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Intraoperative fast ripples independently predict postsurgical 
epilepsy outcome: Comparison with other electrocorticographic 
phenomena
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Sankar, MD, PhD1,4, and Joyce Y. Wu, MD1

1Division of Pediatric Neurology, Mattel Children’s Hospital UCLA, University of California Los 
Angeles, Los Angeles, CA

2Departments of Neurosurgery and Psychiatry & BioBehavioral Sciences, University of California 
Los Angeles, Los Angeles, CA

3The Brain Research Institute, and The Intellectual and Developmental Disabilities Research 
Center, University of California Los Angeles, Los Angeles, CA

4Department of Neurology; David Geffen School of Medicine, University of California Los 
Angeles, Los Angeles, CA

Abstract

In the surgical management of epilepsy, the resection of cortex exhibiting interictal fast ripples 

(250–500 Hz) on electrocorticography has been linked to postoperative seizure-freedom. Although 

fast ripples appear to accurately identify the epileptogenic zone—the minimum tissue that must be 

Corresponding author: Shaun A. Hussain, MD, MS, Division of Pediatric Neurology, Mattel Children’s Hospital UCLA, David Geffen 
School of Medicine, Room 22-474 MDCC, 10833 Le Conte Ave, Los Angeles, CA 90095-1752, Tel: +1-310-825-6196, Fax: 
+1-310-825-5834, shussain@mednet.ucla.edu. 

Disclosure of Conflicts of Interest
Dr. Hussain has received research support from the Epilepsy Therapy Project, the Milken Family Foundation, the Hughes Family 
Foundation, the Elsie and Isaac Fogelman Endowment, Eisai, Lundbeck, Insys Therapeutics, GW Pharmaceuticals, and the NIH 
(R34MH089299), and has served on the scientific advisory boards of Questcor Pharmaceuticals, Mallinckrodt Pharmaceuticals, and 
Upsher-Smith Laboratories, Insys Therapeutics and as a consultant to Eisai.
Dr. Mathern serves as Co-Editor in Chief for Epilepsia, and Epilepsia-Open, and is on the editorial boards of Neurology, Epileptic 
Disorders, Epilepsy & Seizures, and Epilepsy Research, on the Data Management Committee of Neuropace, Inc; and receives research 
support from the NIH (R01NS038992[PI]), the RE Children’s Project, and is supported by the Davies/Crandall Chair for Epilepsy 
Research at UCLA. He has received funds to support travel in association with his volunteer work from the International League 
Against Epilepsy (ILAE).
Dr. Sankar serves on scientific advisory boards for and has received honoraria and funding for travel from Eisai, UCB Pharma, 
Sunovion, Supernus, Upsher-Smith, Acorda, and Lundbeck Pharma; receives royalties from the publication of Pediatric Neurology, 
3rd ed. (Demos Publishing, 2008) and Epilepsy: Mechanisms, Models, and Translational Perspectives (CRC Press, 2011); serves on 
speakers’ bureaus for and has received speaker honoraria from Eisai, UCB, GlaxoSmithKline, Cyberonics, Supernus, and Lundbeck.
Dr. Wu serves on the professional advisory board for the Tuberous Sclerosis Alliance; has received honoraria from and serves on the 
scientific advisory board and the speakers’ bureau forNovartis Pharmaceuticals Inc. and Lundbeck; and has received research support 
from the Tuberous Sclerosis Alliance, Novartis Pharmaceuticals Inc., Today and Tomorrow Children’s Fund, Department of Defense/
Congressionally Directed Medical Research Program, and the NIH (P20NS080199 [Co-I], U01NS082320 [Co-I], R01NS082649 
[PI]), U54NS092090 [Co-I], and U01 NS092595 [Co-I]).
The remaining authors have no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Epilepsy Res. Author manuscript; available in PMC 2018 September 01.

Published in final edited form as:
Epilepsy Res. 2017 September ; 135: 79–86. doi:10.1016/j.eplepsyres.2017.06.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



removed at surgery to achieve seizure-freedom—it has not been established that fast ripples are a 

superior biomarker in comparison with multimodal presurgical neuroimaging and other 

electrocorticography abnormalities. Hence, in the prediction of postoperative seizure-freedom, we 

compared the value of fast ripples with other intraoperative electocorticography abnormalities 

including focal slowing, paroxysmal fast activity, intermittent spike discharges, continuous 

epileptiform discharges, focal attenuation, and intraoperative seizures, as well as complete 

resection of the lesion defined by MRI and other neuroimaging. In a cohort of 60 children with 

lesional epilepsy and median postsurgical follow-up exceeding 4 years, who underwent resective 

epilepsy surgery with intraoperative electrocorticography, we evaluated the extent to which 

removal of each intraoperative electrocorticography abnormality impacts time to first 

postoperative seizure using the Kaplan-Meier method and Cox proportional hazards regression. 

Secondly, we contrasted the predictive value of resection of each competing electrocorticography 

abnormality using standard test metrics (sensitivity, specificity, positive predictive value, and 

negative predictive value). In contrast with all other intraoperative electrocorticography 

abnormalities, fast ripples demonstrated the most favorable combination of positive predictive 

value (100%) and negative predictive value (76%) in the prediction of postoperative seizures. 

Among all candidate electrocorticography features, time to first postoperative seizure was most 

strongly associated with incomplete resection of fast ripples (hazard ratio = 19.8, p <0.001). In 

multivariate survival analyses, postoperative seizures were independently predicted by incomplete 

resection of cortex generating fast ripples (hazard ratio = 25.4, 95%CI 6.71 – 96.0, p < 0.001) and 

focal slowing (hazard ratio = 5.79, 95%CI 1.76 – 19.0, p = 0.004), even after adjustment for the 

impact of an otherwise complete resection. All children with incomplete resection of interictal FR-

generating cortex exhibited postoperative seizures within six months. Notably, this cohort included 

many patients with large resections and thus limited opportunity to exhibit unresected fast ripples. 

Future study in a cohort with small resection volume, or a clinical trial in which resection margins 

are guided by fast ripple distribution, would likely yield a more precise estimate of the risk posed 

by unresected fast ripples. With a high detection rate during brief intraoperative 

electrocorticography and favorable positive and negative predictive value, interictal fast ripple 

characterization during surgery is a feasible and useful adjunct to standard methods for epilepsy 

surgery planning, and represents a valuable spatially-localizing biomarker of the epileptogenic 

zone, without the need for prolonged extraoperative electrocorticography.

Keywords

High Frequency Oscillation; Epilepsy Surgery; Seizure Outcome; Intraoperative 
Electrocorticography; EEG; Biomarker

1. Introduction

High frequency cortical oscillations termed fast ripples (FR, 250–500 Hz) are thought to 

identify epileptogenic neocortex (Bragin et al., 1999) and have been proposed as a 

biomarker of the epileptogenic zone (EZ), defined as the area of cortex indispensable for the 

generation of seizures (Rosenow and Lüders, 2001). In the surgical management of epilepsy, 

multiple retrospective studies using intraoperative (van Klink et al., 2014; van ’t Klooster et 

al., 2015b; J. Wu et al., 2010a) or extraoperative (Akiyama et al., 2011; Haegelen et al., 

Hussain et al. Page 2

Epilepsy Res. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2013; Jacobs et al., 2010; Okanishi et al., 2014) electrocorticography (ECoG), as well as a 

single prospective report (Hussain et al., 2016), have linked resection of FR-generating 

cortex to postoperative seizure freedom. Still, like many surgical interventions, the use of FR 

data to guide resection has not been validated in a clinical trial, though a randomized non-

inferiority study (“The HFO Trial”) is now underway (van ’t Klooster et al., 2015a). 

Furthermore, there has been only limited comparison of FR to other abnormalities routinely 

observed during conventional intraoperative ECoG, such as focal background slowing, 

intermittent spikes or sharp-waves, continuous epileptiform discharges (Gambardella et al., 

1996), paroxysmal fast activity (PFA, 30–100 Hz, also known as gamma) (Wu et al., 2008), 

focal attenuation, and ictal events. Utilizing a large cohort with extended postoperative 

follow-up, we set out to (1) better define the value of FR as a biomarker of the EZ by 

comparing intraoperatively-identified FR with other ECoG abnormalities in the prediction of 

postoperative epilepsy outcomes, and (2) quantify the independent hazard posed by 

incomplete FR resection, even when surgical resection is otherwise complete on the basis of 

neuroimaging.

2. Material and Methods

2.1 Standard protocol approvals

The institutional review board at the University of California Los Angeles (UCLA) approved 

the use of human subjects (protocol #11-000771) and waived the requirement for written 

informed consent, as all testing (i.e. intraoperative ECoG) was performed on a routine 

clinical basis.

2.2 Patients

All children with medically refractory epilepsy who underwent epilepsy surgery with the 

UCLA Pediatric Epilepsy Surgery Program between August 2007 and August 2009 were 

included in this study and have been previously reported (Hussain et al., 2016; J. Wu et al., 

2010a). Refractory epilepsy was defined as at least monthly seizures despite failure of at 

least three appropriate antiepileptic drugs (Kwan et al., 2010). There were no exclusion 

criteria.

2.3 Patient evaluation and surgical planning

Our detailed approach to identify and treat pediatric epilepsy surgery candidates has been 

described previously (Hemb et al., 2010; Hussain et al., 2016; Salamon et al., 2008; Wu et 

al., 2010a; Wu et al., 2010b). Briefly, we emphasize complete resection of an EZ chiefly 

defined by non-invasive testing, and especially MRI. We have found that co-registration of 

MRI and 18-fluorodeoxyglucose positron emission tomography (PET) is valuable in 

identifying the full extent of MRI abnormalities (Salamon et al., 2008), and thus the EZ. We 

occasionally utilize magnetic source imaging when other studies are inconclusive. In the 

operating room, we routinely utilize neuronavigation of the MRI-PET co-registration in 

combination with brief intraoperative ECoG to refine the ultimate cortical margins of 

surgical resection (Olson et al., 1990). Extended extraoperative ECoG is reserved for 

exceptional cases requiring functional mapping of eloquent cortex. This approach has 

resulted in favorable rates of postoperative seizure-freedom, infrequent use of extraoperative 
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ECoG, and a presumptive bias toward larger resections of well-defined lesions (Hemb et al., 

2010; Hussain et al., 2016; Wu et al., 2010a; Wu et al., 2010b). We acknowledge that the 

ideal approach to epilepsy surgery in children is the subject of ongoing debate (Cross et al., 

2006; Harvey et al., 2008; Jayakar et al., 2016).

2.4 Data abstraction

Clinical characteristics of the study population were abstracted from the electronic medical 

record. With respect to the lesion defined by neuroimaging, all cases underwent MRI six 

months following surgery and the area resected was compared with pre-surgical imaging to 

classify each resection as complete or incomplete. For our analyses, resections were not 

classified as complete/incomplete on the basis of any intraoperative ECoG findings. In 

evaluating the impact of etiology/histopathology, each patient was classified as 

developmental (cortical dysplasia, hememegalencephy, and tuberous sclerosis complex) or 

acquired (all other etiologies) (Devlin et al., 2003).

2.5 ECoG recording and FR identification

Our procedures for FR characterization, including anesthetic considerations (Constant et al., 

2005), have been previously described in detail (Hussain et al., 2016; Wu et al., 2010a). 

Briefly, intraoperative ECoG was performed during all surgeries and recorded with grid and 

strip macroelectrodes (AdTech, Racine, WI). Electrodes were sequentially repositioned over 

the putative EZ as needed (typically 4 to 5 total positions), with recording lasting several 

minutes at each position. Simultaneously, for all non-hemispherectomy cases, at least one 

“control” strip of electrodes was placed over cortex which was believed to be distant from 

the EZ. ECoG was recorded with a 2000 Hz sampling rate with an anti-aliasing 500 Hz high 

frequency (low-pass) filter, no low frequency (high-pass) filter, and no notch filter, on the 

Harmonie long-term monitoring system (Alpine Biomed; Montreal, Canada). All ECoG 

took place on a pre-resection intraoperative basis before resection and no child in this cohort 

underwent extraoperative or post-resection ECoG. Electrocorticography tracings were 

reviewed with a referential montage, referenced to a contralateral scalp electrode.

As previously reported, FR identification was retrospective between August 2007 and 

September 2008 (n = 30) (Wu et al., 2010a) and either “live” in the operating room (n = 11) 

or “prospective” within one week of surgery (n = 19) between October 2008 and August 

2009 (Hussain et al., 2016). For each electrode, we tabulated whether or not it was included 

in the resection and whether or not FR were detected. Accordingly, we determined whether 

surgical resection encompassed all, some, or none of the cortex generating FR events. As in 

our prior publications (Hussain et al., 2016; Wu et al., 2010a), and as advocated for 

statistical considerations (van ’t Klooster et al., 2015b), we have focused on the presence or 

absence of FR and other ECoG markers rather than normalized or otherwise adjusted event 

rates which take into consideration the total number of channels in which any particular 

ECoG abnormality is observed.

2.6 Conventional ECoG Interpretation

For all ECoG studies, conventional intraoperative ECoG was performed to guide surgical 

resection, and official clinical interpretation was carried out within one week of surgery, and 
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without knowledge of FR data. The same ECoG studies were retrospectively re-reviewed by 

a second board-certified pediatric electroencephalographer (JYW), blinded to FR 

localization and postoperative outcome, to confirm the presence and location of each of the 

abnormal findings on ECoG: focal slowing, focal voltage attenuation, isolated spikes/sharp 

waves, continuous epileptiform discharges, PFA, and ictal events. Seizures, focal slowing, 

focal voltage attenuation, and focal spikes were identified according to the definitions of 

Sperling (Sperling, 2003), PFA was identified according to the description of Wu and 

colleagues (Wu et al., 2008), and continuous epileptiform discharges were identified 

according to the description of Gambardella and colleagues (Gambardella et al., 1996). Each 

of the six findings were reviewed independently of FR characterization. In parallel to our 

approach for FR, we tabulated whether or not each abnormality was within the final 

resection.

2.7 Postoperative outcome assessment

Follow-up occurred on a routine clinical basis and began no later than six months after 

surgery, and at least annually thereafter following a standard protocol (Hemb et al., 2010). 

Seizure outcome was noted at each of these visits, and anti-epileptic drugs were adjusted 

when clinically appropriate.

2.8 Statistical methods

Continuous summary data were presented as median and interquartile range (IQR) based on 

non-parametric distributions. Comparisons of proportions and medians were accomplished 

using the Fisher exact test and Wilcoxon rank-sum test, respectively. Survival analyses were 

conducted using the Kaplan-Meier procedure and Cox proportional hazards regression. 

Sensitivity was defined as the proportion of patients with postoperative seizures who had 

incomplete resection of cortex exhibiting the ECoG finding of interest, and similarly, 

specificity was defined as the proportion of patients with postoperative seizure-freedom who 

exhibited complete resection of each ECoG finding. Positive predictive value (PPV) was 

defined as the proportion of patients with retained cortex generating the ECoG finding of 

interest who developed postoperative seizures. Likewise, negative predictive value (NPV) 

was defined as the proportion of patients without retained cortex with the ECoG abnormality 

of interest who remained seizure-free. 95% confidence intervals for proportions were 

calculated using the Agresti-Coull method (Agresti and Coull, 1998). Patients without a 

given ECoG finding detected were excluded from univariate analyses specific to that ECoG 

finding, but retained in multivariate analyses so as to avoid biasing the estimated hazard of 

competing ECoG predictors for postoperative outcome. All comparisons were two-sided and 

significant results were considered at p < 0.05. STATA software (version 11, College Station, 

Texas, USA) was used for all calculations.

3. Results

3.1 Cohort Characteristics

Clinical attributes for the study population are summarized in Table 1. Sixty consecutive 

children with intractable lesional epilepsy underwent surgery with intraoperative ECoG 

assessment between August 2007 and August 2009. Of note, the majority of children (78%) 
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exhibited extratemporal lobe epilepsy. Latency to surgery was substantial: Median age at 

onset of epilepsy was 9.9 months and median age at surgery was 9.1 years, similar to 

previous cohorts reported by our group (Hemb et al., 2010; Hussain et al., 2016; Wu et al., 

2010a; Wu et al., 2010b). Twenty-one (35%) patients had a history of infantile spasms, 

including 10 (17%) with active spasms at the time of surgery. Half of resections were limited 

to a single lobe, and 43% of patients underwent hemispherectomy. Resections were 

classified as “complete” based on postoperative neuroimaging in all but one case in which 

the child underwent the first resection in a two-stage hemispherectomy for Rasmussen 

encephalitis. This patient’s second surgery was not included in our statistical analyses. 

Median follow-up duration was 4.1 years (2.6 – 6.6).

In comparison to the previously reported retrospective subgroup (August 2007 to September 

2008, n=30) (Wu et al., 2010a), the subsequent prospective subgroup (October 2008 to 

August 2009, n=30) (Hussain et al., 2016), did not differ with respect to age at epilepsy 

onset (p = 0.43), age at surgery (p = 0.98), duration of epilepsy (p = 0.59), sex (p = 1.00), 

number of AEDs at the time of surgery (p = 0.61), and type of surgical resection (p = 0.78). 

Accordingly, all subsequent analyses were pooled for the retrospective and prospective 

groups (n = 60).

3.2 ECoG Sampling and FR Findings

Of the 60 ECoG recordings, one lobe was sampled in three (completion of frontal lobectomy 

or hemispherectomy), two lobes were sampled in 18, three lobes were sampled in 34, and all 

four lobes were sampled in five patients. The median ECoG duration was 10.0 minutes 

(IQR, 7.0 – 13.7 minutes). FR were identified 48 studies (80%). Among the 12 patients that 

did not exhibit FR on ECoG, sampling was quite limited, as described previously (Hussain 

et al., 2016; Wu et al., 2010a). Although the median duration of ECoG tended to be longer 

among patients with observed FR (10.0 minutes, IQR 6.0 – 11.0) in comparison with 

patients without observed FR (8.5 minutes, IQR 7.0 – 15.5), the difference was not 

statistically significant.

3.3 Findings of other ECoG abnormalities

Conventional ECoG abnormalities were tabulated in the same fashion as FR. PFA was found 

in 29 recordings (48.3%), focal slowing in 52 (86.7%), continuous epileptiform discharges 

in nine (15.0%), intermittent spikes and sharp waves in 45 (75.0%), focal voltage attenuation 

in 10 (16.7%), and ictal events in five (8.3%). Although the vast majority of studies 

exhibited multiple coexistent abnormalities, none of these conventional ECoG abnormalities 

co-occurred with a frequency greater than would be expected by chance alone (all p > 0.05). 

However, the detection of FR was highly correlated with the identification of PFA (p = 

0.014), such that patients with observed PFA were more likely to exhibit FR, and vice versa. 

Of interest, among patients with coexistent FR and PFA, these phenomena often occurred 

simultaneously.

Seizures occurred during five ECoG studies. FR and ictal onset were (1) localized to the 

same single electrode in one patient, with FR observed two minutes before the seizure, (2) 

localized to neighboring electrodes (1 cm apart, measured center-to-center) in two patients, 
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or (3) localized to disparate electrodes (2 cm apart) in two patients. Cortex corresponding to 

these ictal onsets was completely resected in all five patients, and FR were completely 

resected in four. The single patient with incomplete FR resection is the same aforementioned 

patient with intentionally incomplete resection in the setting of staged hemispherectomy. He 

suffered postoperative seizures and underwent successful hemispherectomy completion 12 

months later. Importantly, there were no cases with complete FR resection and incomplete 

resection of either the MRI lesion and/or cortex with ictal onset.

3.4 Association of ECoG abnormalities and clinical characteristics

In a series of exploratory analyses, we evaluated the association of individual ECoG 

abnormalities with the following clinical variables: sex, age of onset of epilepsy, duration of 

epilepsy, age at surgery, number of AEDs at surgery, etiologic/histopathologic classification. 

In pairwise comparisons, the presence of FR and PFA were individually associated with 

female sex (p = 0.021 and p = 0.038, respectively) and younger age at surgery (p = 0.044 

and p = 0.0010, respectively). In other pairwise analyses, the detection of intermittent spikes 

and sharp waves was associated with a higher burden of AEDs at the time of surgery (p = 

0.011), and the presence of slowing was associated with fewer AEDs at surgery (p = 0.046) 

and a longer duration of epilepsy (p = 0.045). Neither historical nor active infantile spasms 

at surgery were associated with detection of any ECoG abnormality. There were no other 

significant pairwise associations.

In considering etiology/histopathology, the most common cause of epilepsy was cortical 

dysplasia (CD, n = 30), followed by TSC (n = 7), stroke (n = 7), Rasmussen encephalitis (n 

= 6), tumor (n = 5), Sturge-Weber Syndrome (n = 2), hemimegalencephaly (HME, n = 1), 

post-infectious injury (n = 1), and post-traumatic injury (n=1). Etiologic/histopathologic 

classification, categorized as developmental (CD, HME, and TSC) or acquired (all other 

etiologies), was not associated with the presence of FR. Although there was a trend toward 

more frequent discovery of FR among developmental etiologies (p = 0.083), this comparison 

may be confounded by age; those patients with developmental etiologies were considerably 

younger at the time of surgery than patients with acquired etiologies (p = 0.017). Among 

other ECoG findings, only continuous epileptiform discharges exhibited an association with 

etiologic/histopathologic classification, such that all nine instances of continuous 

epileptiform discharges were observed among children with developmental etiologies (p = 

0.023).

3.5 Postoperative outcome

Median postoperative follow-up for this cohort was 4.1 years (2.6 – 6.6) and seizure freedom 

was achieved in 42 (70.0%) children, which is similar to previous reports from our 

institution (Hemb et al., 2010; Hussain et al., 2016; Wu et al., 2010a; Wu et al., 2010b). As 

expected from the literature (Fallah et al., 2015; Jayakar et al., 2016), and as summarized in 

Table 2, univariate Cox proportional hazards regression revealed that time to first 

postoperative seizure is linked to incomplete resection of the EZ (classified on the basis of 

preoperative evaluation—especially MRI—and specifically not considering ECoG findings), 

with a nearly twenty-fold hazard (HR = 19.8, p < 0.001). Similarly, time to postoperative 

first seizure was linked to incomplete resection of FR (HR = 25.4, p <0.001, Figure 1) and 
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focal slowing on ECoG (HR 3.6, p = 0.016, Figure 2). However, in multivariate analysis, an 

incomplete resection on the basis of presurgical neuroimaging was no longer associated with 

elevated hazard (HR 3.0, p = 0.36) and only FR (HR 25.4, p < 0.001) and slowing (HR 5.8, p 

= 0.004) remained independent predictors of time to first postoperative seizure. Thus, the 

complete resection of FR and slowing each confer independent benefit, above and beyond 

the impact of an otherwise complete resection by neuroimaging. Foremost, all six children 

with incomplete resection of FR exhibited early surgical failure with seizures resuming 

within six months of surgery. None of these associations were modified by other clinical and 

demographic factors on multivariate analysis, and the impact of incomplete resection of FR 

and slowing remained highly significant when limiting the analyses to patients who did not 

undergo hemispherectomy, i.e. those patients among whom ECoG abnormalities could be 

both detected and incompletely resected (Table 2).

3.6 Characteristics of individual ECoG findings

The resection of cortex corresponding to each ECoG finding was assessed using test metrics 

and results are summarized in Table 3. For FR, we found sensitivity of 38% (95%CI, 18 – 

61), specificity of 100% (87 – 100), PPV of 100% (56 – 100), NPV of 76% (61 – 87), and 

accuracy of 79% (66 – 88). Of particular note, FR was the only ECoG finding with a high 

detection rate (prevalence), high overall accuracy, and favorable positive and negative 

predictive values.

4. Discussion

Having combined our retrospective (Wu et al., 2010a) and prospective (Hussain et al., 2016) 

series to yield a much larger cohort with median postoperative follow-up exceeding 4 years, 

this is the largest and longest study to evaluate the impact of FR on epilepsy surgery 

outcomes. In this study, we found evidence demonstrating that FR appear to be a superior 

biomarker of the EZ in comparison with other intraoperative ECoG abnormalities. Echoing 

our previous reports, our findings indicate that complete removal of cortex generating FR—

and to a lesser extent focal slowing—greatly increases the likelihood of postoperative 

seizure freedom. The impact of FR appears to be especially robust as the association with 

seizure freedom was not confounded by demographic or etiologic factors, and that 

incomplete removal of FR-generating cortex independently confers more than 20-fold 

increased risk of surgical failure, above and beyond the impact of an otherwise complete 

resection by neuroimaging. In addition to adding value in surgical planning and prognosis, 

the feasibility of FR characterization at surgery is apparent with the high prevalence of FR 

(80%) on brief intraoperative ECoG and our previous demonstration that FR can be 

identified “live” in the operating room (Hussain et al., 2016).

Our findings are congruent with results from multiple independent investigators and 

previous studies. The resection of FR has been statistically linked to favorable postoperative 

epilepsy outcomes in multiple studies using diverse cohorts and varied methodology in the 

characterization of FR (Akiyama et al., 2011; Cho et al., 2014; Hussain et al., 2016; Jacobs 

et al., 2010; Okanishi et al., 2014; van Klink et al., 2014; van ’t Klooster et al., 2015b; J. Wu 

et al., 2010a). In contrast to previous reports, the large size of our cohort and the long 
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duration of follow-up have enabled us to not only identify a cross-sectional association, but 

to implement longitudinal multivariate survival analyses. This allowed identification of 

surgical failure risk that is specifically attributable to FR, while adjusting for the effect of 

competing ECoG abnormalities as well as the impact of an otherwise complete resection.

Despite the risk of postoperative seizures that we have attributed to incomplete FR resection, 

FR characterization is not perfect, and is by no means a standalone biomarker of the EZ. In 

particular, eight patients in this series, and similar proportions in other reports (Jacobs et al., 

2010; van Klink et al., 2014), with apparently complete FR resection went on to have 

postoperative seizures. Although some epileptogenic cortices may not produce FR, we 

believe it is more likely that we simply failed to sample EZs that were inaccessible by 

intraoperative ECoG. As we cannot ensure complete resection of FR-containing cortex if 

such cortex is never sampled, it is important to note that the use of FR data is critically 

dependent upon the topographic extent of ECoG sampling. Moreover, as surgical approaches 

(and thus exposure of cortex that can be sampled) are largely guided by preoperative 

neuroimaging, we may often be unable to adequately sample cortex that is distant from MRI 

abnormalities. In this study, our sampling may have been more extensive than would be 

expected at other centers because a high percentage of surgeries were hemispherectomies. 

Conversely, had we employed extended extraoperative ECoG, we might have had a greater 

opportunity to identify FR with lower event rates. This is clearly problematic as the 

distribution of neuroimaging abnormalities is often discordant with the topography of FR 

abnormalities (Hussain et al., 2016; Wu et al., 2010a). More expansive ECoG would 

mitigate such bias, though the potential benefit of additional sampling must be weighed 

against the risks of invasive monitoring, especially extended extraoperative monitoring 

(Schmidt et al., 2016).

It is also possible that our identification of FR was limited on a technical basis such that FR 

may be inadequately distinguished from ECoG background activity—especially when 

dependent on human visual identification. The recent demonstration that a custom low-noise 

amplifier increased FR-detection rates—and importantly—improved prediction of 

postoperative outcome is an encouraging development (Fedele et al., 2017). Further 

technological innovation is clearly needed, especially as it pertains to ongoing efforts to 

identify FR on scalp EEG (Pizzo et al., 2016).

Inasmuch as sampling limitations and bias may lead to the false impression that FR 

resection is complete, the opposite phenomenon is more concerning. Whereas we have 

reported that all six patients with incomplete FR resection suffered postoperative seizures 

(PPV = 100%), others have reported somewhat lower risk (PPV = 75%) attributed to 

residual FR (van ’t Klooster et al., 2015b). One potential explanation is that some residual 

FR may be physiologic rather than pathologic. Indeed, the presence of physiologic and 

pathologic high frequency oscillations with similar morphology certainly complicates FR 

characterization. However, physiologic high frequency oscillations most often occur in the 

ripple range (80 – 250 Hz) (Axmacher et al., 2008; Kerber et al., 2014; Melani et al., 2013; 

Wang et al., 2013), and although physiologic FR have been reported, they tend to be 

stimulus-evoked rather than spontaneous (Matsumoto et al., 2013; Nagasawa et al., 2012). A 

key exception may be FR arising from occipital cortex, where spontaneously occurring 
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physiologic FR can masquerade as pathologic FR. To avoid misclassification, we emphasize 

FR (>250 Hz) rather than ripples (<250 Hz), and interpret occipital FR with caution.

With regard to internal validity, there is no consensus as to how FR are best identified and 

quantified. Inter-rater reliability in the manual identification FR has not been established, 

and future study is warranted to contrast the merits and limitations of manual versus 

automated FR detection. An initial validation of a contemporary automated FR detector was 

successful in that channels with automatically-detected FR matched channels with expert-

identified FR well, and automatically-detected FR predicted postoperative outcomes with 

high PPV (Fedele et al., 2016). With regard to the identification of many established EEG 

phenomena (e.g. epileptiform discharges, slowing, attenuation) we have previously 

demonstrated that inter-rater reliability is poor (Hussain et al., 2015). Broadly speaking, we 

must seek consensus as to how FR are quantified (presence/absence versus event rates), 

determine whether ECoG sampling is best accomplished on an extraoperative or 

intraoperative basis, and decide whether the search for FR should be conducted before 

and/or after resection.

Several methodologic limitations of this study must be acknowledged. Foremost, this study 

is not a controlled clinical trial, and the resection of any abnormality was simply observed, 

rather than assigned in a randomized and blinded fashion. Although we are confident that 

specific ECoG abnormalities (especially FR) were, or were not, completely removed based 

on observed resection margins, we did not conduct post-resection ECoG in any of these 

patients and therefore cannot verify with certainty that specific ECoG abnormalities were 

completely resected. In particular, it is possible that surgical resection may lead to the 

production of FR not observed preoperatively, with the hypothesis that tissue at the margin 

of resection may become epileptogenic and thus exhibit de novo FR after resection, or that 

resection may modify the electrographic expression of modified/residual epileptic networks. 

Given these considerations, it is now our practice to ascertain FR both before and after 

resection. With respect to external validity, we have studied a pediatric cohort with lesional 

epilepsy whose resections were generally “complete”, with removal of EZs defined by 

multimodal preoperative noninvasive evaluation. Our findings may not generalize to adults, 

patients with non-lesional epilepsy, or patients for whom extraoperative ictal ECoG is 

warranted.

Importantly, whereas many centers often rely upon seizure-onset localization on ECoG, we 

recorded seizures during ECoG in only five patients. However, even among this limited 

subset of patients with ictal ECoG, FR and seizure-onset were topographically discordant in 

four of five patients, suggesting that these electrographic findings offer distinct and perhaps 

complimentary prognostic meaning. Indeed, in a relatively small study using extraoperative 

ECoG, although FR and ictal onsets are often co-localized, a minority of patients exhibited 

distinct FR and seizure-onset zones, and the resection of FR was a better predictor of 

seizure-freedom than resection of the seizure-onset zone (Cho et al., 2014).

Lastly, although we utilized a rather large cohort for this analysis, many patients underwent 

extensive resections, including 26 patients with hemispherectomy. As demonstrated in Table 

2, these patients had essentially no opportunity to retain cortex that exhibited preoperative 
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FR, and thus contributed little to our assertion that retained FR are independent predictors of 

early surgical failure. In addition, as we encountered just six patients with incomplete 

resection of FR, our hazard estimates are somewhat imprecise, as seen in the relatively wide 

confidence intervals. Accordingly, repetition of this study in a cohort with more conservative 

resection margins (i.e. smaller resection volume and presumably higher rate of postoperative 

seizures) might be useful in the effort to more accurately estimate the risk posed by 

unresected FR.

We believe a subsequent study—i.e. a prospective controlled trial—evaluating the hazard of 

unresected ictal FR would be of great value. However, we have now exposed several ethical 

challenges. Foremost, given that all of our patients with incompletely resected FR exhibited 

early surgical failure, it may not be permissible to randomize a subject to lack of FR 

removal, especially in cases in which extension of the resection margin confers little additive 

risk. In addition, whereas these data suggest that a resection should be extended when FR 

are encountered outside the margins of an EZ defined with standard methods, perhaps 

resections should be more conservative when FR are detected only within a subportion of a 

proposed EZ. On the other hand, given the sacrosanct (and evidence-based) belief that 

lesional tissue and the seizure-onset zone are critical determinants of the EZ, any clinical 

trial in which patients are assigned to a lack of resection of the seizure-onset zone and/or 

lesional tissue—supposing a lack of FR identified within the seizure-onset zone or lesion—

would be met with great controversy, and appropriately so given the aforementioned 

limitations of sampling. Indeed, although we suggest resection of FR is necessary to achieve 

seizure freedom, there is little evidence indicating that FR resection alone is sufficient.

In the absence of a prospective clinical trial “proving” that complete resection of FR 

improves surgical outcomes, many clinicians are understandably reluctant to use FR 

characterization on a routine clinical basis, as this would likely yield larger surgical 

resections. Still, given that multiple independent groups have linked incomplete resection of 

FR to surgical failure, and now having established the utility of FR localization on an 

observational basis in the largest and longest study to date, perhaps it is no longer reasonable 

to ignore these data. Until a carefully designed clinical trial proves otherwise, we believe the 

judicious use of FR localization to refine the margins of surgical resection is both ethical and 

feasible. In our program, we will now begin using intraoperative FR localization—mindful 

of its limitations—to guide surgical resection on a routine clinical basis, especially among 

those patients for whom extraoperative ECoG is unnecessary. Above all, this and other 

studies seeking to validate FR as a biomarker of the EZ are a signal to epileptologists—and 

all practitioners—that epilepsy surgery is a viable means to treat many patients with 

refractory epilepsy, and that new technologies can be leveraged to mitigate the risk of 

surgery and further improve epilepsy outcomes.
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Highlights

• This is the largest study to evaluate the impact of FR on surgical outcomes.

• FR exhibit the best combination of positive and negative predictive value.

• Residual FR independently confer greater than 25-fold increased risk of 

seizures.

• Residual slowing independently confers 6-fold risk of postoperative seizures.

• The use of FR in guiding epilepsy surgery planning is ready for a clinical 

trial.
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Figure 1. 
Impact of incomplete resection of fast ripples on postoperative seizure freedom

This is a Kaplan-Meier plot of time to first postoperative seizure as a function of complete or 

incomplete resection of fast ripples. The p-value is derived by multivariate Cox proportional 

hazards regression.

Abbreviations: FR, fast ripples
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Figure 2. 
Impact of incomplete resection of focal slowing on postoperative seizure freedom

This is a Kaplan-Meier plot of time to first postoperative seizure as a function of complete or 

incomplete resection of focal slowing. The p-value is derived by multivariate Cox 

proportional hazards regression.
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