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Aim: To systematically identify and critically appraise studies that investigate the autonomic characteristics of Sudden Unexpected Death in Epilepsy (SUDEP) in the pediatric population. We also wanted to explore how this information would be relevant to the management of epilepsy in patients with Rett Syndrome.

Method: Using PRISMA guidelines, a systematic review of PubMed, Scopus, Cochrane, PsycINFO, Embase, and Web of Science databases was performed to identify eligible studies. After extracting data from the included studies, a thematic analysis was undertaken to identify emerging themes. A quality appraisal was also done to assess the quality of the included studies.

Results: The systematic search revealed 41 records, and 15 full-text articles on the autonomic characteristics of SUDEP in children were included in the final analysis. Following thematic analysis, three themes were identified (I) modulation in sympathovagal tone, (II) pre- and post-ictal autonomic changes, and (III) other markers of autonomic dysregulation in children with epilepsy. Modulation in sympathovagal tone emerged as the theme with the highest frequency followed by pre- and post-ictal autonomic changes. While the themes provide additional insight into the management of epilepsy in the Rett Syndrome population, the quality of evidence concerning the autonomic characteristics of SUDEP in the pediatric population was low and underscores the importance of much needed research in this area.

Conclusion: The mechanism of SUDEP in the pediatric population is complex and involves an interplay between several components of the autonomic nervous system. While direct clinical inferences regarding pediatric SUDEP could not be made, the thematic analysis does suggest that in vulnerable populations such as Rett Syndrome, where there is already a pervasive autonomic dysregulation, pro-active surveillance of the autonomic profile in this patient group would be useful to better manage epilepsy and reduce the SUDEP risk.
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INTRODUCTION

The management of epilepsy in children is clinically challenging and longitudinal follow-up studies have shown that death associated in young children with epilepsy is greater than the general population (1, 2). When a death occurs suddenly or is unexpected in children with epilepsy the term “Sudden Unexpected Death in Epilepsy” (SUDEP) has been ascribed. A more recent classification has expanded this definition (3) and encompasses the definitions of SUDEP + and takes into account if a comorbid disorder co-exists such as prolonged QT, however, the diagnosis of pure SUDEP is one that is based on exclusion. This disorder also shares substantial overlap with other disorders of sudden death, such as Sudden Infant Death Syndrome (SIDS) and Sudden Unexplained Death in Childhood (SUDC). Some overlapping features include evidence of hippocampal abnormalities, and association with disordered serotoninergic pathways. However, when SUDEP is compared to SIDS and SUDC, the defining feature is the clinical history of epilepsy and the event can occur at any age (4). Even though SUDEP is not dependent on age, some evidence suggests that the risk of SUDEP is about seven times greater in individuals with epilepsy age of onset between 0 and 15 years when compared to an age of onset ≥45 years (5, 6). Others have suggested that in those with childhood onset of epilepsy that does not fully subside, the lifetime SUDEP risk is 8% by 70 years of age (4, 7).

The event of SUDEP is probabilistic, and this is in part seen in the lack of consensus regarding the prevalence rates. While previous guidelines indicate an average incidence of 1.2/1,000 person-years for adults, and 0.2/1,000 person-years for children (8), some others have suggested that the incidence is far higher (9). An estimate of SUDEP incidence of 1.11/1,000 for children has been suggested (10). Further evidence has shown that even when adjusting for comorbid disorders, the risk of sudden death remains high in children with epilepsy (11) and underscores the importance for increased vigilance in this population. In the United Kingdom, deaths from epilepsy are increasing (12) and recent evidence from the North American SUDEP Registry has indicated that SUDEP can occur even in epilepsy that is relatively benign and treatment responsive (13). Despite this awareness, knowledge of SUDEP in the pediatric literature is relatively scarce, especially in neurodevelopment disorders of childhood that present with a clinical history of epilepsy.

Rett Syndrome (RTT) is a complex pediatric neurodevelopmental disorder characterized by comorbid symptoms and developmental delay. The frequency of epilepsy is varied in RTT. Data from the RTT Natural History study suggest a seizure prevalence ranging from 30 to 44%; however, the lifetime prevalence was up to 90% (14). Others have suggested prevalence rates of 82% (15), 76% (16), and 68.1% (17). Anti-seizure medications (ASMs) are also frequently used for treating epilepsy in RTT. In one study, 64% of patients were taking ASMs, and about 17% were reported not having seizures (18). Similarly, the age of the onset of epilepsy in RTT is variable ranging from 1 to 16 years age of onset (mean 5 years) (15). Other data suggest seizure frequency was about 11% in those under 4 years of age to a peak incidence of about 50% in the 16 to <20-year age group (14). Further, only about 8% of patients had onset after 20 years of age (14). In a study of 1,248 patients, the mean onset age of epilepsy was 4.68 ± 3.5 years of age (17). Despite these observations, there is no information in the literature concerning SUDEP in patients with RTT, especially in children. We do not know whether the trajectory of SUDEP changes over the periods of neurodevelopment in RTT, and neither do we know if tracking these changes would help in detecting early epileptic events that might lead to SUDEP.

Patients with RTT are at more risk of sudden death (19) and we know that the underlying epileptic seizures could potentiate brainstem vulnerability thereby increasing the risk of SUDEP in this patient group (20) especially in those with severe cardio-respiratory dysfunction. However, there are additional risk factors regarding SUDEP that should also be considered in the context of RTT. First, evidence (21) has shown that having three or more generalized tonic-clonic (GTC) seizures per year seems to be the highest weighted risk factor for SUDEP (9), followed by ≥13 of any type of seizure in the last 12 months (22). Second, polypharmacy is also an important risk factor, and data has shown that the SUDEP risk is increased in individuals taking ≥3 ASMs compared to monotherapy (22). Third, developmental delay is also suggested to be a risk factor (9, 23, 24). Fourth, children with complex epilepsy especially in those with associated neurodisability might also have an increased SUDEP risk (6, 9). These factors also feature on the SUDEP-7 risk inventory (9). When viewed together, these elements are also transferable risk factors for patients with RTT because this patient group has generalized seizures as a common seizure phenotype, have developmental delay and are usually prescribed with one or more ASM.

Given that the underlying autonomic impairment in RTT could help in identifying events that could lead to SUDEP (20), it would be prudent to explore studies relating to the autonomic profile of children with SUDEP to see if we can identify patterns or hallmark features that might help to detect early changes that lead to SUDEP in RTT. The purpose of this study was (I) to systematically identify studies on the autonomic characteristics of SUDEP in children, (II) to appraise the identified studies to see whether we can recognize profiles or hallmark features of SUDEP in children, and (III) to use this knowledge to develop and propose any intervention that might enable the early detection of events that increase the risk of SUDEP in children with RTT. As the inherent nature of SUDEP is heterogenous, we were especially interested in whether the information extracted from the studies in children could aid in the development of biomarkers that would help to profile RTT patients deemed most at risk i.e., those on multiple ASMs, have a more severe breathing phenotype and have frequent seizures.



METHODS

To perform the systematic review, two authors (JS and EL) independently followed the PRISMA guidelines (25) to search the PubMed, Scopus, Cochrane, PsycINFO, Embase, and Web of Science databases during October 2020 in a blinded manner. To ensure the search was expansive and captured the relevant search terms, the truncation symbol (*) was used.


Search Terms

The following search terms were used:

(Sudden Unexpected Death in Epilepsy OR SUDEP) AND (autonomic variables OR autonomic parameters) AND (child* OR pediatric).



Population Characteristics

Databases were searched for records that looked for studies in children that mentioned SUDEP.



Intervention

All studies that mentioned or reported autonomic characteristics or parameters were included.



Eligibility Criteria

The following inclusion and exclusion criteria were used:

Inclusion Criteria

➢ Full-text records in peer-reviewed academic/scientific journals

➢ Studies or investigations done in humans and available electronically

Exclusion Criteria

➢ Studies not available electronically and not available in English

➢ Reviews, case reports, and preprints.



Critical Appraisal of Eligible Articles

The quality of the eligible articles was determined using the appraisal checklist developed previously (26) and has been used in systematic reviews of RTT syndrome (20, 27). In the present study, the procedure to critically appraise the 15 articles against the 11 criteria was followed as described in our previous evidence synthesis (20).



Data Extraction and Analyses

The methods of data extraction and analysis was performed as previously described (20). To minimize bias in the search process, data extraction and analysis, we used the following strategies:

(I) Two authors (JS and EL) blindly and independently performed the systematic review. The eligible articles were based on a consensus agreement between JS and EL. If agreement could not be reached, then the senior author (PS) was consulted.

(II) The first author (JS) performed the manual coding as previously described (20) to identify preliminary themes. The second author (EL) then independently reviewed these themes and then afterwards, a consensus was reached between JS and EL on the themes that emerged. Lastly, the themes were reviewed by the senior author (PS), and the final themes were based on an agreement between all three authors.

The frequencies of the themes were presented using Microsoft Excel software 2016.




RESULTS

The systematic search of the databases revealed 41 records, and after duplicates were removed 28 articles remained (Figure 1). The title and abstract of these articles were screened, and five articles were excluded. Twenty three full-text articles were then assessed against the eligibility criteria, and a further eight articles were removed. The remaining 15 full text articles were included in the analysis, and the autonomic characteristics from each of these articles are presented in Table 1.
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FIGURE 1. PRISMA flow-diagram.



Table 1. Summary of eligible studies relating to the autonomic characteristics of SUDEP.
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Study Characteristics

The studies were expansive in terms of evaluating different aspects of autonomic dysregulation in children with epilepsy. This included assessment of heart rate variability (HRV) parameters before and after GTC seizure onset with and without Post-ictal Generalized Electroencephalographic Suppression (PGES) (28). Indices of HRV were also used to profile focal and generalized seizures in children (30). Another study explored HRV parameters in intractable epilepsy (32) or children with epilepsy during sleep (35). These studies were useful to see if patterns in the sympathovagal balance could be identified to assist in the development of potential prognostic markers for SUDEP. The developmental trajectory of PGES alongside the amplitude of electrodermal activity (EDA) across different age ranges was also explored (36). In some studies, specific aspects of HRV indices were assessed in children with refractory epilepsy and compared to those where the epilepsy was better controlled (37). Properties of the R-R interval during the pre-ictal period were also assessed (38). The relationship between PGES and peri-ictal tachycardia and hypoxemia in children with epilepsy was examined. This study was useful because the observations could also be correlated with SUDEP-7 inventory scores (29).

The interplay between different components of the autonomic nervous system (ANS) was also assessed in generalized sub-clinical and seizures of temporal origin (39). This aspect was further explored in intractable and well-controlled epilepsy (31). The autonomic characteristics of patients on ASMs and how this compares to patients without treatment were also investigated (40). Some other studies provided a broader overview of the sympathovagal profile in children with epilepsy (41–44).



Thematic Analysis

Based on a consensus agreement between all the authors, three themes emerged from the eligible studies evaluating SUDEP in the pediatric population. The frequency of these themes is shown in Figure 2 and are named as:

Theme 1: Modulation in sympathovagal tone

Theme 2: Pre- and post-ictal autonomic changes

Theme 3: Other markers of autonomic dysregulation in children with epilepsy.
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FIGURE 2. Frequency of identified themes.


The most frequent theme that emerged was regarding the modulation in sympathovagal tone, followed by autonomic changes before and after seizure onset (pre- and post- ictal autonomic changes). The theme with the lowest frequency was related to other markers of autonomic dysregulation. The main results from these themes will be described in the next section:


Theme 1: Modulation in Sympathovagal Tone

Changes to the sympathovagal tone emerged from studies that investigated the autonomic characteristics of epilepsy in children to assess whether there is an underlying autonomic dysregulation. One important aspect that arose from this theme was the detection of sympathovagal changes before seizure onset and how this might alter based on seizure localization. For example, it was shown that shortly after focal seizure onset, there is tachycardia, decreased HRV, and increased sympathovagal imbalance as indicated by an increased Low Frequency/High Frequency (LF/HF) power (30). However, when assessing the autonomic phenotype of generalized seizures, it was found that children had tachycardia, decreased Root Mean Square of Successive Differences (RMSSD) and increased LF/HF power before seizure onset. These observations provide evidence for a differential diagnosis of seizure phenotype from the perspective of autonomic indices between focal and generalized seizures in children. In particular, it suggests that during the pre-ictal period, there is a vagal decline characterized by a sympathovagal shift toward the sympathetic component in children with epilepsy. From a clinical viewpoint, this is relevant because (I) peri-ictal reductions in vagal tone can increase cardiac dysfunction leading to short term changes in tachycardia and fibrillation (38, 45) and (II) a decrease in RMSSD has been shown to be associated with higher total scores on the SUDEP-7 risk inventory (9, 46).

The sympathovagal decline also seems to be a characteristic phenotype in children with refractory epilepsy. These children are also suggested to have lower time, frequency and non-linear domain HRV parameters when compared to age and gender-matched controls (32), and it was suggested that the decline in vagal tone is due to decreases in both the sympathetic and parasympathetic components of the ANS. The amplitude of this change was also demonstrated to increase at night and peaked in early morning (32). This aligns with other data in children with generalized epilepsy that show increased respiratory sinus arrhythmia and lower heart rate during sleep than control subjects (35). This study also suggested that an elevated parasympathetic tone is an autonomic characteristic that precedes the onset of seizures in children. Another study had also demonstrated decreased time and frequency domain HRV parameters during sleep in children with epilepsy (43).

Modulation in sympathovagal tone can also be useful in pinpointing features between generalized sub-clinical seizures to those that originate from the temporal lobe. In another study, generalized subclinical seizures were also shown to present with increased parasympathetic activity when compared to seizures originating from the temporal lobe, and could indicate an increased autonomic vulnerability in children with generalized sub-clinical seizures (39). When looking more specifically at epilepsy that is intractable and comparing it with control subjects, there is evidence to suggest a higher autonomic dysregulation in children with intractable epilepsy (31), which could be driven by a decrease in the parasympathetic component (41), and reduction in time domain HRV parameters (42). In summary, time-domain and HRV parameters are reduced in children with epilepsy, and those not on any ASMs showed a trend toward a more suppressed parasympathetic autonomic profile (40).



Theme 2: Pre- and Post-ictal Autonomic Changes

Following the theme concerning changes to the sympathovagal tone, the second most frequent theme that emerged was related to pre- and post-ictal autonomic changes. Post-ictal generalized EEG suppression (PGES) occurs after a seizure, and it has been suggested that PGES may be a reflection of brainstem shutdown and a failure of arousal mechanisms (28). This adds weight to the hypothesis that PGES could be a potential marker for SUDEP, especially in instances where its duration is longer than 50 s (47), however, others have indicated that the duration of PGES does not seem to be a risk factor for SUDEP (48, 49). Notwithstanding this inconsistency, in children with generalized seizures, pre-ictal autonomic parameters (LF and HF) were found to be higher in those children with Generalized Convulsive Seizures (GCS) and PGES than without PGES (28). This suggests that children with GCS and PGES together have a more disturbed autonomic dysregulation and potentially higher risk of SUDEP. Post-ictal RMSSD values were also higher in children with GCS and PGES. Higher post-ictal RMSDD in children with GCS with PGES could be a pre-cursor for events leading to SUDEP. There is limited data on the neurodevelopmental risk of SUDEP. Some evidence has shown that the duration of PGES is associated with age with adults having a longer duration of PGES than children and that sympathetic activity during the pre-ictal period correlates with the duration of PGES (36).

Assessment of the R-R interval can also be useful in detecting pre-ictal heart rate changes in temporal and frontal lobe seizures. In seizures of temporal or focal localization, the pattern of heart rate changes was shown to be different pre and post-seizure onset (38). However, this pattern was not found in children with generalized seizures. Generalized seizures in children are noticeable due to PGES (29). In this study, PGES was reported in about 16% of the seizures in 32% of children. The average duration of PGES was 35.1 ± 19.6 s, and in 10 children, the duration of PGES was ≥30 s. Peri-ictal tachycardia was the most frequent autonomic characteristic noted in about 40% of seizures. While there was no significant association between peri-ictal tachycardia and the duration of PGES, the presence of peri-ictal tachycardia did show a significant association with PGES (P = 0.019). Similarly, PGES was shown to be associated with peri-ictal hypoxemia (P = 0.005) and there was also a trend toward peri-ictal hypoxemia and the duration of PGES (P = 0.054). Children with PGES were also shown to have higher scores on the SUDEP-7 inventory (P = 0.007). When viewed together, the findings from this study demonstrate that (I) in children with PGES there is an association with the presence of peri-ictal tachycardia and hypoxemia and (II) following a generalized seizure, the occurrence of PGES could potentially increase the risk of SUDEP in these children.



Theme 3: Other Markers of Autonomic Dysregulation in Children With Epilepsy

This theme incorporated other potential markers of autonomic dysregulation in children with epilepsy. When GTC seizures were compared between adults and younger patients, children were shown to have higher EDA values (36). Since EDA reflects changes in sympathetic activation (50, 51), this finding suggests that when controlling for the length of PGES, children with GTC seizures have higher sympathetic activation than adults. When looking at cardiac parameters, children with refractory epilepsy were found to have prolonged QTc dispersion (QTcD) (37). This finding is important because a previous 2-year review of seizures in a pediatric unit showed ictal arrhythmias were present in 40% of patients (34) and might suggest that patients with epilepsy are more predisposed to increases in QTcD.




Quality Appraisal of the Eligible Articles

Each of the 15 included articles in the study was assessed against 11 eligibility criteria (Table 2). The majority of the studies included children, but two had a mixed population (36, 39). None of the studies provided a formal sample size estimate to determine whether the studies were sufficiently powered; however, some studies did acknowledge this limitation. Studies also used a variety of methods ranging from EEG, HRV and specific tests for autonomic and cardiac function. While the studies do provide important information regarding the autonomic characteristics of HRV and its potential as a prognostic biomarker in SUDEP, none of the studies included data specifically on SUDEP in children, and only one study had correlated the findings related to PGES to the SUDEP-7 inventory (29). This finding is not unexpected as there is very limited data regarding SUDEP in children. While the topic of SUDEP has been discussed previously (5, 33), there is very little empirical data regarding pediatric SUDEP. In the present evidence synthesis, the quality appraisal suggests that none of the identified studies can provide direct, clinically meaningful inferences regarding SUDEP in children. Despite this limitation, the studies were valuable in providing information on autonomic characteristics that would be useful for managing risk in pediatric SUDEP. The SUDEP-7 inventory is a surrogate measure of SUDEP risk and includes two potential biomarkers of SUDEP risk—RMSSD (46) and PGES (29, 36), and the thematic analysis showed that RMSDD and PGES are factors that should be considered for managing risk in pediatric SUDEP. Furthermore, epilepsy can itself cause reductions in HRV (37) and respiratory sinus arrhythmia together with mean heart rate can identify children with epilepsy before the clinical signs become apparent (35).


Table 2. Quality assessment of reviewed studies on autonomic characteristics in children with SUDEP.
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In summary, the quality appraisal shows that while no direct clinical comparison can be made from the information provided in the articles to pediatric SUDEP, the thematic analysis does suggest that the autonomic characteristics of the studies would be useful for managing risk is pediatric epilepsy. This aligns with a recent systematic review of SUDEP in children that suggested even though the data relating to the causes of pediatric SUDEP is limited, the best way to reduce the risk of SUDEP in children is to optimize the management of epilepsy (33). This principle would be especially relevant in patient groups who are particularly more vulnerable to seizures such as those with RTT (14, 17, 52).




DISCUSSION

The findings from the systematic review showed that children with epilepsy have (I) an altered sympathovagal tone, (II) have discernible pre- and post-ictal autonomic changes, and (III) have suggestive biomarkers of autonomic dysregulation namely changes in EDA and QTcD. While none of the studies provides direct information relating to pediatric SUDEP, there is some indication that pre- and post-ictal autonomic features could be predisposing risk factors for SUDEP. In line with this view, we wanted to extrapolate the current findings to see if it would provide useful information concerning the management of SUDEP in patients with RTT. We are cognisant of the fact that it would be difficult to predict the onset of epileptiform events in patients with RTT without formal ambulatory or video EEG assessment. This is due to the nature of non-epileptic vacant spells that occur in patients with RTT (52). The characteristic stereotypical movements such as hand movements and dystonia can also make identification of epilepsy in Rett patients more difficult (53). Moreover, another study showed that non-epileptic episodes can also consist of laughing, pupillary dilation and breathing dysregulation (14). This also aligns with the finding that even though seizures are common in RTT, many suspected seizures do not show characteristic epileptiform events on video EEG monitoring (54).

In Rett patients, it is not understood why some seizures are followed by suppression of electrical brain activity on the EEG (PGES). It is possible in RTT, that this could be down to a random event; however, some others have proposed that the events leading to a seizure might also be predictable (55) and be dependent on autonomic mechanisms. In this context, we wanted to address the following questions:

1. What do the autonomic characteristics of SUDEP in children tell us about possible SUDEP in patients with RTT?

2. Can autonomic indices be used to develop biomarkers to identify clinical risk factors of SUDEP in RTT?


What Do the Autonomic Characteristics of SUDEP in Children Tell Us About Possible SUDEP in Patients With RTT?

At present, information on the autonomic events that could precipitate SUDEP in patients with RTT is unknown. We have previously alluded that patients with RTT could be more vulnerable to changes that could lead to SUDEP (20), however, in RTT it is unclear whether the risk of SUDEP changes across the age range. In RTT, the patterns of seizures come and go, and can be sporadic. If indeed focal epilepsy appears to be more frequent than generalized epilepsy in RTT (52), then it might be possible to detect changes in sympathovagal tone and distinguish focal from generalized seizures as described previously (30).

In the British Isle survey of 137 RTT patients, of the 89 subjects that responded the prevalence of epilepsy was 67 and 62% of patients had GTCs (52). Epilepsy severity data from 736 patients from the Rett Networked Database showed that 55% had seizures classified as grade 1, i.e., well-controlled, and about 32% were judged to be of grade 2 (uncontrolled seizures). GTCs were present in about 46% of patients (17) while in the Natural History Study, ~46% of patients had focal onset seizures while generalized seizures were noted in 47% of patients (14). These findings indicate that GTC seizures are quite common in patients with RTT, however, there is no empirical evidence to determine what the likelihood of PGES occurring following a generalized convulsive seizure (GCS) in RTT. In the EEG, cessation of background activity is indicative of PGES, and it is during this post-ictal state that patients are at most risk to abnormal cardiorespiratory events (56). A recent evidence synthesis has indicated that in RTT there is a diffuse reduction in the background EEG activity (57) but whether this reduction in background activity meets the threshold of PGES in Rett patients is unknown. The findings from the current review show that (I) in children with epilepsy, PGES is not an uncommon finding, (II) PGES is associated with peri-ictal tachycardia and hypoxemia, (III) pre-ictal LF and HF are higher in children with GCS and PGES, and (IV) post-ictal RMSSD was elevated in children with GCS and PGES compared to those with GCS alone. In children, PGES is also associated with higher scores on the SUDEP-7 inventory.

These findings have implications for patients with RTT because given the underlying brainstem vulnerability and electrical instability of the cardiovascular system, there is a risk of PGES occurring following generalized seizures in this patient group. Whether PGES could increase the risk of SUDEP is a matter of debate (47–49). However, it is probable that patients with RTT could be more vulnerable due to the underlying autonomic cardiorespiratory dysfunction alongside generalized seizures. In the MORTEMUS study, SUDEP cases had a characteristic pattern of respiratory distress, PGES, and then apnoea followed by bradycardia (56). In RTT, abnormal EEG activity can also occur without obvious clinical seizures (52) and this is important because both convulsive and non-convulsive seizures tend to change cardiorespiratory function (58). Even though, post-ictal tachycardia and hyperventilation took longer to return to baseline in convulsive seizures (58), in RTT patients the underlying autonomic dysregulation may further exacerbate the post-ictal tachycardia and hyperventilation, even in those patients with no overt signs of clinical seizures.

Children with GCS and PGES have higher SUDEP-7 inventory scores (29). There is also a correlation between the duration of PGES and age (36). This suggests that adults would be at higher risk of SUDEP; however, it is unknown if this would also be the same for the RTT population. We have surmised that the ANS in children with RTT could be particularly more sensitive to autonomic changes (59). Children with PGES do have an abnormal sympathovagal tone characterized by a greater post-ictal sympathetic activation. During the pre-ictal period of children with GCS and PGES, the time domain parameters of LF and HF are raised (28). These HRV indices reflect changes in parasympathetic and sympathetic vagal tone, and in the most vulnerable RTT patients, it would be prudent to monitor LF and HF changes to detect early signs of abnormal vagal tone, which could help to manage the risk in these patients.



Can Autonomic Indices Be Used to Develop Biomarkers to Identify Clinical Risk Factors of SUDEP in RTT?

It is clear from the findings that in children with epilepsy and PGES, there is a modulation in sympathovagal tone (28). The raised LF and HF power before seizure onset suggest increases in sympathetic and parasympathetic tone. Interestingly, the RMSDD, which is a measure of parasympathetic tone, was sustained during the post-ictal period in children with PGES. This sustained increase in RMSDD points toward an increased parasympathetic modulation. Metrics of HRV can also provide information on the seizure phenotype. Children with generalized seizures show a trend of lower RMSSD but higher LF and LF/HF before the seizure (30). In RTT patients, there is some evidence of lower RMS (60). Changes in EDA could also provide useful information on seizures since when compared to adults, children with epilepsy were found to have a higher EDA response (36). We have previously shown that the EDA is disordered in RTT patients (61, 62). In our recent evidence synthesis (59), we proposed that EDA could also be useful in monitoring the physical health of the patient, and we can now extend its use to provide valuable information on the sympathetic response in RTT patients who are more prone to frequent seizures.

While the incidence of SUDEP in patients with RTT is unclear what the current evidence synthesis tells is that given the changes in the sympathovagal tone, Rett individuals could be more susceptible to autonomic changes before and during a seizure. It is clear from the evidence in children with epilepsy that an autonomic derangement occurs leading to fluctuations in sympathetic to parasympathetic shifts and vice versa. It is also apparent that there are characteristic autonomic changes in the pre-ictal period that extend into the post-ictal period. Figure 3 presents a summary of these changes. In RTT, it should also be borne in mind that the event of SUDEP will also depend on other measures of susceptibility such as the associated post-ictal cardio-respiratory state, and hence the events leading to SUDEP would be very difficult to predict. Despite these limitations, it would be useful to monitor SUDEP-7 ratings, HRV metrics and EDA in RTT patients to see we if can identify patterns in the autonomic dysregulation before and after seizure onset. While we would not be able to determine why some of the seizures in Rett patients progress to SUDEP, this strategy might allow the risk stratification of the most vulnerable patients especially in instances where the presence of clinical seizures is not obvious and epileptiform activity by EEG monitoring is not readily available.


[image: Figure 3]
FIGURE 3. Autonomic characteristics of pre-ictal, ictal, post-ictal states, and propensity to SUDEP. ASMs, Anti-Seizure Medications; EDA, Electrodermal Activity; HF, High Frequency; HRV, Heart Rate Variability; LF, Low Frequency; PGES, Post-ictal Generalized Electroencephalographic Suppression; QT, Q and T waves on ECG [electrocardiogram]; RMSSD, Root Mean Square of Successive Differences; R-R, Inter-Beat Interval; SUDEP-7, Sudden Unexpected Death in Epilepsy Risk Inventory.





CONCLUSION

This is the first study that had conducted a quality appraisal and thematic analysis on the autonomic characteristics of SUDEP in children. While direct evidence regarding studies on pediatric SUDEP is low, the information learned from this systematic review does allow further understanding of the autonomic profile in pediatric epilepsy and the events that could lead to SUDEP. This information is useful for optimizing the management of epilepsy in patients with RTT because it provides evidence on how important it is to obtain the best seizure control in this patient group.

Pediatric SUDEP is heterogeneous and likely to be driven by a range of factors. Brainstem suppression could be a common mechanism (4), however, it is less certain how events in the early pre-ictal phase develop into a more severe post-ictal phase and in some instances to death. Serotonergic dysfunction could play a role. Recently in a prospective multicenter study of SUDEP in 49 patients, it was shown that higher levels of post-ictal serum 5-HT were associated with reduced seizure related breathing dysregulation and this increase might protect against the deleterious changes leading to SUDEP (63).

The present evidence synthesis suggests that in children with epilepsy, the sympathovagal balance is impaired and there are also subtle changes in autonomic characteristics pre- and post- seizure onset. In patients with RTT, the epilepsy is likely to cause fluctuations in HRV and EDA because of the dysregulation in the central autonomic network. Following the onset of a seizure, in typical circumstances, there would be a decrease in vagal tone with a concomitant increase in heart rate (39), however the underlying autonomic dysregulation in RTT would lead to fluctuations in this vagal tone, and this could predispose patients to sympathetic storming, which would have an impact on the ascending control of brainstem functions. In Rett patients there are serotonergic abnormalities (20) and serotonergic agents have been shown to reduce SUDEP in animal models (64). As post-ictal cardiorespiratory states are less agile in RTT, one possible option would be to consider serotonergic agents especially in Rett patients whose seizures are poorly controlled to see if the recovery time post-seizure can be reduced. Robust clinical trials would be needed to test this hypothesis specially in the RTT patient population.

Previous data suggest that GTC seizures are the most common seizure phenotype in SUDEP (21, 22, 65). In RTT the frequency of generalized seizures range from 62 to 46% (14, 17, 52); however further work would be needed to identify the most common seizure phenotype that leads to SUDEP in RTT and also why some seizures in RTT terminate while some might eventually lead to SUDEP. Desynchronization in seizure mechanisms could result in a summation of events that cause brainstem shutdown in SUDEP (66) and the current findings show that after seizure onset, RMSDD remains sustained in children with generalized convulsive seizures and PGES (28) suggesting a more severe autonomic dysregulation post-seizure. Increases in EDA have also been documented during the post-ictal period (36, 67) and this increase could provide critical information alongside HRV measurements in Rett patients. Measurement of EDA using a non-invasive wearable sensor offers an alternative way to monitor seizure outcomes in RTT patients and could optimize the management of seizures in this vulnerable patient group. This would also help to support EEG findings for the diagnosis of epilepsy, as in RTT, the EEGs can be abnormal even when there are no seizures (14). Typically, EEGs would need to be performed during an ‘event', but because these EEGs are usually performed in a clinical setting, infrequent seizures could be missed. In this scenario, the use of wearable sensors to detect subtle pre-ictal changes in EDA and HRV (alongside EEG monitoring) would be beneficial in this patient group.

In summary, the limitation in identifying direct inferences regarding SUDEP underscores the need for further research on this topic in the pediatric population. Even though the mechanism leading to SUDEP are likely to be complex and involve post-ictal cardiorespiratory mechanisms, in vulnerable populations where there is already an autonomic dysregulation, monitoring the autonomic characteristics of EDA and HRV pre- and post-seizure onset using non-invasive wearable sensors would be beneficial for managing the SUDEP risk.



LIMITATIONS

The level of evidence regarding the autonomic characteristics of pediatric SUDEP is low, as there has been no specific study of SUDEP in RTT, and the extrapolation of information to the broader RTT community should be placed in this context. While the review shows that autonomic characteristics would be useful in managing epilepsy risk in RTT, given the probabilistic nature of SUDEP, the findings from the present study should be interpreted with caution because they do not show that monitoring these autonomic characteristics would prevent SUDEP. We have also proposed that autonomic dysregulation follows a non-linear trajectory (20) and given that the time course of epilepsy in RTT fluctuates across the lifespan (14, 17, 52), HRV and EDA measurements would not be uniform, and without higher-order analytics it would be difficult to predict autonomic features of seizure onset across different patient sub-groups. The patients in the studies evaluated were also on different ASMs, and we cannot exclude the role ASMs would have had on the trajectory of autonomic dysregulation and whether these medications influence HRV.
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Demographics

« Thirty five children aged between 3
and 18 years who had GCS.
« Seventeen age-matched controls.

Thirty seven children ( = 20 males
and n = 17 females) aged 6.27 5.1
years of age.

« Fifty one patients (n = 34 males and
=17 females) aged between 6
and 38 years of age.

Fifty age and gender

matched controls.

The generalized epilepsy group
consisted of 91 subjects with a
mean (SD) age: 10.5 (5.0) years.

‘The comparator group was a control
group of 25 subjects with a mean
(SD) age: 7.5 (6.4) years

Twenty patients were included.
Seven were in the age range of
11-17 years (younger age group)
and 13 were adult patients
(18-67 years).

Group 1 (refractory epilepsy; n =
20): Mean age = SD 9.55 years +
502

Group 2 (controlled epilepsy; n =
20): Mean age = SD 10.1 years +
4.18

Group 3 (healthy controls; n = 20):
Mean age & SD 10.35 years  4.30
Seizures were monitored from
patients aged 9.2 years

Patients were selected from a group
of 35 patients

« Thirty seven patients (male n = 13;
female n = 24)

* Age atadmission was: 10.2 £ 4.8
years.

« Age at seizure onset was 5.3 +
4.5 years

Eleven patients were included with
an age range of 3 years 1 month to
60 years 3 months

Six patients were adllts (male n = 3;
female n = 3) and five patients were
pediatric (male n = 4; female n = 1).

Group 1 (intractable epileps
31 [male n = 22; female n =
2211 £10.18

Group 2 (well-controlled epiepsy;
=30 malen = 18; female n = 12):
Age 1943 £8.72

Group 1 (epiepsy patients on
treatment; n = 78): Mean age + SD
7.2 years & 43

Group 2 (epiepsy patients without
treatment; n = 14): Mean age + SD
82 years £ 2.7

Group 3 (healthy controls; n = 83):
Mean age  SD 8.1 years & 3.4
Thirty children (15 males and 15
females) with a mean age 10.9 &
0.6 years

The control group had 30 individuals
(15 males and 15 females) with a
mean age of 10.6 = 0.6 years
Twenty-five young people (13 males
and 12 females) with a mean age
10.36 years 4.0

The control group consisted of 50
indviduals (26 males and 24
females) with a mean age of 11.0
years &35

Eleven children (5 males and 6
females) with @ mean age + SD of
11.5 years = 3.65

The control group consisted of 11 (5
males and 6 females) individuals
aged (mean = SD) 12.9 years
+£2.72

Thirty children (21 males and 9
females) with a mean age  SD of
6.0 years + 1.3

The control group consisted of 30
age and gender matched healthy
individuals without a history of
neurodevelopmental disorders.

Clinical characteristics

 In the 36 children, 74 instances of
GCS were identified.

 Ofthe 74 GCS, 36 of these also
showed PGES and 38 GCS were
without PGES.

The chidren had either focal (0 =
23) or generalized (1 = 14) seizures.
* Patients were treated with ASMs
based on their diagnoss

Al patients had refractory epilepsy
and were treated with either one or
more ASMs.

The mean (SD) number of seizures
per month were 103.1 (174.4).

Of the 51 patients, 33 were on
polytherapy and 13 were

'on monotherapy.

All subjects had a diagnosis of
epilepsy.

Subjects were on a ketogenic diet
and were taking ASMs.

During the overnight period,
subjects were asked not o take
their medications.

Al patients that had analyses wore
an EDA sensor.

« MRl lesions were noted in some of
the patients.

Mean (range) duration of epllepsy
was 11.1 years (1-51)

Focal seizures accounted for 80% of
the epilepsy type.

Number (mean [range]) of ASMs
was 25 (1-5)

Children with refractory epilepsy
were using three or more ASMs.
Al patients were assessed by a
Pedatric Cardiologist.

EEGs of 80 seizures were analyzed
pre- and post- seizure onset.
Seizures were of focal onset {
and of generalized onset (1 = 40)

40

Children were included if they had
one documented focal or
primary/secondary GTC seizure.
1n 40.5% (15) chidren there was
developmental delay.

From the 11 patients 33 sub-ciinical
seizures were recorded with a mean
duration of 191.1s  136.4 (range:
63-340s).

The 33 seizures were classified as
being generalized (n = 19), right
temporal obe (1 = 9), and left
temporal lobe (1 = 5)

Al patients were confirmed as.
having intractable or well-controlled
epilepsy.

In Group 1, 25 subjects were on two
ASMs while five were treated with
three ASMs.

In Group 2, 26 subjects were on one
ASM, relatively stable and four were
on two ASMs.

Of the 92 patients with epllepsy, 14
had a new diagnosis and did not
receive ASM.

« Of the 78 patients using ASMs 33
used valproic acid. 19 used
oxcarbazepine, 11 phenobarbital, 10
were on combined treatments and 5
received other drugs.

All children with epilepsy had
recurrent seizures and were on
ASMs

Duration of epilepsy was 6.1 years
£0.7

Patients had both partial and
generalized epilepsy.

Generalized seizures were present in
10 patients and 15 had focal related
epiepsy.

Patients were on monotherapy (13
on valproate or 12

on carbamazepine).

Al children had partial epilepsy and
were treated with one or more
ASMs.

« Diagnosis was based on EEG

and neuroimaging.

Of the 30 chidren, 22 also had
neurodevelopmental disorders such
as cerebral palsy and developmental
delay.

The profile of seizures included 18
cases of GTC seizures, 10 with
partial seizure and 2 with

absence seizures.

Assessment methods

* Video EEG and ECG (1 lead
monitoring).

« Pre-,inter-, and post-ictal
measurements of HRV
parameters including LF, HF,
LF/HF, and RMSSD.

Nine HRV parameters were
measured in time, frequency, and
entropy domains.

Time, frequency and non-linear
domain HRV parameters using
24-hECG

* Retrospective review of mediical
records.

* Measurement of HRV, ECG and
EEG waveforms.

* ECG traces were explored
during 30 min of stage 2 sleep.

* Use of an EDA wrist sensor.
* EEG and ECG measurements.

 HRV measurements using
Holter and 12-lead ECG.

* Video EEG

« Brain MR evaluation

* Video EEG
HRV time and frequency
domain parameters.

EEG alongside ECG and puise
oximetry measurements,
« SUDEP-7 inventory score,

Prospective measurement of
video EEG, ECG, and oxygen
saturation recordings.
NeuroScope analysis

Range of tests for autonomic
function including the deep
breathing test, Valsalva
maneuver, hand grip test, cold
pressor test, and head up-tilt
test.

* Cardiovascular tone (respiration
and ECG waveform, and time
domain analyses).

 Neuropsychological
assessment of anxiety using
clinician rated questionnaires.

+ Autonomic symptom score

consisting of seven

autonomic indices.

« ECGs
« Measurement of time and
frequency domain HRV indices.

ECGs to characterize and assess
frequency domain analysis of HRY

« Clinical scoring of five:
autonomic function test
including resting heart rate,
heart rate response to deep
breathing, Valsalva maneuver,
30:15 ratio heart rate response.
to standing and blood pressure
response to standing.

Time domain

HRV measurements.

« Sleep EEG

Time and frequency domain
HRV measurements

ECG measurements and
frequency domain HRV analysis.

Relevant autonomic information

« The pre-ictal autonomic parameters LF and HF in chidren with 36 GCS+PGES
was significantly greater (P < 0.01) when compared to 38 GCS without PGES.
Post-iotal RMSSD was higher in the GCS+PGES group than the GCS-PGES
group (P < 0.01) andithe pre to post-ictal change in RMSSD was lower in children
with GCS and PGES than those that had GCS without PGES (P = 0.035).

No changes in inter-ictal HRV parameters were observed among the GCS and the
control group.

« Measurement of HRV parameters could be useful to identify those subsets of
high-risk chidren such as those with abnormal GCS+PGES changes that might
lead to SUDEP

HRV analysis was able to discriminate between focal and generalized seizures.
During the post-ictal phase, children with focal seizures had elevated heart rate,
depressed HRV and increases in LF and the LF/HF ratio.

In comparison to chilcren with focal seizures, seizures in children with generalized
epilepsy were characterized by increases in the normalized LF, LF/HF ratio, and a
lower mean RR interval and RMSDD before the seizure.

Mornitoring of HRV can be useful in identifying shifts in the sympathovagal balance
reflected by changes in focal seizures or during periods of generalized seizures.
A dominant sympathetic. profile and vagal withdrawal are thought to be
characteristic in children with generalized seizures during the pre-ictal period.
The findings showed that patients with refractory epilepsy had significantly lower
time, frequency, and non-inear domain parameters than healthy controls.

The difference in the HRV parameters between the epilepsy and control groups
was the highest in the early morning.

Altered sympathovagal imbalance s reflected by impaired HRV parameters
might be useful for the development of prognostic markers of SUDEP.

In the absence of seizures, there was increased RSA and lower heart rate in
children with epiepsy during sleep.

These findings suggest an increased vagal tone in chidren with generalized
seizures.

It was proposed that an increase in parasympathetic tone could precede the
onset of epilepsy in children,

The study showed that there was a strong correlation between the duration of
PGES and age (P = 0.004).

When the first GTC seizure was compared between the adult and the younger
age groups, it showed that younger patients had a higher EDA amplitude than the
adult group (11.80 S = 6.94 v.5.19 = 3.40 uS P = 0.03), suggesting a greater
degres of sympathetic activation.

The mean % change in HF power was also higher in the younger age group in
comparison 1o adilts (~97.78 % 6.0 vs.~72.7 & 15.0, P = 0.0016) reflecting
increased vagal suppression.

Following a GTC seizure and controlling for PGES duration, patients of a younger
age are suggested to have enhanced sympathetic activation and

vagal suppression.

Children with epilepsy have abnormal QTeD and have depressed HRV.

The time domain autonormic parameters RMSSD and SDNN in patients with
treatment resistant epilepsy was also lower than the other two groups.
Adisruption in the vagal tone reflected by changes in the LF/HF ratio before and
during seizures suggests that the sympathovagal balance is considerably
stressed in children with epilepsy, and the sympathetic component is thought to
dorminate before seizure onset.

The R-R interval was useful in detecting pre-ictal heart rate changes in 70% of
focal seizures.

In focal seizures, the pattermn of mean R-R was different before the seizure onset
when compared to after seizure onset, and the duration of pre-ictal HRV to seizure
onset is short.

It was proposed that change in heart rate might be useful in detecting aberrant
changes that manifest prior to the onset of temporal and frontal lobe seizures

in children.

Only GTC seizures were characterized with PGES.

PGES was shown to account for about 16% (27/168) of the seizures in 32%
(12/37) of children, and was significantly associated with peri-ictal tachycardiia (P
= 0.019) and hypoxemia (P = 0.005).

Mean duration of PGES was 35.1 + 19.65, and in 10 children the PGES was
deemed to be prolonged (>305).

Children with PGES also had higher SUDEP-7 inventory scores than children
without PGES (4.2 + 1.3 vs. 2.8 + 1.4, P = 0.007). This might suggest that
children with PGES during a GTC seizure could be at higher risk of SUDEP.
Generalized sub-clinical seizures showed larger increases in cardiac vagal tone
and less change in HRV when compared to temporal lobe sub-clinical seizures.
The findings showed that during generalized sub-clinical seizures there is an
elevated parasympathetic activity, however, seizures originating from the temporal
Iobe showed lower parasympathetic activity.

During sub-clinical generalized seizures there is autonomic dysregulation
characterized by changes in the parasympathetic component.

Patients with intractable epiepsy (Group 1) had higher LF and lower HF values
than the well-controlled group.

Group 1 was noted to have a higher autonomic dysregulation as evidenced by a
higher sympathetic tone, lower parasympathetic tone, and lower parasympathetic
reactivity.

It was indicated that patients with intractable epilepsy have a different and more
severe autonomic profile than those with well-managed epilepsy, and that these
patients could be at higher risk from SUDEP.

The findings showed that the HRV and time domain measures (RMSSD, SDNN
and HRV triangular index) were decreased in epllepsy patient regardless whether
they were on ASM.

However, patients not on any ASMs were said to have a lower parasympathetic
activity as indicated by lower HF values and an increased LF/HF ratio.

The parasympathetic autonomic profile is more suppressed in patients not
onASM.

The epilepsy group had lower frequency domain indices (R-R, LF, and HF) when
compared to the control group.

It was proposed that in children with intractable epilepsy there is lower HRV due
to:a decrease in the parasympathetic component.

SDNN was found to be lower across all age groups

Al patients with uncontrolled epilepsy had abrormal autonomic dysreguiation
(83% had moderate autonormic and one [17%] had mild autonomic dysregulation).
Seizure type and type of ASM had no discernable effect on the outcome of clinical
scoring of autonomic tests.

Based on clinical autonomic scoring, patients with uncontrolled epilepsy had a
higher degree of autonomic dysregulation.

The study showed that in the patients with epilepsy during sleep had lower time
and frequency domain HRV values.

The sympathovagal balance (LF/HF) ratio was higher in patients with epilepsy
especially during sleep when compared to the control group.

During REM sleep there can be altered autonomic patterns in children with
partial epilepsy.

Mean age of seizure onset was 26.6 months and the mean length of seizure
disorder was 4.6 years.

Children with epilepsy were noted to have an abnormal

sympathovagal imbalance.

ASMs, Anti-Seizure Medications; EDA, Electrodermal Activity; EEG, Electroencephalography; ECG, Electrocardiogram; GCS, Generalized Convulsive Seizures; GTC, Generalized Tonic Clonic; HF, High Frequency; HRV, Heart Rate
Variabilty; LF, Low Frequency; MRI, Magnetic Resonance Imaging; PGES, Post-ictal Generalized Electroencephalographic Suppression; QTcD, QTc dispersion; RMSDD, Root Mean Square of Successive Differences; R-R, Inter-beat
Interval: RSA, Respiratory Sinus Arrhythmia; SD, Standard Deviation; SDNN, Standard Deviation of all NN Intervals; SUDEP, Sudden Unexpected Death in Epilepsy.
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