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  Section I. PRESURGICAL EVALUATION IN CHILDREN


  Editors: Prasanna Jayakar, William D. Gaillard


  Chapter 1: The role and limits of seizure semiology


  J. Helen Cross


  


  Keypoints


  • Semiological features of seizures are a key consideration in localising the responsible tissue for onset.


  • The reliability of such features are age dependent.


  • Features are much more subtle in younger children.


  • Where clear features are present, semiology may be useful. Alternatively, particularly in the very young, a high index of suspicion will be required.


  Key to the presurgical evaluation is determining from where seizures arise, and indeed that seizures arise from a consistent focus that can be removed. The definition of a focal seizure has undergone evolution over time, but the most recent has tried to encompass all aspects of discussions; a focal seizure is defined as “one that originates within networks limited to one hemisphere. They may be discretely localised or more widely distributed and may also arise in subcortical structures. For each seizure type, ictal onset is consistent from one seizure to another, with preferential propagation patterns that can involve the contralateral hemisphere. In some cases however there is more than one network, and more than one seizure type, but each individual seizure type has a consistent site of onset” (Berg et al., 2010).


  Focal seizures can then be described on the basis of semiology (the clinical presentation of the event), which will depend on the area of brain origin and propagation pattern. The clinical features of the seizure will consequently give useful information as to the probable origins, both in lateralization and localization, as well as the networks involved. By recognizing the clinical seizure pattern, seizure onset may be attributed to one particular lobe (e.g. occipital lobe) or localized brain region (e.g. mesial temporal structures, supplementary motor area). In the older child and adult particularly, the characteristics of the seizure may give clues to the area from where the seizures arise. Semiology consequently is extremely important. In the younger child however, although semiology may be helpful it may equally be misleading or unhelpful. Several studies have demonstrated that seizure manifestations evolve according to developmental age (see Section II in this book). Although myelination is largely complete by two years of age, clinical seizure manifestations continue to evolve beyond this age (probably reflecting the caudo-rostral pattern of brain development), with an adult pattern of semiology unlikely before age 6 years. A high index of suspicion is therefore required when evaluating the clinical description of events for focality.


  What can be determined from semiology in children?


  Focal seizures in the older child and adolescent demonstrate similar semiological features to that seen in adults. Semiology can be informative not only with regard to lobe of seizure origin but also as in the case of the frontal lobe, the particular region of involvement (Table I). The seizure semiology may also indicate the side from which seizures arise (Table II).


  Frontal lobe seizures are typically brief (< 30 seconds), occur in clusters and often occur from sleep. They are also rapid in onset and offset with almost immediate recovery. Seizures arising from rolandic and primary motor cortex typically involve clonic movement of one side of the body. Supplementary motor area seizures however involve a sudden onset of a characteristic asymmetric “fencing” posture of the upper limbs. Hypermotor activity and ictal hallucinations are reported in orbitofrontal seizures, and fear/laughter in seizures from the cingulate gyrus.


  To the contrary, mesial temporal lobe seizures classically present with an aura, most commonly of fear or epigastric sensation (rising feeling from the abdomen). Some degree of behavioural arrest may follow with or without impaired awareness, or confusion with ictal or post ictal dysphasia. Automatisms, most commonly oroalimentary (e.g. repetitive swallowing, lip smacking) or motor (plucking) are also characteristic. Seizures are typically longer than frontal lobe seizures lasting 60-90 seconds, followed by a period of required recovery, with or without confusion. Lateral or posterior temporal onset seizures have similar characteristics, although the aura typically differs, e.g. auditory or complex visual changes.


  Occipital seizures present with an aura of an elementary visual hallucination that can often be described in detail if not drawn by the individual. The aura is then variably followed by contralateral eye deviation. Ictal vomiting or retching (ictus emeticus) may or may not be prominent. Ictal nystagmus is observed more commonly with involvement of the temporal parietal occipital junction. Auras are reported in 80-90% of children with occipital (visual) or temporal lobe seizure onset. Parietal seizure onset is associated with nonspecific features. Sensory aura may be apparent, but other features such as atonic attacks result from rapid spread to motor cortex.


  [image: ]


  [image: ]


  Age dependence of semiology


  Such characteristic features, as elaborated in the following chapters are key in the presurgical evaluation - not least in determining the area of brain to be targeted for further assessment. Such information may be vital where no imaging abnormality is apparent, and consequently a guide toward invasive EEG monitoring, but also in addressing congruence with other data even in the light of positive imaging. However, age, and consequently the maturity of the brain will influence the degree to which semiology may be helpful. In particular, there is a limited repertoire of semiological presentation in the very young (Hamer et al., 1999). In children presenting under the age of three years only four seizure types account for up to 80% of total symptomatologies (epileptic spasms, tonic seizures, clonic seizures, and hypomotor seizures) (Hamer et al., 1999). Although characteristic features of focal seizures may be seen, they are usually more subtle than those seen in the older child (Wyllie et al., 1993). The frequency of aura, limb automatisms, dystonic posturing, secondary generalization and unresponsiveness increase with age (Nordli et al., 2001).


  Children younger than 42 months have a high ratio of motor features whereas children older than 4 years demonstrate a higher rate of adult semiology with behavioural arrest and automatisms (Fogarasi et al., 2002). Auras are not usually documented in the younger group; an aura is unlikely to manifest < 2.5 years in seizures of focal onset (Fogarasi et al., 2007a). The degree of awareness in most younger children is almost impossible to determine; behaviour change, however, is much more likely at seizure onset for children under age 6 years, occurring in 46% (25/56) in one study compared to only 8/53 in an older group (Fogarasi et al., 2007b). Behavioural change is far more likely to be of an affective type (agitation, fearful expression, looking for shelter) than an arrest type; either could represent an aura that cannot be verbalized by children in this age group. In another study of autonomic symptoms (respiratory, gastrointestinal, cutaneous, papillary, urinary) in children age 10 months to 12 years with temporal and extratemporal focal epilepsy, 60/100 patients produced at least one autonomic symptom during their seizures: 43 (70%) of 61 with temporal lobe epilepsy and 17 (44%) of 39 with extratemporal epilepsy (Fogarasi et al., 2006).


  Age dependence has also been demonstrated in ictal automatisms, lateralising signs and secondary generalisation in studies of children with temporal lobe onset seizures (Fogarasi et al., 2007a). Apnoea/bradycardia are more frequent in children < 3 years with temporal lobe onset (Fogarasi et al., 2007a). Emotional expressions and autonomic signs however do not appear to show age dependent manifestation. Emotional expressions (fear, crying, smile, pain, happiness, and laughing) appear more frequently in extratemporal (49%) than temporal (26%) lobe seizures (Fogarasi et al., 2007c).


  Frontal lobe seizures under the age of 7 years are characterized by high seizure frequency (up to 40/day), approximately half of which show a tendency to cluster. In a study of 111 seizures in 14 patients, 47% attacks arose from sleep and were of short duration; no correlation was seen between age and duration (Fogarasi et al., 2011). Auras were infrequent and motor manifestations most common. All had motor seizures, in fact only 6 of 11 analyzed attacks displayed no motor signs. Besides tonic seizures, clonic components and epileptic spasms were the leading manifestations. Epileptic spasms typically began between age 2 to 16 months, and persisted well beyond infancy. Psychomotor seizures were rare. Behaviour change, however, was seen frequently, with 36% showing some form of vocalization (crying, moaning and grunting).


  A study of children with frontal lobe epilepsy (FLE) and others seizures arising from the posterior cortex showed little difference in seizure frequency, but revealed a nocturnal predominance in those with FLE (Fogarasi et al., 2005). Visual aura, nystagmus and versive seizures were observed exclusively in the posterior onset group, whereas somato-sensory aura and hypermotor seizures appeared only in FLE but less frequently than adults. Tonic seizures were more frequent in FLE. Both groups showed myoclonic seizures, epileptic spasms, psychomotor and atonic seizures, oral and manual automatisms as well as vocalizsation and eye deviation.


  In summary, the characteristic features of focal onset seizures described in adults with extratemporal and temporal lobe epilepsy are frequently missing during childhood, especially infants and school children. Lateralising signs in infants and young children are also lacking. It is therefore extremely difficult to exclude focal onset on semiology alone. This aside, subtle stereotyped features may be a valuable contribution to the presurgical evaluation. An important exception, however, are gelastic seizures which may present early in the first year of life and are pathognomonic of hypothalamic hamartoma. However young, semiological features may be helpful, and should be addressed by a specialized team in detail in the presurgical evaluation of any child.
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  Chapter 2: The role and limits of surface EEG and source imaging


  Prasanna Jayakar, Douglas Nordli, O. Carter Snead


  


  Keypoints


  • The scalp EEG remains a very cost-effective diagnostic tool and is considered mandatory in the presurgical workup of children.


  • It provides localizing and prognostic information to guide candidacy, diagnostic evaluation, and resection strategies.


  • The scalp EEG, however, has important limitations that must be recognized as they predispose to misinterpretation and unnecessary additional testing that is often resource intense and carries risk.


  • Electrical or magnetic source imaging and EEG triggered fMRI help overcome some of the limitations of visual analyses of scalp EEG and are useful under specific circumstances. However, they are resource intense requiring considerable expertise which restricts their widespread usage.


  • The EEG findings cannot be used in isolation but need to be systematically incorporated into the rest of the clinical evaluation.


  


  The primary goal of presurgical evaluation in children with drug-resistant epilepsy is to establish surgical candidacy. The video EEG (VEEG) study along with the clinical exam is the first and pivotal step in the process and in conjunction with the MRI and other ancillary tests helps define the location and extent of the epileptogenic region (ER), and determine its relationship to eloquent function. Recent advances in neuroimaging technologies have tended to overshadow the role of the scalp VEEG in this process. However, the EEG is the least resource intensive of all tests used and enjoys the widest accessibility globally. The recommendations of the ILAE task force on pediatric epilepsy surgery have thus considered the scalp VEEG “mandatory” or main stay in the presurgical evaluation of children with medically drug-resistant epilepsy (Jayakar et al., 2014).


  The application of the VEEG requires a detailed knowledge of its strengths and limitations; this helps minimize the concerns of divergence from other localizing tests that can potentially lead to aggressive and unnecessary invasive investigations. More importantly, developmental factors unique to the pediatric population that can significantly influence the VEEG deserve due consideration. The findings cannot be used in isolation but need to be systematically incorporated into the rest of the clinical evaluation. This is best done in a Bayesian fashion where the test findings confirm or refute a well-developed clinical hypothesis.


  Some of the well-known spatial localization limitations of the scalp EEG are partially overcome by the deployment of computational algorithms for 3D source localization of spikes, and more recently, magnetoencephalography (MEG) or EEG-triggered fMRI that lead to enhanced ER localization accuracy. While these new “source imaging” methods are gaining popularity in many epilepsy surgery centers, the set of underlying assumptions are not generally well understood. Although there is scant Class I or II evidence-based data to guide scalp EEG/source localization usage in children, considerable literature and experience allow us to generate practical guidelines to optimize wider application. Some of this experience is derived from a post hoc review of the EEG after other localization data is available in an effort to identify subtle focality missed on an initial blinded analysis.


  The intent of this review article is not to reiterate all the standard teachings of EEG interpretation but rather to emphasize the limitations and pitfalls in visual or automated analyses and the potential for misinterpretation that may jeopardize patient care. We present general principles that influence application of scalp VEEG/source imaging data followed by practical guidelines to avoid pitfalls in the context of common scenarios encountered during the evaluation process.


  Surface EEG


  ■  General principles


  Establishing candidacy


  The scalp VEEG recordings are helpful in many regards, and fundamentally are the only diagnostic test that confirms the epileptic basis of recurrent paroxysmal events. Interictal discharges may provide supportive evidence for the presence of seizures, but ictal capture on the VEEG constitutes the only definitive proof. Occasionally, epileptic and non-epileptic events may coexist in the same patient; here too ictal recordings are the only way to sort through these confusing situations. Besides confirming the diagnosis epilepsy, VEEG may identify epileptic syndromes not amenable to the surgical option including some of the genetically based epilepsies that may present with focal seizures.


  VEEG helps to document seizure semiology objectively. It also has the capacity to define important parameters such as frequency, stereotypic vs. multiple seizure types, and consistency of lateralizing or localizing features. In one VEEG study (Velkey et al., 2011), 59/322 children (18%) demonstrated subclinical seizures; these had supplementary localizing value including documenting multiple seizure onset zones in 20% of cases. In addition, specific patterns unique to children such as electrical status epilepticus during sleep (Peltola et al., 2011) or hypsarhythmia may influence surgical candidacy. These findings provide an objective basis that influences surgical candidacy evaluation and can represent an important benchmark for judging surgical success.


  Defining the epileptogenic zone


  The scalp VEEG establishes the general framework for the initial definition of the epileptogenic zone (EZ). Although it may seem straightforward and perfectly obvious to all EEGers, it bears mentioning that the information most readily available from VEEG and most helpful in defining the EZ is the interictal background. Oddly enough, this seems to be given little attention in the modern imaging era, even though it remains a useful screening procedure for focal structural lesions. Focal polymorphic slowing, attenuation or burst suppression all are strongly associated with underlying focal structural lesions in children whether these findings are isolated or are accompanied by interictal epileptiform discharges (Noh et al., 2013). This information is available from even a short segment of the interictal EEG.


  Interictal spikes/sharp waves may show considerable variation in morphology, frequency and distribution but are generally reliable markers of the ER if they are consistently unifocal or appear in rhythmic runs. In a series of MRI-negative cases, a single interictal focus was seen in 77/102 children and correlated with a successful outcome (Jayakar et al., 2008). Besides spikes/sharp waves, other paroxysmal discharges such as focal fast activity may help localize the EZ. Particularly important to recognize as reliable markers are the continuous epileptiform discharges (CEDs), first reported on intracranial electrocorticography recordings in children with dysplasia but also occasionally evident on the scalp. The patterns that can fall under the CEDs label range from recruiting/ derecruiting rhythms akin to electrographic status epilepticus to rhythmic spikes or periodic discharges; some may correlate with a hypermetabolic region on a PET scan and are extremely helpful in delineating the EZ (Figure 1).


  Auras are difficult to characterize in the young but the seizure semiology overall is very helpful in suggesting the lobe of onset; a topic that is addressed extensively in other sections of the text book. The ictal EEG may also be useful but muscle/movement artefact may obscure the tracing. This, together with the limitations discussed below, may render ictal localization difficult and sometimes even falsely localizing. In a study of 395 complex partial seizures recorded in 43 children (Yoshinaga et al., 2004), onsets localized to one lobe in only 10 patients, lateralized to one hemisphere in 7, bilateral homologous lobes in 11, and non-localized in 15. Nonetheless, consistency of ictal onsets when present was found to highly correlate with epileptogenic lesions on neuroimaging. In another study, concordant scalp interictal and ictal EEG were found to be highly predictive of ictal focality on intracranial EEG even in children with MRI negative epilepsy (Kalamangalam et al., 2013).
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  ■  Developmental substrates - Maturational issues


  Refractory epilepsy in childhood is related to a large variety of epileptogenic substrates that impact the definition of the EZ and the consequent evaluation strategies. Developmental substrates predominate and often coexist with other pathologies. These challenges are compounded by the rapid brain maturation during early infancy and childhood that lead to a complex evolution of clinical semiology, EEG features and imaging findings even with apparently stable underlying substrate. There is a predictable change in the appearance of seizures with advancing age of the child (Nordli et al., 2001). As a consequence, seizures from a single focus can have a different appearance in infancy, childhood and adolescence (Jayakar & Duchowny, 1990). Sequential VEEG studies provide the best information to demonstrate the constancy of the electrographic focus in these situations.


  The effect of maturation on EEG discharges is variable. On one hand, immature cortex may be unable to generate robust discharges and consequently the EEG abnormalities may be either absent or under-represent the extent of the EZ. Conversely, maturational hyperexcitability may lead to abnormalities being much more expansive than the EZ. Neonates often manifest with focal or multifocal partial seizures that are fragmentary, and are more likely to be electroclinically dissociated, i.e. seizure patterns may occur without clinical correlation and vice versa. Generalized seizures are rare. Infantile spasms that present in early childhood are usually related to genetically determined etiologies but a subset may be surgically remediable related to a focal or lateralized pathophysiology.


  ■  The epileptic generator


  The potentials recorded on the scalp are generally 8 to 20 fold lower than direct cortical recordings (Cooper et al., 1965; Nunez, 1981), the amplitudes are determined by characteristics of the epileptic generator, propagation, and conductivity across the intervening tissues.


  Source characteristics


  Most of the pyramidal neurons have a parallel alignment; the activity of neighboring neuronal groups summates to produce a recordable field potential. The summated potential depends on the strength of individual potentials and the degree to which they are synchronously activated. As an estimate, spike discharges may not be seen on the scalp unless one square inch or more of cortex is synchronously involved (Cooper et al., 1965). Low amplitude high frequency oscillations or fast activity at ictal onset are even less likely to synchronize over adequately large cortical areas and thus often go undetected on scalp recordings. Furthermore, the depth of the focus plays a critical role, the recorded scalp potential being inversely related to the square of the distance between the source and the electrodes. The sensitivity of the EEG is thus much greater for foci located superficially on the convexity than those on the basal or interhemispheric aspects of the cerebral cortex.


  Modeling and orientation of the source


  To facilitate the localization of the spike generator, the scalp potential is often modeled to represent a dipolar source whose orientation influences the distribution of the recorded negativity and positivity (Gloor, 1985).Commonly, the generator is oriented vertically to the scalp and the recorded spikes generally show the negative peak. The generator is interpreted to be located under the peak, i.e. the electrode revealing spikes of maximum negativity. A restricted field around the peak implies a superficial generator; broad fields imply that the generator extends over a wider cortical region or is located deep.


  Less frequently, the generator may be located in the bank of a sulcus or in the interhemispheric fissure and is oriented tangential to the scalp, i.e. it is a “horizontal dipole”. Its potential distribution curve is S-shaped with a peak (negative) and a trough (positive). Unlike the scenario of a vertical dipole, the generator is not located under the peak or trough but lies in between; the wider apart are the peak and trough, the deeper is its likely location.


  Inhomogeneity


  The drop-off in field potential depends on the inhomogeneity, i.e. varying conductivities and shapes of the media across which the current traverses. The skull has the greatest attenuation effect whereas foramina tend to preferentially allow current flow. Electrodes located remote from the epileptic source may thus reveal higher amplitudes than those overlying it.


  Open vs. closed fields


  As discussed earlier, the field potentials of source-sinks aligned in parallel will summate and can be recorded from regions outside the generator, i.e. the field is said to be “open”. However, in situations where the alignment of neurons is not parallel (as for example, in dysmorphic epileptogenic tissue) the sources and sinks will cancel each other out. Thus, depending upon which population of neurons is active at any given instant, a zero potential may be recorded just outside the boundaries of the focus: the field is “closed” (Klee & Rall, 1977).


  Propagation


  In contrast to volume conduction, propagated potentials do not necessarily attenuate with distance but produce measurable time differences between regions. The “lead” from the source can be very small and may not always be appreciated on displays using standard time frame. It is important to realize that propagation is not necessarily to contiguous cortex but commonly “skip” regions and appear as well circumscribed “pseudo-foci” at considerable distances from the primary focus.


  ■  Technical issues


  Recording


  Scalp EEG recording allows prolonged temporal sampling but has limited spatial resolution. Additional closely spaced or sphenoidal electrodes may increase sensitivity, dense array EEG has been reported to have a higher localization value than conventional electrode placement (Ramon & Holmes, 2012). Usage of both bipolar and referential derivations helps minimize errors in field analyses (Sharbrough, 1987). Bipolar derivations are prone to in-phase cancellation and missing low amplitude potentials with broad. Referential derivations are better suited to analyze voltage and morphology but a contaminated “active” reference can mislead field analyses and localization. For example, in patients with temporal lobe seizures the use of ipsilateral ear reference may lead to in-phase cancellation over the temporal sites with higher amplitude seizure sequences being apparent over regions remote from the ear.


  State dependency


  Localizing reliability of spike discharges is state dependent. Non-REM slow wave sleep often activates spike discharges facilitating their identification but it may also alter their morphology and distribution. Thus, focal epileptogenic processes may present diffuse discharges or generalized epilepsies may reveal fragmented focal discharges. In general, spikes observed during REM sleep and wakefulness have greater localizing value than those during NREM sleep (Lieb et al., 1980; Montplaisir et al., 1982; Sammaritano et al., 1991; Ochi et al., 2011).


  Medication withdrawal


  Spikes observed during anticonvulsant withdrawal may be falsely localizing since their field distribution can change and new independent foci appear (Ludwig & Ajmone-Marsan, 1975). A baseline EEG sample should therefore be obtained prior to anticonvulsant withdrawal. As with interictal discharges, a new seizure focus can appear during anticonvulsant withdrawal (Engel & Crandall, 1983) and has a potential for misleading localization. Fortunately however, such false activation is rare (Marciani & Gotman, 1986; Anderson et al., 2010).


  Activated or provoked discharges


  Seizures provoked by either electrical or pharmacological stimulation are occasionally used to identify the focus. However, since the pathways of current spread and the population of neurons activated are not necessarily the same as during spontaneous seizures, provoked seizures should only be used to corroborate localization (Wieser et al., 1979). The localizing reliability of induced seizures is presumably greater if their clinical manifestations resembled the patient's spontaneous seizures. Similar considerations caution against the use of after discharge thresholds during electrical stimulation to identify the focus (Cherlow et al., 1977).


  ■  Practical “dos and don'ts” - Tips to avoid pitfalls


  The practical guidelines are formatted by applying the general principles discussed above in the context of common scenarios encountered during a VEEG study.


  “Negative” VEEG


  Interictal discharges may not always be evident in a single recording; prolonged recording or repeated studies with inclusion of both awake and sleep states are known to increase sensitivity. Placement of closely spaced or additional electrodes beyond the standard 10-20 system may be helpful.


  As explained in the previous section, epileptic sources located deep such as in the hypothalamus, hippocampus, fronto-basal, or interhemispheric cortex may not manifest on the scalp; interictal discharges may be absent and seizure onsets may be missed. Likewise, when the focus is more superficial but seizure is brief or remains focal, the cortical area activated synchronously may remain below the threshold for detection on the scalp. Seizure onset patterns such as high frequency oscillations or fast beta activity are especially less likely to synchronize over adequately large area and thus often go undetected on scalp recordings.


  In the differential diagnosis of episodic events, the absence of an epileptic discharge is generally supportive of a non-epileptic cause. However, as discussed above, some simple focal seizures involving a small area located deep may not reveal scalp EEG correlates (Devinsky et al., 1989). In a child presenting with an otherwise typical semiology, the absence of ictal discharge thus does not exclude a seizure disorder. False negative EEG may also be seen when the epileptic focus is incapable of generating the entire spectrum of typical abnormal EEG features either because of immaturity not yet myelinated or severe damaged such as with encephalomalacia. Electro-clinical dissociation seen in the neonatal period is one such example. In some dysplastic substrates, the epileptic neurons have a disorganized arrangement. Without the parallel alignment, the activity from neighboring neuronal groups may cancel each other instead of summating. Such foci behave as “closed” fields (Klee & Rall, 1977) to be undetectable on scalp recordings.


  The only clue to the location of such seizure foci may be interictal background abnormalities including focal slowing or attenuation. Seizure onset may only reveal subtle focal transformation of the background prior to the clinical onsets; its recognition helps minimize false negative findings.


  Apparently “widespread” or “generalized” discharges


  In the context of surgical evaluation, the interpretation of widespread discharges may either discourage further consideration of candidacy or prompt unnecessarily aggressive and often invasive investigation. Recognizing pitfalls is thus crucial. As mentioned in earlier sections, the distribution of spikes is often state dependent whereby slow wave sleep may reveal widespread or generalized discharges; spikes observed during REM sleep and wakefulness have greater localizing value.


  Age dependent hyperexcitability is also important and it is well recognized that focal substrates in early childhood can manifest with widespread or apparently generalized EEG discharges, a phenomenon which by itself should not deter surgical candidacy or influence the extent of resections (Engel et al., 1982; Pondal-Sordo et al., 2007; Wyllie et al., 2007). Even discrete lesions may present with hypsarrhythmia or even burst suppression patterns often associated with Ohtahara syndrome.


  The pathophysiological bases for apparently generalized discharges are uncertain but rapid propagation presumably related to cortical hyperexcitability may be evident in some cases. Although discharges may appear diffuse on cursory visual examination, they reveal subtle time differences or “lead” from the primary focus. Additional cues may come from studying the spike morphology. The prominent negative peak with a widespread field is often preceded by a small positive trough with a more localized distribution; this initial component albeit small is useful to identify the focus. Similarly, the source is more likely to reveal multiphasic spike morphology compared to broader sharp waves at propagated sites (Ajmone-Marsan, 1973). Generalized fast activity may be seen in localization related epilepsy, careful analyses however often reveals higher amplitudes and frequency lateralized to the epileptogenic focus (Mohammadi et al., 2014).


  Attention to background abnormalities such as discrete attenuation or bursts of fast activity may also help identify focality. These focal features are helpful during the interictal periods but may also be embedded within the apparently generalized ictal onsets and become more evident on re-review of EEG data in correlation with MRI or functional evidence of focality. Lessons from old preaching such as adjusting filter settings can help highlight the abnormality (Figure 2).


  EEG parameters, including localized paroxysmal fast activities, spindle-shaped fast activities, repetitive or rhythmic sharp/spike wave discharges, and subclinical seizures showed highly localized specificity, and may serve to identify the epileptogenic lesion. Occasionally, apparently widespread discharges may represent complex dipolar fields, an understanding of these models helps identify true focality and facilitate potential surgical candidacy.
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  Focal discharges on the scalp EEG


  Interictal or ictal discharges with a discrete consistent field are generally reliable for defining the lateralization or general location of the epileptic focus. In general, the reliability of localization is likely to be higher for convexity foci as compared to basal, mesial temporal or inter-hemispheric foci. Visual inspection of the scalp recorded EEG alone however is usually inadequate to allow precise localizationat an accuracy level conducive to planning a tailored resection. Nonetheless, careful visual analyses in some patients based on dipolar modeling of the epileptic source may allow fairly reliable localization, and help guide further investigations more effectively.


  There is an important caveat which is widely known, but important to clearly state: pediatric interictal EEGs may contain focal spikes that are due to an inherent diffuse or multifocal susceptibility and are not related to a focal epileptogenic lesion. There are several practical ways to distinguish focal spikes due to focal structural lesions from those due to a genetically-determined trait. Spikes associated with focal structural lesions tend to be polymorphic with variations in the appearance and topographic distribution, whereas spikes due to inherent genetically-determined traits, such as the centro-temporal spikes seen in rolandic epilepsy tend to be highly stereotyped. Spikes associated with focal structural lesions may have concurrent focal slowing or attenuation, whereas spikes with the self-limited epilepsies do not.


  False positive localization


  While the finding of focal discharges is reassuring, a serious consideration is the possibility that the findings may be falsely localizing, or even falsely lateralizing (Chang et al., 2007; Catarino et al., 2012). This raises the possibility of missing the actual focus altogether or predispose to apparent divergence of data and misguide further evaluation. Recognizing these pitfalls allays consternation and may avert the need for extensive implantation of intracranial electrodes.


  Some of the causes of apparent false localization are related to failure to recognize complex spike fields, influence of inhomogeneity, or technical pitfalls discussed earlier. For example, with interhemispheric foci such as those involving the supplementary motor cortex, the spike negativity may project contra-lateral to the side of the focus. When the source is deep, the discharges may project to electrodes sites remote from the focus. For example, spikes from an antero-mesial temporal focus may appear most prominent in fronto-polar or supra-orbital electrodes (Lesser et al., 1987). Bipolar montage cancelation or reference contamination may likewise be misleading - in patients with temporal lobe seizures for example, the use of ipsilateral ear reference may lead to in-phase cancellation over the temporal sites with higher amplitude seizure sequences being apparent over regions remote from the ear.


  Propagated spike or seizure discharges have been shown to “skip” regions and appear as well circumscribed “pseudo-foci” at considerable distances from the primary focus (Lieb et al., 1976; Quesney & Gloor, 1985; Luders et al., 1987). In situations where a primary focus located in basal or mesial regions propagates to the lateral convexity, the secondarily activated “pseudo-focus” may easily be mistaken for the primary generator. In the context of ictal onset, since low amplitude fast frequencies may not be evident on the scalp, sites to which the seizure propagates may reveal higher amplitude slower frequencies that may be mistaken as the onset zone. Differentiating the primary focus from pseudo-foci is often not possible on the scalp EEG. The presence of background abnormalities, especially attenuation of fast activity in the same region strongly suggests that the observed focus is the primary one.


  The possibility for false localization increases when there are several potentially epileptogenic regions, such as in patients with tuberous sclerosis. Complex interplay including triggering of secondary activation may occur and render the ictal discharge uninterpretable. Seizures starting in one region can intra-ictally trigger other abnormal regions into prolonged discharges that outlast the primary focus (Jayakar et al., 1994). Focal postictal background slowing, a sign that is generally useful for localization (Kaibara & Blume, 1988) may be misleading under these circumstances since it may be more prominent over the secondary sites and outlast the slowing at the primary focus. Severely damaged areas of cortex may likewise be incapable of sustaining a characteristic ictal discharge and high amplitude rhythmic seizure build-up may occur distant to the region of actual seizure onset (Sammaritano et al., 1984; Quesney & Gloor, 1985).


  False lateralization deserves special consideration in hemispheric syndromes, especially encephalomalacia and Sturge-Weber syndrome in which the amplitudes of activity over the involved hemisphere may be lower than those over the intact hemisphere (Chang et al., 2007), but may also occur in temporal lobe epilepsy in presence of large focal lesions (Sammaritano et al., 1987; Fish & Spencer, 1995) or with profound unilateral hippocampal sclerosis (Mintzer et al., 2004). The possibility of false ictal localization should be considered if the apparent ictal focus is divergent from imaging or other EEG features including a single stereotypic interictal spike focus or significant background abnormalities such as focal attenuation or burst suppression. The only clue to the location of the true focus may be disappearance of ongoing interictal discharges in conjunction with subtle focal alterations of the background prior to the clinical onsets.


  Summary of pros and cons of routine EEG


  The routine EEG remains one of the most widely available, inexpensive and useful tests in determining the candidacy for pediatric epilepsy surgery. For these reasons it is an indispensable part of the surgical evaluation. It is most useful when it is combined with a thorough history and, often in combination with MR imaging. The degree to which the EEG or VEEG findings are congruent with the clinical hypothesis of the location of the epileptogenic focus and the MRI imaging data will often determine whether additional tests are required. We briefly reviewed several inherent limitations of scalp EEG, including its imprecise localizing nature, the inability to reconcile deeply seated focus, and its relative blindness to potentials that are not orthogonal to the surface. An understanding of these limitations may help allay concerns of apparent divergence from other data in some cases or lead to a post hoc analyses of the EEG that identifies subtle congruent focality missed on an initial blinded analyses. Furthermore, some of these limitations can be overcome by using the more sophisticated neurophysiological techniques discussed in the next sections.


  Source imaging


  ■  Background


  Electrical source imaging (ESI), magnetic source imaging (MSI), or EEG-triggered fMRI (EEG/fMRI) overcome the spatial limitations of routine scalp EEG by deriving the location of the epileptic source and co-registering it with the MRI (Hamalainen et al., 1993). These techniques are primarily suited for deriving the source of interictal spikes; ictal source analysis is feasible with EEG, but also occasionally with MEG (Mohamed et al., 2007b). Source(s) of functional activity can also be defined, most of the studies have used MSI. All three require considerable understanding of the technical complexity (Ebersole & Ebersole, 2010) and are resource intense, MSI and EEG/fMRI more so than ESI.


  The three source localization modalities are generally used along with functional imaging as “ancillary tests” to complement the scalp video EEG and MRI and help guide further evaluation and surgical strategies (Jayakar et al., 2014).While there is extensive literature comparing ESI to MSI and documenting their general utility in presurgical evaluation, studies comparing with other ancillary tests including intra-operative ECoG in specific substrates are scarce. The basic principles underlying ESI and MSI are discussed first followed by clinical applications of each. EEG/fMRI which is procedurally different from ESI/MSI is discussed separately.


  ■  Basic principles of source imaging


  Accurate source localization of the recorded potentials depends upon generating valid solutions to the “inverse problem”. This theoretical problem involves calculating what electrical or magnetic field topography (over the scalp) would result from a given current source(s). Calculating the configuration of the source that generates an observed field may have more than one solution. By comparing the calculated with the measured field strength, one may determine whether the estimated source, called a “model source”, reflects the observed measurement.


  The inverse solution algorithms use a variety of models for the source and the head, the choice is generally based upon a priori knowledge of generator characteristics. Most centers use the single equivalent current dipole model within a spherical head that is computationally the simplest and reasonably robust for discrete stereotyped spikes. More complex source models or a realistic head shape model that is based on MRI is used by some centers (Gallen et al., 1995; Knowlton, 2006; Otsubo et al., 2009; Ebersole & Ebersole, 2010; Wennberg & Cheyne, 2014a, b). Distributed source models can be used and are generally complementary. The source may be derived either for single spikes or an average of similar spikes; note that the two results can be discordant (Plummer et al., 2010).The computed source is illustrated on the MRI to reflect the entire spatio-temporal propagation of the spike discharge; mapping only the spike peak can be misleading.


  In general, EEG source imaging and MEG have been shown to be complementary, with some spikes seen on both, some only on MEG and some only on EEG (Kirsch et al., 2007; Sharon et al., 2007). MEG is able to define smaller foci (4-8 cm2) compared to EEG (10-15 cm2). EEG is more sensitive to sources oriented radially to the skull and scalp surface than those that are tangential whereas MEG is sensitive solely to sources that are oriented tangentially (Barkley & Baumgartner, 2003;Irimia et al., 2012).Unlike EEG, MEG is not affected by inhomogeneities in the media, and unlike functional MRI (fMRI), abnormal hemodynamics invascular malformations do not distort the MEG signal. Thus MEG is better suited in patients with large lesions, skull defects, asymmetries, malformations, etc.; taking these structural changes into account is cumbersome for ESI. The technical processing of EEG data and interpolation algorithms introduce a new set of “artifacts” that may be misleading (Nuwer, 1988; Wennberg & Cheyne, 2014).


  EEG recording generally uses a dense array of 128-256 electrodes (Mégevan et al., 2014) designed as a cap. MEG uses highly sensitive bio-magnetometers to measure extracranial magnetic fields produced by intracellular neuronal currents. MEG devices have a helmet-shaped cavity housing hundreds of MEG sensors. The patient's head is centered inside the helmet during the recording. No electrodes are applied to the head and the sensors are not in direct contact with the scalp (Paetau & Mohamed, 2013). In young or uncooperative children, epileptogenic areas and functional brain mapping can be successfully performed under sedation such as with propofol (Birg et al., 2013).


  When interpreting the results, it is useful to remember that the computed orientation is generally more reliable than the location; the extent of the generator is the least well defined. The confidence in the results is higher if the computation of several spikes converges or clusters around the same location and if the temporal evolution of the spikes conforms to known propagation patterns.


  Application of Electrical Source Imaging (ESI)


  In a large prospective study involving 152 patients, Brodbeck et al. (2011) defined the sensitivity and specificity of various diagnostic methods by comparing the localization of the source identified with the resected zone and surgical outcome. ESI had a sensitivity of 84% and a specificity of 88% using high density recordings (128-256 channels), and the patient's MRI was used as head model. The sensitivity and specificity of ESI decreased to 57% and 59%, respectively, with low number of electrodes (< 32 channels) and a template head model. ESI compared favorably with structural MRI (76% sensitivity, 53% specificity), PET (69% sensitivity, 44% specificity) and ictal/interictal SPECT (58% sensitivity, 47% specificity). Given the low cost and high flexibility of EEG systems even with high channel counts, they concluded that ESI is a highly valuable tool in presurgical epilepsy evaluation.


  In 38 patients with focal epilepsy, Mégevand et al. (2014) found that the resection of the region harboring the ESI maximum correlated to surgical outcome. The median distance from the ESI maximum to the nearest electrode involved in the seizure onset zone was 17 mm (range 8-27), the two zones co-localized in most patients (median distance 0 mm, range 0-14), Including the ESI maximum in the resection correlated with favorable outcome (p = 0.03). ESI correctly localized the source to the resected area in 30/32 patients studied by Michel et al. (2004). Imprecise localization was explained by simplifications of the recordings and analysis procedure, which was accepted for the benefit of speed and standardization. Other studies have likewise documented the high correlation of ESI findings with electro-corticography and surgical resections (Ding et al., 2007). Source localization of rhythmic ictal activity using a distributed source model for the ictal EEG signals is feasible in clinical practice; one study demonstrated sensitivity of 70% and a specificity of 76% (Beniczky et al., 2013).


  With respect to pediatric studies, ESI correctly localized the epileptogenic zone in 27 (90%) of 30 children (Sperli et al., 2006). These results compared favorably with the results from other imaging techniques in the same patients (PET, 82%; ictal SPECT, 70%). The influence of the location of the source on ESI accuracy is less clear; Mégevand et al. (2014) for example found no difference among patients with temporal or extratemporal epilepsy whereas in the pediatric study by Sperli et al. (2006), ESI was found to be accurate for all extratemporal foci but only in 10 of 13 temporal lobe foci. The authors considered the lower yield in the latter was due to undersampling of basal temporal areas; usage of higher density electrodes may help enhance accuracy. Although generalization based on temporal vs. extratemporal data are helpful, it is important to realize that several factors including the precise location, extent and orientation of the source impact ESI accuracy in any given patient.


  There is scant data validating ESI in specific substrates. In patients with normal MRI (Brodbeck et al., 2010), ESI correctly localized the epileptic focus within the resection margins in 8 of 10 patients, 9 of whom experienced favorable post-surgical outcomes supporting its application in this challenging cohort; an example of ESI application in an MRI negative case is illustrated in Figure 3. ESI has also been successfully used to identify the epileptogenic tuber in patients with tuberous sclerosis. In the study by Kargiotis et al. (2014) high resolution ESI was found to be partially or completely concordant with the resected tuber/region in all seizure free patients. The combination of ESI with SPECT and PET could successfully identify the resection area in all but one patient with a favorable postoperation outcome. ESI has little role in the evaluation of typical cases of gelastic epilepsy related to hypothalamic hamartoma but interestingly, it can demonstrate subcortical origin of spike activity in neighborhood of the hamartoma with propagation to cortical areas (Leal et al., 2002). None of the patients in this study could have spike activity explained solely by a combination of cortical sources.
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  Application of Magnetic Source Imaging (MEG/MSI)


  As outlined by Paetau and Mohamed (2013) the potential roles for MEG in epilepsy surgery include 1) localization of the epileptogenic zone in conjunction with other non-invasive neurophysiological and imaging modalities; 2) contribution to the decision making relevant to the indication for invasive monitoring; 3) guidance of intracranial electrode placement; 4) localization of eloquent function; 5) predictive value in surgical outcome.


  ■  Localization of the epileptogenic zone in conjunction with other non-invasive neurophysiological and imaging modalities


  In 2003 Stefan et al analyzed 455 epilepsy patients who had undergone MSI during the course of their epilepsy investigations and showed that the average sensitivity of MEG for specific epileptic activity was 70%. Among 131 patients who underwent surgical therapy, MSI correctly identified the region to be treated in 89%, with results for extratemporal cases superior to those with temporal lobe surgery. In addition in this study, MSI supplied additional information in 35% and information crucial to final decision-making in 10% of patients. This paper was preceded by a few smaller series in pediatric patients (Wheless et al., 1999; Minassian et al., 1999; Otsubo et al., 2001) and heralded a significant number of subsequent studies (Fischer et al., 2005; Oishi et al., 2006, Knowlton, 2006; Knowlton et al., 2009; Sutherling, 2009; Bagic et al., 2009; Torres et al., 2011; Widjaja et al., 2013), all of which attested to the high sensitivity of MEG for epileptic activity and the importance of this modality in surgical decision-making. These data supporting the sensitivity of MEG/MSI for localization of the epileptic zone comport with our own extensive experience at the Hospital for Sick Children in utilizing MEG/MSI in the diagnostic process to select children with drug-resistant localization-related epilepsy as candidates for epilepsy surgery (Otsubo et al., 2009; Torres et al., 2011; Widjaja et al., 2013).


  In lesional localization related epilepsy, MEG/MSI has been shown to provide accurate data concerning the spatial relations of the lesion, the epileptogenic zone, and functional cortex in children with lesional extratemporal epilepsy (Otsubo et al., 2009). In this regard, MEG has proven useful in identifying which children with tuberous sclerosis complex (TSC) (Iida et al., 2005a; Wu et al., 2006; Widjaja et al., 2010) and focal cortical dysplasias (Widjaja et al., 2009; Ishii et al., 2008; Wilenius et al., 2013) may be candidates for epilepsy surgery.


  MEG/MSI is more useful in delineating the epileptogenic zone in extratemporal localization related epilepsy than temporal lobe epilepsy for a number of reasons (Otsubo et al., 2009; Wennberg & Cheyne, 2014b). The mesio-temporal areas are far from the MEG sensors and insufficient coverage of the subtemporal magnetic fields buy a whole-head sensor array increases errors for dipole estimation.


  MEG/MSI has proven particularly useful in those children with non lesional drug-resistant localization-related epilepsy (Ramachandran Nair R, et al., 2007; Wilenius et al., 2012; Widjaja et al., 2013; Jung et al. 2013) (Figure 4). Another group in whom MEG/MSI has proven useful is in those children who have failed epilepsy surgery. Specific MSI patterns have been shown to delineate the epileptogenic zone in children with recurrent seizures after previous epilepsy surgery (Mohamed et al., 2007).
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  Finally, it should be noted that a point of view expressed in the literature says that there is insufficient evidence in the current literature to support the relationship between the use of MEG in surgical planning and seizure-free outcome after epilepsy surgery. However, the meta-analysis of MEG and its use in the presurgical evaluation of localization related epilepsy upon which this conclusion was based (Lau et al., 2008) has been rigorously challenged by some of the authors whose work was analyzed in the paper (Lewine, 2008; Papanicolaou, 2008; Fischer et al., 2008).


  ■  Contribution to the decision making relevant to the indication for invasive monitoring


  MEG has the unique capability of nearly instantaneous high-resolution recording, with detection sensitivity and spike localization precision beyond that of EEG; however, the question remains whether these distinctions make a difference from a clinical standpoint (Knowlton, 2008). Although there are ample non-controlled data to suggest the usefulness of MEG/MSI in pre-operative evaluation for epilepsy surgery (Stefan et al., 2003; 2011; Otsubo et al., 2009; Ito et al., 2014), there also is class one evidence in support of the significant contribution made by MEG to the surgical decision making process. Sutherling et al. (2008) have conducted a prospective, blinded, crossover-controlled, single-treatment, observational case series designed to answer this question. Sixty-nine sequential patients diagnosed with partial epilepsy of suspected neocortical origin had VEEG and imaging. All met criteria for intracranial EEG. At a surgical conference, a decision was made before and after presentation of MSI. Cases where MSI altered the decision were noted. MSI provided non-redundant information in one-third of patients, added intracranial electrodes in 13%, and changed the surgical decision in another 20% of patients. MSI agreed with standard presurgical recommendations in two-thirds and added useful information in 26% of the remaining third.


  Guidance of intracranial electrode placement


  As mentioned above, Sutherling and colleagues (2008) have demonstrated that the use of MSI can change decision making about intracranial electrode placement. Similarly, Knowlton et al. (2009) designed a study to determine whether MSI can supplement intracranial EEG monitoring by affecting electrode placement to improve sampling of the seizure onset zone. They showed that MSI indicated additional electrode coverage in 23% of invasive monitoring cases. Further and importantly, seizure-onset patterns involved the additional electrodes indicated by MSI In 39% of patients. Therefore, MSI spike localization increases the chance that the seizure-onset zone is sampled when patients undergo invasive monitoring for presurgical epilepsy evaluations (Figure 5).
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  Predictive value in surgical outcome


  An MEG spike cluster has been defined as six or more spike sources with 1 cm or less between adjacent sources. MEG spike scatters are fewer than 6 spike sources regardless of the distance between sources, or spike sources with more than 1 cm between sources regardless of the number of sources in a group. The zone of clustered MEG spike sources has been shown to correlate with the ictal onset zone and the prominent interictal zone as determined by intracranial EEG monitoring from subdural electrodes. MEG spike scatters alone should be examined by intracranial VEEG because an epileptic zone may exist within the scatter distribution of MEG spike sources. The complete resection of MEG clusters has been shown by us to be correlated with postsurgical seizure freedom (Iida et al., 2005b, Otsubo et al., 2009; Knowlton et al., 2009; Jung et al., 2013). Conversely, diffuse MEG spike sources indicate less likelihood for a localized seizure onset zone. This finding should weigh against invasive monitoring in the decision making process (Jung et al., 2013). It has been the experience of the Toronto group at the Hospital for Sick Children that MEG spike source clustering is a dynamic process that changes with age. As the seizures become more refractory and as the child grows older, tight MEG spike source clusters, which are an indication for invasive monitoring and herald a good surgical outcome, may evolve into more diffuse MEG spike sources which do not. Hence there appears to be a developmental window of opportunity for favorable epilepsy surgery, beyond which, surgery is no longer such a viable option.


  Another important consideration in MEG and outcome in epilepsy surgery is whether there might be instances in which MEG findings would obviate the need for invasive monitoring and the patient proceeds to surgery based solely upon the presence of a tight MEG spike source cluster and a “clusterectomy” is performed, i.e. excision of the MEG cluster in surgically accessible areas outside of the temporal lobe. While there is some evidence of the success of this approach in terms of seizure freedom (Vadera et al., 2013; Albert et al., 2014), caution has been advised given a recent study that indicated that MSI successfully localized the perilesional epileptogenic zone in cases with localized MRI lesions, but not in cases with normal MRI (Kim et al., 2013). The authors of the latter study have thus recommended that “even if MEG localizes spikes to a single focal region, confirmation of epilepsy localization with intracranial EEG is still recommended in cases with non-lesional MRI”.


  Localization of eloquent function


  A successful outcome from epilepsy surgery is generally defined as a seizure-free state with no imposition of neurological deficit (Snead, 2001). In order to achieve these twin goals precise localization of the epileptogenic zone in the brain is necessary, and, as important, one must determine the anatomic localization of eloquent cortex that subserves sensory, motor, language and memory function. Non-invasive MEG studies have been shown to be very effective in the localization of eloquent cortex in patients undergoing evaluation for possible epilepsy surgery. The somato-sensory evoked magnetic field (SEF) for median nerve stimulation is now widely accepted as the most reliable non-invasive method for identifying the primary somato-sensory cortex and localization of the central sulcus (Kawamura et al., 19964; Otsubo et al., 2009; Paetau & Mohamed, 2013) (Figure 6). As well MEG can also identify motor cortex (Gaetz et al., 2009; Pang et al., 2009; Cheyne et al., 2014), the primary auditory cortex (Otsubo et al., 2009), visual cortex (Paetau & Mohamed, 2013), and language cortex (Pang, 2012; Pang et al., 2011). In regard to the latter when MEG and Wada results are discordant, MEG tends to show bilateral language representation (Papanicolaou et al., 2004).
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  ■  ESI/MSI: pros and cons


  It should be noted that MSI and ESI are always complementary in the information that they generate concerning the patient. Both technologies have their pros and cons. The advantages and disadvantages of MSI have been summarized recently (Stefan et al., 2011; Paetau & Mohamed, 2013). The advantages are numerous and include the high spatio-temporal resolution and insensitivity to conductivity differences including skull and lesion. The ability to visualize the anatomic localization of the spike sources and their relation to any lesion is invaluable in surgical planning for invasive monitoring as is the ease and accuracy of non-invasive functional mapping. ESI/MSI appears to be particularly useful in identifying potential surgical candidates among those children with MRI negative localization related epilepsy.


  In the negative column is the fact that for reasons mentioned above, both modalities are not as reliable in temporal lobe epilepsy as in extratemporal epilepsy. Insensitivity to radial sources may pose a problem for MSI; a problem highlighted in polymocrogyria with paucity of cortical fissures (Bast et al., 2005). There are the usual problems with metal implants as with any magnetic imaging technology. The fact that for the most part ictal MEG is not generally done is a limitation since virtually all MSI data available for presurgical planning currently are interictal data. Finally, MSI is an expensive technology that requires team members with a unique skill set for analysis of data; by comparison the relative ease, flexibility, and low cost of ESI permit greater potential for its wider use in clinical practice.


  ■  EEG-triggered fMRI


  In this technique, the fMRI averaging is triggered by spike discharges identified on a concomitant EEG recording. MRI compatible EEG recording system is necessary and requires proper filters and signal processing software. The BOLD fMRI signal that reflects the hemodynamic correlates of the epileptiform discharges helps identify the source of the spike discharges (Pittau et al., 2012; An, 2013). It may however also demonstrate areas of source propagation (Fahoum, 2012). Imaging sessions tend to be long unless epileptiform activity is frequent. Anywhere from 3-30 spikes are necessary to identify reliable activation (or deactivation). Approximately 50-60% of adult patients will yield useful data during a 60-90 minute session. Ninety percent of patients in whom a sufficient number of interictal spikes are obtained will in turn exhibit BOLD activation with good concordance with the epileptogenic zone.


  There is growing experience with the use of BOLD fMRI in adults. ESI/MSI were found to be concordant with at least one of the BOLD cluster (either activations or deactivations) in 20/21 patients where all three source imaging modalities were employed (Heers et al., 2014). BOLD clusters that were spatially concordant with ESI/MSI were concordant with epileptiform discharges seen on invasive recordings in 8/11 patients. Resection of the BOLD activation appears to be associated with better surgical outcomes. The ultimate utility of EEG triggered fMRI however is only as good as the relationship of interictal activity to the epileptogenic zone and hence similar to the limitations of ESI or MSI localization.


  The experience with EEG-fMRI in children is limited. One early study had found the technique promising when applied to 6 children (De Tiège, 2007). Comparing ESI to EEG-fMRI, Elshoff et al. (2012) found ESI concordant with resection site in 9/9 children who had Engel class I-IIb outcome whereas EEG-fMRI was concordant in 4/9 children suggesting that the accuracy of EEG-fMRI is rather limited compared with that reported in adults. Another study however had concluded that a combination of EEG-fMRI and EEG source analysis improves interpretation of spike-associated networks in children (Groening et al., 2009). In this study ESI located the source of the initial epileptic activity to the epileptogenic zone in all cases and revealed propagation sites in five cases. In three cases there was a good correspondence between hemodynamic changes and source localization at both the beginning and the propagation of the spikes. In the remaining three cases, at least one area of hemodynamic changes corresponded to either the beginning or the propagation. In most children, EEG-fMRI revealed extended hemodynamic response, which was difficult to interpret without an appropriate reference, i.e. a priori hypothesis about epileptogenic zone.


  Conclusions


  No single diagnostic modality can be used as a standalone indicator for epilepsy surgery. Rather, one seeks concordance of EEG, imaging, neuropsychological, semiological, and source imaging data coupled with functional imaging data to make an informed surgical decision. That said, source imaging can play a critical role in this decision making process and may be particularly helpful in patients clinically suspected of having focal onset seizures amenable to surgical treatment, but who have ambiguously localizing or non-localizing EEG and MRI findings.
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Figure 3

ES1 of scalp EEG ictal onsetina
MRI negative child presenting
with visual auras.
Co-registered coronal, axial and
sagittal (A, B and C) source
images reveal a discrete focus
over the basal cortex of the right

occipital lobe. Intracranial EEG
performed based on the ESI data
confirmed the EZ.

A postoperative MRI (D) shows
the focal basal corticectomy
performed sparing most of the
visual feld:
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Figure 5

Fusion image of MEG spike
cluster (in green) and subdural
grid (inviolet) in the patient
shown in Figure 1. This image
illustrates the use of the MEG
spike cluster in the surgical
planning of subdural grid
placement.
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Figure 2

Scalp EEG in a 6 years old child presenting with progressive aphasia showed an encephalopathic pattern
of apparently generalized periodic discharges (A). On readjusting the low frequency filter to 15 Hz and
increasing the gains (B). predominantly focal left frontal beta bursts were found to be embedded within
the discharges that correlated with left frontal hypermetabolism with surround hypometabolism on the
PET scan (C). A postoperative MRI shows the corticectomy along the left superior frontal sulcus (D) that
led to amelioration of the aphasia and normalization of the scalp EEG performed two weeks after surgery
®.
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A17years old boy with sensory
aura and secondarily
generalization. MRI showed no
lesion. Both axial and sagittal Tt
MRI show a perirolanic dluster of
MEG spike sources. lue dot s
somatosensory evoked field by left
median nerve stimulation.

The MEG findings were
concordant with the video EEG
recording. The patient underwent
invasive monitoring with a
subdural grid of electrodes with
placement of the grid guided by
the MEG spike cluster (see

Figure 2).

The epileptogenic zone was
localized o the right
fronto-parietal region, concordant
with the MEG spike dluster, and
was resected with no
postoperative motor deficit. The:
patient has been seizure ree for
the last 6 years.

Finally, it should be noted that a point of view expressed in the literature says that there is
insufficient evidence in the current literature to support the relationship between the use of
MEG in surgical planning and seizure-free outcome after epilepsy surgery. However, the meta-
analysis of MEG and its use in the presurgical evaluation of localization related epilepsy upon
which this conclusion was based (Lau et al., 2008) has been rigorously challenged by some of
the authors whose work was analyzed in the paper (Lewine, 2008; Papanicolaou, 2008; Fischer
et al, 2008).





OEBPS/Images/9F1.jpg
-

[Eget Figure 1

F2. Scalp EEG (A) in a child with

P ‘normal MRI showing periodi

. lateralized epileptiform

602 discharges admixed with faster
frequencies over the right

centro-temporal region.
A concomitant PET scan (B)
revealed focal hypermetabolic
activity involving primarily the
rightinsula. Note that the scalp
EEG s overall congruent with
the region but imited in
accurately defining the location
and extent of the EZ.
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Figure 6

Detailed somato-sensory
receptive map represented by
MEG. The 3D brain image was
reconstructed using MRI of this
subject. Each receptive area,
‘which was estimated to be
Tocated in the posterior bank of
the central sulcus, was projected
onto the cortical surface. Note
that the receptive area for the
toes i on the medial side of the
lefthemisphere. Adapted from
Kakigi et al. (2000).
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Semiological
characteristics of seizures
arising from different areas
of the brain

Frontal lobe

Opercular
Orbito-frontal
Perirolandic

Supplementary motor area

Dorsolateral frontal

Cingulate gyrus

Sudden offset/onset, short duration, nocturnal, clusters, brief or absent postictal
confusion

Profuse salivation, oral facial apraxia, é possibly some focal facial clonic activity
Autonomic changes & heightened motor activity (hypermotor seizures)
Typically motor with unilateral clonic jerking contralateral face and limbs

‘Speech arrest and "fencing” posture, with asymmetric motor movements and
contralateral head and eye version

Contralateral head  eye tonic clevation & contralateral clonic movements arms and
face

Intense fright, facial expression of fear, incomplete loss of awareness

Temporal lobe seizures
Mesial

Lateral neacortical

Posterior basal

Aura, longer duration, postictal confusion
Abdominal aura or fear, oroalimentary/motor automatisms

Auditory,vertiginous and complex visual auras, early contralateral dystonic
posturing in the absence of oral alimentary automatisms,early loss of contact,
shorter seizure duration

Behavioural arrest followed by motor manifestations (mainly contralateral head
version and contralateral arm tonic stiffening)

Parietal lobe seizures

‘Somato-sensory aura, or relativly silent until anterior propagation

Occiptal lobe seizures

Elementaryvisual hallucinations, ictal amaurosi, rapid eye blinking, sensations of
eye movement






