulvinar has connections with the frontal and med
ial temporal lobes.122,123 A study of eight patients with TLE undergo
ing SEEG showed that seizures triggered by hippocampal 
stimulation were rendered less severe with high-frequency medial 
pulvinar stimulation than those without.122 This study noted that 
reduction in seizure severity was noted to occur with an improve
ment of awareness during seizures. A follow-on study of the 
same data measured functional connectivity (correlation in broad 
band SEEG) between temporal and extratemporal regions and com
pared connectivity differences between (i) stimulation on and 
stimulation off; and (ii) responders and non-responders.124

‘Synchrony’ (i.e. connectivity) was found to be lower during stimu
lation in responders. The authors hypothesized that medial pulvi
nar stimulation may ‘reduce global synchrony’ and relate to 
improved awareness during TLE seizures.

Piriform cortex

The PC is a region of paleocortex that bridges the medial temporal 
and inferior frontal lobes superficial to the limen insulae (Fig. 4). 

Whilst in health the PC is a primary olfactory cortex, the PC has 
been implicated as a key zone of seizure propagation and kindling 
for several decades now.125–127 An early study in rats identified the 
‘deep prepiriform’ cortex as a potent seizure zone,128 leading to a 
deep zone of the PC named as ‘area tempestas’ (Latin for ‘storm 
area’).129 There has been a recent renewal of interest in the PC’s 
role in epilepsy, which has been made possible by the availability 
of non-invasive investigations (e.g. scalp EEG, MRI and PET) to study 
the functional network of the human PC in vivo.130 The PC has been 
demonstrated as an important node within the epileptogenic net
work in independent cohort studies showing that extent of PC re
section was associated with a higher rate of seizure freedom 
following anterior temporal lobe resection.131,132 This raises the 
question as to whether the PC is not only a seizure propagation 
zone, but, as previously thought, a site of epileptogenesis in TLE.

Laufs et al.133 used simultaneous EEG-fMRI in adults with focal- 
onset seizures to demonstrate increased activity of the frontal com
ponent of the PC ipsilateral to the putative SOZ was associated with 
interictal epileptiform discharges. Another EEG-fMRI study in 27 pa
tients with either TLE or extratemporal epilepsy showed that the PC 
was a common hyperconnected node,134 supported also by a 
resting-state fMRI study in extratemporal epilepsy by Pedersen.135

The PC has also been implicated in generalized-onset epilepsies, 
but this has been less studied.125

The PC may, therefore, be implicated as a propagation point 
within the epileptogenic network of focal epilepsies and could 
thus serve as a stimulation target.125 The PC is a structural and 
functional connection between the temporal lobe and the limbic 
system.125 As such, the PC is connected to the medial temporal 
lobe and its associated network—including the hippocampus, 
amygdala, entorhinal and perirhinal cortices,136 orbitofrontal cor
tex,137 and the circuit of Papez. Studies of olfaction using fMRI 
have shown functional connectivity between the PC and the med
iodorsal thalamus.137

Focus now turns to how the PC may be modulated for the treat
ment of DRE, particularly within TLE which seems to be the most re
lated epilepsy type thus far. Further studies to refine our 

Figure 4 Demonstration of the anatomical locations of some of the potential propagation points/stimulation targets: The PC (yellow), septal area (SA; 
green), pulvinar of thalamus (PUL; purple) and STN (orange). The images were created using LeadDBS46,47 with simulated trajectories within the 
BigBrain backdrop.30 The PC was manually segmented according to the Mai et al. atlas138; the SA was manually segmented; the PUL is a reconstruction 
from the THOMAS atlas48,49 within LeadDBS and the STN is a reconstruction from the DISTAL atlas139 within LeadDBS.
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understanding of the network of the PC are required,130 and move
ment towards ultra-high-field imaging (7-T MRI) may facilitate 
studies of small structures such as the PC. As it stands, there is cur
rently a shortage of network-based analyses of the PC analogous to 
those described above for other stimulation targets.

Septal area

The SA (also termed the ‘medial septum’ or ‘medial frontal zone’) is 
a small region of the cortex at the most posterior and deep portion 
of the frontal lobe (Fig. 4). Although less well explored, there has 
been an interest in the septal area as a neurostimulation zone for 
epilepsy.140

The SA has been an area of particular interest in the context of 
TLE considering the septo-hippocampal structural and functional 
connectivity. There is coupling of epileptiform activity between 
the septal area and hippocampus,141 and septal area stimulation in
hibits hippocampal neuronal activity.142 An MRI study showed that 
patients with TLE (but without mesial temporal sclerosis) have 
higher volumes of the septal area nuclei compared to patients 
with extratemporal epilepsy and controls.143 The authors stated 
that this finding was ‘evidence of neuroplasticity/augmentation 
of the septal-hippocampal system in TLE’.

As it stands, studies performing neurostimulation of the septal 
area to treat epilepsy have been limited to animal models. A study 
by Takeuchi et al.144 demonstrated that closed-loop stimulation of 
the medial septum was able to terminate seizures in Long-Evans 
rats with TLE. A study by Izadi et al.145 showed that continuous 
stimulation of the medial septum in Sprague-Dawley rats with 
pilocarpine-induced TLE was able to raise the seizure threshold 
and improve cognitive performance measured using the Barnes 
maze. Further studies are required in order to determine the role 
of the SA in the epileptogenic network of both TLE and extratem
poral epilepsy and its potential as a propagation point and stimula
tion target.

Subthalamic nucleus

The STN, more typically a target for DBS in Parkinson’s disease, has 
also been proposed as a stimulation target in epilepsy.146–148 The 
STN has connections with the cortex, both directly and via the thal
amus.149 Following reports in animal models,150 Chabardès, 
Benabid and colleagues151,152 first performed STN DBS in a child 
with focal cortical dysplasia followed by four other patients. They 
hypothesized that stimulation of the STN acts on a ‘cortico- 
subcortical network’ by anti-dromic neuromodulation of the cor
tex,152 but data available in the study could not corroborate this 
and the network mechanism of STN stimulation in epilepsy re
mains unknown.

We found one study that used SEEG to investigate the role of the 
STN in seven patients with epilepsy undergoing presurgical evalu
ation and who had SOZs in the motor area.147 The investigators re
ported a downstream propagation of epileptiform activity from the 
motor cortex to the ipsilateral STN. Furthermore, the study used 
trials of high-frequency stimulation to the STN to show reductions 
in interictal spiking and high-frequency oscillations, leading to 
their conclusion that the STN is a key node/propagation point in 
the network for these patients and thus a potential stimulation 
target.

Cerebellum

In 1976, Cooper and colleagues published their results on using 
stimulation at the cerebellar cortex to inhibit seizures in 10 of 15 
human subjects.153 Whilst the results suggested that anterior cere
bellar lobe stimulation was more efficacious than posterior cerebel
lar lobe stimulation, there was no further data to refine our network 
understanding of this clinical effect. A small number of further hu
man studies109,154,155 have not convincingly replicated the finding 
of seizure reduction with cerebellar stimulation156 and subsequent
ly the cerebellum has not been further explored like other targets 
have.

Others

Alternate targets include the central lateral thalamus,157,158 pon
tine nucleus oralis,158 hypothalamus159 and caudate nucleus,160

as well as others.15,161 Further pre-clinical (including network ana
lyses) and clinical evidence are required to investigate these poten
tial seizure propagation points.

Towards personalized, network-guided 
neurostimulation
This review has so far discussed the mechanisms by which network 
augmentation delivers therapeutic effect to patients with epilepsy, 
the network properties of particular propagation points within the 
epileptogenic network and how network differences are related to 
varying degrees of therapeutic benefit of neuromodulation (seizure 
frequency reduction). This section discusses how we may be able to 
employ pre-implantation network metrics to guide our clinical de
cision making in neurostimulation and personalize therapies to 
maximize the delivered clinical impact to our patients.

The next translational step in network-guided neuromodula
tion for epilepsy is to apply the patient’s epileptogenic network to 
a candidacy algorithm—i.e. can we use preoperative network data 
to predict which patients will benefit from neurostimulation? 
Studies have predicted postoperative seizure outcomes based on 
preoperative multi-modal network data in patients undergoing re
sective surgery162–167 and vagus nerve stimulator implantation168

for DRE. For example, a study by Li et al.169 developed the network- 
based concept of ‘neural fragility’ to predict surgical failure in 43 of 
47 patients undergoing resective surgery for epilepsy. Only recent
ly, however, a small number of published studies have reported the 
ability of pre-implantation networks to predict response to intra
cranial neurostimulation for epilepsy.

Whilst we await prospective studies of network-predicted DBS or 
RNS efficacy in epilepsy, a number of retrospective studies have been 
performed that speak to the ability of preoperative data to be associated 
with response to neurostimulation. For example, a study by 
Middlebrooks et al.170 showed that, in six patients undergoing ANT 
DBS for DRE, the volume of tissue activated by stimulation in respon
ders was hyperconnected to the default mode network (derived within 
a normative dataset from resting-state fMRI data) when compared to 
non-responders. A recent study by Charlebois et al.171 concluded that 
higher structural connectivity of the volume of tissue activated was cor
related with greater seizure reduction in patients treated with hippo
campal RNS. These studies raise the possibility that preoperative 
network measures may provide biomarkers to determine stimulation 
candidacy and tailor targeting to the individual patient’s network. 
Furthermore, Scheid et al.26 used pre-RNS functional network data 
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derived from 30 patients undergoing intracranial EEG. They tested the 
hypothesis that wide-scale networks (i.e. those that incorporate nodes 
beyond the SOZ) can be identified as a predictive marker of RNS re
sponder rate. They found that, compared with non-responders, respon
ders to RNS had a smaller decrease in the functional connectivity 
[high-γ band (95–105 Hz)] measured between EEG contacts. 
Intracranial EEG could therefore be used as a pre-neurostimulation in
vestigation, but there is still a need to determine whether predictive 
network signatures can be identified non-invasively.

As well as predicting patient responsiveness to neurostimula
tion and determining candidacy, a future objective of this field is 
to use preoperative measures of brain connectivity to deliver perso
nalized and network-guided neurostimulation114,172,173 (Fig. 5). As 
one would expect, it has been clearly demonstrated that brain con
nectivity is to some degree individual in health,174 as well as in dis
ease paradigms such as epilepsy. Stimulation targeting, therefore, 
must be individualized. There has recently been a significant drive 
towards these ‘precision’ DBS approaches within the context of 
adult movement disorders such as Parkinson’s disease,20 but epi
lepsy remains a step behind in terms of available evidence. There 
are moves to provide ‘adaptive’ neurostimulation, such as alter
ation of stimulation paradigms in response to temporally-variant 

neurophysiological (e.g. LFPs in RNS) or manual programming 
based on clinical feedback (seizure frequency).

Although invasive, SEEG offers a clinically-viable opportunity 
for network-guided and individualized neuromodulation planning 
and has already begun transitioning in routine clinical prac
tice.18,43,178,179 Richardson’s18 review of paradigm shifts in 
closed-loop neuromodulation suggests that by changing the cur
rent ‘(seizure) focus-guided’ decision-making framework to a 
‘network-orientated’ framework, SEEG implantation that includes 
potential propagation points may identify both sites for seizure de
tection in RNS and sites for the delivery of neuromodulation (DBS or 
RNS). Similarly, the latest ‘DBS Think Tank’ report describes ‘reas
sessing the purpose of SEEG’ by moving away from a ‘node based 
philosophy’ towards a ‘network based philosophy’.180 The authors 
challenge the notion that ‘one size fits all’ in thalamic stimulation 
and suggest that SEEG may allow quantitative determination of 
the optimal stimulation target per patient. A retrospective study 
of 74 patients undergoing thalamic SEEG supports an individua
lized and data-driven approach to thalamic connectivity—they re
vealed that thalamic epileptogenicity was different according to 
epilepsy localization and was correlated with the extent of the epi
leptogenic network.84 Further retrospective studies claim that SEEG 

Figure 5 Future directions of network-guided neuromodulation for epilepsy. (A) Seizures begin in the SOZ and propagate to a wider seizure network. 
Neurostimulation at stimulation targets prevent or limit the spread of seizure activity from the SOZ to the wider network. Panels B, C and D ask 
forward-thinking questions in network-guided neuromodulation epilepsy and draw on recent key studies.26,84,118,163,169–171,175–177
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can be used to optimally place the receiving RNS lead178 and that 
graph theory metrics can identify the most ‘controllable’ node(s) 
within the epileptogenic network.175 However, further prospective 
evidence for the utility of SEEG-guided neuromodulation is re
quired—including proof of concept for the network-guided place
ment of the stimulating lead(s). Stimulation during SEEG 
investigation may also provide further inferences to the optimal 
stimulation target(s).181

The intent of network-guided neuromodulation for epilepsy is to 
isolate an individual’s unique epileptogenic network and to identify 
key locations responsible for generating seizures, perhaps the SOZ, 
and an optimal propagation point in order to normalize brain connect
ivity. As stated in the ‘DBS Think Tank’ report,173 this would require in
tegrating neuroimaging and network data to deliver ‘precision DBS’. 
Whilst many of the network-based neurostimulation studies in adult 
disorders outside of epilepsy predominantly use structural data, 
such as diffusion tractography, epilepsy would more than likely re
quire a more advanced and multi-modality approach that incorporates 
functional connectivity (including EEG and fMRI) in order to incorpor
ate data describing the dynamic and temporal network properties. 
Seizure occurrences in epilepsy are not random, but hold a chrono
type—a temporal variation that respects cyclical patterns and may 
eventually allow for seizure forecasting in some patients.68,182,183

We suggest that existing data could be used to, at first, retro
spectively test the idea that the preoperative and individual net
work can identify the patient’s optimal stimulation target. 
Simulated lesioning (a.k.a. ‘virtual resection’) has been used in neu
roimaging studies of patients with DRE in attempts to manipulate 
the preoperative epileptogenic network.163,184,185 A small number 
of studies have similarly attempted ‘virtual stimulation’ experi
ments that computationally abate seizures,176,177,186 but further 
clinical validation and prospective studies are required. As men
tioned, the availability of network data following implantation 
and during stimulation would be a powerful addition to allow val
idation of these models’ predictions in terms of network modula
tion and outcome. For example, the recording of LFPs 
simultaneous to whole-brain connectivity measures, for example 
fMRI or scalp EEG, could further explain the network effects of neu
rostimulation at different targets or stimulation regimes.187,188

The availability of normative datasets—for example structural 
normative networks in the Human Connectome Project189 or epilepsy- 
specific data such as stereo-EEG datasets—may allow for the identifi
cation of key propagation points in the individual.190 A recent example 
of applying normative data is in the study by Vetkas et al.,161 who used 
the normative functional (fMRI) dataset from 1000 adults to derive the 
nodes that are common to the networks of three clinically-used neu
rostimulation targets—the ANT, CMT and hippocampus. They used 
graph theory to show that the anterior cingulate and other regions 
of the default mode and salience networks were common nodes con
nected with these stimulation targets. The ultimate goal is to use the 
pre-operative and non-invasively derived network to identify the par
ticular propagation point (stimulation target) where DBS would pro
duce the greatest effect for an individual patient.

Lastly, unlike movement disorders, where the effects of altering 
stimulation parameters can be measured quickly, the clinical effects 
of such augmentations on seizure patterns can take days to weeks to 
become apparent. Whilst we have so far discussed pre-implantation 
investigations that could inform of DBS or RNS efficacy, another po
tential application of network analyses is to determine how altera
tions in stimulation regimes will affect seizure control. A catalyst 
in this regard could be the capability to perform neuroimaging stud
ies with these implanted stimulation devices in situ, to measure how 

stimulation alters network dynamics.187,188,191 For example, 
Middlebrooks et al.187,188 used fMRI during active ANT DBS to demon
strate the network differences of patients with high (145 Hz) versus 
low (35 Hz) stimulation frequency regimes. Provided safety risks 
can be managed,192,193 observations of acute and chronic effects of 
DBS modulation can substantially improve our understanding of 
their mechanism of action and ultimately clinical efficacy.

Conclusions
The convergence of the fields of network neuroscience and neuro
stimulation are leading towards an exciting opportunity for perso
nalized, network-guided approaches to neuromodulation for 
patients with epilepsy. The opportunity to combine data derived 
from implanted neuromodulation devices and studies of whole- 
brain networks gives us the opportunity to work towards this 
goal. Further studies are required to (i) determine the mechanistic 
role of network modulation; (ii) define the critical nodes within 
the epileptogenic network (at disease paradigm, syndrome and in
dividual levels); (iii) to use preoperative network data to deliver pre
cision neurostimulation to individual patients; and (iv) validate 
markers and models with post-operative data. As always, we 
need prospective clinical trials of these technologies and philoso
phies in order to demonstrate their clinical utility. This will require 
a multi-site, international and coordinated effort.
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