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Association Between Interictal High-Frequency Oscillations and Slow Wave in Refractory Focal Epilepsy With Good Surgical Outcome
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High-frequency oscillations (HFOs) have been proposed as a promising biomarker of the epileptogenic zone (EZ). But accurate delineation of EZ based on HFOs is still challenging. Our study compared HFOs from EZ and non-EZ on the basis of their associations with interictal slow waves, aiming at exploring a new way to localize EZ. Nineteen medically intractable epilepsy patients with good surgical outcome were included. Five minute interictal intracranial electroencephalography (EEG) epochs of slow-wave sleep were randomly selected; then ripples (80–200 Hz), fast ripples (FRs; 200–500 Hz), and slow waves (0.1–4 Hz) were automatically analyzed. The EZ and non-EZ were identified by resection range during the surgeries. We found that both ripples and FRs superimposed more frequently on slow waves in EZ than in non-EZ (P < 0.01). Although ripples preferred to occur on the down state of slow waves in both two groups, ripples in EZ tended to be closer to the down-state peak of slow wave than in non-EZ (-174 vs. -231 ms, P = 0.008). As for FR, no statistical difference was found between the two groups (P = 0.430). Additionally, slow wave-containing ripples in EZ had a steeper slope (1.7 vs. 1.5 μV/ms, P < 0.001) and wider distribution ratio (32.3 vs. 30.1%, P < 0.001) than those in the non-EZ. But for slow wave-containing FR, only a steeper slope (1.7 vs. 1.4 μV/ms, P < 0.001) was observed. Our study innovatively compared the different features of association between HFOs and slow wave in EZ and non-EZ from refractory focal epilepsy with good surgical outcome, proposing a new method to localize EZ and facilitating the surgical plan.
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INTRODUCTION

High-frequency oscillations (HFOs) have been proposed as a promising biomarker of the epileptogenic zone (EZ) (Bragin et al., 1999; Jirsch et al., 2006; Thomschewski et al., 2019; Frauscher, 2020). It is categorized as ripples (80–200 Hz) and fast ripples (FRs; 200–500 Hz). The rate of HFOs is higher in the seizure onset zone or EZ than that outside these areas, and removal of tissue containing pathological HFOs is associated with good surgical outcome (Jacobs et al., 2010; Thomschewski et al., 2019). However, HFOs occur both inside and outside the EZ (Sakuraba et al., 2016; Pail et al., 2017), and FR outside the EZ may eliminate after removal of FR inside the EZ, which indicates the existence of epileptogenic network (van’t Klooster et al., 2017). Moreover, the normal brain functional activity such as learning, memory, and emotional activities can also induce physiological HFOs (Blanco et al., 2011; Buzsáki and Silva, 2012). This characteristic further improves the difficulty to accurately localize EZ on the basis of HFOs in clinical practice.

Many researches explored the methods to precisely identify EZ on the basis of interictal HFOs. They tried to find a detection threshold in order to detect channels with a frequent occurrence of interictal HFOs (Cho et al., 2014; Holler et al., 2015; Gonzalez Otarula et al., 2018; Jiang et al., 2018). Some studies also computed energy of HFOs to delineate EZ (Leung et al., 2015; Brazdil et al., 2017). Moreover, the suppressive effect of rapid eye movement sleep on interictal HFOs might also provide specific markers of epileptogenicity (Sakuraba et al., 2016). But the results of these methods were discordant, and the occurrence rate and energy of HFOs would be influenced by many factors, such as their locations in the brain and the physiological activity.

The relationship between slow wave and interictal HFOs was widely discussed in nearly a decade. Interictal coupling of HFOs and slow oscillations could predict the seizure-onset pattern in mesiotemporal lobe epilepsy (Amiri et al., 2019). A study in 123 patients showed that a stronger amplitude coupling between high-frequency activity (>150 Hz) and the phase of the slow wave (3–4 Hz) in non-resected tissues relative to that in resected tissues was independently associated with a reduced probability of good outcome (Motoi et al., 2018). Physiologic HFO activity increased during the “up state” and decreased during the “down state” of slow oscillations during deep sleep (Le Van Quyen et al., 2010), but epileptic HFOs appeared increasingly during the “down state” or the transition to it (Frauscher et al., 2015). By implementing the coupling to slow waves, the performance to classify epileptic or non-epileptic HFOs was enhanced (von Ellenrieder et al., 2016). However, in the researches, they focused on distinguishing HFOs from seizure onset zone, irritative zone, and normal brain rather than accurate identification of EZ. The precise localization of EZ is key to receive good surgical outcome and bring benefits to patients in clinical practice.

Therefore, we proceed this retrospective study to compare the relationship between HFOs and slow waves during non-rapid eye movement (NREM) sleep from EZ and non-EZ, aiming at developing a new method to identify EZ precisely.



MATERIALS AND METHODS


Patient Population

We selected consecutive patients with pharmacoresistant epilepsy who went through continuous intracerebral electroencephalography (EEG) recordings and EZ removal surgery at the Epilepsy Centre of Beijing Haidian Hospital between January 2013 and December 2015. The inclusion criteria consisted of the following: (1) availability of at least one continuous whole night recording and (2) followed up at least 2 years and received surgical outcome of Engel I. The criteria for exclusion were as follows: (1) there were obvious artifacts in EEG and (2) patients who experienced two or more brain resection surgeries. Patients over 18 and the legal guardian/next of kin for those under 18 gave informed consent in agreement with the Research Ethics Board of Beijing Haidian Hospital. Patients were still under antiepileptic drug therapy at the time of the recording, but doses of the drugs were adjusted according to seizure frequency.



Electrode Placement and Intracranial Electroencephalography Recording

Several kinds of electrodes were implanted in putative epileptogenic areas on the basis of previous non-invasive presurgical evaluation. A combination of cortical strips and grid electrodes (contact diameter 4 mm with a 2.5 mm exposure, spacing between contact centers 10 mm; Beijing Huakehengsheng Healthcare Co., Ltd., Beijing, China) and depth electrodes (1.2 mm diameter, eight contacts 2 mm in length, 10 mm between contacts; Beijing Huakehengsheng Healthcare Co., Ltd., Beijing, China) were implanted. Preimplantation magnetic resonance imaging (MRI) and postimplantation computer tomography (CT) scans were used to locate each contact anatomically along the electrode trajectory.

Data were recorded from the day after electrode implantation. Data for HFO analysis were acquired at 2,000 Hz with a 32- or 256-channel Nicolet recording system (Natus Medical Incorporated, San Carlos, CA, United States). The recording was performed in a monitoring unit under video surveillance and lasted for 2 days.



Delineation of Epileptogenic Zone and Non-epileptogenic Zone

As a part of the clinical routine, the resection range was determined by neurologists and neurosurgeon according to long-term intracranial EEG monitoring. Removed channels were confirmed by comparing the fusion of presurgical MRI and CT and postsurgical MRI. In five subjects whose motor, somatosensory, or visual areas were covered with implanted grid electrodes, functional regions were defined by cortical mapping. Specifically, the functional areas included motor cortex (Patients 2, 5, 7, and 12), somatosensory cortex (Patients 2, 5, 7, and 15), and visual cortex (Patient 15). EZ was defined as the area of cortex that generates seizures, which should be removed to be seizure free. In our study, all the included patients had surgical outcome of Engel I; therefore, we considered the removed tissue was EZ and the non-resected area was non-EZ.



Data Selection and High-Frequency Oscillation Detection

We chose a segment in slow-wave sleep (N3 stage of sleep) because NREM sleep is the state of vigilance that best identifies the EZ interictally (Klimes et al., 2019), and also in this period there is less muscle activity and more HFOs. The specific method was the same with our previous study (Ren et al., 2018). Then we randomly selected a 5 min segment during the slow-wave sleep period from each patient. All data were selected from interictal periods occurring at least 2 h from a seizure. Data with artifacts and noise, such as sharp transients with enormous amplitudes (higher than normal spikes) or irregular signals, were not selected. The data were transformed to a bipolar montage for further analysis. HFOs were automatically detected by our preliminary algorithm on the basis of maximum distributed peak points (Jiang et al., 2018; Ren et al., 2018). In the detector, the “false” HFOs caused by band-pass filtering of sharp transient events (Gibbs effect) were excluded (Jiang et al., 2018). As ripples and FRs have different generation mechanisms and electrophysiological characteristics (Jiruska et al., 2017), the algorithm was designed to analyze the ripple and FR separately.



Slow-Wave Detection

Slow waves were detected in each intracranial channel separately by an automated detector. In bipolar intracranial channels, the polarity of slow wave depends on the local configuration of the cortex with respect to the electrode contacts. As physiologic activity in the gamma bands decreases during the down state of slow wave (Grenier et al., 2001; Mukovski et al., 2007), we computed the average gamma band (30–80 Hz) power in the positive and negative half-waves of slow wave to determine the polarity of the down state in each intracranial channel (von Ellenrieder et al., 2016). The polarity of the down state in each channel was selected as the one with lower average power in gamma band (von Ellenrieder et al., 2016). If the down state was the positive half-waves of slow wave, then signal of the channel will be turned into the opposite polarity. Thus, the down state of slow wave was the negative half-wave, which was same with scalp EEG.

We used the zero-phase finite impulse response filter (hamming window with 881 points) to band-pass the data from 0.1 to 4 Hz. Then the slow waves were detected according to the criteria that were used previously in scalp or intracranial EEG (Valderrama et al., 2012; von Ellenrieder et al., 2016): (1) a negative wave between two succeeding zero-crossings separated by 0.125–1 s and presenting only one main peak ≤80 mV and other negative peaks not exceeding 50% of the main one (in absolute value); (2) a subsequent (or antecedent) positive wave between two succeeding zero-crossings separated by 0.125–1 s; (3) a negative-to-positive (or positive-to-negative) peak-to-peak amplitude ≥140 mV. To include only the most prominent half-waves in each channel, we only kept the 25% highest absolute amplitude. Consequently, slow waves were detected as negative half-waves, with their corresponding preceding and following positive half-waves (von Ellenrieder et al., 2016). The slow waves were divided into three parts: preceding positive half-wave, negative half-wave, and following positive half-wave (Figure 1).
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FIGURE 1. Schematic of automatic slow wave, ripple, and fast ripple (FR) detection. The first row was the raw data. The second row was band-passed from 0.1 to 4 Hz, and slow wave was automatically detected. The three phases of the slow wave were labeled. The third row was band-passed from 80 to 200 Hz, and ripple was automatically detected. The fourth row was band-passed from 200 to 500 Hz, and FR was automatically detected.




Association Between High-Frequency Oscillations and Slow Waves

Firstly, we computed the ratio of HFOs superimposed on slow waves in each channel. If HFOs occurred at the following positive half-wave of a slow wave and the preceding positive half-wave of the subsequent slow wave at the same time, they would be eliminated automatically because it was difficult to identify which slow wave did the HFOs superimpose on. Moreover, if two succeeding HFOs occur in the same part of one slow wave, only the feature of the relationship between foregoing HFO and slow wave will be computed to avoid repeatability.

Then these characteristics were explored: (1) the distribution probability of HFOs in the three phases of slow waves; (2) the timing between the onset of each HFO and the peak of the down state of the slow waves; and (3) the relationship between the relative density of HFOs and the amplitude of slow waves. The slow-wave amplitude was calculated as the percentage of the absolute value of the negative peak; and (4) the slopes and spread rates of isolated slow waves that contain HFOs. The slope was defined as the amplitude of the most negative peak divided by the time from the previous zero-crossing to the negative peak. The spread rate referred to the number ratio of channels that showed slow wave-containing HFOs simultaneously to all recording channels.



Statistical Analysis

Data were analyzed using sigmaplot 12.0 (Systat Software, Inc., United States). The non-normal distribution data were compared by Mann–Whitney rank sum test. The composition ratio of HFO distribution in the three phases of slow wave in the two groups was compared by chi-square test. A P < 0.05 was considered statistically significant.



RESULTS

Nineteen subjects were included in the study (10 females) (see Table 1 for demographic and clinical data). The total number of channels was 757, with 420 (55.5%) in EZ and 337 (44.5%) in non-EZ.


TABLE 1. The clinical information of included patients.

[image: Table 1]

High-Frequency Oscillation Detection

A total of 20,238 ripples (12,756 in EZ and 7,482 in non-EZ) and 5,189 FRs (3,146 in EZ and 2,043 in non-EZ) were automatically detected. The median ripple rate in channels recording from the EZ was 3.9 (range 0–39.8) per minute and from the non-EZ 2.2 (range 0–45.4) per minute. In the case of FR, the median was 0.2 (range 0–23.4) per minute and 0 (range 0–37.0) per minute. The rate of both ripples and FRs in EZ were significantly higher than that in non-EZ (P < 0.001) (Figure 2).
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FIGURE 2. The number of ripples, fast ripple (FR), slow wave (SW)-ripple, and SW-FR in non-epileptogenic and epileptogenic zone (EZ). The rates of ripples (A), SW-ripple (B), FR (C), and SW-FR (D) in EZ were significantly higher than those in non-EZ (P < 0.001). SW-ripple or SW-FR refers to ripple or FR that superimposed on slow wave.




Slow-Wave Detection

A total of 20,478 slow waves (12,995 in EZ and 7,483 in non-EZ) were automatically detected. The median rate of detected slow waves in each EZ or non-EZ channel was 6.2 (range 0–18) or 4.4 (range 0–15.4) per minute, respectively. The rate of slow wave in EZ was significantly higher than that in non-EZ (P < 0.001).



Association Between High-Frequency Oscillations and Slow Waves

A total of 2,303 and 1,177 ripples were found superimposed on slow wave in EZ and non-EZ, respectively. Among them, 117 (5.1%) in EZ and 74 (6.3%) in non-EZ were excluded because of overlapping on two succeeding slow waves simultaneously; 85 (3.7%) in EZ and 43 (3.7%) in non-EZ were automatically eliminated due to superimposing in the same phase of a slow wave with another ripple. Then the median slow wave-ripple (SW-ripple) rate in channels recording from the EZ was 0.6 (range 0–10) per minute and from the non-EZ 0.2 (range 0–11.4) per minute.

A total of 653 and 308 FRs were found superimposed on slow wave in EZ and non-EZ channels, respectively. Among them, 21 (3.2%) in EZ and 11 (3.6%) in non-EZ were excluded because of overlapping on two succeeding slow waves simultaneously; 56 (8.6%) in EZ and 26 (8.4%) in non-EZ were automatically eliminated due to superimposing in the same phase of a slow wave with another FR. Then the median slow wave-FR (SW-FR) rate in channels recording from the EZ was 0 (range 0–4.4) per minute and from the non-EZ 0 (range 0–6.0) per minute (Figure 2).

The number of ripples in the three phases of slow wave were 572, 1106 (52.6%), and 423; and 350, 514 (48.5%), and 196 in EZ and non-EZ, respectively. Ripples in two groups were both likely to superimpose on the negative half-wave of the slow wave, but the composition ratio of ripple distribution in the three phases of slow wave was statistically different between the two groups (P = 0.003). The number of FR in the three phases of slow wave was 129, 368 (63.9%), and 79; and 74, 157 (57.9%), and 40 in EZ and non-EZ, respectively. FRs in the two groups were also likely to superimpose on the negative half-wave of the slow wave, and the composition ratio of FR distribution in the three phases of slow wave was not statistically different between the two groups (P = 0.217) (Figure 3).
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FIGURE 3. The distribution of high-frequency oscillations (HFOs) in the three different phases of slow wave. (A) Ripples in epileptogenic zone (EZ) and non-EZ were both likely to superimpose on the negative half-wave of the slow wave, but the composition ratio of HFO distribution in the three phases of slow wave was statistically different between EZ and non-EZ (P = 0.003). (B) Fast ripple (FR) in EZ and non-EZ tended to superimpose on the negative half-wave of the slow wave, and the composition ratio of HFO distribution in the three phases of slow wave was not statistically different between EZ and non-EZ (P = 0.217). Slow wave (SW)-ripple or SW-FR refers to ripple or FR that superimposed on slow wave.


The duration from the starting point of ripples to the negative peak of slow wave in EZ was shorter than that in the non-EZ (-174.0 vs. -231.0 ms, P = 0.008). As for FR, no statistical difference was found between the two groups (P = 0.430). Figure 4 shows the density of ripples per 50 ms as a function of the time to the peak of the down state of the slow waves.
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FIGURE 4. The density of high-frequency oscillations (HFOs) fluctuated with the time to the slow wave peak. (A) Density of ripples (80–200 Hz) per 50 ms as a function of the time to the peak (at t = 0) of the down state of the slow waves. The duration from the starting point of ripples to the negative peak of slow wave in epileptogenic zone (EZ) was closer than that in the non-EZ (−174.0 vs. −231.0 ms, P = 0.008). There was two times’ increase in the occurrence of ripples in channels recording from EZ 75 ms before the down state peak of the slow waves. (B) Density of fast ripple (FR) (200–500 Hz) per 50 ms as a function of the time to the peak (at t = 0) of the down state of the slow waves. No statistical difference was found between FR in EZ and non-EZ (−166.0 vs. −150.5 ms, P = 0.430).


During the HFOs superimposed on the negative half-wave of slow waves, the relative density of ripples and FRs in EZ and non-EZ was the highest during the nearly same slow-wave amplitude percentile (50–90%) (Figure 5).
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FIGURE 5. Relationship between relative density of high-frequency oscillations (HFOs) with slow-wave amplitude percentile in epileptogenic and non-epileptogenic zone (non-EZ). (A) The relative density of ripples at different slow-wave amplitude percentile. The relative density of ripples in EZ and non-EZ was the highest during 50–80% slow-wave amplitude percentile. (B) The relative density of fast ripple (FR) at different slow-wave amplitude percentile. The highest densities were distributed during 50–90%.


The slope of slow wave-containing ripples in EZ was steeper than that in the non-EZ (1.7 vs. 1.5 μV/ms, P < 0.001). As for FR, the slope of slow wave-containing FR in EZ was also steeper than that in the non-EZ (1.7 vs. 1.4 μV/ms, P < 0.001) (Figure 6).
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FIGURE 6. Slope and spread ratio of slow wave-containing high-frequency oscillations (HFOs) in epileptogenic and non-epileptogenic zone (non-EZ). (A) The slope of slow wave that contains ripples in EZ was steeper than that in the non-EZ (1.7 vs. 1.5 μV/ms, P < 0.001). (B) The spread ratio of isolated slow wave that contains ripple in EZ was higher than that in the non-EZ (32.3 vs. 30.1%, P < 0.001). (C) The slope of slow wave that contains fast ripple (FR) in EZ was steeper than that in the non-EZ (1.7 vs. 1.4 μV/ms, P < 0.001). (D) The spread ratios of isolated slow wave that contain FR were not statistically different between the two groups (31.0 vs. 28.7%, P = 0.788).


The spread ratio of isolated slow wave that contain ripples in EZ was higher than that in the non-EZ (32.3 vs. 30.1%, P < 0.001). As for FR, no statistical difference was found between the two groups (P = 0.788) (Figure 6).



DISCUSSION

In this research, we compared the different associations between HFOs and the slow waves during sleep in EZ and non-EZ. We found that the rate of HFOs overlapping with slow waves was higher in EZ than that in non-EZ. HFOs tended to occur at negative half-wave of slow wave in both two zones, but ripples in EZ were much closer to the negative peak of slow wave than that in the non-EZ. Slow wave-containing ripples in EZ had a steeper slope and wider distribution ratio than those in the non-EZ. But for slow wave-containing FR, only a steeper slope was identified.

We observed that HFOs in the EZ tended to occur before the peak of the deactivated down state of the slow wave, which was concordant with the previous reports (Frauscher et al., 2015; von Ellenrieder et al., 2016; Song et al., 2017; Samiee et al., 2018). Likewise, we demonstrated the same result in the non-EZ. It is proved that some FRs in non-EZ and EZ might be related by epileptic network (van’t Klooster et al., 2017); thus, it is reasonable that they had similar characteristics when they were closed in distance. Also, the irritative zones might not always be resected completely in epilepsy surgery, so the non-EZ probably included not only normal brain regions but also irritative zones. Previous studies found that the coupling of HFOs with the phase of the slow wave in normal brain regions occurred at the transition to the “up” state (Frauscher et al., 2015; von Ellenrieder et al., 2016), but in the irritative zone, it tended to occur more often before the peak of the deactivated or down state of the slow wave (von Ellenrieder et al., 2016). Therefore, in our study, the characteristics of relationship between HFOs and slow wave in non-EZ might be the comprehensive result from irritative and normal brain zones.

Although HFOs occurred more often at negative half-wave of slow wave in both EZ and non-EZ, ripples in EZ were significantly closer to the negative peak of slow wave than that in non-EZ. The actual underlying mechanisms leading to this observation were not clear. Partial evidence suggested that slow-wave oscillations might enhance synaptic excitability and hyper-excitability, which would in turn facilitate the development of pathological hypersynchrony and eventually form epileptiform activity (Schall et al., 2008; Nazer and Dickson, 2009; Samiee et al., 2018).

Moreover, in the EZ, slow wave that contain HFOs had a steeper slope. Previously, the slope was a proxy measure of the rapidity of neural firing synchronization, which reflected synaptic strength (Esser et al., 2007; Riedner et al., 2007). Here, we calculated the slope from the preceding crossing zero to the peak of the down state. The rate at which this transition occurred across the population was determined by synaptic activity. The rate at which a population of neurons left the up state was based on the rate at which synaptic activity was removed from the network as neurons one by one entered the down state, which was in turn determined by synaptic strength (Riedner et al., 2007). Hence, it is deducible that the steeper slope of the slow wave in the EZ might indicate a higher synaptic strength, which might facilitate the occurrence of HFOs (Jiruska et al., 2017; Cepeda et al., 2020).

We also concluded that slow wave-containing ripples in EZ had wider distribution ratio than that in the non-EZ. Low-frequency rhythms, such as slow waves, were formed by a large-scale cellular network, while high-frequency rhythms were formed by a small-scale cellular network (von Stein and Sarnthein, 2000). It was demonstrated that large networks of neurons fired in synchrony and produced local-field oscillatory signals in the gamma ripple band that were triggered by slow-wave oscillations (Samiee et al., 2018). Therefore, the widespread slow waves that contain HFOs in the EZ might reflect more vulnerable tissue that could transform into epileptogenic focus.

In our study, some drawbacks existed. At primary, the number of patients was limited. Secondly, we just deduced the EZ according the resection range from patients with good surgical outcome, but the realistic size of EZ might be less than the surgery resection range. Thirdly, absolute amplitude was used to detect intracranial slow wave, which needed more discussion.



CONCLUSION

In this study, we explored the association between HFOs and interictal slow wave in refractory focal epilepsy with good surgical outcome. We found that HFOs in EZ and non-EZ had different characteristics: although ripples preferred to occur on the down state of slow waves in both EZ and non-EZ, ripples in EZ tended to be closer to the down-state peak of slow wave than in non-EZ. Besides, slow wave-containing ripples in EZ had a steeper slope and wider distribution ratio than those in the non-EZ. But for slow wave-containing FR, only a steeper slope was observed. These different features between EZ and non-EZ are probably due to the synaptic hyper-excitability or the higher synaptic strength in EZ. Using the different relationship between HFOs and slow wave may be an efficient way to differ HFOs in EZ from non-EZ. More efforts are needed to verify the validity.
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