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Objective—This prospective study compared pre-surgical language localization with visual 

naming associated high-γ modulation (HGM) and conventional electrical cortical stimulation 

(ECS) in children with intracranial electrodes.

Methods—Drug-resistant epilepsy patients undergoing intracranial monitoring were included if 

able to name pictures. ECoG signals were recorded during picture naming (overt and covert) and 

quiet baseline. For each electrode the likelihood of high-γ (70–116 Hz) power modulation during 

naming task relative to the baseline was estimated. Electrodes with significant HGM were plotted 

on a 3D cortical surface model. Sensitivity, specificity, and accuracy were calculated compared to 

clinical ECS.

Results—Seventeen patients with mean age of 11.3 years (range: 4–19) were included. In 

patients with left hemisphere electrodes (n=10), HGM during overt naming showed high 

specificity (0.81, 95% CI 0.78–0.85), and accuracy (0.71, 95% CI 0.66–0.75, p<0.001), but modest 

sensitivity (0.47) when ECS interference with naming (aphasia or paraphasic errors) and/or oral-

motor function was regarded as the gold standard. Similar results were reproduced by comparing 

covert naming associated HGM with ECS naming sites. With right hemisphere electrodes (n=7), 

no ECS naming deficits were seen without interference with oral motor function. HGM mapping 

showed a high specificity (0.81, 95% CI 0.78–0.84), and accuracy (0.76, 95% CI 0.71–0.81, 

p=0.006), but modest sensitivity (0.44) compared to ECS interference with oral motor function. 

Naming-associated ECoG HGM was consistently observed over Broca’s area (left posterior 

inferior frontal gyrus), bilateral oral/facial motor cortex, and sometimes over temporal pole.

Significance—This study supports the use of ECoG HGM mapping in children where adverse 

events preclude ECS, or as a screening method to prioritize electrodes for ECS testing.
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INTRODUCTION

Localization of language cortex and defining its anatomical relationship with seizure-onset 

zone is crucial for surgical decision making in patients with drug-resistant epilepsy (DRE). 

Despite advances in non-invasive technology, a substantial proportion of patients with DRE 

require implantation of intracranial electrodes for pre-surgical evaluation. In patients with 

subdural electrodes, the conventional method for language mapping is based on response 

inhibition during electrical cortical stimulation (ECS) performed sequentially between 

electrode-pairs. There have been long-standing concerns about safety and ecological validity 

of ECS, particularly in children. In young children, ECS thresholds for functional inhibition 

have been shown to be higher than those for after-discharges1. ECS is also time-intensive 

and involves risks of seizures, pain, and adverse effects from pre-medication2. An alternative 

approach for mapping language and other cortical functions has recently emerged, based on 

event-related spectral modulations in electrocorticographic (ECoG) recordings3. More 

pertinently, increases in ECoG broadband high-γ (60–150 Hz) activity has been 

reproducibly observed during several language tasks such as auditory discrimination and 

word production, and has correlated well with increased neural firing rates and blood-
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oxygen level dependent responses4; 5. Compared to lower frequency energy modulations 

(alpha/mu desynchronization), high-γ modulation (HGM) has shown better functional 

specificity, better consistency, and favorable spatial and temporal profiles for language 

tasks6. However, there is a paucity of data for clinical validation of spectral modulation 

based methods for language localization in pediatric DRE compared to the clinical standard 

of ECS. This prospective study compared the topography of ECoG HGM during overt and 

covert visual naming tasks with behavioral effects of clinical ECS on naming and oral motor 

function.

METHODS

Participants

All patients undergoing pre-surgical evaluation with intracranial electrodes at Cincinnati 

Children’s Hospital Medical Center since March 2012, with ability to overtly name pictures 

were eligible for inclusion. The subdural electrodes implanted in these patients for recording 

ECoG signals were 4.75 mm platinum/iridium discs embedded in silicone elastomer (1.5 

mm exposed contacts) having 1 cm inter-electrode distance (Auragen, Integra 

Neurosciences, Plainsboro, NJ). A 2-contact subdural strip facing the dura away from the 

main recording arrays, served as reference and ground electrode. These patients were 

gradually weaned off their anti-epileptic drugs (AEDs) starting 1–2 weeks before, with the 

last dose often on the morning of admission. Demographic information, seizure history, and 

details of non-invasive (phase I) pre-surgical evaluation were obtained from the patients’ 

records for study purposes. The study was approved by the review board of the study 

institution (IRB #2012-0791).

Electrical cortical stimulation

Extra-operative bipolar ECS was performed with OCS2 Ojemann cortical stimulator (Integra 

Life Sciences, Plainsboro, NJ). The selection of electrode pairs, stimulation end-point, and 

the procedure of visual naming were at the discretion of the neurologist performing the ECS. 

The initial settings were: pulse frequency 50 Hz, pulse duration 500 µs, train duration 5 sec, 

and stimulus intensity 2 mA. Stimulus intensity was increased by 1–2 mA intervals until any 

of the 3 endpoints were reached: functional response (aphasia, paraphasic errors, dysarthria, 

or oral sensorimotor phenomena); after-discharges with evolution (in frequency, amplitude, 

or locus); or the instrument limit of 10 mA. In case of after-discharges, sometimes the 

stimulus intensity was reduced by 25%, pulse duration was increased to 1 ms and repeat 

stimulation was attempted7. For the last 6 patients, Nicolet cortical stimulator was used 

(Natus Medical Inc., San Carlos, CA). The procedure and initial settings were identical, 

except that the maximum current strength was 15 mA.

Experimental Protocol and Data Collection

ECoG recordings for study purposes were typically performed after adequate seizures had 

been captured but AEDs were still being withheld. A baseline period of ECoG signals was 

captured for each participant in an awake, relaxed, and silent state in a quiet environment for 

at least 5 minutes. Participants were then requested to name, first aloud (overt) and then 

silently (covert), a series of line drawings of common animate and inanimate objects 
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presented on an electronic monitor. The pictures were shown for 3500 ms each, with 2500 

ms inter-stimulus interval, repeatedly for 5 minutes (50 stimulations).

Covert naming is not routinely used for ECS mapping due to lack of verifiable behavioral 

responses, which prevents reliable ascertainment of the effect of ECS. ECS-induced naming 

deficits could be due to different mechanisms, including oral/facial sensorimotor phenomena 

(for example: involuntary muscle contractions, oro-glossal/facial sensations/pain, or 

paralysis), interference with cognitive processing of receptive and/or expressive language, 

and rarely, altered awareness (amnestic anomia). Hence, we used ECoG HGM during covert 

naming as an approximation of cortical sites where ECS would interfere with overt naming, 

without interfering with oral motor function.

ECoG signals were collected for clinical purposes using XLTek EMU128FS amplifier 

(Natus Medical Inc., San Carlos, CA), which included a break-out box to split signals to our 

research system, without interrupting the clinical data stream. The split ECoG signals were 

amplified and digitized with a g.USBamp (g.TEC Medical Engineering, Austria) amplifier at 

a sampling rate of 1.2 KHz. Vocal audio was captured using a cardioid lavalier wireless 

microphone (Shure Inc., Niles, IL) worn by the patient with appropriately adjusted audio 

gain level. This audio was recorded to a .wav file during the experiment using a BCI2000 

module. The audio stream was also routed to a trigger box (g.TEC Medical Engineering, 

Austria), which converted the input signal to a transistor-transistor-logic pulse when the 

signal crossed the adjusted threshold. This digital pulse was recorded by the g.TEC amplifier 

synchronously with the ECoG data, allowing the onset of patient’s speech to be precisely 

measured2.

3D Cortical Model

A pre-surgical T1-weighted isotropic volumetric (1 mm slice thickness) brain MRI was co-

registered with post-implantation computed tomographic (CT) scan of the head (0.5–1 mm 

slice thickness), with Curry 7 software (Neuroscan Inc., Charlotte, NC) for each participant, 

and segmented 3D cortical models with subdural electrode locations were exported into 

MATLAB format from Curry. A custom BCI2000 module based on Signal Modeling for 

Real-time Identification and Event Detection (SIGFRIED) was written to display the 3D 

model and activation projections8.

Data Analysis

ECoG signal processing approach was essentially similar to that in our previous 

publication9. Briefly, an autoregressive model for power features in 70–116 Hz frequency 

band was first fitted to the baseline data. During the picture naming tasks, the SIGFRIED 

algorithm was used to calculate real-time scores of the log-likelihood that the present sample 

block belonged to the baseline model for every electrode (thus each ECoG electrode had a 

unique SIGFRIED score). The SIGFRIED algorithm does not require prior information 

about the expected modulated frequency bands, and since any changes are encapsulated in a 

single score, no subjective assumptions about the data significance are required10. The data 

was processed in 500 ms blocks, and updated every 50 ms. Scores were measured and 

accumulated for the picture displays and the rest periods, separately for overt and covert 
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naming, using vocal onsets/offsets as triggers for the overt condition, and image display 

onsets/offsets as triggers for the covert condition. The statistical significance of HGM at 

each electrode was determined by a Student’s t-test between the rest and naming scores with 

Bonferroni correction for the total number of channels. For plotting activations on the 3D 

cortical model, the negative logarithm of the p-values [−log10(p)] was used, which varies 

directly with cortical activation, is additive, and easy to interpret.

Comparisons

Electrodes where ECS interfered with language or oral motor functions were regarded ECS

+, whereas other electrodes which were stimulated but did not show any such response were 

regarded as ECS−, irrespective of their lobar location. For this study, we defined language 

deficits during ECS as absent responses, and semantic or phonemic paraphasic errors; and 

oral motor deficits as dysarthria, visible oral/facial muscle contraction, or subjective (patient 

reported) oro-glossal sensorimotor phenomena. Although ECS is performed at electrode 

pairs, each electrode was counted separately to allow comparison with HGM mapping which 

is based on referential ECoG recordings. As in routine clinical interpretation of ECS, any 

electrode which was common to two or more tested pairs, was regarded as ECS+ only when 

it showed response inhibition in at least two paired stimulations which included the 

electrode. However, if the electrode was tested only in a single pair, it was scored the same 

as the including pair.

The electrodes which showed significant high-γ modulation relative to baseline (HGM+) 

were selected by taking the −log10p value between the language and baseline conditions, 

such that − log10(p) ≥ −log10(0.01/N), where N is the number of ECS electrodes. Sensitivity, 

specificity, and classification accuracy along with 95% confidence intervals were calculated 

for validation of HGM mapping against clinical ECS. Similar comparisons were also done 

with only electrodes that showed naming deficit during ECS being regarded as ECS+. Since 

each participant contributed multiple electrodes for the final comparisons, a Mantel-

Haenszel chi-square test was performed with the null hypothesis being that the overall odds 

ratio for this diagnostic test comparison is one.

RESULTS

During the study period, 25 patients were eligible for inclusion, with exclusions due to 

inability (n=5) or unwillingness (n=1) to participate. Two of the initial patients were 

excluded due to technical limitations with ECoG signal acquisition. Seventeen patients (10 

females) with median age of 11 years (range: 4–19) were included. There were 10 and 7 

patients with left and right hemisphere electrodes respectively. Two patients were left 

handed and one was ambidextrous, all others being right handed. The age of onset of 

seizures varied from 4 months to 13 years (median 5 years, inter-quartile range [IQR] 8.6). 

Six patients had either normal brain MRI or non-specific findings which did not influence 

surgical decisions. Others had malformations of cortical development (n=3), tumors (n=2), 

perinatal brain injury (n=2), hippocampal sclerosis (n=1), Tuberous Sclerosis complex 

(n=1), and dual pathology (n=2). During phase I pre-surgical evaluation, functional MRI 

showed left lateralization of verb generation in 9 patients, was non-diagnostic in 4 patients, 
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and was not done in the remaining ones (data not analyzed further for present study). The 

number of intracranial electrodes varied from 40 to 126 (median 90, IQR 36). Relevant 

summary of pre-surgical evaluation is provided in table 1.

Left hemisphere comparisons

For overt visual naming, when both language and oral motor ECS sites were used for 

comparison, HGM showed good specificity (0.81, 95% CI 0.78–0.85), with an accuracy of 

0.71 (95% CI 0.66–0.75, p<0.001, table 2). However, the sensitivity (0.47, 95% CI 0.39–

0.55) was modest. When only ECS electrodes with naming deficits were used for 

comparison, HGM showed specificity of 0.76 (95% CI 0.73–0.79), and accuracy of 0.68 

(95% CI 0.64–0.73, p=0.012).

For covert naming, HGM again showed high specificity (0.91, 95% CI 0.88–0.94) compared 

to ECS naming and oral motor sites, but poor sensitivity, with overall accuracy of 0.64 (95% 

CI 0.60–0.68, p=0.282, table 2). Using only ECS naming sites for comparison, HGM had a 

specificity of 0.87 (95% CI 0.86–0.90), and accuracy of 0.68 (95% CI 0.66–0.72, p=0.114).

Right hemisphere comparisons

No electrodes with language deficits during ECS were identified in the right hemisphere. 

Also, none of these patients with right-sided electrodes had right lateralizing language on 

functional MRI (Table 1). Hence, electrodes showing ECS interference with oral motor 

function were used for comparison. On overt visual naming, HGM was noted to have high 

specificity (0.81, 95% CI 0.78–0.84), with accuracy of 0.76 (95% CI 0.71–0.81, p=0.006), 

but modest sensitivity (0.44, 95% CI 0.26–0.63, table 3). With covert naming, HGM had 

high specificity (0.96, 95% CI 0.94–0.98), with accuracy of 0.83 (95% CI 0.79–0.87, 

p=0.004), and poor sensitivity (0.20, 95% CI 0.08–0.32, table 3).

Topography of ECoG high-γ modulation

In patients with left hemisphere electrodes, significant HGM was seen with overt naming 

over the peri-Rolandic cortex having a wider extent over posterior parts of middle and 

inferior frontal gyri (IFG), particularly over Broca’s area (pars triangularis and pars 

opercularis of IFG), and oral-facial motor representation (Figure 1 A,B). HGM was also 

noted in premotor cortex, orbital-frontal cortex and temporal pole. In patients with right 

hemisphere electrodes, somewhat spatially restricted HGM was seen in inferior peri-

Rolandic cortex representing oral/facial motor cortex (Figure 1C). With covert naming, 

HGM was seen in the region of Broca’s area, and rarely at the left temporal pole (Figure 1 

D–F). Activation of the oral-facial motor cortex on the right side was clearly seen during 

overt but not during covert naming (Figure 2). In participants with occipital electrodes, 

HGM over the visual cortex was also noted (Figures 1, 2).

Since ECoG HGM was predominantly localized to frontal lobes, a lobe wise subgroup 

analysis to compare language mapping by HGM and ECS was performed (Table e1). This 

revealed similar specificity (0.77, 95% CI 0.70, 0.83) and accuracy (0.70, 95% CI 0.62, 

0.77), but improved sensitivity (0.59, 95% CI 0.49, 0.69) in left frontal lobe compared to 

overall dataset (p<0.001). In left temporal lobe, all 3 diagnostic indices were lower than the 
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overall dataset and the comparison with ECS was not statistically significant. Only one of 

the patients with right hemisphere electrodes had temporal lobe coverage, so the subgroup 

analysis could not be done.

DISCUSSION

This study shows the feasibility of pre-surgical language mapping with ECoG high-γ 
spectral modulation in pediatric DRE. Though widely regarded as a clinical gold standard, 

ECS is associated with risks of pain, after-discharges, and seizures, which can preclude 

functional mapping or undermine its results11. ECoG HGM associated with overt visual 

naming was highly specific (0.76–0.81) and fairly sensitive (0.40–0.47) for localization of 

ECS+ electrodes in patients with left hemisphere implants, whether only language (p=0.012) 

or both language and oral motor ECS sites (p<0.001) were used for comparison (Table 2). 

Similarly, in patients with right hemisphere electrodes, HGM mapping was highly specific 

(0.81–0.96) for localization of ECS electrodes with oral motor dysfunction, using either 

overt (p=0.006) or covert (0.004) naming (Table 3). We investigated HGM associated with 

both overt and covert naming, in an attempt to delineate the cognitive and motor aspects of 

expressive language. However, when anomia is observed during ECS it may be challenging 

to differentiate the relative contributions of aphasia versus severe dysarthria, and the 

distinction is often based on neuroanatomy12. Hence, probably the most ecologically valid 

comparisons are those with electrodes where ECS interfered with language and/or oral 

motor function. Based on our finding of overall accuracy of about 70% in pediatric DRE 

lateralized to the left hemisphere, HGM mapping can potentially be used as a surrogate for 

ECS when adverse events preclude ECS mapping. HGM mapping can potentially also be 

used to prioritize electrodes for ECS, particularly in patients with right hemisphere 

electrodes. Given the high specificity of HGM mapping, HGM+ electrodes can be predicted 

to be ECS+, and may not require ECS unless within the margins of the proposed resection.

Our results agree with studies of HGM mapping in adults. A study including 13 patients 

aged 16–47 years, using naming of line drawings, found 84% specificity and 43% 

sensitivity, when both language and oral motor electrodes were regarded as true positive13. 

This study defined high-γ frequency band as 80–100 Hz and included only patients with left 

hemisphere electrodes having a full-scale IQ above 80. Although an important validation of 

HGM mapping, the high-γ activation thresholds were arbitrarily varied across subjects and 

12 electrodes with highest activation were empirically chosen for every patient in this 

study13. Another study including 4 native Dutch speakers aged 24–49 years found specificity 

of 0.90 and sensitivity of 0.21 for naming-associated activation in 65–95 Hz band14. These 

investigators primarily tested whether inclusion of spontaneous conversation related HGM 

along with task-based activation, improves sensitivity and/or specificity of HGM mapping 

compared to ECS, and they inferred that this is not the case. Contrariwise, we have recently 

shown HGM associated with spontaneous conversation to have a high sensitivity (88.9%) 

and fair specificity (63.6%) compared to ECS9. Although the present study was not designed 

to compare HGM during natural conversation with structured language tasks, together with 

our previous data, it suggests that a combination of tasks may further improve accuracy of 

HGM mapping compared to ECS, an attractive hypothesis for further investigation. Another 

study in 9 patients, aged 15–37 years, showed 100% sensitivity and 85% specificity for 50–
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119 Hz HGM and ECS comparison15. However, this study compared the task and baseline 

power features in 20 Hz clusters, and counted electrodes showing a significant difference 

from baseline in even a single cluster as HGM+. Further, these investigators regarded an 

electrode to be true positive for ECoG HGM if a neighboring electrode was ECS positive: 

the so-called next-neighbor approach15. While the specificity found in this study is 

comparable to ours, their rather liberal criteria for defining true positive electrodes is likely 

responsible for higher sensitivity. The next-neighbor approach for defining ECS+ electrodes 

does not represent the usual clinical practice, though sometimes used in research1; 12. 

Recently, a study in 7 adults found 80.5% specificity and 63.4% sensitivity for visual 

naming, using an online system for spatial-temporal analysis of task-associated spectral 

modulation in 70–110 Hz high-γ band16.

The topography of ECoG HGM seen in our study is consistent with previous studies 

showing HGM to be an index of overall neural firing rates that can be used to study cortical 

function with excellent spatial and temporal resolution5. We observed HGM in oral/facial 

motor cortex in both hemispheres, Broca’s area, and occasionally in left orbital frontal, left 

pre-motor, and bilateral temporal polar cortices (Figures 1, 2). In children with occipital 

coverage, activation of primary visual cortex and temporal-occipital junction was also seen 

(Figures 1, 2). Similar topography of broadband (50–120 Hz) HGM has been shown in 54 

patients aged 4–56 years in modality-specific sensory cortices during stimulus presentation 

and inferior Rolandic regions during responses17. Specifically, HGM was seen in bilateral 

occipital and left middle-temporal, inferior parietal, and frontal lobes in association with 

object naming. However, this study grouped electrodes according to empiric anatomic 

regions, and assigned language dominant hemisphere based on handedness and etiology of 

epilepsy. Together with our observations, these results suggest that neural information 

processing in high-γ band may not be modality specific, which is consistent with previous 

observations of HGM during functional activation in sensory, motor, and association 

cortices3; 18. For example, in one of our patients with left hemisphere electrodes, HGM was 

observed in both visual and inferior precentral cortices during overt naming, with only visual 

activation being seen with covert naming, which indicated processing of visual information 

but raising doubts about patient participation with covert naming. Further, selective 

activation of inferior precentral cortex including Broca’s and oral motor cortex was seen 

during natural speech with absence of occipital activation in the same patient, consistent 

with a lack of visual stimulation during spontaneous conversation9 (Figure 3). These results 

also agree with primate data on the role of ventral visual stream in object recognition, 

identification, and feedforward to language areas in posterior temporal lobe19; 20.

Though ECoG offers the advantage of high signal-to-noise ratio and being relatively free of 

artifact, it is spatially filtered to begin with. Comparison with MEG as a whole-head 

modality for frequency-specific energy modulations reveals ECoG HGM to have better 

localization. In a study of 11 healthy subjects, using block design for picture naming (10 

drawings shown, 30 s task, 21 s rest), task-related modulation in 7–12 Hz and 17–22 Hz 

were observed over a widespread region including occipital, temporo-parieto-occipital 

junction (TPOJ), peri-Rolandic, and lateral temporal cortices21. MEG language studies have 

particularly looked at temporal aspects of task-related activations. A study of 8 Dutch 

speakers analyzed dipole sources in pre-specified time windows after stimulus presentation, 
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supposedly representing sub-processes involved in naming. The sources localized to angular 

and supra-marginal gyri at 150–275 ms (lemma selection), posterior peri-Sylvian cortex at 

275–400 ms (phonological encoding) and peri-Rolandic region at 400–600 ms (phonetic and 

articulatory processing)22. However, sources were constrained to peri-Rolandic and peri-

Sylvian cortices. This issue was also evident with another MEG study of 32 patients having 

epilepsy or brain tumors, where source imaging of an object naming task led to widespread 

statistically significant localization including TPOJ and even periventricular white matter23. 

However, the authors constrained source localization to regions of interest in Broca’s area 

and posterior superior temporal gyrus. Another MEG study looking at differences between 

“naming” and “request” tasks also constrained source localization to regions known to be 

involved in speech processing24. Other than the clinical necessity of spatially limited 

intracranial electrode coverage, no further presumptions about localization of ECoG HGM 

were made in our study.

Like other studies on ECoG spectral modulation in humans13; 14; 16, we found imperfect 

agreement between ECS and HGM mapping. There are several important reasons for this, 

not unexpected, finding. Perhaps most importantly, HGM mapping is based on functional 

activation compared to ECS which is based on behavioral effects of a transient lesion. 

Moreover, there are other reasons for ECS not being an ideal comparator for HGM mapping. 

The biophysics of spread of current applied to in vivo brain tissue during ECS is poorly 

understood and is probably a function of inter-individual variability in functional anatomy11. 

Given the high prevalence of after-discharges with ECS (up to 70%), it is likely that ECS 

may also deactivate remote cortex with strong functional connectivity to the site of 

stimulation3; 25. Further, ECS does not always reliably predict postoperative language 

deficits. For example, ECS of anterior fusiform gyrus and anterior inferior temporal gyrus 

has been shown to interfere with language tasks, but corresponding deficits have not been 

consistently reported after anterior temporal resection26; 27. In addition to these potential 

shortcomings of ECS, there are limitations with the current methodology of HGM mapping 

as well. Given the low amplitude and high spatial granularity of high-γ responses, 

recordings with conventional subdural electrodes may underestimate task-associated 

activation16. The amplitudes of field potential oscillations decrease logarithmically with 

increasing frequency, implying that higher frequency oscillations are probably generated by 

smaller or more dispersed neuronal ensembles, which may be insufficiently sampled by 

conventional macro-electrodes13; 28. Whereas posterior temporal lobe ECS can also cause 

naming deficits, naming-associated HGM predominantly localized to the frontal lobes. On 

subgroup analyses, HGM had similar specificity but improved sensitivity for detection of 

ECS+ electrodes in left frontal lobe (Table e1). This may suggest better validity of HGM 

mapping for Broca’s area compared to posterior language sites. However, we believe that 

including all ECS+ sites irrespective of their brain location provides most conservative 

validation of HGM mapping as an alternative for ECS.

The variability in sensitivities and specificities reported by different investigators may also 

be due to methodological differences in the computation of ECoG HGM. Our study used a 

modification of SIGFRIED algorithm10, which calculates the likelihood of the distribution 

of HGM during blocks of task performance being different from the distribution during rest 

blocks. Other studies have computed time-resolved magnitude and significance of event-
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related HGM during accumulating trials of task performance13; 15; 17. This latter approach 

demands greater behavioral control, which can be challenging for young children. Finally, 

different investigators have used somewhat arbitrary and dissimilar, albeit overlapping, 

frequency bands within the broad range of high-γ frequencies (60–150 Hz). Hence, 

additional studies are needed to determine which frequency bands are best predictive of ECS 

results and help prevent postoperative language deficits, which is the ultimate goal of pre-

surgical language mapping.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS

▪ Though clinical gold standard, language mapping with electrical cortical 

stimulation is challenging in children

▪ ECoG high-y modulation during visual naming showed high specificity and 

accuracy compared to clinical standard of cortical stimulation mapping

▪ High-y modulation during visual naming was consistently observed over 

Broca’s area and bilateral oral/facial motor cortex

▪ Pre-surgical language mapping using ECoG high-y modulation may be used 

where adverse events preclude electrical cortical stimulation

▪ It may also help prioritize selection of electrodes for testing with electrical 

stimulation
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Figure 1. 
Segmented cortical models derived from patient’s brain MRI with superimposed subdural 

electrodes (red dots), electrical cortical stimulation (ECS) results (green lines: oral motor, 

yellow lines: language deficits, black lines: stimulated but no language/oral motor deficits), 

and high-γ modulations (HGM) for overt (top panel) and covert (bottom panel) visual 

naming. HGM are plotted according to −log10(p) values for comparison of SIGFRIED 

scores between naming and baseline (see text for details and also for definitions of ECS 

deficits). The smallest score displayed is −log10(p)=4 corresponding to p=0.0001. 

Representative examples for patients L9 (A, D), L10 (B), R7 (C), L8 (E), and L7 (F).
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Figure 2. 
Segmented cortical model derived from patient R3’s brain MRI with superimposed subdural 

electrodes (red dots), and high-γ modulations (HGM) for overt (top panel) and covert 

(bottom panel) visual naming. Note the activation of oral/facial motor cortex with overt (top 

panel) but not covert (top panel) naming. Also note the activation of visual cortex in 

occipital lobe in both conditions.
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Figure 3. 
Segmented cortical model derived from patient L10’s brain MRI with superimposed 

subdural electrodes (red dots); high-γ modulations (HGM) for overt naming, covert naming, 

and natural conversation; and electrical cortical stimulation (ECS) findings (green lines: oral 

motor, yellow lines: language deficits, black lines: stimulated but no language/oral motor 

deficits, see text for definitions). Note HGM in posterior inferior frontal gyrus encroaching 

on middle frontal gyrus (Broca’s area and oral/facial motor cortex), premotor cortex, and 

temporal pole during overt but not during covert naming. Visual cortex activation in seen 

during both of these conditions. During natural conversation, HGM is limited to Broca’s 

area, oral motor representation, with some activation in posterior superior temporal gyrus 

(Wernicke’s area), but not in the visual cortex.
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Table 3

Diagnostic validation of language mapping with high-γ modulation (HGM) against conventional electrical 

cortical stimulation (ECS): Patients with right hemisphere electrodes

Overt naming

Patient ID ECS + | HGM + ECS + | HGM − ECS − | HGM + ECS − | HGM −

R1 2 2 3 9

R2 6 0 3 10

R3 0 0 6 16

R4 1 11 3 29

R5 0 0 6 21

R6 0 0 0 16

R7 2 1 7 19

N = 7 11 14 28 120

Summary statistics (95% CI)

Sensitivity 0.44 (0.26, 0.63)

Specificity 0.81 (0.78, 0.84)

Accuracy 0.76 (0.71, 0.81)

MH test p = 0.006

Covert naming

Patient ID ECS+ | HGM + ECS + | HGM - ECS - | HGM + ECS - | HGM -

R1 2 2 1 11

R2 0 6 0 13

R3 0 0 0 22

R4 1 11 4 28

R6 0 0 0 16

R7 2 1 0 26

N = 6 5 20 5 116

Summary statistics (95% CI)

Sensitivity 0.20 (0.08, 0.32)

Specificity 0.96 (0.94, 0.98)

Accuracy 0.83 (0.79, 0.87)

MH test p = 0.004

(Notes: ECS+ represents only electrodes with oral motor dysfunction during stimulation (defined in the text) in this table, MH Mantel-Haenszel 
test)
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