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Preface

Francine Chassoux
Andre Palmini


Why a book on Focal Cortical Dysplasias?

Although a lot have been done, and a large panel of experts have accumulated an impressive amount of data, we believe it is high time for a structured volume with the clear focus of combining data with the art and reflection of experts who have worked in the field for the last decades.

As we all know, papers are more and more succinct and objective, and often leave behind precious perspectives of experts who have faced different issues and reflected upon them over the years. When we thought about launching this initiative, the following came to our minds:


	2021 marks the 50th anniversary of the famous description by Taylor and colleagues in 1971 of this bizarre lesion (“once seen, never forgotten!”). Thus, it is Taylor’s type focal cortical dysplasia 50th birthday. Celebrating this event may help us check what has been done and where we are now. Let us look to the past with a look at improving the future.


	The field of FCD has witnessed an exponential advance in the last decades. Looking back 30 years, nobody could suspect that FCD would become perhaps the most relevant etiology of focal epilepsies in patients of all ages, particularly those with refractory seizures, nor that geneticists would unveil fascinating molecular mechanisms of production of dysplastic abnormalities that would be identified by ever improving skills of imaging specialists and their ingenious techniques. However, in the field of dysplasia – as in many others – there is a sort of disconnection between the fast production of knowledge and the pace of condensing and reporting such knowledge in a volume that is truly useful in the clinic.


	Despite major advances in all fields, FCD remain a mystery. More than ever, we must join efforts to better understand the mechanisms of epileptogenicity and the natural course of FCD, to recognize their many faces, and determine the best care. Curing epilepsy due to FCD should be our common challenge (“impossible n’est pas français!”). We are in the middle of the river, and the book may help us reach the other side.


	There are several unresolved issues and framing these aspects in a straightforward way may help clinicians to be attentive to further advances in the field. Why many patients with reasonably well controlled seizures suddenly become extremely refractory? Why surgical outcome is still not as good as we wish, despite better imaging and neurophysiology? Why may patients relapse many years after seizure freedom from apparently successful surgery? What is the effective functionality and plasticity of the dysplastic cortex and the “dysplastic brain“? How to determine the best trade-offs in FCD located around eloquent cortex, balancing resection of epileptogenic tissue with the need to preserve functionality? Should the surgical strategy be influenced by the histological FCD subtype? These and other questions need very focused approaches, from people producing knowledge that impacts patients around the world every day.


	Progress may include some disappointing outcomes. Elegant and audacious hypotheses have not been confirmed, while unlikely leads have opened the way to unsuspected findings. Some confusion may result from the divergent/contradictory advances, and we need clarifications about what is well established (no doubt), what remains to be further investigated and what should be abandoned.




Hence, we believe the time is ripe for a volume condensing the “practical knowledge“ about FCD – knowledge that can be applied by clinicians taking care of the large number of patients with this epilepsy etiology worldwide.

We did our best for this book to be attractive, easy to read, well-illustrated and informative for clinicians searching a solution for their patients, as well as helpful for decision making. We hope readers will take this as a collaborative journey that, in the end, will help people at all levels to deal with patients with FCD.
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Co-editing this book closes a circle in my career, from describing series of patients with ‘neuronal migration disorders’ and their treatment in the beginning of the 90’s through highlighting the intrinsic epileptogenicity of dysplastic tissue, then efforts at classification and finally focusing on surgical management following non-invasive investigation. All circles that close must have had a beginning, without which they would not exist. Therefore, this book is dedicated to those that guided me to start drawing this circle, my mentors at the Montreal Neurological Institute, Frederick Andermann and Pierre Gloor.
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All authors of the chapters of this book knew Fred Andermann and I would wish all who will read it would have had the same privilege. Few people honour the honourable stance of a ‘mentor’, because it is hard to have the combination championed by Fred: always supporting your work, no matter what, always having ideas and insights beyond the obvious horizons – and always pushing you to ‘just do it’. His mentorship was a marvellous gift that shaped my career.

Not all authors of this book knew Pierre Gloor. Yet, they and all people that will encounter this book would have marvelled at sitting with him to discuss epilepsy and seeing him interview a patient. A researcher of the highest caliber, he accepted me at the MNI at the time a neurology resident in Porto Alegre would use his poor English and a typewriter to address a letter to someone he knew just from ‘hard to get’ xeroxed papers. His personal and scientific generosity took my understanding of epilepsy and EEG to a different level and the carefully performed electrocorticographies he always invited me to join has made, is making and will certainly make a difference to the lives of thousands of patients with bad epilepsies in a developing country.



Andre Palmini


Jean Talairach (1911-2007) and Jean Bancaud (1921-1993)
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Psychiatrist by training, Jean Talairach was interested in the anatomy of the brain and became a neurosurgeon. Destined for philosophy, Jean Bancaud chose medicine and neurophysiology. The meeting of the two “Jean” was at the origin of a considerable evolution in the field of epilepsy.

The first one applied stereotaxy to the study of epilepsy, an original approach to reach any intracerebral target without opening the skull. The second elaborated the founding concepts based on the semiology of focal seizures and their spatio-temporal dynamics. Both passionate about rugby, they transformed their tries by developing an innovative method for the treatment of the most severe epilepsies based on stereoelectroencephalography (SEEG). The “Talairach system”, a proper name that has become common, is today the essential reference for the study of the normal and pathological human brain. And SEEG courses organized by their followers, welcome specialists from all over the world who come to train in this methodology.
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“I know that a patient is cured in the way he walks, he no longer hides, he raises his head, he is released” said the psychiatrist-neurosurgeon, confident in his art. “I always fear that a cured patient will have a seizure when entering my office” said the doctor-philosopher, praising doubt as a bulwark against error. Because the school of doubt was also that of high standards and rigor, its teaching remains our best guide for the patients’ care.

This book is dedicated to them, in memory of what they taught us with patience and thoughtfulness, and which allowed us to continue their work.



Francine Chassoux
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PART I. TOWARD A ROUTE IN THE LABYRINTH



1. A clinician’s overview of the FCD

François Dubeau



Keypoints


• Taylor and colleagues’ description of FCD already contained all defining elements of the well characterized lesion that was later classified as FCD II.

• MRI identification of FCD transformed an apparent curiosity in one of the most frequent cause of drug-resistant epilepsy in children and adults.

• Crucially, identification of intrinsic highly epileptogenic patterns in FCD lesions helped to single out this pathology among the many causes of severe epilepsy.

• Molecular genetics, and particularly the discovery of the mTOR intracellular pathway as a regulator of neuronal development, are advancing the understanding of the biological bases of FCD II, or Taylor-type FCD.






Introduction

To open a book commemorating the 50th year of publication of the seminal paper by Taylor and colleagues describing focal cortical dysplasia (FCD) from a clinical perspective is both challenging and rewarding. The field has evolved in many directions, and very often neuroimagers, neurophysiologists, neurosurgeons, pathologists and basic scientists move to center stage, leaving the clinician apparently out of the main picture. However, clinicians are the ones that should suspect that the cause of severe epilepsy in their patients is indeed an FCD! There is no room for scientific advances if patients are not correctly diagnosed and managed. On the other hand, diagnosing FCD strengthens the doctor-patient-family relationship as a number of very important therapeutic and prognostic prospects are clearly laid out, not least the crucial role of the surgical treatment. Thus, it is very rewarding for clinicians to know that a correct diagnosis of FCD – and often a firm suspicion of a doubtful diagnosis – will streamline the diagnosis and treatment of their patients.

This chapter provides an overview of the journey of discovery in FCD, taken from the historical perspective of how each piece pf the puzzle came into place – and which pieces are still needed to complete picture. From the initial description of 50 years ago to the most modern refinements in diagnosis and biology, it gives a glimpse of what the reader will find in this book.




Historical landmarks

In 1971, David Taylor and his colleagues – MA Falconer, CJ Bruton and JAN Corsellis – from the Mausdley Hospital in London and the Runwell Hospital in Wickford, Essex, reported the first series of epileptic patients operated on because of refractory seizures with “histological abnormalities as a particular form of localized cortical dysplasia”. The series comprised 10 subjects; 5 underwent a temporal resection, 2 an anterior frontal, 1 parietal, 1 occipital and 1 had first a temporal resection followed years later by frontal lobe surgery. Histologically, the authors described in 10/10 “… congregations of large, bizarre neurons, which were littered through all but the first cortical layer, and in most (7/10), grotesque cells, probably of glial origin, were also present in the depths of the affected cortex and in the subjacent white matter…”. The authors emphasized that “the picture observed in these cases although reminiscent of tuberous sclerosis’’ (they recognized histopathological similarities with cortical tubers) was showing too many distinguishing clinical and pathological features and proposed that ”the cases are looked on provisionally as comprising a distinct form of cortical dysplasia in which localized, exotic populations of nerve cells underlie the electrical and clinical manifestations of certain forms of epilepsy.”

The 10 patients reported by Taylor and colleagues had drug-resistant focal epilepsies with an age at onset ranging from 2 to 31 years (mean age, 12.4 yrs). Scalp electroencephalogram (EEG) or per-operative electrocorticogram (ECoG) showed in all active, frequent, continuous or rhythmic interictal epileptiform anomalies. Radiological procedures (skull X-ray, pneumoencephalogram and carotid angiography) not surprisingly provided little information and were either normal or showing slight local enlargement or distortion of ventricles. Surgical outcomes were quite good: 7 patients became seizure-free or had only occasional attacks (Engel’s class 1-2), 2 obtained marginal results (Engel’s class 3-4) and 1 died in a status epilepticus. The cortical areas implicated and removed surgically in these 10 patients essentially comprised both at the macro and microscopic levels, the accepted characteristics now used to define and classify the focal cortical dysplasias. First, the part of the brain removed in each patient coincided with the area of the brain showing the maximal epileptiform abnormalities. Second, macroscopically, the specimens often showed no gross cortical anatomical abnormality but in certain cuts localized wide and “unusually thick” cortical ribbon and a poor gray-white matter differentiation were seen, with lesions limited to one lobe or a segment of the lobe. Third, at the microscopic level, the authors observed that the lesions could happen “at any point along or round a gyrus, but any one patch seldom stretched horizontally through the cortical ribbon for more than about 2.0 cm”. They also described “… a clear junction between the normal and abnormal cortex … and that the crown of the affected gyrus was often spared and the anomalies concentrated around the base of the sulcus” (e.g. cases 1, 2, 6, 7, 8, 9 and 10). The striking histological features were:


	a localized disruption and loss of the normal cortical lamination,


	congregations of large aberrant neurons distributed randomly in all cortical layers but the first and in the deeper layers


	adjacent white matter, large, distorted, ballooned cells with clear and opalescent cytoplasm.




All features consistent with what we now described as FCD type II (FCD II).


• A GAP IN KNOWLEDGE: 1971 TO THE 80S-90S?

This small series of patients, published at a time where brain imaging was unable to provide direct anatomical view of the gray and white matters, contained most of the clinical and electroencephalographic features, cortical lesion distribution, histological findings and post-surgical outcomes that will, two to three decades later, characterize series of pediatric and adult patients found to have focal cortical dysplasia. We now know that FCD is a frequent and highly epileptogenic developmental abnormality of the cerebral cortex, usually restricted to a lobe or segment of a lobe but that can be also multi-lobar, that may be associated with other histopathological abnormalities, and that presents with characteristic neuro-glial abnormal histological and organizational features (Mischel et al., 1995; Tassi et al., 2002; Palmini et al., 2004; Barkovich et al., 2005; Spreafico & Blümcke 2010; Blümcke et al., 2011; et al., 2018). Somewhat surprisingly, following the work of Taylor and colleagues it needed an additional 20 years before FCD came out as a distinct and frequent cause of intractable epilepsy. As discussed in the chapter by Palmini, that realization was somewhat slow, and it took some time before FCD were disentangled from neuronal migration disorders and individualized in the overall group of malformations of cortical development (MCD). As FCD became recognized as a specific developmental disorder, different classifications systems were proposed in attempts to achieve a unified nomenclature for this group of developmental malformations and obtain a better and more specific understanding of their clinical, neuroimaging, histopathology and biological characteristics (Mischel et al., 1995; Tassi et al., 2002; Palmini et al., 2004; Barkovich et al., 2005; Spreafico & Blümcke, 2010). The introduction of the consensus classification of the focal cortical dysplasia 40 years later by the International League Against Epilepsy (ILAE) diagnostic method commission in 2011 (Blümcke et al., 2011) fostered further interest and efforts resulting in an increase knowledge both in the clinical and research domains. The following discussion is to briefly overview and summarizes the considerable progress made over the past five decades in understanding FCD mechanisms, diagnosis, epileptogenicity and treatment strategies.






Modern imaging made and continue to make the difference in detecting FCD


• FCD ARE NOT A RARE CAUSE OF REFRACTORY SEIZURES


In the series of Taylor, patients identified with an FCD represented over a period of 20 years, 3.3% of their cohort of patients operated for intractable epilepsy. By contrast, in 2017, the European Epilepsy Brain Bank consortium reported, 45 years later, the diagnoses made on the basis of resected brain specimens from over 9000 patients and obtained between 1990 and 2014 in 36 European centers (Blümcke et al., 2017). Not surprisingly, adult’s epilepsy patients requiring surgery (mean age at surgery, 28.1 yrs) had most commonly hippocampal sclerosis (44.5%). In children (mean age at surgery, 9.3 yrs), however, the most common histopathological diagnoses were the cortical malformations (39.3%) and FCD by far the most common, accounting for 70.6% of cases and FCD IIB (cortical dyslamination, dysmorphic neurons and balloon cells) representing almost half of them. The growing number of expert centers, advanced EEG recordings and new neuroimaging methods, and improved surgical approaches explain these findings. Neuroimaging plays an essential role in the diagnosis of MCD, and in the case of the FCD improved the in vivo recognition in an increasing number of patients (Bastos et al., 1999; Bernasconi et al., 2001; Besson et al., 2008; Guerrini et al., 2015; Severino et al., 2020).




• SEEING THE FCD

FCD are now more readily detected non-invasively with standard anatomical radiological approaches, and the additional use of quantitative MRI methods allows predicting the histological type with a greater accuracy (Adler et al., 2017).

In the 1980s, MRI technology was still in its early development stages and routine clinical availability started in the mid 1980s – It is in 1985 that the Montreal Neurological Institute and Hospital (MNIH) acquired the first Canadian MRI scanner (a 0.5-Tesla scanner later replaced by a 1.5-Tesla machine). For our clinicians and researchers, it widely opened new fields of interest and particularly in the diagnosis and treatment of patients with intractable epilepsy. The opportunity was suddenly offered to literally “look” non-invasively the living brain and enabled to detect even subtle brain lesions known to be responsible for epileptic diseases (and as we will see with an increasing resolution). The very first original article from our institution using MR imaging showing structural changes suggestive of FCD was published in 1988 (Kuzniecky et al., 1988). The series concerned only four subjects with motor seizures and rolandic epilepsy showing on MRI in 3 out of 4 “gross cortical architectonic abnormalities with localized macrogyria and high signal intensity lesion”. Pathological material was eventually available in two of them with findings consistent with Taylor-type focal dysplasia of the cerebral cortex. This led to a great excitement and within few years resulted in the description and characterization of several types of MCD – including the FCD themselves and tuberous sclerosis, gray matter heterotopias and polymicrogyria. The MNIH contribution to the understanding of developmental malformations paralleled extraordinary efforts wide world, which during the following decade started to fill in the case of FCD, the gap left after Taylor and colleagues first description.

With the ongoing advances in neuroimaging, FCD is now relatively easier to identify, and improvements of MRI techniques such as high-field and ultra-high-field strength MRI (3 and 7 Tesla), the use of sophisticated post-processing methods and multimodal techniques facilitated not only their detection but also increased the ability of classifying subtypes of FCD, which help defining the epileptogenic zone (EZ) and ultimately guiding surgical decisions (Kim et al., 2011; Duyn et al., 2012; Opheim et al., 2021). Other non-invasive methods, particularly functional imaging such as co-registered FDG-PET/MRI and EEG/fMRI proved to have high localizing value to detect the FCD and can be particularly helpful in the so-called MRI-negative patients (Chassoux et al., 2010; Thornton et al., 2011; Pittau et al., 2017; Desarnaud et al., 2018). EEG/fMRI also provides useful information on the complex relationship existing between the dysplastic tissue and the associated epileptogenic network, showing metabolic involvement of local and remote cortical and subcortical structures (Thornton et al., 2011; Pittau et al., 2017).

The diagnoses and classifications of the MCD, and FCD, are primarily based on neuropathological findings. However, the readily accessible data are based on MRI descriptions correlated with clinical features which include: patient’s phenotypes, seizure and EEG characteristics in cases of associated epilepsy disorders, family history etc. To this classification scheme is now also attached genotypic and epigenetic or molecular characteristics, which on one hand should result in a better understanding of the mechanisms underlying the genesis and the impact of these lesions, but on the other hand, and at the same time, may add to the complex nature and heterogeneity of the MCD (Severino et al., 2020) . Since neuroimaging represents the privilege avenue for FCD diagnosis and subtypes classification, high standardization and specificity of the imaging patterns are needed and should be readily accessible for clinical decision making; an issue particularly sensible in epilepsy patients with FCD, refractory seizures and poor associated developmental/cognitive outcomes (Jehi & Braun, 2021).






The neurophysiology of FCD refined the understanding of their epileptogenic mechanisms


• FCD ARE INTRINSICALLY AND HIGHLY EPILEPTOGENIC


FCD are more often associated with severe intractable epilepsy, seizures often start at a young age, and at a younger age compare to non-developmental lesions, and also even when compare to other MCD such as ganglioglioma and dysembryoplastic neuroepithelial tumor, polymicrogyria and gray matter heterotopia (Dubeau et al., 1995; Leventer et al., 2010; Blümcke et al., 2017). Patients with FCD tend to have a large number of seizures, may be particularly prone to status epilepticus and show active epileptiform abnormalities (Desbiens et al., 1993; Hirabayashi et al., 1993; Kuzniecky et al. 1995; Tassi et al., 2001). Palmini and colleagues (1995) and Gambardella and colleagues (1996) described an electrographic signature of FCD manifested by repetitive electrographic seizures or repetitive bursting discharges or continuous or quasi-continuous rhythmic spiking (Palmini et al., 1995; Gambardella et al., 1996). They reported the findings from per-operative electrocorticogram (ECoG) and scalp EEG recordings obtained from the same cohort of 34 patients investigated and operated at the MNIH for intractable epilepsy caused by FCD. This was the very first objective evidence that FCD seem to have a distinct electrophysiological behavior different compare to other epileptogenic brain lesions, and it was concluded that these changes reflected the highly epileptogenic nature of FCD. In addition, the rhythmic continuous discharges were found to be spatially restricted and co-localized with MRI-defined lesions, which led to the contention that dysplastic tissue could be intrinsically epileptogenic. In 2000, the group of Saint-Anne in Paris reviewed electrographic patterns in a series of 28 patients with FCD-proven histology studied by stereo-encephalography (SEEG) and, through these direct intralesional recordings, provided further evidence of the epileptogenicity of the dysplastic tissue (Chassoux et al., 2000). As for the MNIH series, the majority of the patients had frontal and fronto-central FCD (16/28). The authors confirmed intra-lesional various patterns of rhythmic spiking activity: this activity was characterized by a continuous, rhythmic or pseudorhythmic spikes or polyspikes (20/26) or consisted of pseudoperiodic spikes or bursts of spikes briefly interrupted by depression or suppression of activity. They showed that the rhythmic activity co-localized in 86% of the cases with the FCD and the EZ (the site of subclinical ictal activity or onset clinical seizures) co-localized with the FCD in 82%. They also observed that FCD demonstrate a distinct and consistent low epileptogenic threshold, as suggested by low-frequency electrical stimulation of the dysplastic cortex. The group from Milan (Ospedale Niguarda and Istituto Carlo Besta), almost at the same time, published two articles reviewing a series of patients with FCD all operated on for drug-resistant focal epilepsy, and proposed a three-category classification of the FCD based on their neuropathological characteristics (Tassi et al., 2002): The categories were identified as architectural dysplasia (AD, n = 31, dyslamination and ectopic neurons), cytoarchitectural dysplasia (CD, n = 6, dyslamination and giant neurons) and typical Taylor-type cortical dysplasia (TFCD, n = 15, dyslamination, dysmorphic neurons and balloon cells), precluding the future classification schemes of this group of MCD in FCD I (abnormal cortical layering or architectural abnormalities of the neocortex), and types II A-B (cytoarchitectural abnormalities of the neocortex) (Palmini et al., 2004; Spreafico & Blümcke, 2010; Blümcke et al., 2011; Najm et al., 2018; Blümcke et al., 2017). They described distinct clinical, EEG, imaging and surgical outcome: TFCD and CD were mostly extra-temporal, they were associated with a higher frequency of seizures but had a better surgical outcome compare to patients with AD. In addition, the lesion was found in the first group in the temporal lobe, and the distinctive rhythmic activity and signature previously described in FCD was seen only in the patients with TFCD. This Italian contribution was the basis of the Palmini classification of FCD, which was widely used in the first decade of this century (Palmini et al., 2004).




• FCD ARE ALSO NETWORK AND SIGNALING PATHWAY DISORDERS


FCD are localized regions of malformed cerebral cortex (Blümcke et al., 2011). Although the epileptic activity appears co-localized with the visible MR lesion, the EZ often extends beyond this lesion involving other adjacent and even distant structures (Palmini et al. 1991; Palmini et al., 1995; Chassoux et al., 2000; Widdesh-Walsh et al., 2007). This can be explained by the failure of neuroimaging, even when using sophisticated computational or post-processing methods, in showing the entire histological and epileptogenic abnormality (e.g. in FCD I). Another explanation could be related to the complex organizational nature of MCD (and FCD), and the finding of associated aberrant neuronal networks and signaling pathways described with them (Duchowny et al., 2000; Jansky et al., 2003; Crino 2015; Crino 2016; Lee et al., 2022). These are important issues particularly in patients with drug-resistant epilepsies where a surgical approach is envisaged. Notwithstanding the fact that one should consider the region involved and whether or not eloquent cortex overlaps with the lesion and the EZ, the main question that always arises is how much tissue needs to be resected to achieve seizure-freedom; not only the lesion should be anatomically defined but the EZ organization and the functional involvement of the dysplastic tissue are essential components of an aberrant system that also need to be well characterized (Guerrini et al., 2015). Several studies had demonstrated that complete resection of the lesion and EZ are essential, whenever feasible, to achieve a favorable seizure outcome (Palmini et al., 1995; Chassoux et al., 2000; Tassi et al., 2002; Fauser et al., 2004; Lerner et al., 2009; et al., 2009; Kim et al., 2009).

We know that FCD may generate a characteristic electrophysiologic signature with combined features suggestive of an interictal-ictal continuum (Palmini et al., 1995; Chassoux et al., 2000; Tassi et al., 2012). FCD are also associated with different intracerebral seizure-onset patterns (SOP). The group from Marseille identified six patterns in 53 patients explored by SEEG and distinguished two main patterns of activity: low voltage fast activity (LVFA preceded or not by paroxysmal potentials i.e. “pre-ictal” spiking or bursts of polyspikes or slow wave/DC shift) and slow rhythmic activity (rhythmic spikes or theta/alpha sharp activity). LVFA was recorded in 83% of the cases and seen in more than 90% of patients with FCD II vs ~65% of those with FCD I, while patterns with no LVFA (with slow rhythmic activity only) were essentially seen in FCD I (Lagarde et al., 2016). More than one pattern can be generated by one type of FCD, and we had previously demonstrated that different types of developmental and non-developmental lesions can generate similar SOP suggesting that different pathological substrates can affect in the same way, and with a limited repertoire, mechanisms and networks underlying seizure expression (Perucca et al., 2014). We also demonstrated however that specific high frequency oscillations (HFO) profiles suggest that seizures with different neurophysiological morphology likely have different mechanisms of generation: HFO (ripples and fast ripples, 80-500 Hz) are a specific biomarker of the seizure onset zone, and Ictal HFO density varied significantly across the different SOP. Interestingly, the highest HFO densities of both ripples and fast ripples were found in two SOP (bursts of polyspikes and delta brushes) known to be generated in FCD (Ferrari-Marinho et al., 2016).

We have shown that FCD are intrinsically epileptogenic and able to generate distinctive epileptiform abnormalities. Several evidences also demonstrated that peri-lesional and distant cerebral structures are often engaged at seizure onset suggesting that FCD are part of a larger system or network organization. Aubert and colleagues (2009) using SEEG in a cohort of patients with FCD I and II (n = 30) and neurodevelopmental tumours (n = 6) analyzed the neurophysiological behavior of the lesion and several other adjacent (peri-lesional) and distant cortical areas at the time of seizure onset and early spread (Aubert et al., 2009). They defined three different EZ organizations – focal, network or bilateral, based on the number of structures (lesional and non-lesional) able to demonstrate high epileptogenicity (they used the epileptogenicity index method as a relevant indicator of the epileptogenic nature of the recorded region or system (Bartolomei et al., 2008)). The majority of the subjects had a network (61%) or bilateral (8%) EZ organization and only 31% had only one epileptogenic structure (with a strictly focal EZ). The great majority of those patients (87%) with a focal EZ organization became seizure-free after surgical resection (limits of resection where tailored for each patient based on SEEG findings) compared to 57% with a network organization and none with a bilateral organization. Although there were no significant statistical differences with regard to seizure outcome, there was a definite trend in favor of the focal organization group.






Understanding the molecular, synaptic and signaling pathways dysregulation of FCD: a significant step and further insights into their epileptogenesis

In the past decade, a better standardization of cortical development terminology and classification, important advances in molecular biology and genomics, and a better access to biological specimens have allowed a more precise exploration of the molecular and genetic disturbances of FCD. This included the effects of somatic and germline mutations, mutation load and mosaicism on the pathogenesis of FCD, resulting in a rapid identification of genes and signaling pathways and an unprecedented progress in our understanding of their perturbations.

FCD represents a neurodevelopmental disorder with specific histological features although its cause as well as the cellular mechanisms responsible for the profuse and aberrant intrinsic epileptogenicity observed in this cortical abnormality remain largely unclear. However, as detailed in chapter 4, although usually sporadic, FCD have been shown to be associated with diverse and specific molecular genetic abnormalities and sometimes there is a family pedigree (Sisodiya et al., 2009). Furthermore, as nicely discussed in chapter 9, some of the mechanisms underlying the intrinsic epileptogenicity and exquisite drug resistance of FCD-related epilepsies are beginning to be unveiled.

These insights will help to understand the variable clinical presentation these patients may have, depending on histological type, brain location and size (Tassi et al., 2002; 2001; 2012) – as well as why lesions can either be much localized and barely visible or restricted to one or two lobes or, alternatively, more diffuse and associated with structural and functional aberrations. Understanding such variation will be much helped by advances in imaging that now detects the dysplastic abnormality in most individuals (Severino et al., 2020; Adler et al., 2017). With a better definition of cortical development terminology and classification, important advances in molecular biology and genomics, and access to biological specimens the future is bright to the discovery of molecular and genetic disturbances that will result in an identification of genes and signaling pathways and to an unprecedented progress in our understanding of their perturbations (Sisodiya et al., 2009; Barkovich et al., 2012; Poduri et al., 2013; Crino 2016; Adler et al., 2017; Severino et al., 2020; Lee et al., 2022).

The causes of this highly epileptogenic lesion, most often leading to drug-resistant seizures (Palmini et al., 1995; Gambardella et al., 1996; Chassoux et al., 2000) are probably numerous. They may be divided into genetic and acquired pathogenic mechanisms that play at different times in the pre- and post-natal brain, affecting cellular arrangement, plasticity and neuronal signaling. For instance, the association of a focal dysplastic cortex with epilepsy-prone lesions such as hippocampal sclerosis, neuro-glial tumors and vascular malformations or with acquired traumatic, hypoxic or infectious/inflammatory processes, suggests that a specific pathological entity, or an insult or a damage occurring at critical periods of the developing brain (ante-, peri- and postnatal) could result in histopathological changes and now classified as FCD III (Blümcke et al., 2011; Crino 2015). On the other hand, FCD II can result from a genetic insult leading to dysregulation of the mTOR signaling pathway, sharing some similarities with the tuberous sclerosis complex (TSC) (Crino 2015; Crino 2016; Lee et al., 2022). For instance, the relatively recent finding of pedigrees of familial focal epilepsy with FCD due to DEPDC5 mutations confirmed that this type of FCD is indeed associated with a dysregulation of the rapamycin (mTOR) signaling pathway thus including FCD II in the expanded group of disorders now referred as mTORopathies (Baulac et al., 2015).

To date, several other genetic defects associated with dysregulations of the mTOR pathway have been described and apparently explain the majority of FCD cases (Lee et al., 2022). Interestingly, for some time the dysmorphic neurons found in FCD II have been known to be the seizure generating cells (Cepeda et al., 2005) and recent studies looking at dysplastic cells harboring mutations showed that the mutation load correlated with the electrophysiological phenotype: the density of dysplastic cells (dysmorphic neurons and balloon cells) is correlated with a high mutation and the highest load mutation is associated with the most active epileptiform abnormalities (Baldassari et al., 2019; Lee, et al., 2019). Hence, a localized high cell mutation load would explain the characteristic electrophysiological signature described in patients with intractable focal epilepsy due to FCD II. In contrast, regional differences with a low cell mutation load measured at the periphery or at distance from the main pathogenic area would possibly explain the inability for these regions to generate epileptic abnormalities. Similarly, one could hypothesize that an apparently identical FCD on neuroimaging found in an individual without seizures or epileptiform abnormalities, would have a relatively lower density of dysmorphic cells and a low mutation load in those cells.

In contrast to the advances in the understanding of FCD II, the current knowledge on FCD I, both in clinical and research domains, is far less robust. FCD I is a specific category with neocortical architectural disorganization without evidence of any other epileptogenic lesion – although often associated with drug-resistant epilepsy. Contrary to FCD II, it does not show the same distinctive and localizing neurophysiological and imaging markers. The lesion is often extensive or multilobar, and the cortical arrangement presenting mainly with abnormal cortical layering without major cellular and cytoarchitectural abnormalities explains the difficulties to recognize in vivo the dysplasia, even with sophisticated neuroimaging methods (Blümcke et al., 2011). The paroxysmal EEG activity in FCD I is often widespread, and not focal, and does not have a signature, like in FCD II, allowing to differentiate this lesion from others. Finally, the pathogenic mechanisms responsible for this group of disorders are largely unknown although some evidence supports heterogeneity and a link with a variety of “acquired” insults occurring late during postmigrational development (Najm et al., 2018; Coras et al., 2021; Jesus-Ribeiro et al., 2021). Also, no genetic mutation has been so far clearly associated with FCD I, and more investigations of the pathogenic mechanisms are clearly needed.




Questions that remain

The ability to stop seizures in patients with FCD and epilepsy resistant to drugs depends on the precision with which a given treatment, medical or surgical, can block or stop the dysregulated epileptogenic process generated by the dysplastic tissue i.e. “the seizure generating cells”. In the past decades, in order to achieve this, the effort was to precisely target the region responsible for the seizures (with better and more precise neuroimaging methods and a better understanding of the neurophysiology of the lesion). We found that a well-designed surgical treatment strategy directly targeting the dysplastic tissue responsible for epileptogenesis and a precise determination and a complete removal of this epileptogenic lesion would lead to a satisfactory seizure outcome. Short and long term surgical outcomes for patients with focal epilepsy due to FCD are now relatively well established: in patients with FCD IIA and IIB the outcome is variable but can be satisfactory and even a fair number of those children and adult patients become seizure-free (Chassoux et al., 2000, Tassi et al., 2002; Fauser et al., 2004; Lerner et al., 2009; Krsek et al., 2009; Kim et al., 2009; Tassi et al., 2012; Lamberick et al., 2020). On the other hand, in patients with FCD I the outcome is typically more guarded in spite of the fact that the histological lesion would appear more «benign» (and does not contained high density of those dysmorphic cells and with higher mutation load that are believe to be the main contributors of epileptogenicity in FCD II) (Tassi et al., 2002).

We know that conventional anti-seizure medications (ASM) that do not specifically target the pathogenic mechanisms associated with FCD, do not alter in a significant way the epilepsy process and, hence, clinical responses to ASM in patients with FCD are typically unsatisfactory (Fauser & Schulze-Bonhage 2006). More specific medical therapies targeting for instance the mTOR hyperactivation characteristic of the tuber and FCD II can reduce and maybe stop the epileptogenicity of these lesions (Crino 2016; Lee et al., 2019; Lee et al., 2022). Human data are so far only promising: partial results could be explained by the fact that these approaches at best can inhibit the pathological signalling system but do not remove, as surgery can do, the “seizure generating cells”.

After Taylor and colleagues, a remarkable progress was made in our understanding and knowledge of FCD. We have improved the identification of the lesion, have better understanding of the mechanisms of epileptogenicity, and the diagnostic and therapeutic work up are more refined – resulting in a larger number of patients now readily candidates for more efficient treatments. Increasing accessibility to dysplastic tissue is providing new opportunities for research to directly study the cellular and synaptic mechanisms, and have already opened new windows to understand inhibition and activation of normal and pathologic neuronal systems. In spite of real progress, a large proportion of patients with FCD are treatment resistant. All these advanced methods and novel techniques aim to better define the epileptogenic tissue to be targeted, with the future hope that children and adults with FCD, and in a larger perspective with other MCD will benefit of innovative and improved therapies.




State of the art: what is this book about

In this book, all these issues are analysed in detail by most of the people who have produced the knowledge we have today. This introduction sets the stage for what the reader will get and describes the general aspects that have occupied the minds of clinicians and basic scientists dedicated to improve the lives of people with epilepsy due to FCD. If there is one aspect that links the issues raised in this introduction and that are tackled in the chapters that follow is that FCD is, by definition, an etiology of drug-resistant epilepsy. Thus, having FCD means having bad epilepsy and bad quality of life. The idea of curing these patients passes by the way these specialist-authors dwell deeply into the topics I have raised here, providing the state of the art of the knowledge about FCD. There could hardly be a better incentive for the new generations to get started on the field

This work is dedicated to Frederick Andermann, and to his pupils.
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