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Small Lesion Size Is Associated with Sleep-Related Epilepsy in Focal Cortical Dysplasia Type II
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Objective: To investigate the neuroimaging and clinical features associated with sleep-related epilepsy (SRE) in patients with focal cortical dysplasia (FCD) type II.

Methods: Patients with histopathologically proven FCD type II were included from three epilepsy centers. SRE was defined according to the video EEG findings and seizure history. Cortical surface reconstruction and volume calculation were performed using FreeSurfer. The lesions were manually delineated on T1 volumetric MRI using the ITK-SNAP software. The lesion volumes were normalized by the intracranial volume of each patient. The lesions were classified as small or large by placing a threshold based on quantitative (whether the lesion was detected on MRI report) and qualitative (volume) criteria.

Results: A total of 77 consecutive patients were included. Of them, 36 had SRE and 41 had non-SRE. An earlier age of epilepsy onset, high seizure frequency, regional interictal EEG findings, and favorable surgical outcome were characteristic in both groups. Small lesions were defined as those having a volume <3,217 mm3. In total, 60.9% of the patients with SRE (25/41) had small FCD lesion, which was significantly higher than the non-SRE group (9/34, 26.5%, p = 0.005). Small lesion size was the only predictor significantly associated with SRE in the overall type II group by multivariate analyses (p = 0.016). Although the proportion of patients who had frontal FCD and SRE was higher than non-frontal FCD (54.5 vs. 27.3%, p = 0.043), the relationship between SRE and lesion location was not confirmed by multivariate analysis. Thalamic volume and seizure semiology were not statistically different between the SRE and non-SRE group. The significant association between lesion size and SRE was reproducible in type IIb and IIa subgroups.

Significance: SRE is common in patients with FCD type II. Small FCD type II lesions are significantly associated with SRE. Although our findings cannot be applied to the entire spectrum of SRE, potential existence of small FCD lesions should be considered when evaluating patients with SRE, and utilization of all other supportive electroclinical information for lesion detection is highly desirable.
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INTRODUCTION

Sleep-related epilepsy (SRE), described as most seizures occurring during sleep (1–3), represents up to 12% of patients with epilepsy. Most of the patients with SRE have focal epilepsy (4). SRE may be an independent risk factor for sudden unexpected death in epilepsy (SUDEP) (5). Sleep and epilepsy have reciprocal influences on each other: seizures occurring during sleep will significantly reduce sleep quality (6); meanwhile, sleep–wake cycle can be associated with seizures in some patients, seizure type such as tonic, tonic–clonic, automotor, and hypermotor seizures occurred more frequently in sleep than daytime (7).

Focal cortical dysplasia (FCD) type II is a major cause of pharmacoresistant extra-temporal epilepsy in patients undergoing epilepsy surgery (8, 9). One previous study showed the existence of FCD type II increased the risk of SRE with respect to other histopathological substrates, regardless of its location (10). Another study reported that SRE occurred more frequently in patients with MRI-negative FCD type II than the MRI-positive group (11). In addition to the lesion itself, there is evidence that the thalamus might play a critical role in the occurrence of SRE. The sleep–wake process modulates the electrophysiological activity generated by FCD type II, as revealed by intracranial EEG recordings, suggesting there is an interaction between seizure activity and the thalamocortical networks (4, 12).

In this study, we investigate whether the patients with SRE demonstrates specific neuroimaging or clinical features compared to the non-SRE subgroup in a cohort of patients with histopathologically proven FCD type II. We hypothesize that there are three potential factors influencing the occurrence of SRE: size of lesion, spatial/lobar distribution of lesion, and volume of thalamus. In this study, we set out to test the significance of these three factors in the overall FCD type II group and IIa/IIb subgroups.

MATERIALS AND METHODS

Patient and SRE

We retrospectively reviewed the patients who underwent surgery and had histopathologically confirmed FCD type II from three different epilepsy centers: Second Affiliated Hospital of Zhejiang University (SAHZU), the Beijing Tiantan Hospital of Capital Medical University (BTH), and Cleveland Clinical Foundation (CCF). The enrolled patients were consecutively admitted in SAHZU from March 2013 to June 2016, BTH from November 2014 to April 2016, and CCF from August 2008 to September 2015. This study was approved by the institutional review board ethical guidelines of three hospitals (SAHZU, BTH, and CCF).

Only patients who underwent long-term video EEG (VEEG) monitoring and had been followed-up for more than 1 year after surgery were included. Patients younger than 5 years of age were excluded. All clinical, neuroimaging, EEG data, and surgical outcome were collected. Seizure frequency was categorized as high frequency (>1 seizures/day) or low frequency (≤1 seizures/day). Interictal epileptiform discharges and ictal EEG pattern were classified as normal (no EEG change), regional (appearing exclusively over a single lobe or in two contiguous regions in the same hemisphere, such as centroparietal discharges), or non-regional (e.g., multilobar, hemispheric, or generalized). Patients with multiple ictal EEG patterns (e.g., multilobar or non-lateralized patterns) were considered non-regional. All patients’ MRI were classified as “MRI-negative” or “MRI-positive” by official radiology report. The location of the lesion was classified into frontal lobe, temporal lobe, posterior quadrant, and insular/opercular region. The surgical outcome was determined according to Engel’s classification scheme (13). The patients were classified as seizure free if they maintained with an Engel score of Class I at their last follow-up. The diagnosis and classification of FCD were made by dedicated neuropathologists from each hospital, according to the ILAE guidelines (14). FCD type II was defined as an isolated lesion showing cortical dyslamination and dysmorphic neurons without (type IIa) or with balloon cells (type IIb).

Sleep-related epilepsy was defined as more than 90% of patients’ total seizures occurring during sleep (1–3). The circadian distribution of seizures was determined by description from patients and their family, and further confirmed by the long-term VEEG monitoring. All 77 patients underwent scalp VEEG recordings for at least 24 h (ranging from 1 to 7 days) using 10–20 international system. Additional scalp electrodes such as sphenoidal electrodes were used if necessary. During the long-term VEEG monitoring, patients were allowed to choose their sleep and awake times. Patients and their family were encouraged to press the seizure alarm for suspicious events. All recorded clinical seizures during monitoring were independently re-analyzed by two epileptologists, to assess the relationship of seizures to wakefulness and sleep. If their results were discordant, a final consensus was reached after discussion. Non-habitual seizures and subclinical seizures were excluded.

MRI Acquisition

Patients from SAHZU were scanned on a 3.0-T MRI scanner (MR750, GE Healthcare, USA) including 3D T1 sagittal brain volume imaging (BRAVO) sequence (TR/TE = 8.2/3.2 ms, TI = 450 ms, flip angle = 12°, slice thickness = 1 mm, no gap, matrix = 256 × 256). Patients from BTH were scanned on a 3.0-T Siemens Verio scanner (Siemens Medical system, South Iselin, NJ, USA) including 3D T1 sagittal magnetization prepared rapid gradient echo sequence (MPRAGE) (TR/TE = 1,900/2.53 ms, TI = 900 ms, flip angle = 12°, slice thickness = 1 mm, no gap, matrix = 256 × 256). Patients from CCF were performed on a 3.0-T Siemens Trio scanner (Erlangen, Germany) including 3D T1 coronal MPRAGE (TR/TE = 1,860/3.4 ms, TI = 1,100 ms, flip angle = 10°, slice thickness = 0.94 mm, no gap, matrix = 256 × 256).

Image Processing and Analysis

The T1-weighted 3D MRI images were processed with the FreeSurfer software (v.5.3.01) (15–17). Intracranial volume (ICV) and thalamus were segmented automatically by FreeSurfer, and segmentation results for each subject were visually reviewed independently by an experienced user (Bo Jin) for segmentation errors prior to further analysis. In case of inaccuracies, manual editing was performed.

The lesions were manually labeled by an experienced user (Bo Jin) based on the T1-weighted 3D MR images (including axial, coronal, and sagittal) aided by FLAIR and other T2-weighted images. Lesion segmentation was performed using the ITK-SNAP software (v.3.4.02; Figure 1) (18).
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FIGURE 1 | One example of manual lesion labeling using the ITK-SNAP software. Lesion volume was calculated based on the 3D T1 volumetric sequence. (A) Axial view; (B) coronal view; (C) sagittal view.



To classify lesion to the small and large categories, we first obtained qualitative information based on the initial MRI report (positive or negative), with the assumption that negative MRI indicated overlooked therefore small lesions. We then used a quantitative criterion based on a threshold defined by volume calculation (detailed in the next section). Lesions with a volume below this threshold were considered small lesions for further analyses.

Consistent with methods proposed by Besson et al. (19), entropy was used to calculate the threshold. This approach maximized the “information gain,” which was the gain in homogeneity after thresholding. The entropy of our dataset (D) was calculated with following formula:
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where p is the number of positive MRI reports divided by total number of MRI reports.

Our dataset was divided into two sets by setting a threshold (T), D1, and D2. D1 represented the lesion volumes smaller than T and D2 represented the lesion volumes larger than T. The information gain was defined by the following formula:
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Using this threshold, the probabilities of the events “negative MRI report if smaller than T” and “positive MRI report if larger than T” were maximized simultaneously.

To correct for volume differences due to different head sizes, the lesion volumes and thalamic volumes were normalized by the total brain volume of each individual: normalized lesion or thalamic volume = lesion volume or thalamic volume × mean intracranial volume (ICV) of the overall cohort/individual ICV. For the thalamus, the side of lesion was defined as the ipsilateral or contralateral to the FCD lesion.

Statistical Analysis

Descriptive statistics were used for each variable. The data were analyzed using the Wilcoxon rank-sum, chi-square, and Fisher’s exact tests to compare patients with SRE to those with non-SRE. Variables with a significance level of 0.1 on univariate analysis were then entered in a multivariable logistic regression model with statistical significance set at the 0.05 level.

For volumetric analysis, group differences were analyzed using analysis of covariance (ANCOVA) on age, gender, ICV, and a post hoc Bonferroni correction was further applied to correct for multiple comparisons. The statistical significance was set to p < 0.017 (0.05/3). The associations between the normalized thalamic volumes and lesion volumes were analyzed using partial correlations controlling for the effect of age and gender (p < 0.05). To correct for non-normal distribution, the normalized lesion volumes were log-transformed.

RESULTS

Patient Characteristics

A total of 77 consecutive patients were included (17 patients from SAHZU, 17 patients from BTH, and 43 patients from CCF). Most patients had onset of epilepsy at an early age, high seizure frequency, and regional EEG findings (Table 1). Among the 77 patients, 35 patients underwent intracranial EEG evaluation (stereo-EEG or subdural electrodes). The mean age at the time of MRI scan, the mean age at seizure onset, and the mean epilepsy duration was 20.1 ± 12.9 (range 5–58) years, 6.9 ± 6.7 (0.2–35) years, and 157.5 ± 135.9 (range 4–540) months, respectively. Of them, 36 (46.7%) were SRE and 41 (53.3%) were non-SRE. The two groups showed similar clinical profiles (Table 1). Only two patients presented with epileptic spasms, which later changed into focal seizures. The percentage of SRE was similar in patients with secondary generalized tonic–clonic seizures (SGTCS, 16/32 = 50%) and patients with only focal seizures (20/45 = 44.4%).

TABLE 1 | Comparison of clinical data in sleep-related FCD type II and non-sleep-related FCD type II.
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The initial MRI reports were positive in 55 patients (71.4%). After re-reviewing the MRI with integrated information of functional imaging and electroclinical data, MRI was considered as positive in 75 (97.4%). The remaining two patients whose MRI lesion was strictly non-visible (one lesion was located in the frontal lobe, the other in the posterior quadrant) were not included in the volumetric analyses (as no volume can be manually delineated on the MRI). Interestingly, both patients had FCD type IIa and SRE.

The FCD type II lesions were located in the frontal lobe in 55 patients, temporal lobe in 2 patients, posterior quadrant in 14 patients, and insular/opercular region in 6 patients (Figure 2). The frontal FCD type II group (30/55 = 54.5%) had a higher rate of SRE compared to non-frontal FCD type II (6/22 = 27.3%, p = 0.043). Meanwhile, the percentage of small FCD lesion was higher in the frontal lobe (35/54 = 64.8%) than the other regions (6/21 = 28.6%, p = 0.009). In addition, most patients with FCD located in the posterior quadrant had non-SRE (11/14 = 78.6%), while a smaller percentage of non-SRE patients (30/63 = 47.6%, p = 0.043) had FCD outside the posterior quadrant. At the same time, the percentage of large FCD lesion was higher in the posterior quadrant (10/13 = 76.9%) than the other regions (31/62 = 50%). Surgical outcome was favorable in both SRE and non-SRE groups. Engel class I was obtained in 29 patients with SRE (80.6%) and 29 patients with non-SRE (70.7%) which was not different. Sixteen patients had FCD type IIa and 61 patients had FCD type IIb.


[image: image1]

FIGURE 2 | Schematic diagram showing the location distribution of the lesions included in our study. Yellow circles represent SRE; red circles represent non-SRE. Dashed circles represent focal cortical dysplasia (FCD) type II on the insular and operculum. SRE, sleep-related epilepsy. The location of FCD lesion was not statistically different between the SRE and non-SRE group.



Lesion and Thalamus Volumes

Normalized volumes of the lesions and thalamus were displayed in Table 2. Small lesions were defined as those with a volume smaller than the threshold of 3,217 mm3 (Figure 3). According to this threshold, 41 of 75 FCD lesions were classified as small lesions. In the small lesion group, 21 out of 41 lesions (51.2%) were located at the bottom of sulcus (bottom of sulcus cortical dysplasia, BOSD), whereas only 8 out of 34 patients with large lesion were BOSD (23.5%, p = 0.018). Of 41 patents with small lesion, 25 (25/41 = 60.9%) patients had SRE which was significantly high compared to the large lesion group (9/34 = 26.5%, p = 0.005). Accordingly, the percentage of the patients with SRE and small lesion was higher than the non-SRE group (25/34 = 73.5% vs. 16/41 = 39.0%, p = 0.005).

TABLE 2 | Normalized volumes of FCD type II lesion and thalamus.

[image: image1]


[image: image1]

FIGURE 3 | Small lesions were defined as those having a volume below the threshold T = 3,217 mm3 (red circle).



To correct for non-normal distribution, the normalized volumes of FCD type II were log-transformed. Similarly, ANCOVA showed that SRE was significantly associated with smaller lesion volume when controlling with age and gender (Table 2, p = 0.014). However, the thalamic volume was not different between the two groups. The volumes of FCD type II showed no correlation with the volume of ipsilateral and contralateral thalamus, controlling for age, gender, and ICV. Age, gender, lesion size, and lesion location were entered into logistic regression analysis, which showed small lesion was independently associated with SRE (Table 3). For patients with frontal lobe FCD type II, logistic regression analysis showed that the risk factor for SRE was small lesion size [p = 0.04, risk factor = 3.73, 95% confidence intervals (CIs) = 1.06–13.04].

TABLE 3 | Variables correlating with SRE after applying logistic regression analysis.

[image: image1]

Subgroup Analysis

The percentage of SRE was similar in patients with FCD type IIb (26/61 = 42.6%) and patients with FCD type IIa (10/16 = 62.5%).

In addition, the distribution of lesion was not different between FCD type IIb and FCD type IIa (frontal lobe, 42 IIb and 13 IIa; temporal lobe, 2 IIb and 0 IIa; insular/opercular region, 6 IIb and 0 IIa; posterior quadrant, 11 IIb and 3 IIa; p = 0.498), although FCD type IIa subgroup had fewer patients.

According to the volumetric threshold, 33 of 61 patients (54.1%) with FCD type IIb and 8 of 14 patients (57.1%) with FCD type IIa were classified as having small lesion. For patients with FCD type IIb, although the percentage of the patients with SRE and small lesion was higher than the non-SRE group (18/33 = 54.5% vs. 8/28 = 28.6%), it did not reach statistical significance. Similar to the entire FCD type II group, logistic regression analysis showed that small type IIb lesion was independently associated with SRE (p = 0.044, risk factor = 3.00, 95% CIs = 1.03–8.73). In the patients with FCD type IIa, seven out of eight patients with small lesion (87.5%) had SRE, whereas only one out of six patients (16.7%) with large lesion had SRE (Table 4, p = 0.026). Logistic regression analysis cannot be applied to this group due to the small number of patients. Detailed information on this subgroup analysis can be found in Table 4.

TABLE 4 | Lesion volumes, subtypes, and bottom sulcal localization in patients with SRE and non-SRE.
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DISCUSSION

Sleep-related epilepsy is common in patients with FCD type II and occurred in 46.7% of the patients included in our study. This percentage was similar to the previous findings that about 50% patients with FCD type II had SRE (10, 11, 20). Our volumetric analysis showed a correlation between SRE and smaller lesion size which was independent of lesion location and thalamic volume. Our findings are consistent with the previous study by Chassoux et al. which found there was no correlation between SRE and the location of lesion in patients with histologically confirmed FCD type II (11). Nobili et al. studied 39 drug-resistant epilepsy patients who were seizure-free after resective surgery, and reported Taylor’s FCD (which is equivalent to FCD type II by the 2011 ILAE FCD classification system) was associated with SRE irrespective of the location of lesion (10). Our study added to the literature in the following aspects: (1) we showed that small lesion size was significant associated with SRE in both the IIa and the IIb subgroups. (2) We used a quantitative threshold to define small and large lesions, and showed that patients with small lesions were about four times more likely to have SRE compared to those with large lesions. Note that both SRE group and non-SRE group similarly presented with an earlier age of epilepsy onset, high seizure frequency, regional interictal EEG findings, and favorable surgical outcome, which is in accordance with previous studies focusing on FCD type II (2, 8, 9, 21). These results suggest that patients with SRE and electroclinical data suggestive of FCD may have small lesions, and they require a more thorough imaging investigation for lesion detection. Once the small lesions are found, these patients can become excellent surgical candidates as revealed by the high seizure-free rates in our cohort (80.6%).

One might raise a reasonable question whether the higher risk of SRE in patients with FCD type II is related to a frontal predominance of FCD distribution. To address this question, we examined the subgroup of patients with frontal FCD, and multivariate analysis showed that small lesion was an independent risk factor for SRE in this subgroup.

In accordance with a previous study by Besson et al. (19), our current study showed that the majority of small FCD lesions were located at the bottom of sulcus. Recently, Harvey et al. reported that 13 out 32 (40.6%) patients with BOSD had seizures occurring exclusively from sleep (22). Similarly, in our present study, 51.7% of 29 patients with BOSD were SRE. However, we did not find any statistically significant association between the BOSD and SRE in our cohort. Moreover, neither the FCD type IIa nor FCD type IIb subgroup showed a significant association between BOSD and SRE.

Chassoux reported that SRE occurred more frequently in patients with MRI-negative FCD type II than the MRI-positive group (11). In their cohort of FCD type II, 40% of the patients were defined as MRI-negative epilepsy. However, in our study, only 2 out of the 77 patients with FCD type II was MRI negative. The discrepancy of the ratio of MRI-negative cases in the two study is likely due to the advance in neuroimaging techniques in recent years. First, the three epilepsy centers in our study routinely performed brain MRI using epilepsy protocol based on 3-T scanner, which is more superior in detecting subtle lesions (23); second, the MRI-PET co-registration was routinely done for evaluation of these patients; third, other functional neuroimaging techniques such as ictal SPECT or magnetoencephalography are performed if necessary. Furthermore, evaluating the MRI by a multi-disciplinary team further increases the sensitivity to identify epileptogenic lesions.

During wakefulness, the most common intracranial interictal activity (subcontinuous spikes and polyspikes) produced by intralesional FCD type II might indicate a state of reduced possibility for seizure generation (4, 12, 24–26). These patterns would be replaced by frequent short bursts of low voltage fast discharges during NREM sleep, which might relate to a reduced modulation of the FCD type II by the surrounding cortex and therefore might play a pivotal role in seizure initiation (4, 27–29). We speculate that perhaps small FCD type II lesion, which contained smaller mass of dysplastic neurons, might not be able to generate seizure by itself during wakefulness, had to recruit perilesional cortex and utilize the sleep rhythm to generate seizure ep rhythm; therefore, seizures could occur equally easily during wakefulness and sleep (4, 11). Large lesion, on the other hand, due to its lager mass of dysplastic neurons might not need the help of perilesional and sleep rhythm; therefore, seizures could occur equally easily during wakefulness and sleep (4, 11).

Several studies using intracranial EEG suggested that the dysplastic tissues were influenced by the thalamocortical circuit (12, 25, 26). Despite the suspicion that thalamus plays an important role in the generation of SRE, no study has investigated the thalamic volume changes in SRE. Our study is the first study investigating the thalamic volume differences in patients with FCD type II and SRE, and showed there was no difference between SRE and non-SRE in thalamic volumes. One should note that subtle subcortical structural change such as regional atrophy may not by detected by the volumetric analysis method adopted in this study. Shape analysis which can reflect subtle variations in subcortical structures can be applied as a future step (30). In our study, no correlation was found between the lesion volume and the thalamic volume either. Future study using functional imaging such as resting-state functional MRI may give us more insight regarding the functional interaction between the lesional/perilesional cortex and the thalamus in SRE.

Our study has several limitations. The number of patients with IIa and IIb FCD subtypes was unbalanced. We had 16 patients with FCD type IIa, while the majority (61 patients) had FCD type IIb. Subgroup analysis results could be influenced by this selection bias. The volume of ICV and thalamus may be influenced by the different MRI scanners with different acquisition sequences. Future study based on a large cohort of patients with FCD type II from one single epilepsy center is required to confirm our finding. Furthermore, the volume of lesion was evaluated based on the visually visible lesion on MRI, which may not include the entire extent of the microscopic lesion (31). Finally, we only included patients above 5 years of age, further studies are needed to include patients under 5 years of age to see if our findings are consistent.

CONCLUSION

Our study reveals that for patients with FCD type II, there is a strong correlation between SRE and small lesion size which was independent of lesion location and thalamic volume. When evaluating patients with SRE, potential existence of small FCD type II lesions should be considered. After re-reviewing the MRI with integrated information of functional imaging and electroclinical data, the percentage of positive MRI increased by 26% in our cohort. Therefore, a thorough imaging re-review, accompanied by detailed history and other clinical data, is especially important and potentially high yield for SRE patients with an initial negative MRI.
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