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ABSTRACT
Hypothalamic hamartomas (HHs) are congenital developmental malformations located in the hypothalamus. They are associated with a char-
acteristic clinical manifestation known as gelastic seizures (GS). However, the traditional understanding of HHs has been limited, resulting in
insufficient treatment options and high recurrence rates of seizures after surgery. This is consistent with the network hypothesis of focal epilepsy that
the epileptogenic zone is not only limited to HH but may also involve the distant cerebral cortex external to the HH mass. The epilepsy network
theory, on the other hand, provides a new perspective. In this study, we aim to explore HH-related epilepsy as a network disease, challenging the
conventional notion of being a focal lesional disease. We analyze various aspects of HHs, including genes and signaling pathways, local circuits,
the whole-brain level, phenotypical expression in terms of seizure semiology, and comorbidities. By examining HHs through the lens of network
theory, we can enhance our understanding of the condition and potentially identify novel approaches for more effective management and treatment
of epilepsy associated with HHs.

PLAIN LANGUAGE SUMMARY
Hypothalamic hamartomas (HHs) are unusual brain malformations present from birth in the hypothalamus region. They often lead to a distinctive
type of seizures known as GSs. However, our current understanding of HHs is limited, and this has made it challenging to treat them effectively.
Many patients continue to experience seizures even after surgery.We’ve typically consideredHH-related epilepsy as a localized problem, but a new
theory suggests that it may involve a network of brain areas. In our study, we aim to change the way we viewHH-related epilepsy. Instead of thinking
of it as a single lesion in the brain, we explore the idea that it’s a network disease. To do this, we’ll investigate various aspects of HHs, such as the
genes and pathways involved, how different parts of the brain interact, the impact on the whole brain, the types of seizures experienced, and any
related health issues. By looking at HHs through this network theory, we hope to gain a deeper understanding of the condition and potentially
discover new ways to manage and treat epilepsy associated with HHs. This shift in perspective could offer hope to those living with HH-related
epilepsy and lead to more effective treatments, ultimately improving their quality of life.
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Introduction
Hypothalamic hamartomas (HHs) are congenital non-

progressive developmental malformations in the hypothala-

mus that occur during fetal development. Hypothalamic ha-

martomas have been drawing considerable interest for a range of

disorders. Particularly, gelastic seizures (GS) have been rec-

ognized as characteristic seizure semiology in HH-related ep-

ilepsy. After the first description that the origin of ictal

discharges associated with GS appears in HH, several studies

have confirmed this.1-3 Moreover, typical GS can be induced by

HH direct electrical stimulation.4 Other seizure types, however,

do exist and do not arise from the HH, which indicates that

HH-related epilepsy represents a unique and puzzling human

epileptic entity.

Although HH neurons exist within local networks that may

contribute to ictogenesis, various surgical interventions tar-

geting the hamartoma do not abate seizures systematically.5 The

approach that identified surgery targets in the hamartoma by
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resting preoperative resting-state functional MRI has improved

freedom from seizures by 45% compared to conventional ab-

lation.6 By understanding the epileptic network of HHs and

tailoring the surgical procedure accordingly, the likelihood of

achieving seizure freedom increased.5 This paper aims to ex-

plore HH-related epilepsy as a network disease, challenging the

conventional view of being a focal lesional disease.

Epileptic network
Epilepsy was introduced as a network disease due to pathologies

affecting a complex system in 2017 by the International League

Against Epilepsy Workshop on Neurobiology of Epilepsy

(Figure 1).7 This framework can also be applied to understand

the epileptic network associated with HHs. In order to com-

prehend seizures as a network disease in HHs, it is crucial to

grasp the manifestation of pathologies not only at the clinical

and electrophysiological scales but also at the genetic and

signaling pathway levels. Gene expression plays a crucial role in

the production of proteins and is essential for cell signaling.

Dysregulation of genes and associated signaling pathways

within the HH can lead to abnormal synchronization and

hyperexcitability, eventually culminating in the emergence of

seizures as a symptomatic manifestation. The interplay between

genetic, molecular, cellular, and network-level alterations is

crucial for understanding the complex nature of epilepsy in HHs.

All these levels of dysfunction interact and contribute to the

overall network disturbances and endpoint outcomes observed in

HH-related seizures. Traditionally, epilepsy research in HHs has

focused on the lesion itself. However, the application of these

studies into effective therapies for intractable seizures has been

limited. To address this challenge, a network-based approach has

been proposed to better understand the pathophysiology of

epilepsy. Understanding the epileptic brain network in the

context of HHs will contribute to a deeper understanding of the

underlying mechanisms and help develop targeted therapeutic

interventions to alleviate seizures and associated comorbidities.

Hypothalamic hamartoma epileptic networks: Genes
and signaling pathways
Genetic abnormalities underlie many diseases. Although the

HH is a non-neoplastic heterotopic lesion, genetic factors still

play an important role in this disease. Previous studies indicate

that GLI3, OFD1, PRKACA, DYNC2H1, KIAA0556, and

PTPN11 are involved in HHs.8 GLI3, also known as GLI family

zinc finger 3, is aDNA-binding transcription factor and belongs to

the Sonic hedgehog (Shh) signaling pathway. Sonic hedgehog

participates in the development of the ventral hindbrain, midbrain,

and forebrain during the early embryonic period. While in late

embryogenesis, Shh expresses in the dentate gyrus of the hip-

pocampus, amygdala, neocortex, and cerebellar Purkinje neurons.9

The function of GLI3 appears to be two-faced depending on

the length and presence of Shh.10 Abnormal expression and

mutation in the GLI3 gene can lead to different diseases, in-

cluding HHs, Pallister-Hall syndrome, Greig cepha-

lopolysyndactyly, and polydactyly. Hildebrand et al implicated

at least 37% of patients with HH epilepsy have abnormalities in

the Shh pathway,11 such as nonsense change, frameshift indel,

in-frame insertion, and large copy-number variants or loss-of-

heterozygosity variants. OFD1, encoding a centrosomal/basal

body protein, is located on the X chromosome and associated

with oral-facial-digital syndrome. It is essential for the for-

mation of left-right asymmetry establishment and primary cilia,

Figure 1. Hierarchical organization of epileptic network. (Adapted from Scott RC, Menendez de la Prida L, Mahoney JM, et al. WONOEP APPRAISAL: The many

facets of epilepsy networks. Epilepsia 2018; 59: 1475-1483; with permission).
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which is required for Shh signaling.12 PRKACA encodes one of

the catalytic subunits of protein kinase A (PKA). PRKACA

mutations repress the GLI3 by increasing phosphorylation and

cleavage through the constitutively active form of the PKA.11

DYNC2H1 encodes a cytoplasmic dynein protein which is

important for retrograde transport in the cilium and assembly of

ciliary/flagellar.8 KIAA0556 is also a cilium-associated gene,

which is thought to cause Joubert syndrome with multiple

congenital anomalies.13 PTPN11 encodes one type of protein

tyrosine phosphatase (PTP). Mutation of this gene can lead to

Noonan syndrome and acute myeloid leukemia. Although the

causative mechanism is unclear, somatic variants of this gene

have been found in some patients with HHs.8

Integrating genes and signaling pathways is essential to gain

a deeper understanding of epileptogenesis and associated co-

morbidities in HHs. By exploring the genetic factors and

signaling pathways involved, we can identify key molecular

mechanisms such as GLI3 and Shh signaling pathway that

contribute to the formation and progression of epileptic activity

in HHs. Such mechanisms can facilitate the development of

novel drugs for seizures and other symptoms in HHs.

Hypothalamic hamartoma epileptic networks: Local
circuits and HFOs
In HH tissue, there are 2 distinct cellular populations. Most of

them are small, with short, unbranched processes. They can lead

to spontaneous pacemaker-like firing activity, and their primary

neurotransmitter is Gamma-aminobutyric acid (GABA). The

rest are large with pleomorphic dendrites. They can depolarize

and fire in response to GABA.14 It has been shown that

GABA-mediated excitation results in epileptogenesis in

HHs.15 Through GABAA and GABAB receptors, GABA can

suppress neuronal firing and is of vital importance to epileptic

activity.16 With the perforated patch-clamp technique, Li et al

found a functional rundown of transmembrane currents me-

diated by GABAA receptor after GABA agonist exposure in the

surgical removal of HH tissue.17 Gamma-aminobutyric acid,

typically an inhibitory neurotransmitter, has a dual role in HH-

related epilepsy. The reversal of the intracellular chloride ion

gradient due to cation-chloride transporters may be responsible

for the paradoxical excitation in response to GABA. Specifi-

cally, differential expression of the cation-chloride co-trans-

porters and activation of L-type calcium channels also result in

GABA receptor-mediated epilepsy in HH.18

A variety of electrophysiological indicators are helpful for the

study of HH epileptic networks, including high-frequency

oscillations (HFOs, ripples, and fast ripples), field potentials,

and multiunit activity.19 High-frequency oscillations, charac-

terized by 80-600 Hz signals, are a potentially valuable can-

didate for the identification of epileptogenic tissue.20 There is a

lack of a strict definition of HFOs due to the different spectral

frequency ranges and sampling rates. However, studies have

shown that HFOs are strongly associated with a number of

conditions, including the development of epilepsy, the occur-

rence of seizures, the severity of epilepsy, and the outcome of

treatment.21 The presence of HFOs observed in vivo within the

HH highlights the intricate interplay among multiple distinct

neuronal types within complex neuronal networks.22

In addition to HFOs, heterogeneous interictal discharges are

observed within the HH, with spikes or sharp waves being more

frequently detected. Specifically, the ictal pattern is character-

ized by abrupt giant direct current shifts superimposed with

low-voltage fast activity in the beta-gamma range, which can be

preceded by variable numbers of preictal discharges with high

amplitude.22 Furthermore, HHs demonstrate the ability to

induce typical GS through direct electrical stimulation, re-

vealing the primary role of HHs in GS genesis.4

In constructing animal models of epilepsy, repeated appli-

cation of subconvulsive electrical stimulations can result in

spontaneous seizures, which is called “kindling”.23 Despite the

failure of the animal model in HHs, “kindling-like” seizures can

be found in patients with HH. Some patients with HHs do not

achieve the expected improvement after surgery and still have

seizures (Figure 2), suggesting that distant cortical regions may

be involved. The underlying mechanism may be kindling-like

secondary epileptogenesis. According to the definition of epi-

leptic networks, secondary epileptogenesis refers to epileptic

activities in cellular elements of a previously normal network

induced by discharging epileptogenic region.24 Freeman et al

indicated that GS arise from the hamartoma itself, while the

interictal spike-wave and generalized seizures may reflect sec-

ondary epileptogenesis.25 Scholly et al considered that there may

be “kindling-like” relationships between the HH and the

neocortex based on a dynamic ictal network.26

Hypothalamic hamartoma epileptic networks: Whole
brain level
The mammillothalamic tract originates from the mammillary

body in the hypothalamus and extends towards the anterior

nucleus of the thalamus. It further establishes connections with

the cingulate gyrus. On the other hand, the fornix extends from

the hypothalamus to the hippocampus. Additionally, there are

smaller fibers that connect the hypothalamus to the ventral

septum and the nucleus retroambiguus within the pons27

(Figure 3).

Voxel-based morphometry (VBM) analysis is widely used to

detect structural changes in gray matter volume. Using VBM of

T1 weighted MRI, researchers found significantly greater white

matter density in the temporal lobes and cerebellum in HH

patients with multiple seizure types. It may be an important

cause of the spread of seizure activity in patients with HH,

contributing to the evolvement of seizure types.28 Moreover,

VBM can predict the prognosis of patients with HH. When

treated with stereotactic radiosurgery, higher pretherapeutic

gray matter density (GMD) in the mesencephalic tegmentum,

as well as lower pretherapeutic GMD in the right cerebellar
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lobule, was associated with a better prognosis for seizure

freedom.29

Given that HHs typically exhibit asymmetry and tend to

predominate on one side, the overall brain glucose metabolic

pattern also revealed reductions in the neocortex, primarily

in the ipsilateral hemisphere to the HH, as well as in bilateral

subcortical regions, the cingulate gyrus, and the cerebellum.

The dentatothalamic tract and cortico-ponto-cerebellar tract

are thought to play a role in facilitating intercommunication

between the cerebral cortex, subcortical regions, and cere-

bellar regions. The characteristics of glucose hypo-

metabolism differ across seizure types. Hypothalamic

hamartoma patients with focal to bilateral tonic-clonic

seizures (FBTCS) show significant hypometabolism in

both sides of the precentral gyrus and insular lobe ipsilateral

to the HH compared with the patients with focal aware/

impaired awareness seizures.30 Another study using positron

emission tomography (PET) revealed that the final cortical

hypometabolic pattern depended on the neuroanatomic

location of the HH mass and was consistent with the main

involved cortex of the interictal and ictal discharges.31

Functional magnetic resonance imaging (fMRI), using seed-

based connectivity measures, revealed that the left amygdala-

parahippocampal gyrus area, cingulate gyrus, and occipito-

temporal gyrus demonstrated the highest derangement in

connectivity with the hypothalamus in patients with HHs.

These findings align with the regions mentioned earlier that

have direct anatomical connections to the hypothalamus.32

EEG-fMRI, a combination of electroencephalography (EEG)

and fMRI, can detect blood oxygen level-dependent (BOLD)

changes that are related to interictal discharges identified from scalp

EEG. This technique has been reported to be clinically valuable in

localizing the epileptic focus and investigating epileptic networks.

Group analysis of EEG-fMRI data from patients with HHs has

revealed common activation in the ipsilateral hypothalamus,

brainstem tegmentum, and contralateral cerebellum. Conversely,

deactivation predominantly occurred in the default mode network

(DMN) and bilateral hippocampus. These activated-deactivated

networks suggest that frequent epileptic spikes may lead to the

deactivation of the DMN and alteration in the network in the

hippocampus, which might be an interruption of the normal

cognitive development process.33 Ictal networks from the

Figure 2. Seizure-free range of various surgical interventions targeting HH. The unfilled dot indicates the lowest seizure-free rate, while the solid dot indicates the

highest seizure-free rate. The shaded region delineates the range of seizure-free rates associated with different surgical interventions.

Figure 3. Schematic anatomic connectivity of the mammillary bodies (A) and connectivity of the HH according to DTI (B). (from Régis J, Helen Cross J and

Kerrigan JF. Achieving a cure for hypothalamic hamartomas: a Sisyphean quest? Epilepsia 2017; 58 Suppl 2: 7-11; with permission).
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hypothalamus have been studied via EEG-fMRI. Detailed evi-

dence of the pathway has been obtained through simultaneous

EEG-fMRI recordings capturing approximately 60 seizures in a

single individual. The signal was observed to originate from the

HH, traveled through the left fornix to the temporal lobe, and

subsequently passed through the left cingulate to the dorsal-lateral

frontal lobe.34 Another patient with HHs had ictal EEG-fMRI

capturing 21 seizures, with increased BOLD in the precuneus,

anterior cingulate, and medial occipital areas.35

Group analysis of single-photon emission computed to-

mography (SPECT) data comparing interictal and ictal states

revealed significant hyperperfusion in several regions. These

included the ipsilateral hypothalamus, mediodorsal nucleus of

the thalamus, putamen, bilateral pontine tegmentum, and

contralateral cerebellum. However, contrary to previous reports

suggesting that HH lesions connect to the anterior thalamic

nucleus, no hyperperfusion was observed in the mammillo-

thalamo-cingulate pathway, which could be attributed to the

limited sensitivity of SPECT in detecting seizure activity

coming from small HH lesions.36

The mammillo-thalamo-cingulate circuit had previously been

proposed by Kahane et al to be involved in secondary epilepto-

genesis after GS based on intracranial EEG recordings.4 For in-

vestigating the dynamic ictal network organization, invasive EEG,

which allows for deeper and more precise recordings, is a more

practical and useful tool for deep and small hamartoma. In the

Marseille series, 2 cases studied by using stereo-

electroencephalography (SEEG) provided evidence of epi-

leptogenicity extending beyond the boundaries of the HH. In the

first case, the HH still triggered clusters of seizures that spread to

neocortex, whereas in the second case, the HHwas not found to be

involved in spontaneous seizures.26 These findings suggest the

possible “kindling-like” relationships between the HH and the

neocortex or widespread epileptogenesis. Our recent study showed

that independent epileptic ictal discharges arising from the mesial

temporal lobe in 3 patients withHHswere thus largely suggestive of

extended epileptogenicity outside the limits of the HH. Repetitive

intra-hamartoma interictal or ictal discharges are assumed to

contribute to the development of dependent or independent epi-

leptogenesis on extra-HH structures.22

To investigate the connectivity between the HH and

cortex more thoroughly, HH-cortical evoked potentials were

applied to evaluate the direct electrophysiological connec-

tivity between the HH and the cortex in vivo. In our recent

study, repetitive single-pulse direct electrical stimulation was

performed in 2 representative patients through the contacts

implanted into the hamartoma. In the patient with prom-

inent GS, the N1 component of averaged evoked potentials

to HH stimulation was more remarkable in the orbitofrontal

cortex than in the other distributed structures (Figure 4A).

Located on the ventral surface of the frontal lobe, the or-

bitofrontal cortex is involved in emotion and executive

function.37 In another patient suffering from seizures with

impaired awareness and GS, the N1 component of averaged

evoked potentials to HH stimulation was mainly detected in

the amygdala ipsilateral to the attachment of the HH22

(Figure 4B). Research on the amygdala consistently high-

lights its pivotal role as a crucial hub that connects various

cortical and subcortical structures within the brain.38,39 This

region consistently evaluates and integrates diverse sensory

inputs from the environment, assigning them meaningful

values such as valence, intensity, and approachability, and

contributing to a wide array of behaviors. Consequently, the

amygdala plays an important role in the network of the

limbic system and various emotional and cognitive functions

are thought to be related to the amygdala.40,41 These results

suggested that the spatial distribution of the N1 component

was related to seizure semiology.

Hypothalamic hamartoma epileptic networks:
Phenotypical expression-seizure semiology
and comorbidities
It has been shown that the morphological features may affect the

clinical presentations in HHs. HHs are located at the para-

hypothalamic position without affecting the third ventricle in

most patients with central precocious puberty (PP). However, a

sessile intrahypothalamic hamartoma may be associated with

seizures.42

Patients diagnosedwithHHs and epilepsy frequently experience

cognitive deficits. Frattali et al demonstrated that the conduction

pathways in HHs were related to cortical association areas and

amygdala and hippocampal formation, which affect cognitive

functions and affective/emotional states.43 Other associated co-

morbidities in patients with HHs, such as attention-deficit/hy-

peractivity disorder, oppositional defiant disorder, and conduct

disorder, which manifest with disruptive or aggressive behaviour,

were associated with epilepsy and sex(male).44 Epileptiform activity

seem to cause cognitive and behavioral deterioration.44,45 More

than half of the patients withHHs were below the average of global

intellectual abilities, mainly in verbal and visual learning and

memory.46 After surgery, there are mild to moderate improvements

in patients’ intelligence.47

The gelastic and sometimes dacrystic seizure is a special and

unique clinical manifestation in HHs, in which small HHs are

more prone to produce discrete symptoms, such as pressure to

laugh. Dacrystic seizures, often referred to as ‘crying seizures’, are

characterized by paroxysmal episodes of stereotyped crying and

often co-occur with GS in HHs.48 At the group level, our recent

study of SEEG showed that GS propagated mainly through or-

bitofrontal areas, the cingulate gyrus and/or the neighboring limbic

system.22 At present, the pathophysiology of GS is still not

completely understood. Typically, onset occurs during early infancy,

averaging at 6 months of age.25,49 The utility of scalp EEG is not

favorable in the evaluation of GS.50 Studies on GS should be

inseparable from the research on the physiological mechanism of

laughter. Laughter comprises 2 components, including motor and

emotion. The emotional or involuntary components are associated

with the amygdala, thalamic/hypo- and subthalamic areas and the

5Wang et al
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dorsal/tegmental brainstem.51 Impaired functional connections in

mesial temporal structures (hippocampus and amygdala) can result

in asymmetric emotional facial movements.52 The motor or vol-

untary components are associated with the premotor/frontal

opercular areas, motor cortex and the ventral brainstem.51 Gelastic

seizure originating from theHH are not associated with emotion.53

In the absence of surgical intervention, GS, commonly observed

during childhood, have the potential to evolve into various seizure

types. Therefore, HHs are associated with a diverse spectrum of

epileptic seizure manifestations, including FBTCS, focal seizures,

atonic seizures, tonic seizures, atypical absences, and infantile

spasms.54 Moreover, these seizures are often related to extra-HH

origin and exhibit resistance to conventional antiseizure medica-

tions. These scenarios suggest that the nature of HHs is complex

and multifaceted.

Another essential clinical manifestation is precocious

puberty, which results from early activation of the hypo-

thalamic-pituitary-gonadal axis by HHs, as it may produce

and release luteinizing-hormone-releasing factor, also

named gonadotropin-releasing hormone (GnRH) into

blood spontaneously.55,56 Potential explanations for this

symptom may include GABA-mediated excitation and glial

factors (like transforming growth factor α). Other less

common endocrine symptoms in HHs include growth

hormone deficiency, hypothyroidism, and adrenal

insufficiency.56

Rage attacks are characterized by sudden episodes of ex-

plosive anger or aggressive behavior. Rage attacks can also be a

concomitant symptom of HHs. It is a common externalizing

symptom in HHs.44 The exact mechanisms underlying rage

attacks in individuals with HHs are not fully understood and

may be attributed to the abnormal activity of the HHs and its

impact on emotional network.

Conclusions
HHs are congenital non-progressive developmental malformations

located in the hypothalamus, which can manifest as GS and other

seizure types, cognitive and behavioral problems, and precocious

puberty. This study provides an in-depth investigation and analysis of

the pathogenicmechanisms ofHHs from the perspective of epileptic

networks. Multiple aspects, including genes and signaling pathways,

local circuits, whole-brain level analysis, phenotypical expression in

terms of seizure semiology, and comorbidities, have been thoroughly

examined. The study of HH epileptic networks contributes to a

deeper understanding of this disorder and holds the potential to

advance the development of minimally invasive surgical treatments

for HHs.
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