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A B S T R A C T   

In recent years, imaging has emerged as a promising source of several intriguing biomarkers in epilepsy, due to 
the impressive growth of imaging technology, supported by methodological advances and integrations of post- 
processing techniques. 

Bearing in mind the mutually influencing connection between sleep and epilepsy, we focused on sleep-related 
hypermotor epilepsy (SHE) and sudden unexpected death in epilepsy (SUDEP), aiming to make order and clarify 
possible clinical utility of emerging multimodal imaging biomarkers of these two epilepsy-related entities 
commonly occurring during sleep. 

Regarding SHE, advanced structural techniques might soon emerge as a promising source of diagnostic and 
predictive biomarkers, tailoring a targeted therapeutic (surgical) approach for MRI-negative subjects. Functional 
and metabolic imaging may instead unveil SHE’s extensive and night-related altered brain networks, providing 
insights into distinctions and similarities with non-epileptic sleep phenomena, such as parasomnias. 

SUDEP is considered a storm that strikes without warning signals, but objective subtle structural and func
tional alterations in autonomic, cardiorespiratory, and arousal centers are present in patients eventually expe
riencing SUDEP. These alterations could be seen both as susceptibility and diagnostic biomarkers of the 
underlying pathological ongoing loop ultimately ending in death. 

Finally, given that SHE and SUDEP are rare phenomena, most evidence on the topic is derived from small 
single-center experiences with scarcely comparable results, hampering the possibility of performing any meta- 
analytic approach. Multicenter, longitudinal, well-designed studies are strongly encouraged.   

1. Introduction 

1.1. Purpose 

Biomarkers are widely used in translational research as well as in 
everyday medical practice in different scenarios, including epilepsy. 
However, so far, a consensus on their definition and application is 
lacking. The profound and mutually influencing connection between 
sleep and epilepsy is well known and interests different epileptic syn
dromes either of pediatric and adult age, as well as other non-epileptic 

but otherwise dreadful conditions like sudden unexpected death in ep
ilepsy (SUDEP) [1]. In this review, we focus our attention on imaging 
biomarkers of two entities, namely one epileptic syndrome, 
sleep-related hypermotor epilepsy (SHE), and one non-epileptic disor
der, sudden unexpected death in epilepsy (SUDEP). The rationale behind 
this choice is twofold: sleep is a common trigger for both conditions to 
occur. Moreover, while in the last years there was an explosion of im
aging research studies, including systematic and not systematic reviews 
in SUDEP, SHE research lacks similar evidence, likely due to the rarity of 
the condition, the difficulties to diagnose and the heterogeneity of 
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imaging data. Nevertheless, to investigate the relationships between 
those phenomenon trough imaging biomarkers is not trivial as it could 
help to clarify the mechanisms by which sleep can behave as a trigger in 
different conditions. 

In the present work, after an introduction on the concept and defi
nition of biomarker, we provided a brief survey of its different decli
nations in the field of imaging in epilepsy. Then we synthesized 
available data on SHE and SUDEP imaging biomarkers, always 
attempting to clarify whether they might be deemed as diagnostic, 
prognostic or with other clinical significance, to encourage the utilization 
of biomarkers in clinical practice. Finally, we used the information 
collected to speculate and propose potential imaging biomarkers that 
can explain the basis of night-time factors facilitating seizures occur
rence in both situations. 

1.2. Biomarkers: what they are and how to use 

In the 2000′, the National Institutes of Health (NIH) defined a 
biomarker as “a characteristic that is objectively measured and evalu
ated as an indication of normal biologic processes, pathogenic processes, 
or pharmacologic responses to a therapeutic intervention” [2]. A more 
recent and wider definition of biomarker is “a biological observation 
that substitutes for and ideally predicts a clinically relevant endpoint or 
intermediate outcome that is more difficult to observe” [3]. Summari
zing, a biomarker could be defined as a measurable indicator of some 
biological state or condition. 

Several non-mutually exclusive subtypes of biomarkers have been 
defined according to their applications: susceptibility, diagnostic, prog
nostic, predictive, response, monitoring and safety biomarkers (Table 1). 
Importantly, a single biomarker could meet the criteria for different 
biomarker’s types, depending on how it is used [4]. Finally, the rele
vance of a specific biomarker is strongly related to the time window of 
appearance/discovery (Fig. 1). For instance, the same imaging disease 
hallmark, which plays a pivotal role in the preclinical stage, anticipating 
the disease onset as susceptibility biomarker, may become trivial once the 
diagnosis is made. 

1.3. Biomarkers in epilepsy 

Schematically, biomarkers in epilepsy can be classified in two broad 
categories:  

- Biomarkers of ictogenesis, linked to the propensity to suffer from an 
unprovoked seizure.  

- Biomarkers of epileptogenesis, tied to the development of epilepsy, 
defined as the growing and the extension of tissue capable of 
generating spontaneous seizures [5,6]. 

Within each of these two concepts, all the biomarkers’ categories 
previously described can be applied, resulting in different sub- 
categories. 

Biomarkers of SHE, as well as of any type of epilepsy, can be found in 
a variety of data types, including clinical, electrophysiological, genetic/ 
molecular, and imaging data. While clinical and electrophysiological 
biomarkers have historically been the most utilized, there is now a 
growing recognition of two newer categories: genetic/molecular and 
imaging biomarkers. The same significant interest is also directed to
wards SUDEP biomarkers. SUDEP is not an epileptic syndrome but a rare 
and fatal complication common to many forms of epilepsy, occurring 
mainly during sleep. In this context as well, imaging is increasingly in
tegrated into a multimodal framework where diverse biomarker types, 
stemming from different approaches and encompassing various systems, 
are combined to shed light on SUDEP pathophysiology, creating a model 
to assess patient’s risk profile. 

1.4. Imaging biomarkers 

Once the suspicion of a seizure disorder has been established, neu
roimaging is crucial in determining disease etiology, assessing prog
nosis, and planning appropriate therapeutic options. Therefore, 
neuroimaging might be seen as the main source of epilepsy biomarkers 
[7–9]. Additionally, although still not diffusely integrated in the 
everyday clinical practice, advanced neuroimaging techniques have 
been developed to guide the identification of subtle structural anomalies 
in the epileptic brain, which can miss by the naked eye examination. 
Besides their role in the definition of the seizure-onset zone, these 
techniques can reveal remote (and frequently overlooked) consequences 
of the disease on different brain key nodes, elevating the condition to a 
‘network-level’ disorder [10]. However, given the complex evolution of 
the epileptogenic process, often preceded by a long asymptomatic phase, 
defining whether these brain anomalies should be considered cause or 
rather consequences of the disease itself remains one of the most chal
lenging questions. 

In patients with MRI-standard detectable lesions, both the presence 
and the complete surgical resection of the seizure onset zone (SOZ) are 
considered the most robust prognostic indicators of the subsequent 
outcome [11,12]. The scenario is far more complicated in patients with 
subtle cortical alterations or in patients presenting with an apparently 
‘normal’ brain MRI. In 2019 a ILAE task force defined a set of recom
mendations to improve images acquisition protocols [13], additionally 
endorsing the use of several currently available software for 
post-processing techniques, able to provide reliable information on pa
tients’ anatomy and pathology. Moving from structural imaging, both 
functional and metabolic techniques might capture different features of 
the underlying pathological mechanism. Functional MRI imaging 
(fMRI), based on BOLD (blood oxygen level dependent) signal fluctua
tions between regions, confirmed the presence of large-scale network 
alterations in patients with epilepsy, providing several noninvasive 
biomarkers of epileptogenesis and ictogenesis, especially analyzing 
connectivity patterns derived from resting state (rs-fMRI) [14–16]. 
Finally, various non-invasive or minimally invasive metabolic imaging 
techniques can be employed to assess the functional pathways within 
brain regions. Radioactive molecules such as 18-F-fluorodeoxyglucose 
(FDG) have the capacity to distinguish between epileptogenic and 
non-epileptogenic lesions in various genetic-structural epilepsies [17]. 
Moreover, they reveal regional impairments extending beyond the 
presumed epileptogenic lesion [18]. This once again emphasizes that 
epilepsy is a complex brain condition, suggesting that valuable suscep
tibility, diagnostic, predictive, and prognostic biomarkers might be 
rooted in extensive brain networks. 

Table 1 
Biomarkers’ definitions (adapted from Califf, 2018[4]).  

Type of 
biomarker 

Definition 

Diagnostic Confirms the presence of a disease or condition of interest. 
Largely used in the Classification process 

Prognostic Identifies the likelihood of a clinical event, disease recurrence, or 
disease progression 

Monitoring Measured serially to assess the status of a disease or medical 
condition 

Predictive Its level can predict the outcome or the response to a medical 
product or action 

Response Its level changes in response to exposure to a medical product or 
an environmental agent 

Susceptibility Indicates the possibility of developing a disease or medical 
condition in an individual without any manifest sign 

Safety measured before or after an exposure to a medical intervention or 
environmental agent to indicate the likelihood, presence, or 
extent of a toxicity as an adverse event.  
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2. SHE biomarkers 

2.1. Background 

SHE is a rare form of focal epilepsy characterized by asymmetric 
tonic-dystonic posturing and/or hyperkinetic seizures occurring mostly 
during non-REM (rapid eye movements) sleep and associated to 
different etiology (genetic, structural and/or acquired) [19]. SHE diag
nosis can be challenging, also due to its clinical and electrophysiological 
similarities with non-REM sleep parasomnias [20]. In this perspective 
brain imaging could be useful to support SHE diagnosis (susceptibility 
and diagnostic biomarkers) and target therapeutic strategies (prognostic 
and predictive biomarkers) (Table 2). 

2.2. Structural biomarkers 

The identification of diagnostic biomarkers is particularly relevant for 
SHE, as electrophysiological data and clinical history might be unin
formative or equivocal. The majority of lesional SHE cases might be 
associated with congenital malformations of cortical development such 
as focal cortical dysplasia (FCD) or with acquired brain lesions, 
including low-grade tumors and hippocampal sclerosis [21]. The pres
ence of FCD significantly increases the risk of nocturnal epilepsy inde
pendent of the lesion’s localization within the cortex (diagnostic 
biomarker), and with higher risk for smaller lesions [21] (susceptibility 
biomarker). 

The application of advanced imaging techniques, as tractography 
with multi shell diffusion-weighted MRI and magnetization transfer 
imaging (MTI), might help in detecting subtle structural diagnostic bio
markers in apparently non-lesional SHE. Tractography indirectly mir
rors white matter tracts integrity, and, in combination with other 
modalities, it can help to diagnose and further localize the SOZ in pa
tients with SHE [22]. As with other forms of focal epilepsy, also SHE has 
been screened for the presence of more diffuse structural anomalies. In 
this perspective, magnetization transfer ratio (MTR), a parameter esti
mated from diffusion weighted images, revealed that patients affected 
by SHE present a more widespread tissue alteration compared to 
age-matched healthy subjects, elevating SHE to a network disorder with 
global brain alterations apparently independent from its focal origin 

[23]. The exact topography of these brain anomalies, and whether some 
differences can be seen depending on the underlying SHE etiology is yet 
to be defined. 

2.3. Metabolic biomarkers 

So far, the most remarkable results in SHE come from metabolic 
investigations. Patients affected by SHE show metabolic dysregulation 
in the fronto-mesial cortical areas, with a pathological decrease of N- 
acetyl-aspartate (well-known biomarker of axonal density and integrity) 
especially in the anterior cingulate cortex compared to controls, with 
severity directly proportional to seizure burden. This finding confirms 
that SHE patients, regardless SOZ location, might have a common 
network alteration with a final relay in the frontal lobe, whose 
dysfunction facilitates ictal hypermotor phenomena during sleep, 
turning off tonic inhibition on subcortical motor pattern generators 
[24]. 

In 2006, Picard and collaborators, using a PET radiotracer for nico
tinic Ach receptors (nAChRs), demonstrated a significant increase of 
nAChRs in several diencephalic regions (epithalamus, ventral mesen
cephalon, cerebellum) in a group of patients affected by a familiar form 
of nocturnal epilepsy (autosomal dominant nocturnal frontal lobe epi
lepsy, ADNFLE) [25] (Fig. 2). In parallel, the authors found a relative 
decrease of the same receptors in prefrontal cortical regions. They 
theorized a hyper-activation of the cholinergic brainstem/diencephalic 
pathway which may, in turn, pathologically stimulate several thalamus 
nuclei, converting thalamocortical firing into pathological oscillations 
that might lastly trigger the ictal mechanism. Prefrontal AChRs density 
decrease could instead reflect regionally neuronal dysfunction causing 
the loss of cortical inhibition on brainstem central pattern generators, 
thus enabling the characteristic hypermotor semeiology of this over
activated cholinergic ascending pathway, as suggested by Naldi and 
collaborators [24]. Notably, nAChRs density does not seem to be caused 
by seizures, as most patients were not experiencing ictal events at the 
time of examination [25], being indeed a promising susceptibility and 
diagnostic biomarker for SHE to occur. Additionally, the Ach pivotal role 
in brainstem circuits responsible for sleep arousal may contribute to the 
primary occurrence of epileptic manifestations during non-REM sleep, 
and, in vivo evidence of altered Ach pathway might be considered a 

Fig. 1. Schematic representation of the ideal application area for the different biomarker subtypes, according to various stages of a theoretical disease. The vertical 
axis represents the potential utility value, while the horizontal axis represents time. Progressive numbering in the upper part of the figure represents different disease 
phases. For example: a biomarker of susceptibility (light blue in the image) is highly informative during health and premorbid stages, while a monitoring biomarker 
(light pink) is far more useful during advanced disease phases. 
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predictive therapeutic biomarker of a good response to an Ach-blocker 
antiseizure drug, such as carbamazepine and related molecules 
[25–27]. Starting from the hypothesis that activation of presynaptic 
nicotinic receptors augments the release of dopamine in the striatum 
and the prefrontal regions, Fedi and colleagues [28] tested the influence 
of dopaminergic system in the ADNFLE pathogenesis. According to their 
results, SHE patients presented a significant reduction of striatal dopa
minergic 1 (D1) free receptor concentration, due to elevated extracel
lular dopamine levels or receptor downregulation. Considering the key 
role of striatal control on thalamic-frontal projections, the reduced 
dopaminergic inhibition on the excitatory cortical projections, coupled 
with the cholinergic pathway dysregulation, may contribute to the 
hypermotor semeiology in SHE, providing another promising metabolic 
imaging susceptibility and diagnostic imaging biomarker of SHE [28] 
(Fig. 2). So far, to the best of our knowledge, most of imaging research 
focused on ADNFLE. Conversely, non-genetic cases remain largely un
exploited, partially due to the wide heterogeneities in SHE etiologies. 

2.4. Functional biomarkers 

Functional imaging could reveal network dysregulations 

underpinning SHE development and, potentially, suggesting valuable 
noninvasive biomarkers of this condition. Graph theory is a mathe
matical approach allowing to schematize the human brain as a network 
composed by nodes and edges [29]. The analysis of circuits and con
nectivity between each hub of the human graph consent to define the 
‘topology’ and properties of every brain area, providing information on 
their functioning and health. Brain functional network analysis with 
graph theory approach recently highlighted the absence of a network 
hub in the caudate nucleus in SHE patients compared to the controls, 
validating the above-mentioned PET study [25] and confirming its sig
nificance as an intriguing diagnostic biomarker [29]. Additionally, pa
tients affected by SHE show higher values of thalamic functional 
connectivity (FC) compared to controls [29]. In frontal lobe epilepsies 
different from SHE, thalamic-whole brain FC was found to be similar to 
healthy controls, thus suggesting that the increase of thalamic FC could 
be considered as a noninvasive diagnostic biomarker of SHE [30]. From a 
clinical perspective these thalamic pathways’ dysregulation might 
justify the high prevalence of disorders of arousal (DoA) in patients 
suffering from SHE. Probably, the two disorders share a common path
ological cholinergic arousal reaction, as suggested by functional imaging 
results and by their electrophysiological commonalities at polysomno
graphic evaluations [31–34]. While the thalamic FC has been proposed 
as diagnostic/susceptibility biomarker for SHE, the altered connectivity 
profile in precuneus, sensorimotor cortex and supplementary motor 
area, which are part of the default mode network (DMN), seems to be 
associated to disease duration (monitoring biomarkers?) [35]. 

2.5. Conclusion 

Currently, imaging can yield two primary types of biomarkers in SHE 
patients. On one side, when considering SHE in conjunction with other 
drug-resistant focal epilepsies, advanced structural techniques might 
soon emerge as promising diagnostic biomarkers [22]. Additionally, 
these techniques could eventually hold value in tailoring a targeted 
therapeutic (surgical) approach for MRI-negative subjects, thereby also 
serving as predictive biomarkers. On the other side, keeping in mind the 
peculiar and distinctive sleep nature of SHE, functional and metabolic 
techniques might offer innovative biomarkers to unveil its extensive and 
night-related networks [24,25,28,29,35]. At present, the question of 
whether these could be regarded as susceptibility or as effect biomarkers 
remains unresolved. Nevertheless, in the future, these techniques could 
assist in understanding why focal lesions in different brain regions share 
a common pathway to nocturnal seizures, eventually providing insights 
into the distinctions and similarities with non-epileptic sleep phenom
ena, like parasomnias. 

3. Biomarkers of SUDEP 

3.1. Background 

SUDEP is the most important epilepsy-related cause of death, 
occurring in up to 6.3 to 9.3/1000 patients with drug-resistant epilepsy 
[36]. A definite SUDEP is a sudden, unexpected, (un)witnessed, non
traumatic, nondrowning death, occurring usually nocturnally or during 
sleep [37], in a patient with epilepsy with or without seizures evidence 
(excluding status epilepticus), in whom postmortem examination does 
not reveal a cause of death. If criteria are met but an autopsy is not 
performed, then is called probable SUDEP [38,39]. 

The link between sleep and SUDEP is tied and complex. Nobili and 
colleagues showed how the mean percentage of possibly sleep-related 
SUDEP in studies including more than 10 subjects was 57 %, reaching 
95 % in one, while several evidences highlight the role of nocturnal 
seizures as an independent risk factor for SUDEP [40,41]. Sleep might 
favor SUDEP events in different ways. It is well-known that sleep stages 
largely modulate the dynamic interactions between the autonomic and 
the cardiovascular system. NREM sleep hosts a progressive increase of 

Table 2 
Case-study and case-control studies investigating imaging biomarkers in SHE.  

Author Imaging 
technique 

Study 
design 

N◦ Main findings Suggested 
biomarker 

Picard 
2006 

PET with 
[18F]-F-A- 
85,380 
(nAChR 
agonist) 

Case- 
control 
study 

8 Significant 
increase of 
nAChRs density 
in several 
diencephalic 
regions, 
relative 
decrease in 
prefrontal 
cortical regions 

Susceptibility 
Diagnostic 
Predictive 

Fedi 2008 PET with 
[11C]- 
SCH23390 
(D1R 
agonist) 

Case- 
control 
study 

12 Reduced 
striatal D1 free 
receptor 
concentration 

Susceptibility 
Diagnostic 

Naldi 2017 MR proton 
spectroscopy 

Case- 
control 
study 

19 NAA/Cr ratio 
reduction in 
cortical mesial 
structures, 
correlating 
with seizure 
frequency 

Diagnostic 

Tchopev 
2018 

MR 
tractography 
with MTI 

Case- 
study 

1 Detection of 
the seizure 
onset zone 
incorporating 
tractography in 
multimodal 
study 

Diagnostic 
Predictive 

Evangelisti 
2018 

Rs-fMRI with 
graph 
theoretical 
approach 

Case- 
control 
study 

13 Higher values 
of thalamic and 
cortical 
sensorimotor 
FC. Absence of 
a network hub 
in the caudate 
nucleus 

Susceptibility 
Diagnostic 

Liu 2021 Rs-fMRI Case- 
control 
study 

41 Altered FC in 
precuneus, 
sensorimotor 
cortex and 
supplementary 
motor area, 
more severe 
according to 
disease 
duration 

Diagnostic 
Monitoring  
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the parasympathetic activity, leading to a reduction in blood pressure 
and heart rate, while REM sleep is commonly associated with rein
forcement of the sympathetic vasomotor tone and bursts in the vagus 
nerve activation, which can cause cardiac pauses or even brief periods of 
asystole. REM sleep is also commonly associated with respiratory 
instability that can favor pathological respiratory events, especially in 
subjects affected by pre-existing cardiological or pulmonary diseases 
[42]. By counterpart, NREM sleep might favor occurrence of paroxysmal 
events through its cyclic oscillatory activities, mirrored by the cyclic 
alternating pattern (CAP), which behaves as a permissive framework for 
seizures onset [43,44]. Although numerous deaths for SUDEP had been 

considered consequences of nocturnal seizures, more recently other 
circadian factors have been implicated in the SUDEP rhythmicity [45]. 
Being SUDEP by its nature an unpredictable event, research has focused 
to identify potential biomarkers of susceptibility able to define people at 
high risk. With recent advances in our understanding of SUDEP patho
physiology [46,47] attention has focused on electrophysiological and 
imaging biomarkers of impaired cardiorespiratory and autonomic 
pathways, attempting to determine whether they could be used as 
valuable susceptibility biomarkers [48] (Table 3). 

Fig. 2. Schematic representation of cholinergic and dopaminergic anomalies leading to sleep-related hypermotor phenomena in patients affected by SHE. Upper part 
of the figure: abnormalities in the cholinergic pathway (light red representing hypoactivation and light green indicating hyperactivation); lower part of the figure: 
abnormalities in the dopaminergic pathway (orange striped areas). 

Table 3 
Case-control studies evaluating imaging biomarkers in SUDEP and high-risk SUDEP cases.  

Author Imaging technique Study 
design 

N◦ Main findings Suggested 
biomarker 

Mueller 2014 VBM MRI with graph analysis Case- 
control 
study 

2 SUDEP Dorsal mesencephalic atrophy extending over dorsal pons and upper medulla 
oblongata. Structural connectivity graph analysis abnormalities 

Susceptibility 

Tang 2014 Rs-fMRI Case- 
control 
study 

0 SUDEP 
13 high- 
risk 

Reduced FC in bilateral anterior cingulate cortex and thalami, pons and 
midbrain 

Susceptibility 

Wandschneider 
2015 

VBM MRI Case- 
control 
study 

12 SUDEP 
34 high- 
risk 

Bilateral thinning of posterior thalami, increased grey matter volume in the 
right hippocampus, parahippocampal gyrus and amygdala 

Susceptibility 

Allen 2017 Rs-fMRI Case- 
control 
study 

0 SUDEP 
14 high- 
risk 

Reduced FC in thalamus, brainstem anterior cingulate cortex, putamen and 
amygdala. Enhanced FC involving connections to limbic structures from the 
frontal medio-orbital cortex 

Susceptibility 

Mueller 2018 Deformation-based 
morphometry MRI with graph 
analysis 

Case- 
control 
study 

26 
SUDEP. 

Widespread brainstem atrophy, with more extensive damage correlating with 
shorter survival 

Susceptibility 
Prognostic 

Allen 2019 Rs-fMRI Case- 
control 
study 

8 SUDEP 
16 high- 
risk 

Reduced modularity and increased nodal participation between brain regions 
involved in cardiovascular and breathing control 

Susceptibility 

Allen 2019 VBM MRI Case- 
control 
study 

25 SUDEP 
25 high- 
risk 

Thinning of posterior cingulate and thalamus, periaqueductal gray and 
cerebellum. Increased grey matter volume in entorhinal cortex, 
parahippocampal gyrus, subcallosal cortex and amygdala 

Susceptibility 

Whatley 2021 PET with 18-FDG Case- 
control 
study 

0 SUDEP 
56 high- 
risk 

Increased metabolism in basal ganglia, thalamus, ventral diencephalon, 
midbrain, pons, and deep cerebellar nuclei 

Susceptibility  
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3.2. Structural biomarkers 

Several voxel-based morphometry (VBM) studies revealed volume 
differences in key cardiorespiratory and autonomic regulatory brain 
structures (Fig. 3). Wandschneider and colleagues [49], considering 
both SUDEP cases and high-risk epileptic patients, according to a vali
dated risk factor analysis scores [50], identified bilateral thinning of 
posterior thalami (pulvinar) and increased grey matter volume in the 
right hippocampus, parahippocampal gyrus and amygdala. Reduced 
pulvinar volume, further confirmed in a larger cohort [51], is of 
particular interest, considering its role in mediating breathing responses 
in hypoxic situations, as normally happens during ictal episodes [52]. 
Conversely, the lateralized increased volume of limbic circuitry modu
lating autonomic functions [49], may be either causes or consequences 
(e.g., gliosis) of repetitive seizures [53]. In both cases the volumetric 
data could reflect an underlying chronic autonomic dysregulation which 
may reflect the inability to recover breathing from hypoxic challenge, 
ultimately contributing to an increased potential for a fatal outcome 
(susceptibility biomarker). A recent work by Allen [51] revealed the 
involvement of other cortical and subcortical brain regions structurally 
impaired in SUDEP, such as cerebellum and posterior cingulate cortex, 
which appear smaller/thinner compared to high-risk patients and 
healthy controls. SUDEP patients may present major bilateral cerebellar 
volume loss [51], perhaps indicating an impaired cerebellar capability 
to recover from compromised cardiovascular and breathing circum
stances [54]. 

The brainstem, with its important role in cardiorespiratory and 
arousal control, represents another widely investigated possible struc
tural susceptibility biomarker of SUDEP [55,56]. Compared to controls 
and patients with temporal lobe epilepsy (TLE), two subjects who later 
died for SUDEP showed severe and widespread dorsal mesencephalic 
atrophy, extending over dorsal pons and upper medulla oblongata, 

together with structural connectivity abnormalities in the same areas 
[57]. Notably, the most severely affected regions involve periaqueductal 
gray and cuneiform nucleus, structures deeply implicated in networks 
regulating the autonomic control on cardio-respiratory functions and 
whose impaired behavior might cause the critical peri‑ and post-ictal 
autonomic disturbances eventually ending in SUDEP. Moreover, pa
tients suffering from focal epilepsy who then experienced proba
ble/definite SUDEP have shown to have a more widespread brainstem 
volume loss compared to those without subsequent SUDEP, with more 
extensive damage correlated with a shorter survival time [58] (prog
nostic biomarker). These structural brainstem dysfunctions, further 
confirmed by post-mortem studies [59], might cause not only cardiac 
arrhythmias and respiratory impairment, but also longer and more often 
generalized seizures with prolonged impairment of consciousness. 
Brainstem atrophy and degeneration can be therefore considered both a 
promising imaging risk/susceptibility biomarker and its measurement 
seems critical to understand the sequence of events leading to SUDEP. 

3.3. Metabolic imaging biomarkers 

Only few studies explored the role of metabolic images to find 
valuable biomarker of SUDEP, and only one enrolled patients later died 
for SUDEP [60]. According to their results, high risk SUDEP patients 
present increased metabolism in regions (basal ganglia, thalamus, 
ventral diencephalon, midbrain, pons, and deep cerebellar nuclei) 
involved in cardiovascular, breathing, and autonomic regulation [61] 
and decrease metabolism over the medial and inferior frontal cortex 
bilaterally, including the anterior cingulate [60]. Both studies [60,61] 
although reporting with different results, highlighted the involvement of 
structures that regulate the cardio-vascular and respiratory functions. 
Considering that the same structures result structurally and functionally 
(see below) abnormal in high risk and SUDEP patients [62,63], these 
abnormalities could represent a promising risk biomarker of SUDEP. 

3.4. Functional biomarkers 

Different rs-fMRI studies in TLE patients at high-risk of SUDEP found 
reduced FC in several regions, including cingulate cortex, thalamus and 
brainstem [62,63] (Fig. 3). Notably, an enhanced FC emerged in 
high-risk SUDEP patients between limbic structures and frontal 
medio-orbital cortex [63]. The frontal enhanced connectivity could 
reflect an imbalance in the medial prefrontal–hippocampal circuitry 
involved in autonomic-modulated blood pressure regulation [64]. 
Graph theory results [65] showed how SUDEP (and high-risk) subjects 
presented a reduced modularity, a measure indicating the level of brain 
networks organization, between critical brain regions involved in car
diovascular and breathing control. Furthermore, they also presented 
increased nodal participation (a measure of the degree to which a brain 
region communicates with other modules) in the same structures, 
including thalamus and insula, enhancing excessive neuronal in
teractions among these vital structures [65]. Finally, a very recent 
rs-fMRI study found out a negative correlation between the strength of 
anterior insula connectivity and the interval between fMRI scan and 
time of SUDEP. Dysfunctional insular connectivity may thus play a 
pivotal role in SUDEP, and its measure might be considered a valuable 
noninvasive predictive biomarker of SUDEP risk [66]. 

3.5. Conclusion 

In SUDEP patients, sleep might play a crucial role in triggering 
several multi-domain risk factors ultimately ending with death [40]. 
Cortical activity, especially in the limbic circuits, had been proved to 
directly modulate the autonomic tone in humans [67]. The continuous 
fluctuations of the autonomic nervous system with sleep stages and the 
physiologic oscillations within NREM sleep might directly impact on the 
cardiorespiratory system in high-risk SUDEP patients, increasing their 

Fig. 3. Simplified three-dimensional snapshot highlighting main compromised 
brain areas in patients died for SUDEP (studies considering only high-risk pa
tients were not considered). Light red color highlights brain structures with 
reduced volume and/or FC decrease, including posterior cingulate, bilateral 
pulvinar, (dorsal) brainstem with periaqueductal gray and cerebellum. Light 
blue color highlights brain structures with augmented volume and/or increased 
FC, including insular and orbitofrontal cortex, bilateral hippocampi, para
hippocampal gyri and amygdalae. FC: functional connectivity. 
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risk for nocturnal fatal events. SUDEP is typically considered as a storm 
that strikes without warning signals [65]. Nevertheless, objective and 
even relatively precocious subtle structural and functional substrates 
alterations, biomarkers of an underlying intrinsic vulnerability, are 
present in patients eventually experiencing SUDEP. For instance, post 
GTCS hypoperfusion in brainstem respiratory centers [68], could have 
both acute and chronic effects, causing network dysfunctions in brain 
regions regulating cardiorespiratory functions and ultimately becoming 
fatal when superimposing on structurally and functionally chronic 
impaired structures. In this scenario, imaging alterations could be as 
both susceptibility biomarkers (risk biomarker) of SUDEP and diagnostic 
biomarkers (biomarkers of effect) of an underlying pathological ongoing 
loop ultimately ending with SUDEP. Knowing these abnormalities would 
implement our understanding in brain dysfunction in SUDEP, letting us 
to promote innovative studies and ultimately to develop valid thera
peutic and preventive strategies. In this puzzling landscape, where most 
data originate from patients classified as high risk for SUDEP rather than 
from individuals who have experienced SUDEP, another enlightening 
piece might emerge through neuropathology. Recently, an ex vivo 
high-resolution MRI study provided evidence of volume alterations in 
autonomic and respiratory regulatory regions in SUDEP [69]. Addi
tionally, emerging pathological data highlight the presence of regionally 
selective molecular alterations in neuronal populations within brain
stem nuclei in patients who died of SUDEP [70]. Taken together, these 
findings underscore the importance of in vivo structural and metabolic 
alterations in the same structures as promising and targeted biomarkers 
risk SUDEP biomarkers. 

4. Conclusion and future directions 

In the field of research of epileptogenic biomarkers, SUDEP and SHE 
represent a real challenge. Indeed, while it is possible to seek and vali
date valuable imaging biomarkers for several other epileptic entities 
through prospective multicenter studies, it is not an easy task for these 
rare phenomena. 

As a matter of fact, most evidence on the topic are derived from small 
single center experiences with scarcely comparable results, due to sub
stantial technical discrepancies, hampering the possibility to perform 
any metanalytic approach of results. Among others, advanced post- 
processing techniques are perhaps the most promising tool in identi
fying valid biomarkers. However, in the absence of methodological 
homogeneity, the chance to obtain replicable data remain elusive. Given 
the complexity of the epileptogenic process, it would be even more 
interesting to match data collected from different methodologies such as 
structural, functional and metabolic brain imaging with electrophysio
logical and genetic-molecular studies, building a multimodal framework 
able to assess the dynamic of the disease in a holistic perspective. 

Moreover, gaining a deeper understanding of the underlying reason 
for the nocturnal occurrence of SHE could aid us in comprehending the 
basis of night-time factors facilitating SUDEP occurrence. For instance, 
the altered arousal mechanism underlying SHE clinical manifestations, 
due to brainstem cholinergic and dopaminergic dysregulation high
lighted in metabolic imaging studies [24,25,28], could be somehow 
related to the widespread and progressive atrophy of the same structures 
identified as potential biomarkers for SUDEP in various structural im
aging studies[51–53]. Within this framework, it is worth noting that not 
only SHE but also all other epileptic conditions displaying a notable 
propensity for nocturnal events should be considered. 
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