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Abstract
Purpose of Review Epilepsy associated with periventricular nodular heterotopia (PNH), a developmental malformation, is frequently
drug-resistant and requires focal therapeutic intervention. Invasive EEG study is usually necessary to delineate the epileptogenic zone,
but constructing an accurate hypothesis to define an appropriate electrode implantation scheme and the treatment is challenging. This
article reviews recent studies that help understanding the epileptogenicity and potential therapeutic options in PNH.
Recent Findings New noninvasive diagnostic and intracerebral EEG analytic tools demonstrated that cortical hyperexcitability
and aberrant connectivity (between nodules and cortices and among nodules) are likely mechanisms causing epilepsy in most
patients. The deeply seated PNH, if epileptogenic, are ideal target for stereotactic ablative techniques, which offer concomitant
ablation of multiple regions with relatively satisfactory seizure outcome.
Summary Advance in diagnostic and analytic tools have enhanced our understanding of the complex epileptogenicity in PNH.
Development in stereotactic ablative techniques now offers promising therapeutic options for these patients.
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Introduction

Heterotopia (heterotopion for singular and heterotopia for plu-
ral) literally means normal-looking neurons displaced in an
abnormal location; they are classified as malformations due
to abnormal neuron migration. There are many forms of
heterotopia, with the neurons deposited anywhere between
the ventricle and the pia, and are usually classified into subcor-
tical, which can be laminar (band heterotopia) or nodular, or
into subependymal or periventricular, which are usually nodu-
lar [1, 2]. Periventricular heterotopia is the most common form

among all heterotopia. Because of the difference in embryo-
genesis with other heterotopia, periventricular heterotopia is
currently subcategorized as malformations with neuro-
ependymal abnormalities [3]. Periventricular heterotopia can
be further categorized into nodular and ribbon-like forms based
on appearance [3]. Because patients with periventricular nod-
ular heterotopia (PNH)-related epilepsy are most often resistant
to antiepileptic drugs and require focal therapeutic interven-
tions, this review will focus on PNH. The diagnostic and ana-
lytic tools as well as recent therapeutic options will be
discussed.
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Epilepsy Associated with Periventricular
Nodular Heterotopia Is Complex

PNH are easy to identify on MRI. They are distributed along
the lateral ventricles and predominate anteriorly or posteriorly.
They can be uni- or bilateral and single or multiple. The ante-
rior predominant bilateral PNH are well-known to be an X-
linked disorder due to mutations of the FLNA gene [4]. The
posterior predominant PNH are FLNA negative, distributed
mainly in the temporal-trigonal region along the lateral ven-
tricles, and often associated with cortical malformations in-
cluding focal cortical dysplasia, abnormal gyration,
polymicrogyria, hippocampal abnormalities, colpocephaly,
and cerebellar or midbrain tectum abnormalities [5–7].

Despite being identifiable on MRI, the contributions of PNH
in the generation of seizure and epileptic activity remain a matter
of debate for over two decades [8–11]. In some patients, the PNH
are the main epileptogenic zone, in which case removing or
destroying the heterotopic nodules alone is sufficient to lead to
seizure reduction or cessation [12]. In other patients, the aberrant
connections formed between the PNH and the cortical structures
appear to be crucial in the epileptogenesis, including the ampli-
fication and synchronization of epileptic activities, and the corti-
cal regions involved may need to be identified and removed at
the same time to achieve seizure control [9, 13••]. These aberrant
connections or vast networks involving both the heterotopic nod-
ules and the cortex have been demonstrated in both imaging and
electrophysiological studies. Using diffusion tensor imaging and
fMRI, the connectivity between the heterotopic nodule and the
cortex is shown to be stronger especially in the frontal lobe of
patients with longer epilepsy duration [14, 15] and in the tempo-
ral lobe of patients with drug-resistant epilepsy [15]. Transcranial
magnetic stimulation evokes abnormal cortical responses specific
to the cortical regions with connectivity to PNH and the genera-
tor of this abnormal response overlapped the spike and seizure
onset zone [16]. Direct electrical neurostimulation and intracere-
bral EEG (iEEG) signal analysis demonstrated that both the PNH
and the cortex are activated at seizure onset and stimulation of the
PNH can induce responses in the distant overlying and remote
cortices [10]. By analyzing iEEG signal and fMRI in patients
with multiple heterotopic nodules, we have demonstrated that
the connectivity between nodules can be detected noninvasively
using fMRI and this connectivity corresponds to the synchronous
interictal activities between heterotopic nodules. We also dem-
onstrated that ictal activity spreads faster between pair of nodules
that were functionally connected and functional connectivity is
stronger between nodules simultaneously involved at ictal onset.
These observations suggest that connectivity between nodules
contribute to the generation of synchronous epileptic activity
and fast seizure propagation [17••]. Using quantitative iEEG sig-
nal analysis, another group of researchers have demonstrated the
involvement of both the heterotopic nodules and the normotopic
cortex in the epileptic network and suggested that the network,

instead of the individual structures, is important in explaining the
epileptogenicity in this entity [18••].

On the other hand, PNH are integrated into functional cortical
circuits in some patients and may have important clinical impli-
cations when destroyed [14, 19]. The role of the PNH itself, the
cortical regions, and the connections or network among these
structures in epileptogenicity and the role of these structures in
function are important questions when considering a focal ther-
apeutic intervention in these patients (Fig. 1). Sufficient informa-
tion gathered from noninvasive studies and eventually an inva-
sive study is pivotal for delineating the epileptogenic zone, or the
therapeutic target, to achieve satisfactory outcome.

What Can Noninvasive Modalities Tell Us
About the Epileptogenicity of PNH?

Scalp EEG

On scalp EEG, distribution of focal interictal epileptiform dis-
charges (IEDs) consistent with the location of PNH is com-
mon [8, 20]. However, IEDs are also found to distribute

Fig. 1 Possible mechanisms causing epilepsy in patients with
periventricular nodular heterotopia. The periventricular nodular
heterotopia, the cortical regions (including the hippocampus), and the
connections among these structures are likely contributors to the
epileptogenicity. The cortices can be dysfunctional while the
heterotopia can be a part of functional cortical circuits in some patients
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independent of the PNH location and sometimes in the con-
tralateral hemisphere [8, 21–24].Moreover, patients may have
widespread and even generalized spike and wave, and finally
in some the EEG is normal [8, 25, 26]. Ictal EEG shows
regional or hemispheric changes usually over the lobe or re-
gion where the PNH are located. The onset can be uni- or
bilateral in the case of bilateral PNH [8, 11, 20, 23, 24].
Overall, these epileptic activities (EA) provide information
about the brain region and may indicate the extension of the
network involved. Nevertheless, they cannot answer the most
important questions: (1) Does a nodule generates EA? (2) In
the case of multiple nodules, which nodules participate in
generating the EA? (3) Which part and to what extent the
cortex is contributing to generating the EA? (4) How complex
is the epileptogenic network?

High-Density EEG and Magnetoencephalography

Source localization techniques using high-density EEG (HD-
EEG) and magnetoencephalography (MEG) have the ability
to localize superficial sources but have fundamental limita-
tions for localizing deep sources and are therefore theoretical-
ly unlikely to be able to answer the questions aforementioned.
Indeed, reports on HD-EEG or MEG application in patients
with NH are scarce and the findings vary [27–30]. In general,
epileptic discharges generated in PNH hardly result in any
visible discharge on the scalp due to its deep location and
the non-laminar neuronal organization within the nodule that
generates weak electrical/magnetic field. Therefore, source
analysis of HD-EEG andMEG discharges cannot be expected
to find a source in a periventricular nodule.

Simultaneous EEG-fMRI

Functional MRI (fMRI) provides an indirect measure of neu-
ronal activity through hemodynamic responses to an event, by
measuring the blood oxygen level-dependent (BOLD) chang-
es [31, 32]. By combining EEG and fMRI, the good spatial
resolution of the fMRI allows detection of BOLD changes
anywhere in the brain including deep structures, during an
epileptic event seen on scalp EEG acquired simultaneously
[33]. The scalp EA is considered to reflect the EA generated
on brain surface, including those resulted from propagated EA
that originated in deep structures. The low temporal resolution
of fMRI facilitates the detection of the origin of the scalp EA
[34], and for this reason EEG-fMRI is particularly useful for
investigating the involvement of the deep-seated nodule in the
generation of EA. A few studies have demonstrated that
BOLD responses to interictal and ictal activity are detected,
with the maximum response found within the heterotopia in
some patients and within the adjacent cortices in others
[35–37].

Connectivity Studies

Connectivity analysis using diffusion tensor imaging or
fMRI has further provided insights into the epileptogenic
network, including connections between the nodule and
overlying or distant cortices [15, 38], as well as among
nodules [17, 38]. In a case report of a patient with mul-
tiple nodules, EEG-fMRI suggested that only the epilep-
togenic nodule demonstrates strong functional connectiv-
ity with the overlying cortex [39]. In a study analyzing
fMRI and iEEG in patients with multiple nodules, we
have demonstrated that fMRI can detect functional con-
nectivity between nodules and that strongly connected
nodules are more epileptogenic than the others. For in-
stance, simultaneous seizure onset and faster seizure
spread are more prevalent between strongly connected
nodules [17••]. Combining functional connectivity analy-
sis and EEG-fMRI may aid distinguishing the epilepto-
genic nodules.

18F-Fluorodeoxyglucose Positron Emission
Tomography

18F-Fluorodeoxyglucose Positron Emission Tomography
(FDG-PET) measures the metabolic activity of neurons,
which indirectly provide information on normal neuronal
activity and has long been utilized in the localization of the
epileptic focus [40]. However, FDG-PET in patients with
PNH is mostly available in case reports in which the me-
tabolism of PNH was reportedly identical or higher com-
pared to the cortex during interictal [22, 41–43] or ictal
periods [44]. A recent study including 16 patients with
PNH showed heterogeneous metabolic patterns, but often
a relative uptake compared to the cortex corresponding
well with the findings of iEEG. Also, PNH showing me-
tabolism (either iso, hyper, or hypo) were more likely to
have detectable electric activity on iEEG compared to
those showing no metabolism (no glucose uptake).
Finally, the presence of a hypometabolic PNH was corre-
lated with a worse surgical outcome [45•].

Noninvasive modalities are useful in making a fair
presumption about the contribution of PNH and cortical
structures in epileptogenesis, but these modalities alone
can hardly provide sufficient information to reliably de-
lineate the epileptogenic zone in these patients. Therefore,
iEEG studies are usually required prior to any focal ther-
apeutic intervention. Stereo-EEG is particularly advanta-
geous over subdural electrode approach because it allows
concomitant exploration of the deep-seated heterotopic
nodules as well as the associated or alternative potential
epileptogenic zone in the neocortex or mesial temporal
structures.
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Intracerebral EEG to Delineate
the Epileptogenic Zone in Patients with Focal
Epilepsy Associated with PNH

Constructing an accurate hypothesis and defining an appropri-
ate electrode implantation scheme in patients with PNH is
never easy because of the need to always consider several
anatomical structures: the heterotopic nodules and the overly-
ing and the distant cortices. It becomes evenmore complicated
when there are multiple nodules or associated abnormalities in
the cortex.

Hypothesis Construction and Implantation Scheme

Seizure semiology and its correlation with the scalp EEG
findings remains the mainstay in constructing the most likely
hypothesis on the origin of seizures and devising the best
electrode implantation scheme in these patients. However,
seizure semiology and EEG findings can be lateralizing or
localizing in some cases but not always. For instance, semiol-
ogy and scalp epileptiform activities resembling those in tem-
poral lobe epilepsy (or pseudo-temporal) are not unusual [8,
20, 21]. For patients with multiple nodules, implanting all the
nodules and overlying cortices may seem ideal but this may be
impractical. Noninvasive modalities can and should be uti-
lized to guide the implantation, i.e., to point out the nodules
and the cortical region and the extent that are possibly impor-
tant and need to be explored.

A typical implantation scheme has most of the electrodes
invested in the presumed epileptogenic nodules, the overlying
cortex, and the regions of (immediate) propagation, to study
and confirm or refute the main hypothesis. The nodules and
overlying cortex on the side or region to which the scalp EEG
is pointing, supported by the semiology and other noninvasive
imaging modalities, are presumed to be epileptogenic. A few
electrodes are implanted in other nodules and the overlying
cortices to rule out alternative hypotheses. A denser implan-
tation then in the predetermined epileptogenic zone is com-
mon if a radiofrequency thermocoagulation (RFTC) is
planned at the end of the study; adjacent electrodes can be
placed less than 1 cm apart in this zone to allow conforming
the RFTC lesion to the shape of the heterotopic nodules or the
epileptogenic zone.

Interictal and Ictal Intracerebral EEG Patterns and
Electrical Stimulation

Interictally, PNH typically alternate between silent and active
periods, which is often characterized by sudden bursts of low-
amplitude spikes with an angular morphology intermixed with
a low-voltage fast activity [13••]. The EA recorded in the
cortex or hippocampus often does not have the specific fea-
tures indicating the presence of a dysplastic cortex. In other

words, any specific findings would indicate the presence of a
lesion associated with such findings, which is not uncommon
in PNH (see above). For example, a semicontinuous spiking
activity indicates the co-existence of a focal cortical dysplasia.

The most common seizure onset pattern seen in a hetero-
topic nodule is low-voltage fast activity [18, 46].
Simultaneous seizure onset in the nodules and the functionally
connected cortex are the most common, followed by the nod-
ules alone and less frequently the overlying cortex alone [9,
11, 13••]. In patients with multiple nodules, simultaneous on-
set in multiple nodules is also a frequent finding [13••, 17••].

Direct electrical stimulation in the heterotopic nodules in-
duces seizures in a fraction of the patients [9, 12, 47]. No
seizure was evoked from the heterotopic nodule among all
the patients in two studies [9, 47], whereas induced seizures
were observed in four of 5 patients who underwent stimula-
tion session during stereo-EEG in another study [12]. In our
own series (unpublished), induced seizures were seen in nine
of 12 patients: 5 had a typical seizure by stimulating the nod-
ules that were also generating the spontaneous seizures. In
general, the findings of electrical stimulation correspond well
with those from spontaneous seizures and are useful in deter-
mining the epileptogenic zone in these patients [48].

The findings of iEEG study are used to tailor the surgical
treatment (see the following section): The cortical region, the
nodules, or both to ablate are primarily chosen according to
the ictal onset discharges that precede the first sign of ictal
semiology and complemented by the presence of
stimulation-induced typical seizures in the region or/and the
nodules, when available.

TheOptions of Focal Therapeutic Intervention

Over two decades ago, we reported a small multicenter series
of patients with PNH who underwent temporal lobe surgery.
The rationale for this approach was the electro-clinical fea-
tures often suggestive of temporal lobe epilepsy [9, 11, 21].
However, none of the 10 patients became seizure free follow-
ing a standard temporal lobe surgery in which the NH were
encroached upon in only 3 of them. Following this first obser-
vation, surgical outcomes after a temporal resection improved
providing that the NH were included in part or in toto: in three
different studies, seizure freedomwas reported as high as 71%
(10/14 pts), 100% (4/4), and 67% (2/3), respectively [7, 9, 11].
These early attempts have clearly changed our perspective to
focus more on the heterotopic nodules.

Due to the deep-seated location, PNH are seldom accessi-
ble surgically without facing a high potential of neurological
deficits. For instance, resecting a heterotopic nodule located in
the occipital horn, a common location of PNH, requires dis-
section through the occipital cortex, which will result in visual
defect. Therefore, direct surgical resection of the lesion/
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lesionectomy has to be considered with great care and may not
be the treatment of choice. From the few reports so far pub-
lished, effective lesionectomy is mostly limited to cases with
unilateral and single lesion located in a location accessible via
non-eloquent cortex [7, 13••, 24, 49]. Hence, patients with
PNH were often excluded from surgery; the introduction of
stereotactic techniques has dramatically impacted the land-
scape of surgical treatment for these patients.

When the heterotopic nodules are proven to be the
main epileptic generator, the lesion appears to be an ideal
anatomical target for stereotactic ablative techniques.
They include the SEEG-guided radiof requency
thermocoagulation (RFTC) [12, 13••, 18••, 50, 51••, 52],
MRI-guided laser interstitial thermal therapy (MRg-LITT)
[53, 54•, 55–60, 61•, 62, 63], stereotactic radiosurgery
(SRS) [64], and MRI-guided focused ultrasound (MRg-
FUS) [65]. Theoretically, these methods can be used to
ablate PNH located anywhere in the brain. We will focus
on SEEG-guided RFTC and MRg-LITT, the two tech-
niques most often employed in these cases.

SEEG-Guided Radiofrequency Thermocoagulation

RFTC was developed and has been utilized for treating pa-
tients with drug-resistant epilepsy for a few decades [51•, 66].
RFTC is performed either at the end of the SEEG study via the
already-implanted SEEG electrodes without requiring a sepa-
rate implantation [12, 50, 51•, 67–69] or in a separate session
using an RF probe that is implanted using stereotaxy exclu-
sively for the ablation purpose with or without preceding in-
tracranial EEG study [70, 71]. The insertion technique of
SEEG electrodes or the RF probe will not be discussed in
detail here because it varies among centers and has been abun-
dantly published [69, 72, 73].

Using the SEEG electrodes in situ guarantees the abla-
tion of the SEEG-defined seizure onset zone and recently
has been the technique of choice among the two RFTC
techniques. In RFTC using SEEG electrodes in situ
(called SEEG-RFTC in the following discussions), a bi-
polar coagulation is usually performed using two adjacent
electrode contacts with an inter-contact spacing of
1.5 mm. The current is delivered by increasing the voltage
or intensity up to the point when there is an abrupt drop in
these parameters (equivalent to a sudden increase in tissue
impedance), which in turn will terminate the ablation [74].
Typically, a maximum of 6 to 8 W of current is delivered
[12, 68]. These parameters increase the tissue temperature
to 78°–82 °C and have been reported to induce a lesion
around the selected contacts within 40–50 s [12, 68, 75].
Temperature monitoring is not available but is not neces-
sary. The reason is by using this technique, unintentional
lesioning of excessive size is not possible [74]. Because
the size of the lesion generated in each bipolar

coagulation is relatively small, and in cases that SEEG-
RFTC can be planned prior to SEEG, it may be appropri-
ate to implant more densely within the NH or the overly-
ing cortices presumed to be the seizure onset zone.

A recent meta-analysis reported that the outcome is the
best in NH-related epilepsy among all SEEG-RFTC for
the treatment of drug-resistant epilepsy. Twenty-three pa-
tients with PNH from three studies were included and the
seizure-free rate was 62% although it varies across studies
[51••]. Because of the rarity of this entity, a large-scale
prospective study is not available in the literature. Among
case series and reports of SEEG-RFTC published between
2000 and 2020 with patient details, follow-up period, and
outcome, eight included patients with PNH (Table 1) [12,
13••, 18••, 47, 50, 52, 75, 76]. After removing duplicates
reported from the same group, 33 patients were identified
(Table 2A) [13••, 18••, 47, 52, 75], 19 of them were
unilateral and seven had a single nodule. The seizure on-
set was in the NH with (16 patients) or without (six pa-
tients) involvement of the cortices in all but one patient
who had seizure onset from the cortex alone. All patients
underwent SEEG-RFTC alone except five who underwent
an additional resective surgery following a transient effect
of SEEG-RFTC. Thirteen patients underwent SEEG-
RFTC on PNH alone and 11 on both PNH and cortices,
while treatment details were not available in 10 patients
from one study [18••]. All SEEG-RFTC were bipolar co-
agulation and performed at the end of the SEEG monitor-
ing, using the implanted electrodes in situ. This procedure
is effective in treating epilepsy associated with PNH and
relatively safe: one patient suffered transient headache due
to minor intraventricular bleed following the procedure
(3%); otherwise, no radiological complications or neuro-
logical deficits were reported. Among all the 33 patients,
23 (70%) were responder (seizure reduction of 50% or
more) and 16 (48%) were seizure free (without consider-
ing those five patients who became seizure free subse-
quent to surgical resection following a transient effective
RFTC) with a follow-up period of 24 months (median,
range 6–103 months).

Magnetic Resonance-Guided Laser Interstitial
Thermal Therapy

Laser ablation was first applied for brain tumor in 1966 [77]
and has found a role in the treatment of epilepsy since 2012
[78]. Magnetic resonance-guided LITT (MRg-LITT) is per-
formed using a laser applicator probe stereotactically inserted
in the target through a burr hole placed on the skull. It can be
performed with or without preceding intracranial EEG study
depending on the needs.

All current commercially available laser ablation systems
provide MRI-compatible laser applicator probe that allows
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temperature monitoring through real-time MRI thermometry
(MRI sequence used varies among centers). These systems
use a surgical infrared diode laser with wavelengths of
980 nm and 1064 nm that allow maximal light dispersal and
heating of the target tissue through denaturation of proteins
(44–59 °C), instead of vaporization (> 60 °C) [79]. To prevent
undesired ablation of adjacent structures, a “limit tempera-
ture” (for instance, below 50 °C) can be prescribed and placed
at the margin of the desired ablation zone or at the location of
critical structures. The laser is automatically deactivated when
the computed temperatures in these regions exceed the limit
temperature (Visualase, Medtronic) or when patient move-
ment is detected (NeuroBlate, Monteris) [80]. The size of
the thermolesion generated can be controlled via the systems’
software and the shape conformed through pull-back of the
probe in the same trajectory and/or combinations of multiple
trajectories. The readers are referred to the literature for details
regarding the laser ablation systems and the surgical tech-
niques [79–81].

A large-scale study on MRg-LITT in patients with NH is
not available in the literature since it is a relatively new ap-
proach in the treatment of drug-resistant epilepsy. Among
case reports or series of MRg-LITT reported between 2000
and 2020 with patient details, 11 reports have included

patients with NH (Table 1) [53–63]. After excluding one that
did not report outcome [57] and removing duplicates from the
same center, 21 patients were identified (Table 2B) [53–56,
58–63], and nine patients were unilateral and four had a single
nodule. IEEG study was performed in all but five patients
from one study [53] and the findings were available from 11
patients: Seizures were found to start from the NHwith (seven
patients) or without (three patients) simultaneous involvement
of the cortices or the mesial temporal structures in all but one
patient who had seizure onset in the mesial temporal structures
alone. All patients underwent MRg-LITT alone except four
who underwent additional interventions including anterior
temporal lobectomy or responsive neurostimulator (RNS), ei-
ther simultaneously or following a transient effect of MRg-
LITT. The ablationwas performed onNH alone in 18 patients,
both NH and cortex in two, and cortex alone in one, using
Visualase in nine studies and NeuroBlate in one. One (5%)
patient suffered major bleed with neurological sequelae fol-
lowing the procedure. Procedure-related neurological deficits
were found in eight patients (38%), a rate higher than those
reported in RFTC: a visual impairment in seven patients and
hemiparesis (resulted from the aforementioned bleed) in one.
Among the 18 patients in whom the outcome was available
following MRg-LITT alone, all have significant seizure

Table 1 Case reports/series and
review that included case reports
from own institution on the
treatment of drug-resistant
epilepsy using stereotactic
ablative approaches including (1)
stereo-EEG-guided
radiofrequency
thermocoagulation, (2) MRI-
guided laser interstitial thermal
therapy, and (3) stereotactic
radiosurgery in which patients
with nodular heterotopia were
included

First author Year
published

Total number of
patients studied

Total number of patients with NH treated
using a stereotactic ablative approach

(1) stereo-EEG guided radiofrequency thermocoagulation (SEEG-RFTC)

1 Catenoix 2008 41 2

2 Cossu 2014 5 5

3 Catenoix 2015 14 4

4 Cossu 2015 89 12

5 Dimova 2015 23 1

6 Mirandola 2017 20 17

7 Pizzo 2017 19 10

8 Scholly 2019 1 1

(2) MRI-guided laser interstitial thermal therapy (MRg-LITT)

1 Gonzalez-Martinez 2014 1 1

2 Esquenazi Y 2014 2 2

3 Clarke 2014 1 1

4 Thompson 2016 2 2

5 Barber 2017 1 1

6 Nagae 2017 6 2

7 Morris 2017 13 2

8 Fayed 2018 12 3

9 Brown 2018 20 3

10 Cvetkovska 2019 1 1

11 Whiting 2020 5 5

(3) Stereotactic radiosurgery (SRS)

1 Wu 2013 3 3
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Table 2 Studies reporting on SEEG-guided radiofrequency-thermocoagulation and MRI-guided laser interstitial thermal therapy in patients with
nodular heterotopia (after removal of duplicates reported from the same group): patients’ characteristics and outcome

(A) SEEG-guided radiofrequency thermocoagulation

First author Catenoix Catenoix Dimova Pizzo Mirandola

Year published 2008 2015 2015 2017 2017

Sample size (after removal
of duplicates)

1 4 1 10 17

Sex (female) 0 2 1 8 ≤10*1

Mean age (y) 23 33.5 22 28.5 No data

PNH laterality:

- Unilateral 1 3 0 5 10

- Bilateral 1 1 5 4

- No data 3

Associated with other MCD
(no. of patients)

0 0 0 0 3

Number of nodule(s):

- Single 1 7

- Multiple 1 1 7 7

- No data 1 2 3 3

SEEG-defined SOZ:

- PNH only 3 1 2

- PNH + ctx (including
associated MCD)

1 1 1 8 15

- PNH +Hc/Am

- PNH + ctx +Hc/Am

- Ctx only 1

- Hc/Am only

Intervention:

- RFTC only 1 5 1 9 13

- RFTC -> resection 1 4

Number of seizur-free post
RFTC*2

0 2 0 2 13

Number of responders to RFTC*3 1 3 1 5 13

Neurologic deficits following
RFTC (transient or permanent)

0 0 0 0 0

Radiologic complications
(bleeding, etc.)

0 0 1 0 0

Follow-up duration (months) 72 18–95 44 6–18~ 12–103

(B) MRI-guided laser interstitial thermal therapy

First author Esquenazi Clarke Thompson Barber Nagae Morris Fayed Brown Cvetkovska Whiting

Year published 2014 2014 2016 2017 2017 2017 2018 2018 2019 2020

Sample size (NH only) 2 1 2 1 2 2 3 2 1 5

Sex (female) 1 1 1 0 1 2 2 No data 0 4

Mean age (year) 36.5 22 30 18 33 38 12 No data 28 32.2

PNH laterality:

- Unilateral 1 1 1 1 2 No data No data 1 2

- Bilateral 1 1 1 1 3

Associated with other MCD
(no. of patients)

0 0 1 1 1 1 No data No data 0 0

Number of nodule(s):

- Single 1 2 1

- Multiple 2 1 2 1 2 1 1

- No data 3 4
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reduction and 11 (61%) were seizure free. However, the
follow-up period was insufficient (median 10 months, range
1–21 months) to draw any definitive conclusion.

Other Potential Stereotactic Ablation Techniques

SRS [64] and MRg-FUS [65] are two stereotactic ablation
techniques that are potentially applicable to PNH. However,
the initial trial of SRS in three patients with PNH has been
rather discouraging [64], in which two were treated with
Gamma Knife radiosurgery and one with LINAC radiosur-
gery. Although all three patients became seizure free eventu-
ally, two suffered intracranial hypertension due to severe
vasogenic edema that left one patient with permanent visual
impairment. MRg-FUS, a minimally invasive technique ini-
tially approved for essential tremor therapy, is currently under
investigation for the ablation of subcortical lesions causing
epilepsy including PNH [65, 82]. Nevertheless, the currently
available FUS system with a treatment envelope limited to
approximately 3 cm from the mid commissural point [82] is
deemed less suitable for ablation of PNH or the overlying
cortices beyond this envelope.

Conclusion

Epilepsy associated with PNH is frequently drug-resistant and
patients with this type of lesion may be candidates for focal
surgical intervention. The role of the heterotopic nodules, the
cortices, and the mesial temporal structures in epileptogenicity
is always the question. Due to the complexity of PNH-related
epilepsy, information gathered from noninvasive studies can
rarely be sufficient to delineate the therapeutic target and in-
vasive studies are usually necessary prior to any focal thera-
peutic intervention. iEEG studies with direct EEG recording
within the heterotopic nodules demonstrated that they are
mostly epileptogenic and usually participate in the epileptic
network and sometimes even initiate the seizures. Once prov-
en epileptogenic, these deeply seated PNH are ideal anatom-
ical target for stereotactic ablative techniques. SEEG-RFTC
and MRg-LITT are the two techniques most often
employed in these cases. SEEG-RFTC is relatively safe
and efficacious in controlling the seizures in patients with
PNH. MRg-LITT may be associated with more neurolog-
ical sequelae while the short-term seizure outcome ap-
pears to be relatively good. A longer-term follow-up will
reveal the efficacy of this technique. Advance in novel

Table 2 (continued)

SEEG-defined SOZ: No data No data SEEG not
performed

- PNH only 1 1 1
- PNH + ctx (including
associated MCD)

1 1 1 2

- PNH +Hc/Am
- PNH + ctx +Hc/Am 1 1
- Ctx only
- Hc/Am only 1

Intervention:
LITT only 1 1 1 1 2 2 3 1 5
- LITT + ATL 1 1
- LITT + RNS 2

Number of seizure-free post-
LITT*4

1 1 1 0 2 1 1 No data 1 3

Number of responders to LITT*5 1 1 1 1 2 2 3 No data 1 5
Neurologic deficits following
LITT (transient or permanent)

1 0 0 1 1 1 0 2 0 2

Radiologic complications
(bleeding, etc.)

0 0 0 1 0 0 0 0 0 0

Follow-up duration (months) 7–12 8 6–12 21 10–13 6–8 1–14 3 to 12~ 16 1–21

Am amygdala, ATL anterior temporal lobectomy, Ctx cortex, Hc hippocampus, LITT laser interstitial thermal therapy, MCD malformation of cortical
development, PNH periventricular nodular heterotopia, RFTC radiofrequency thermocoagulation, RNS responsive neurostimulation, SEEG
steretoelectroencephalography, SOZ seizure onset zone

*1 No data available for individual patient. Number approximated from the total number of patients given in the text of the original publication

*2 Surgical outcome when considering RFTC alone. Not accounted for transitory surgical outcome. If additional intervention was undertaken, outcome
before the additional surgery is considered here

*3 Responder is defined as patient in whom the seizures were reduced by 50% or more in frequency

*4 Surgical outcome when considering LITT alone. If additional intervention was undertaken, outcome before the additional surgery is considered here

*5 Responder is defined as patient in whom the seizures were significantly reduced (equivalent to Engel I, II, III)
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minimally invasive techniques will offer more promising
focal therapeutic options to these patients, in whom direct
resective surgery is challenging.
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