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  Preface


  




  There is a very high incidence of seizures during the first two years of life. This may reflect multiple etiologies depending on the circumstances under which seizures occur; sometimes but not always seizures may lead to or herald epilepsy. In the immediate neonatal period, seizures can occur in the presence of provoked insults such as hypoxia ischemia, vascular events, traumatic injury changes in the extracellular milieu including toxic metabolic causes and drug withdrawal, as well as infections. Genetics may play an important role in the expression of acute seizures but also in the development of epilepsy later on. Genetic abnormalities may also give rise to brain dysplasias. Within the first two years of life there is the frequent onset of difficult to control epilepsy with often devastating consequences (i.e. West syndrome or Dravet syndrome), although on other occasions the epileptic syndromes may have a more benign cause (i.e. benign familial neonatal seizures). Ongoing efforts are to understand how seizures may occur in the developing brain, their consequences, the development of biomarkers, and effective treatments to promptly stop ongoing seizures and alter the course of epileptic encephalopathies. The simplistic view that seizures in the immature brain occur because of increased excitation and decreased inhibition is no longer pertinent as multiple age-specific (and also sex-specific) factors are intertwined, including changes in the conformation or function of channels, regional variability in the expression of various neurotransmitters and patterns of connectivity among these regions. The topics presented in this volume address the questions raised above, and provide new insights on how it is best to approach seizures and epilepsy in the first two years of life, to systematically create a blueprint upon which diagnostic and treatment decisions can be based. The data are highly reflecting the state of the art and also individualize for the particular milieu of the patient in taking into account both nature (i.e. genetics), and nurture (i.e. events that may interfere with normal development) and result in seizures and epilepsy. We would like to thank the authors for their keen observations, which help move forward the field.
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  There is a rich history of basic, translational and clinical investigations of neonatal seizures marked by important milestones which are the basis of our current understanding of these clinical and electrographic events. This discussion will consider some of the developments in semiology (classification and characterization), etiology, prognosis and pathophysiology and how they have informed our current strategies in the diagnosis and management of neonatal seizures.




  Characterization and classification




  Beginning in the 1950s there have been systematic efforts to characterize and classify clinical neonatal seizures; first recognizing and then underscoring their unique nature when compared to older children and adults. The periods of investigations have been determined both by the clinically applicable technology current to respective periods of study and data concerning the immature brain which developed concurrently with the clinical investigations themselves (Kellaway and Mizrahi, 1987).




  ■ Motor and behavioral characterization




  An initial period of investigation focused upon the motor and behavioral changes considered to be neonatal seizures. The applied techniques varied: clinical observation only (Burke, 1954; Craig, 1960; Keen, 1969; McInerny and Schubert, 1969); clinical observation during recordings the neonatal electroencephalogram (EEG) (Cadilhac et al., 1959; Harris and Tizard, 1960; Passouant and Cadilhac, 1962); and the first investigations in neonates which utilized combined EEG and cinematography (Dreyfus-Brisac and Monod, 1964). Early investigators characterized all neonatal seizures as “convulsions” or “muscular twitching” (Burke, 1954). However, there was quick recognition that these clinical events were more diverse with the identification of generalized tonic seizures and focal and multifocal clonic seizures. In addition, generalized tonic-clonic seizures were considered rare or non-existent in the neonate (Minkowski et al., 1955; Ribstein and Wather, 1958; Cadilhac et al., 1959; Dreyfus-Brisac and Monod, 1964). Early investigators also appreciated that bilateral clonic seizures of the extremities would occur simultaneously, but asynchronously on the two sides (Craig, 1960; Harris and Tizard, 1960; Passouant and Cadilhac, 1962; Dreyfus-Brisac and Monod, 1964). It was also recognized that clonic seizures could migrate both in a Jacksonian and non-Jacksonian manner (Harris and Tizard, 1960). Thus, this early period of the clinical characterization of neonatal seizures resulted in the recognition of some events which are part of current classification schemes: focal clonic, multifocal clonic and generalized tonic seizures.




  This period also resulted in descriptions of more unique clinical events: apnea with cyanosis or hypotonia (Cadilhac et al., 1959); staring, pallor, hypotonia, and alternating “warding off” movements of the arms (Harris and Tizard, 1960); upward eye deviation, cyanotic apnea, slight finger contractions, sudden awakening with crying (Passouant and Cadilhac, 1962); eye opening, paroxysmal blinking, nystagmus, vasomotor changes, chewing, limb movements “resembling swimming, rowing, and pedaling” (Minkowski and Sainte-Anne-Dargassies, 1956; Dreyfus-Brisac and Monod, 1964); and abrupt changes in respiration and skin color, salivation, and alerting behavior (Schulte, 1966).




  Dreyfus-Brisac and Monod (1964) summarized a10-year period of investigations (Sainte-Anne-Dargassies et al., 1953; Minkowski et al., 1955; Dreyfus-Brisac and Monod, 1960) and emphasized the polymorphic, atypical and anarchic character of neonatal seizures compared to adults and underscored the value of combined cinematography and EEG in the analysis of clinical and EEG manfestations of neonatal seizures. Thus, during this period of investigations, the major types of clinical neonatal seizure had been identified, although there was additional work to be done to refine the classification and classification of these events.




  ■ Consolidation and confirmation of findings




  This period was marked by the consolidation, confirmation and refinement of the findings mainly generated by the French investigators. Rose and Lombroso (1970) confirmed the findings of the variation seizure types described by the French group and included a group of behaviors “difficult to classify because of the peripheral phenomena were very slight” such as: changes in respiration, slight posturing of limbs, tonic eye deviation, chewing, sucking and drooling. Lombroso (1974) eventually referred to this group of events as a “minimal seizure pattern”. Rose and Lombroso (1970) also recognized myoclonus as a neonatal seizure type. Freeman (1970) suggested that “the occurrence of any type of bizarre or unusual transient event” should raise the suspicion of the presence of a clinical neonatal seizure.




  A seminal development in the recognition of neonatal seizures as a group of clinical events distinct from older children and adults was the 1973 publication of Volpe's discussion of neonatal seizures (Volpe, 1973). He proposed a classification system for neonatal seizures that included multifocal clonic, focal clonic, tonic and myoclonic clinical events. He also proposed that the “atypical and anarchic” seizures described primarily by the French investigators in the 1950's and 1960's and the “minimal” or “slight” seizures described by Rose and Lombroso (1970) should be classified as “subtle”. Although initially behaviors such as swimming, pedaling or rowing movements were not included in Volpe's subtle seizure category, by 1977 they also became incorporated into the classification (Volpe, 1977). Volpe's subsequent work further refined his classification scheme (Volpe, 1981; 1989).




  ■ Electroclinical correlations




  Another pivotal development in characterization of neonatal seizures was the work of Watanabe and colleagues (Watanabe et al., 1977) based upon the recording of neonates with seizures during EEG and polygraphic recordings and the characterization of paroxysmal behaviors which were accompanied by electrographic seizure activity. Polygraphic parameters were recorded simultaneously with EEG and clinical observation to characterize changes in respirations and heart rate. Multifocal clonic or hemiconvulsive clonic, tonic, myoclonic and four additional groups of clinical events were recorded. These four groups were: body/limb movements (swimming, rowing, pedaling, fencing); oral movements (chewing, sucking, mouthing); respiratory changes (apnea, dyspnea); and ocular changes (staring, eye opening, eye deviation, nystagmus, blinking). Thus, by this stage of clinical investigations, the full range of motor events was characterized and changes in respiration became an important focus of attention.




  In the years that followed, closer attention was paid to clinical changes mediated by the autonomic nervous system. Lou and Friss-Hansen (1979) recognized increased mean arterial blood pressure during generalized and focal motor neonatal seizures. Fenichel et al. (1979) and Watanabe et al. (1982) identified changes in heart rate and respiration during apnea associated with motor seizures. Goldberg et al. (1982) studied pharmacologically paralyzed infants with EEG and noted tachycardia, systemic hypertension, and increased pO




  2 during electrographic seizure activity. Perlman and Volpe (1983) demonstrated elevated cerebral blood flow velocity, systemic blood pressure, heart rate, and intracranial pressure during clinical seizures. Kellaway and Hrachovy (1983) noted that similar motor events may be accompanied both with and without autonomic changes, suggesting a more complex relationship between electrographic seizures and these clinical events.




  ■ EEG-video monitoring investigations




  In the 1960s and 1970s the simultaneous recording of EEG and video was progressively applied to the characterization of various seizure types in older children and adults (Penry and Dreifuss, 1969; Penry et al., 1975; Escueta et al., 1977; Delgado-Escueta, 1979) and infantile spasms (Frost et al., 1978; Kellaway et al., 1979). In 1987, Mizrahi and Kellaway (Mizrahi and Kellaway, 1987) reported the utilization of bedside EEG-polygraphic-video monitoring of neonates experiencing seizures. This study verified the characterizations and classifications of others. They also identified clinical events which were clearly of epileptic origin and others, previously considered to be epileptic, which were of non-epileptic origin; considered the manifestation of exaggerated reflex behaviors. This latter group consisted of generalized tonic events, oral-bucal-lingual movements, some ocular signs, and movements of progression such as swimming, rowing and stepping. In addition, autonomic changes appeared to occur most often in association with motor manifestations of seizures. Subsequent applications of EEG-video monitoring in neonates have provided greater refinement of classification, formed the basis for the recognition of greater diversity of clinical manifestations of clinical events and emphasized the need for clinical training as interobserver reliability can be limited without experienced observers (Malone et al., 2009). This recording technique also allowed for the characterization of the sequence of an electroclinical seizure to treatment with antiepileptic drugs (AEDs) with initial control of the clinical seizure but persistence of the electrographic event ­ so-called “uncoupling” (Mizrahi and Kellaway, 1987).




  ILAE classification and neonatal seizure




  In the 1960s Gastaut introduced classification in the epilepsies applicable to children and adults and has since provided a framework for clinical practice (Gastaut, 1969). Historically, epilepsy classification has been largely based on clinical experience, developed by a group of eminent epileptologists with a lifetime of studying seizure disorders. Despite the fact that some of the members of the commission over the years were interested in seizures and epilepsy in infancy notably ­ Henri Gastaut, Warren Blume, Jean Aicardi and Perrine Plouin ­ neonatal seizures were not incorporated into proposals until very recently. For example, in the 1981 seizure classification, they were merely mentioned under “unclassified epileptic seizure” (Commission on Classification and Terminology of the International League Against Epilepsy, 1981). The 1989 classification of syndromes (Commission on Classification and Terminology of the International League Against Epilepsy, 1989) recognised four epilepsy syndromes plus an entity of “neonatal seizures with both generalized and focal seizures”. In an attempt to classify 94 patients with neonatal seizures into the 1989 classification, Mastrangelo et al. (2005) found that > 90% of events were unclassifiable. In his special report in 2006, Engel stated that “neonatal seizures: although the components of neonatal seizures can be described in terms of the seizure types itemized above, they often display unique organizational features. Therefore, a study group will be created to more completely define and characterize the various types of neonatal seizures” (Engel, 2006). Recently the International League Against Epilepsy proposed a revised terminology for the organization of seizures and epilepsies (Berg et al., 2010) with the aim to reflect major scientific advances leading to a better understanding of epilepsy. One of the major changes are that “neonatal seizures are no longer regarded as a separate entity. Seizures in neonates can be classified within the proposed scheme”. However, in the proposed scheme, the only categories of seizures which could be applicable for neonates would be “focal seizures”, “unknown, subcategory, epileptic spasms” and, less frequently, “myoclonic” in the generalized category. Furthermore, electrographic seizures which may constitute up to 75% of the seizure burden in term and preterm infants would not be classifiable (Menzies et al., 2012). Based upon the data reviewed above, this proposed scheme would not be appropriate for seizures occurring in the neonatal period. This shortcoming of the 2010 proposal has been acknowledged by the ILAE and a new task force has been instituted with the aim to develop a consensus on how best to define, characterize, classify and organize neonatal seizures. A comparison of various classification schemes is presented in Table I.
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  Electroencephalography




  The recognition of electrographic seizure discharges in neonatal EEG recordings paralleled that of the development of neonatal EEG in general. This development was pioneered predominantly by French investigators (Dreyfus-Brisac et al., 1958) as well as others who further identified neonatal EEG features (Ellingson, 1958; Kellaway, 1952; Gibbs and Gibbs, 1952). As interest in the practice of neonatal EEG increased, a period of dissemination and education ensued (Tharp, 1990; Lombroso, 1979, 1985; Kellaway, 1982; Clancy et al., 1993). Electrographic events were considered focal, multifocal and migratory. Morphology, amplitude, duration and evolution could vary (Figure 1). Some electrographic seizure types were considered unique to the neonatal period. Alpha seizure discharges were characterized as sustained, focal, sinusoidal discharges which were typically not associated with clinical seizures (Knauss and Carlson, 1978; Willis and Gould, 1980; Watanabe et al., 1980) (Figure 2). Seizure discharges of the depressed brain were characterized as focal, sustained, low voltage, monomorphic seizures which are not accompanied by clinical changes and associated with background EEG which is depressed and undifferentiated (Kellaway and Hrachovy, 1981) (Figure 3).
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  An important milestone in the application of EEG to the care of neonates with seizures was the development of cerebral function monitor (CFM) or amplitude integrated electroencephalography (aEEG) in the early 1970s (Prior et al., 1971). Over the past several years investigators have applied this technique to assess EEG background activity, to detect electrographic seizures, and to provide sustained seizure surveillance over long periods of time (Hellström-Westas, 1995; Toet et al., 2002; Mathur et al., 2008; Hellström-Westas et al., 2003). Despite some limitations related to some types and location of electrographic seizures (Rennie et al., 2004; Shellhaus et al., 2007; Clancy et al., 2011), aEEG has become an important tool in the management of neonates with seizures. However, the risk for false positive and false negative detection rate is too high for efficacy evaluation in clinical trials (Rennie et al., 2003; Glass et al., 2012).




  Etiology




  The earliest studies of etiology of neonatal seizures were based upon autopsy-derived data (Burke, 1954; Craig, 1960). Later studies were characterized by the increasingly sophisticated diagnostic methodology available such as lumbar puncture, biochemical assays, assays for microbiology and virology and various techniques of neuroimaging. However, in most reported series etiologies most closely associated with what is now characterized as neonatal encephalopathy have comprised almost half of the presumed causes (Burke, 1954; Craig, 1960; Harris and Tizzard, 1960; Watanabe et al., 1981; Bergman et al., 1983; Mizrahi and Kellaway, 1987; Tegkul et al., 2006). Mizrahi and Kellaway (1998) have noted the changes in relative etiologies of neonatal seizures according to the prevailing technologies and understanding of operative potential pathologies.




  The recognition of the genetic basis of benign familial neonatal seizures represented an important finding in the care of newborns with seizures (Quattlebaum, 1979). The initial studies identified a genetic pedigree. Subsequent studies identified the syndrome linked to chromosome 20 (Leppert et al., 1989) and eventually the first novel potassium channel gene KCNQ2 was implicated in this inherited disorder (Singh et al., 1998). These findings have led both to improved diagnosis and the development of novel therapies such as so-called KCNQ channel openers (Raol et al., 2009).




  Prognosis




  There have been a number of studies which have reported the outcome of neonatal seizures (Table II) noting significant mortality and, in survivors, neurological impairment, motor and development delay. From the earliest reports of the various outcomes of neonatal seizures discussions have focused which factor could be identified as the major determinant of prognosis: the underlying etiology and associated degree and distribution of brain injury, adverse effects of the seizures themselves, or the direct or indirect impact of AED therapy. Recent animal data suggests that animals with electrographic seizures in the neonatal period will experience impairment in learning and behavior later in life (Holmes et al., 2009). Clinical data, however, provides conflicting data with one series suggesting impairment later in life (Glass et al., 2009) but others suggest none (Kwon et al., 2011). The potential adverse impact of AEDs on the developing brain has also been a focus of discussion, with reports of abnormal growth and development based upon specific agents. While these influences have not been discounted, their relative importance may be considered less than the overriding factor of etiology and associated degree and distribution of brain injury. Etiology has historically been considered the determinant of outcome (Cadilhac et al., 1959; Schulte, 1966; McInerny and Schubert, 1969; Brown, 1973; Volpe, 1973; Lombroso, 1975) and more recent analyses support this point of view (Lombroso, 2007).




  There has also been a greater appreciation for various risk factors which may contribute to the outcome. Notably, population studies have indicated that lower birthweight and gestation age may have adverse impacts on overall outcome (Ronen et al., 1999).




  Another important milestone in the discussion of prognosis of neonatal seizures has been the recognition of the increased occurrence of post-neonatal epilepsy (Ellenberg et al., 1984). Since, there have been reports of both increased incidence of seizures following the neonatal period as well as an earlier onset compared to those without neonatal seizures. Varying series report approximately 25% of survivors have seizures after the neonatal period (Mizrahi et al., 2001).




  Traditionally, outcome has been reported in terms of survival, neurological impairment, intellectual impairment, and impairment in motor skills. However, more recently, there has been an emphasis on the relationship of these outcomes which may co-exist in the same subject following neonatal seizures. While there may be distinct domains of outcome, such as developmental delay, cerebral palsy and epilepsy, they may also overlap (Garfinklle and Shevell, 2011). These findings suggest that both the understanding and reporting of prognosis may be more complex than originally described.
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  Pathophysiology




  There is a rich scientific literature which has described epileptogenesis in the immature brain delineating enhanced excitation, an imbalance of inhibition and excitation, amplification mechanisms of seizure discharges and the role of continuing development in seizure generation. An important milestone in the understanding of epileptogenesis in the immature has been the understanding of the maturational changes in the developing brain of glutamate and GABA receptor function. It has been reported that GABA is relatively excitatory early in brain followed by eventual development of its more mature inhibitory features (Ben-Ari, 2007; Rakhade and Jensen, 2009). While some suggest this may be too simplified an observation with different evolution of transmitter function in various brain regions (Galanopoulou et al., 2011) the concept of early excitatory function of transmitters traditionally considered inhibitory has formed the basis for further understanding of enhanced risk for seizures in the neonatal period and limited efficacy of some AEDs in their treatment (Pressler and Mangum, 2013; Löscher et al., 2013).




  Appropriately there has been much attention paid to the epileptic pathophysiology of neonatal seizures. Kellaway and Hrachovy (1983) and Mizrahi and Kellaway (1987) described a non-epileptic mechanism for some clinical events such as generalized tonic seizures, oral-buccal-lingual movements, some ocular signs and movements of progress including pedaling, rowing and stepping. These events occurred in infants with diffuse cerebral disturbance, altered state of consciousness and EEGs with depressed and undifferentiated background. The events could be provoked by stimulation and suppressed by restraint of the infants. It was proposed that these clinical events had features of reflex behaviors described by early physiologists (Lindley et al., 1949; Sprague and Chamber, 1954; Kreindler et al., 1958). These group of events were referred to as “brainstem release phenomena” (Kellaway and Hrachovy, 1983; Mizrahi and Kellaway, 1987).




  ■ International collaboration




  The further understanding of neonatal seizures and the dissemination of information to advance the care of affected infants has been the focus of international collaboration for several years. Most recently Guidelines on Neonatal Seizures has been published through the joint efforts of the International League Against Epilepsy, the World Health Organization and the IRCCS Asscociazione Osasi Maria SS WHO Collaborating Center (WHO, 2011). This is an evidence-based document which provides diagnostic and management guidelines which can be used in health care settings ranging from limited to enriched.
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  For the brain, birth is a dangerous event. Even after an uneventful pregnancy, full term babies can suffer from brain asphyxia, stroke or meningitis. During the first days or weeks of life other neurological diseases come to light like cerebral malformations, inborn errors of metabolism or early epileptic syndromes (Vasudevan and Levene, 2013).




  Seizures are a common final pathway for all these diseases ­ a non-specific response to any form of injury to the immature brain that has specific physiological properties (Nardou et al., 2013). An understanding of the mechanisms leading to seizures is crucial in order to provide the most accurate treatment and to protect the brain from further insults. In this approach, EEG has a central role in diagnosis, prognosis and treatment.




  What is EEG? A brief recall




  EEG is an electrical signal recorded by electrodes placed on the scalp. It is a low amplitude signal (from few μV to 1,000 μV) which may be easily overwhelmed by other ambient electrical activity and therefore separating the meaningful signal from noise is a common and difficult part of the EEG analysis. It is even more difficult in the NICU with infants in unstable condition in a hostile electrical environment (André et al., 2010).




  The EEG signal originates from the pyramidal cortical cells that are orthogonal to the surface. Neonatal EEG has specific aspects reflecting the cerebral immaturity and part of the electrical signal may come from deeper structures, as the skull is still unfused and the brain still contains much water with a better conductivity than in adults (Nunez and Srinivasan, 2006).




  EEG provides information about the basic functioning of the brain (background activity), the presence of non-ictal abnormalities (slow waves, sharp waves, spikes) and the epileptic or non-epileptic nature of the abnormal movements that may have been recorded. The value of EEG for spatial localization is considered low, but this depends on the number of electrodes. The main strength of EEG is its temporal resolution. Metaphorically, it is an open window on the brain with an on-line connection. This implies that the EEG must be carried out at the right time to give the right information. EEG is less useful if performed when events or at risk situations have ended.




  The information will vary with the duration of the recording. A very schematic approach could suggest three durations: one minute, one hour and one day.




  Within a minute, EEG can immediately reveal a very abnormal background activity, very frequent interictal abnormalities, and whether the child is in status epilepticus or not. Obviously, recording only one minute of EEG would be clinically imprudent but the purpose of this mental exercise is to underline that meaningful information can be obtained on EEG at first glance (Figure 1).




  Within an hour, the EEG may confirm that the background activity is normal, and detect non-permanent and infrequent non-ictal features or record frequent seizures.




  Within one day, the EEG may detect infrequent seizures and variations of background activity due to modifications of the clinical condition (such as drugs, hypothermia and rewarming, etc.).




  When a prolonged EEG is required specific methods for displaying the signal are needed to extract the meaningful information from the entire signal. This is the area for signal analysis and digital trend lines. Various mathematical transformations can be applied to the signal. The two mostly used are amplitude EEG (a-EEG) and density spectral array (DSA) (Figure 2). The aEEG is based on the amplitude of a filtered signal, and displays the variations of the minimal and maximal values of this signal. The amplitude of this bandwidth and its slow variations reflect the background activity. Rapid variations of the lower margin may indicate a seizure. Neurophysiologists usually prefer DSA because it provides complementary information about the frequency content of the signal (Riviello, 2013).




  The precise duration of the monitoring should be individualized based upon the clinical circumstances and a consideration of the purpose of the study. For example, for seizure monitoring after treatment, a 24-hour seizure-free period has been recommended before stopping the EEG (Shellas et al., 2011).
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  EEG and seizure diagnosis




  Diagnosing neonatal seizures based solely upon clinical observations is only as accurate as “flipping a coin” and therefore EEG confirmation is very useful (Malone et al., 2009; Boylan et al., 2013). Without a documented differential diagnosis, some non-epileptic abnormal movements may be inadvertently treated as seizures. On the opposite, non-convulsive seizures may be neglected both before and after drug administration that may ablate only the clinical signs (Murray et al., 2008; McCoy and Hahn, 2013). This phenomenom is known as “electroclinical dissociation” and has been described more frequently in neonates and when the EEG background activity was severely depressed (Pinto and Giliberti, 2001).




  An electrographic seizure is defined as “a sudden, abnormal EEG event defined by a repetitive and evolving pattern with a minimum 2μV pp voltage and duration of at least 10 seconds. To be classified as separate seizures, 10 seconds or more must separate two distinct events” (Tsuchida et al., 2013). However, to distinguish seizure from artefacts is not so easy, even with a full montage conventional EEG. For this reason a synchronized video-EEG is recommended (Abend and Wusthoff, 2012; Wusthoff, 2013). It has also become clear from several studies and reports that the diagnosis of seizure should not be based only on digital trend lines and that inspection of raw data is mandatory (Shah DK et al., 2008).




  Considering the diagnosis incertitude demonstrated by systematic video-EEG studies, some questions can be raised about the exact frequency of seizures in the NICU and the respective percentages of etiologies reported in studies based only on clinical observation.




  EEG and the underlying cause




  We widely recognize that a consideration of the causes and the mechanisms of seizures is a critical step in the diagnostic reasoning process but it is often neglected in neonatal seizure management. Two situations can be distinguished. Most commonly, the cause is previously known (birth asphyxia) or evident after routine diagnostic workup (e.g. hypoglycemia, hypocalcemia, or meningitis [Cheung et al., 2013]). The relative frequency of the various etiologies varies with the quality of prenatal and obstetrical care (Grünebaum et al., 2013). In this situation the EEG has little impact in the diagnostic decision.




  When these first-line investigations are negative, however, the presence or absence of background abnormalities on EEG will be very helpful in guiding further investigations. A normal background activity in an infant with normal physical examination and clonic seizure evokes benign neonatal seizures, familial or non-familial. A slightly asymmetric background activity with focal sharp waves or spikes and a clonic unilateral seizure is frequent in neonatal stroke and will support the need for a diffusion MRI (Walsh et al., 2011; Selton et al., 2003; Rafay et al., 2009). An abnormal background activity may also confirm HIE when clinical and biological data are insufficiently clear. The so-called “suppression-burst” pattern without birth asphyxia indicates a severe early epileptic syndrome namely early myoclonic epilepsy or Ohtahara syndrome, as well as an inborn error of metabolism.




  Early-myoclonic epilepsy and Ohtahara syndrome have been described as two different epileptic syndromes sharing some clinical and electrical characteristics. In Ohtahara syndrome, tonic seizures and early-onset spasms were described as predominant and structural brain abnormalities considered as frequent causes. In early myoclonic epilepsy, the main seizure type is multifocal myoclonias, with less constant suppression-burst pattern and mainly metabolic disturbances. However, recent genetic findings lead to consider those two syndromes as a continuum with clinical forms varying in terms of age onset and/or seizure burden (Ohtahara et al., 2006; Djukic et al., 2006; Beal et al., 2012; Serino et al., 2013; Mastrangelo et al., 2013).




  In inborn errors of metabolism, several single cases have been reported with non-specific EEG patterns that could be modified by the treatments used (Agadi et al., 2012; Rossi et al., 2009; Schmitt et al., 2010). Such abnormal patterns should trigger complete genetic and metabolic investigations and systematic treatment by vitamin supplementation (Hallberg et al., 2013).




  EEG and treatment options




  The few antiepileptic drugs available in newborn infants are in reality “anti-seizure” drugs and not “antiepileptic drugs” as they have no effect on aetiology. Most of the seizures in neonates being acute symptomatic, taking care of the underlying condition should be the first-line treatment such as correcting hypoglycaemia or hypocalcemia. In the rare forms of vitamin-dependant epilepsy, supplementation therapy will be the only way to control seizures. In HIE which represents more than half of the etiologies, recent work using video-EEG has shown that seizures were less frequent in a cooled population (Srinivasakumar et al., 2013). Hypothermia should then be considered in the anti-seizure strategy with specific attention on the rewarming period during which rebound of seizures has been observed (Kendall et al., 2012).




  On the other hand, if the suspected etiology is an early-onset epileptic syndrome, the objectives of the treatment should not necessarily be a complete control of the seizures. Under certain circumstances a better aim would be to achieve a clinically meaningful reduction of seizure frequency, also avoiding the respiratory and haemodyanmic side effects that could be induced by high doses of anti-seizure drugs.




  Whatever the etiology, a rational use of anticonvulsant drugs should be based on seizure burden, monitored by EEG. This is the main interest of digital trendlines, by aEEG or DSA and the scope for automatic detection of seizures. Conventional EEG and aEEG are complementary tools. When signature patterns of the seizures have been identified in cEEG as well as in aEEG or DSA, the trendlines will be more reliable for monitoring.




  EEG and prognosis




  The term “prognosis” refers to three successive endpoints: the seizures control, the clinical examination and cerebral imaging at discharge, and the long-term development.




  Several studies have been conducted to identify predictors for neonatal seizures outcome, among which EEG findings remain a constant along with seizure burden and etiology (Lai et al., 2013; Garfinkkle et al., 2011; Tekgul et al., 2006; Mellits et al., 1982; Khan et al., 2008; Almubarak et al., 2011; Nunes et al., 2005).




  To assess the specific role of seizure burden is difficult. Non-convulsive seizures seem to carry a poor prognosis. However, the question to treat or not to treat these subclinical seizures is unresolved and one must balance the potential harmful effects of anticonvulsant drugs on the immature brain with the potential adverse consequences of abnormal sustained electrical activity (McBride et al., 2000; Glass et al., 2011; van des Heide et al., 2012). At a minimum, the first step to resolve this question is to have reliable tools to quantify the number, the duration and the localization of seizure, in other words, a systematic video-EEG monitoring.




  The EEG has a specific role in HIE. The need to select infants who will benefit from hypothermia in the first hours of life has significantly changed the practice of EEG in the NICU (Walsh et al., 2011). This first EEG reflects the severity of the insult. A normal background activity in the first hours is reassuring and indicates a good prognosis. Severe background abnormities at that time may indicate a poor prognosis but have to be confirmed by further recordings. Several classifications of background abnormalities exist with some discrepancies between the criteria and the labels employed. A universal grid for visual analysis is needed. However, severely abnormal EEGs are easily recognized as well as fully normal ones.




  The evolution of background activity during the first week will reflect the quality of brain recovery. The persistence of abnormalities after 48 hours of life will confirm a poor prognosis (Murray et al., 2009). Digital analyses are especially useful in this purpose as they may help to quantify the background abnormalities and facilitate long term monitoring.




  Hypothermia has to be taken into account when analysing the EEG as it may reduce the amplitude and modify the sleep state cycles (Tsuchida, 2013; Nash et al., 2011). Therefore, beginning the EEG before hypothermia is recommended.




  Conclusion




  In a landscape dominated by seizures due to HIE, other etiologies and various clinical presentations and evolutions should not be overlooked. EEG plays a major role in this approach and should be the cornerstone of neonatal seizure management.




  Despite its reputation of highly skilled technique, EEG is a low-cost and easy to perform investigation when compared to other techniques used in the NICU. The use of digital EEG machines is much simpler than the old paper machines and as a result it is easier to record with modern equipment, although it is still critical to use proper technique for the application of the recording electrodes. The interpretation remains a problem as it requires specific skills and a good knowledge of neonatal pathology including its specific EEG correlates. However, here again, modernization, including digitalized analysis with automated detection along with remote access for analysis has simplified the review process and should facilitate the promotion of this procedure.




  In light of clinical situations in which EEG is needed, a rational and pragmatic use would require EEG to be available on a 24/7 basis and for prolonged periods.




  In an ideal world, in a neonate with suspected or “expected” seizure, the EEG should be performed as soon as possible by the EEG team or the NICU team with a minimal number of 8 electrodes covering the whole surface of the brain. The electrodes should stay in place for at least 24 hours and be regularly checked. If possible, MRI-compatible electrodes should be used. The first minutes of recording should be rapidly examined, looking for clearly abnormal patterns (flat or very discontinuous tracings, status) that require immediate response. Afterwards, a trend line (aEEG or DSA) could be displayed with a specific teaching for the staff to recognize both the most severe and the fully normal patterns. Any modification of the clinical situation should be noted on the EEG machine by the staff. Reliable detection algorithms should alert the nurses about possible seizures. In case of doubt, a trained neurophysiologist should be contacted to provide an interpretation, on site or by remote access, in emergency and at least once a day. For each 24 hours period, a written report should be produced by a qualified physician.




  With around half of the NICU reporting using cEEG or aEEG in international studies (Boylan et al., 2010; Ponnusamy et al., 2010), and more than 80% in France (personal data), this ideal organisation seems reachable shortly but would require a reinforcement in qualified medical and/or nursing staff.
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  Seizures occur more often during the neonatal period than at any other period of life and have a variety of underlying etiologies. The incidence varies between 0.15-3.5 per 1,000 live births, with higher rates in preterm infants and very much depends on the threshold for using continuous aEEG monitoring (Ronen et al., 2007). In previous studies, the mortality has been reported to be as high as 40% but in more recent studies the mortality has come down to 21% (Mastrangelo et al., 2005) and even 7% (Tekgul et al., 2006). However, as opposed to this increase in survival, the prevalence of long-term neurodevelopmental sequelae in survivors has been reported to be about 30% (Bergman et al., 1983). In a more recent study 70 (66%) out of 106 preterm and full-term infants admitted to a neonatal intensive care unit (NICU) had an adverse neurological outcome. Six variables were identified as the most important independent risk factors. Neuro-imaging was one of these six variables, but only cranial ultrasound (cUS) was used (Pisani et al., 2009). Etiologies associated with a poor outcome include cerebral dysgenesis, severe hypoxic-ischemic encephalopathy (HIE), metabolic disorders and infection of the central nervous system. Conversely, infants with focal infarction, transient metabolic disturbances, or idiopathic seizures have been reported to have a favourable outcome.




  Most neonatal intensive care units around the world will use cUS as the method of first choice. Computed tomography (CT) is now less commonly used and should only be used in an infant who may acutely need neurosurgical intervention. Magnetic resonance imaging (MRI) is being increasingly used and recognised as the best imaging modality. Looking at the Vermont Oxford neonatal encephalopathy registry 22% of the infants admitted with neonatal encephalopathy still had a CT scan and almost two thirds (65%) had an MRI during the neonatal period (Pfister et al., 2012). In this population, admitted between 2006 and 2010, 65% received anti-epileptic medication during their stay in the NICU. These imaging data are in agreement with data from Tekgul et al. (2006) who studied 89 full-term infants with neonatal seizures. In this study 82% had at least one MRI, whereas 18% only had a CT scan.




  Several studies have shown that in the full-term infant, HIE is by far the most common etiology, followed by intracranial haemorrhage and arterial ischemic stroke (Table I). These studies were mostly performed before the introduction of therapeutic hypothermia and recent studies have shown that neonatal seizures are less common and better controlled in infants with moderate HIE, treated with hypothermia (Low et al., 2012; Srinivasakumar et al., 2013). Transient metabolic disturbances or inborn errors of metabolism, infection of the central nervous system, cerebral dysgenesis and genetic disorders are less common underlying etiologies for neonatal seizures. Some of these infants may present with encephalopathy and are referred to as “HIE-mimics”. Neuro-imaging may help to diagnose an underlying problem, for instance polymicrogyria in Zellweger syndrome, which is important for genetic counselling. In those infants, who die during the neonatal period, and were too unstable to be transported to the MR-unit, a post-mortem MRI should be considered, especially when there is no permission for autopsy. The value of a post-mortem MRI has been shown by several groups (Nicholl et al., 2007; Griffiths et al., 2005). The group of infants with an unknown etiology is becoming smaller as MRI is able to identify lesions, which will not be recognised with cUS or CT, but also because of the advances made in genetics (Weckhuysen et al., 2012 and 2013).
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Figure 2. Alpha seizure discharge.
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Figure 3. Seizure discharges of the depressed brain.
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Figure 1. An example of two 20 seconds pages of a clearly abnormal EEG.
Arrow: beginning of a seizure. Frame: discontinuous EEG with abnormal non physiological features.
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Table Il. Outcome of neonatal seizures. Neurological impairment, developmental delay and death
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Figure 2. A. 2EEG (top) showing repeated seizures (arrow head) with concordance with raw EEG (bottom). B. DSA
(right) showing repeated focal seizures (arrow), with concordance with the raw EEG (double head arrow). Note
that the peak is less pronounced on some derivations (white circle) reflecting the focal character of the seizure.
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may be varied in morphology. frequency, duration, and location. Clockwise begin-
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ning at upper left: rhythmic discharge with initial blunted morphology which evolves to sharp waves confined to the

left central region; rhythmic sharp wave discharge arising from the midiine central region which migrates to the left
central region; multfocal sharp wave waves appearing independently and asynchronously on the two sides; high

amplitude slow rhythmic sharp and slow wave complexes over the right hemisphere with some reflection over the

left.
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Table I. Classifications of neonatal seizures

Reference Type Characterization Ictal EEG abnormalities
Volpe (1989) Subtle Ocular, oral-buccal-lingual, autonomic, apnoea, limb posturing and ~ Variable
movements
Clonic Repetitive jerking, distinct fromjittering. Unifocal or multifocal Common
Myoclonic Rapid isolated jerks Common if generalised,
Focal, multifocal or generalised uncommon if focal
Tonic Stiffening. Decerebrate posturing. Common if focal,
Focal or generalised uncommon if generalised
Mizrahi and Kellaway Focal clonic Rhythmic muscle contractions, unifocal or multifocal, synchronous Epileptic
(1987;1998) or asynchronous. Not suppressed by restrain.
Focal tonic Sustained posturing of limb, trunkor neck. Also tonic eye deviation.  Epileptic
Not provoked by external stimuli and not suppressed by restrain.
Myoclonic Random, single, rapid contractions of muscle groups. Usually not  May or may not be
repetitive. May be generalised, focal or fragmentary. May be epileptic
provoked by external stimuli.
Spasms Flexor or extensor. May occur in clusters. Not provoked by external  Epileptic

stimuli and not suppressed by restrain.
Generalised tonic Sustained symmetric posturing; flexor, extensor or mixed; may be Non-epileptic, no EEG

stimulus sensitive; may be suppressed by restrain. correlate
Motor automatism  Ocular, oral-buccal-lingual, Non-epileptic, no EEG
progression movements of limbs correlate
May be provoked or intensified by external stimuli and suppressed
by restrain.
Electrographic By definition none. Epileptic
Berg etal 2010* Generalised Tonic-clonic (in any combination)
Absence
Typical
Atypical

With special features
Myoclonic absences
Eyelid myoclonia

Myoclonic

Myoclonic atonic

Myoclonic tonic

Clonic
Tonic
Atonic
Focal
Unknown

Epileptic spasm
* Not specific for neonatal seizures. Only categories in bold-face are consistent with currently accepted characterizations of neonatal seizures.
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