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ARTICLE INFO ABSTRACT

Background: Language mapping with high-gamma modulation (HGM) has compared well with electrical cortical
stimulation mapping (ESM). However, there is limited prospective data about its functional validity. We com-
pared changes in neuropsychological evaluation (NPE) performed before and 1-year after epilepsy surgery,
between patients with/without resection of cortical sites showing HGM during a visual naming task.

Methods: Pediatric drug-resistant epilepsy (DRE) patients underwent pre-surgical language localization with
ESM and HGM using a visual naming task. Surgical decisions were based solely on ESM results. NPE difference
scores were compared between patients with/without resection of HGM naming sites using principal component
(PC) analysis. Follow-up NPE scores were modeled with resection group as main effect and respective pre-
surgical score as a covariate, using analysis of covariance.

Results: Seventeen native English speakers (12 females), aged 6.5-20.2 years, were included. One year after
epilepsy surgery, first PC score increased by (mean + standard deviation) 14.4 + 16.5 points in patients
without resection, whereas it decreased by 7.6 = 24.6 points in those with resection of HGM naming sites
(p = 0.040). This PC score represented verbal comprehension, working memory, perceptual reasoning (Wechsler
subscales); Woodcock-Johnson Tests of Achievement; and Peabody Picture Vocabulary Test. Subsequent analysis
showed significant difference in working memory score between patients with/without resection of HGM
naming sites (—15.2 points, 95% confidence limits —29.7 to —0.7, p = 0.041).

Conclusion: We highlight the functional consequences of resecting HGM language sites, and suggest that NPE of
DRE patients should include comprehensive assessment of multiple linguistic and cognitive domains besides
naming ability.
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1. Introduction

Electrical cortical stimulation mapping (ESM) remains the gold
standard for pre-surgical localization of brain function with intracranial
electrodes. However, concerns about its safety, neurophysiologic va-
lidity, and application in children have led to the development of an
alternate method based on task-related high-gamma modulation (HGM)
in electrocorticograph (ECoG) spectra (Aungaroon et al., 2017; Lachaux

et al.,, 2012; Zea Vera et al., 2017). HGM associated with language
tasks, has been shown to have physiological validity based on correla-
tion with neuronal firing rates and blood-oxygen-level-dependent re-
sponses, and, clinical validity compared to ESM using a variety of
language paradigms (Arya et al., 2017, 2018b, 2015; Lachaux et al.,
2007; Nakai et al., 2017; Wang et al., 2016). A recent meta-analysis
including data from 15 studies found HGM mapping to be a good
classifier of ESM language sites with high specificity (Arya et al.,

* Corresponding author at: MLC 2015, Division of Neurology, Cincinnati Children’s Hospital Medical Center, 3333 Burnet Avenue, Cincinnati, OH, 45229, USA.

E-mail address: Ravindra.Arya@cchmc.org (R. Arya).

https://doi.org/10.1016/j.eplepsyres.2019.01.011

Received 27 June 2018; Received in revised form 24 October 2018; Accepted 28 January 2019

Available online 29 January 2019
0920-1211/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09201211
https://www.elsevier.com/locate/epilepsyres
https://doi.org/10.1016/j.eplepsyres.2019.01.011
https://doi.org/10.1016/j.eplepsyres.2019.01.011
mailto:Ravindra.Arya@cchmc.org
https://doi.org/10.1016/j.eplepsyres.2019.01.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eplepsyres.2019.01.011&domain=pdf

R. Arya et al.

2018a). Despite accumulating evidence for validity of HGM language
mapping, its adaptation in clinical practice, either as a substitute or a
supplement to ESM, has remained challenging due to paucity of data for
corroboration with post-operative outcomes. A few studies have re-
ported language impairment after resection of HGM language sites, and
suggested that the resected number of HGM electrodes lying within the
canonical language areas can help predict the need for post-operative
speech therapy (Cervenka et al., 2011, 2013; Kojima et al., 2013a,b).
However, there is no prospective data about the impact of resecting
HGM language sites, including those outside the conventional anatomic
language areas, on changes in neuropsychological outcomes, which
arguably provide the most comprehensive biomarker of the functional
impact of neurosurgery. In this prospective study, we have compared
the changes in neuropsychological function from pre-surgical evalua-
tion to at least 1-year after epilepsy surgery, between groups of pe-
diatric patients with and without resection of cortical sites showing
HGM during a visual naming task.

2. Methods
2.1. Patient population

Drug-resistant epilepsy (DRE) patients with intracranial electrodes
implanted for extra-operative monitoring, since April 2012, were eli-
gible. We included patients who underwent language mapping with
both ESM and HGM, and neuropsychological evaluation (NPE) before
and at least 1-year after their epilepsy surgery. Parental informed
consent was obtained, with additional assent from patients over 10
years of age. Clinical information along with details of non-invasive
(phase I) and invasive (phase II) pre-surgical evaluations were obtained
from the patients’ records for study purposes. The study was approved
by the institutional review board (IRB #2012-0791).

2.2. Language localization with ESM and HGM

Methods for language mapping with ESM and HGM used at the
study institution have been described in our previous publications and
are only briefly summarized here (Arya et al., 2017, 2018b, 2015;
Aungaroon et al., 2017; Zea Vera et al., 2017). Subdural electrodes
made of platinum-iridium alloy embedded in silicone elastomer, with
2.5 mm exposed contacts (Auragen, Integra Neurosciences, Plainsboro,
NJ), were used to record extra-operative ECoG. ESM was performed by
stimulating pairs of adjacent electrodes with 50 Hz, bipolar, 500 us
pulses, in trains lasting 5 s, using incremental current strengths until a
functional response or a burst of evolving after-discharges (ADs) was
seen, or the instrument limit was reached. The selection of electrodes,
sequence of stimulation, and functional end-points were individualized
for each patient by the clinical team. A picture naming task was used for
ESM; and aphasia, paraphasic errors, or anomia due to orofacial sen-
sorimotor interference with speech were regarded as indicative of
language function in the cortex underlying the stimulated electrode pair
(Arya and Crone, 2018; Zea Vera et al., 2017).

For analysis of HGM, ECoG signals were recorded during a 5min
baseline period of quiet wakefulness, and then during a visual picture
naming task. For HGM mapping, pictures identical to those used for
ESM, were each displayed for 3500 ms, with 2500 ms inter-stimulus
interval, repetitively for 5 min (50 trials), after requesting the patient to
name them aloud. Our ECoG processing was based on the signal mod-
eling for real-time identification and event detection (SIGFRIED) ap-
proach (Schalk et al., 2008). From the autoregressive Gaussian mixture
model fitted to the baseline data, the likelihood of 70-150 Hz power
modulation during the visual naming task, relative to the baseline, was
estimated at each electrode. This was quantified as a normalized Eu-
clidean distance and the statistical significance of HGM at each elec-
trode was determined with paired t-test corrected for the total number
of channels in a given patient. Significant HGM associated with visual
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naming were then plotted on cortical models derived from patient’s pre-
operative brain magnetic resonance imaging (MRI) and electrode lo-
cations derived from post-implant computed tomographic (CT) scans
(Arya et al., 2017, 2018b). Neurosurgical decisions about the resection
were made purely on the basis of ESM, and HGM mapping results were
not used for clinical purposes.

2.3. Neuropsychological evaluation (NPE)

Neuropsychological tests were administered by a qualified psycho-
metrist, supervised and interpreted by a pediatric neuropsychologist,
preoperatively, and at least 12 months postoperatively. The standard
clinical battery included the age-appropriate version of the Wechsler
Intelligence Scale for Children (WISC), or the Wechsler Adult
Intelligence Scale (WAIS); Woodcock-Johnson Tests of Achievement,
Revision 3 (WJ-III); Boston Naming Test (BNT); A Developmental
NEuroPSYchological Assessment, version 2 (NEPSY-II); and the
Peabody Picture Vocabulary Test, Fourth Edition (PPVT-IV).
Standardized scoring procedures were used to obtain standard scores
with a mean of 100 and a standard deviation of 15; and, in the case of
the Boston Naming Test, z-scores were obtained based on age-related
normative data provided in the test manual (Goodglass et al., 2001).
Cerebral hemispheric dominance for language function was decided
based on the results of functional MRI, obtained as a part of pre-surgical
evaluation. If functional MRI could not be obtained in any patient, then
left hemisphere was regarded to have essential language function, ir-
respective of the handedness (Kojima et al., 2013b).

2.4. Measurement of resection volume

Since neuropsychological outcomes after epilepsy surgery have been
shown to be associated with the size of resection, it was regarded as an
important potential confounder (Sherman et al., 2011). We ascertained
the volume of cerebral tissue resected in each patient by co-registering
pre- and post-operative brain imaging using a neuro-navigational suite
(Brainlab, Westchester, IL). After co-registration, the resection was
segmented as a 3-dimensional object and volumetric measurements
were made.

2.5. Statistical analysis

The groups of patients with/without resection of electrodes with
naming-associated HGM were compared for relevant clinical variables
using Wilcoxon (continuous) and Fisher exact (categorical) tests. Raw
difference scores (RDS) for NPE subscales were calculated for each
patient by subtracting the score obtained before surgery from that ob-
tained 1-year or later after surgery. Since multiple NPE subscales were
acquired for each patient, we first performed a principal component
analysis (PCA) to obtain composite scores derived from linear combi-
nations of all NPE subscales. This addressed the concern for multiple
comparisons and minimized information loss. For PCA, WISC and WAIS
scores were treated as identical. Although, only < 7% of the data was
missing in the matrix used for PCA, we performed multiple imputation
using regularized iterative PCA algorithm, which avoids overfitting and
is statistically conservative (Josse et al., 2011). The number of principal
components (PCs) was selected based on the proportion of cumulative
attributable variance. Composite scores were then derived for each
patient from the factor loadings for individual PCs. These composite
scores were compared between patients with and without resection of
cortical sites showing HGM during visual naming. To account for pos-
sible between-group imbalances in pre-surgical scores, and possible
correlation between follow-up and pre-surgical scores, type I analysis of
covariance (ANCOVA) models were fitted for each NPE subscale with
follow-up score as the dependent variable, resection of HGM naming
electrodes as the main effect, and pre-surgical NPE score as a covariate.
NPE subscales found to have significant association with resection of
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HGM naming sites on ANCOVA, adjusted for pre-surgical score(s), were
tested for group differences in RDS using Tukey’s tests. Lastly, post-hoc
ANCOVA models were also fitted to explore if the relationship between
resection of HGM naming sites and NPE RDS or PCs, was influenced by
age, sex, seizure freedom, resection including the mesial temporal lobe
(MTL), surgery involving the language dominant hemisphere, and the
resection volume. A non-directional p-value <0.05 was considered
significant for all tests. R version 3.4 was used for all analyses (R core
team, 2017).

3. Results

+

Seventeen patients (12 females), aged 6.5 to 20.2 years (mean
standard deviation 13.1 * 4.7) were included. Of these, 10 patients
were right handed, 6 were left handed, while 1 patient was ambidex-
trous. All patients were native English speakers. A mean of 84 elec-
trodes ( = 22) were implanted for extra-operative ECoG in these pa-
tients. Twelve patients were implanted with subdural electrodes on the
left hemisphere, while 5 had a right-sided implant. One year after the
surgery, 12/17 (70.6%) of the patients were seizure free. The groups of
patients with and without resection of cortical sites showing naming-
associated HGM did not differ in terms of these variables (Table 1).
Language lateralization was available from functional MRI in 13/17
(76.5%) patients. Although a higher proportion of patients with re-
section of HGM language electrodes underwent resections including
MTL (6/9 vs. 4/8) and dominant hemisphere surgeries (6/9 vs. 3/8),
the differences were not significant. Also, the mean brain resection
volume was comparable between patients with (20.7 + 12.3ml) and
without (18.0 + 13.8 ml) resection of HGM naming sites (p = 0.61).
Additional details including localization of seizure-onset zone, subdural
electrode coverage, and topography of ESM and HGM have been pub-
lished earlier (Arya et al., 2017).

3.1. Composite scores obtained from PCA

The composite score derived from first PC increased by 14.4
( £ 16.5) points in patients without resection, whereas it decreased by
7.6 ( = 24.6) points in patients with resection of HGM naming sites
(p = 0.040, Table 2). This first composite score represents an aggregate
of WISC/WALIS subscales (verbal comprehension, perceptual reasoning,
and working memory); PPVT-IV; and WJ-III. The composite scores de-
rived from PC2 and PC3 did not show significant differences between
the groups of patients with and without resection of HGM naming sites.
The second composite score predominantly represents FSIQ and BNT,
while the third composite score represents the passage comprehension
subscale of WJ-III and semantic word generation subtask of NEPSY-II.
An orthogonal bi-plot of PC1 and PC2 scores for all patients verified
these observations, and showed a trend for subscales of WISC/WALIS,
NEPSY-II, and WJ-III to differentiate patients with and without

Table 1

Epilepsy Research 151 (2019) 17-23

resection of HGM naming sites, though the confidence ellipses over-
lapped (Fig. 1). Further, the association between composite score de-
rived from PCl and the resection of HGM naming sites was not sig-
nificantly affected by age, sex, seizure freedom, resection including
MTL, surgery involving the language dominant hemisphere, or the re-
section volume (Table el).

3.2. Follow-up NPE subscale scores

ANCOVA models for follow-up NPE subscale scores showed sig-
nificant association with respective pre-surgical scores (Table 3). Ad-
justing for these associations, follow-up scores for perceptual reasoning
and working memory subscales of WISC/WAIS; and, passage compre-
hension and letter-word identification subscales of WJ-III, showed sig-
nificant association with resection of HGM naming sites. On exploring
differences in RDS for these subscales, all 4 scores showed a decline in
patients with resection of HGM naming sites (Table 4). In particular,
working memory showed a difference of —15 points (95% CI — 29.7 to
—0.7, p = 0.041) in mean RDS between patients with and without
resection of electrodes with naming-associated HGM. Perceptual rea-
soning (—9.0, 95% CI —19.3 to 1.3, p = 0.081) and letter-word
identification (—6.8, 95% CI — 14.3 to 0.8, p = 0.076) also showed
similar trends but did not achieve statistical significance.

4. Discussion

This study found that resection of HGM language sites was asso-
ciated with poorer neuropsychological outcomes after epilepsy surgery.
This difference was most prominent for working memory which im-
proved after surgery in patients without resection of HGM naming sites,
compared to a decrease in patients who had resection of these sites,
with a 15 point difference (Tables 3and 4). Perceptual reasoning and
letter-word identification also showed similar trends but did not attain
statistical significance. These findings were also substantiated by a 22
point difference in the first composite score derived from PCA re-
presenting multiple WISC/WAIS subscales, PPVT-IV, and WJ-III
(Table 2). Hence, our study supports that although ESM has been a
time-honored method to make clinical decisions for epilepsy surgery, it
may be imperfect, and resection of language sites detected by HGM
mapping, may have important functional consequences.

We have validated earlier smaller reports of decline in language
function and/or NPE after resection of HGM language sites. In a cohort
of 11 adults who had resective epilepsy surgery, 7 demonstrated post-
operative language deficits not anticipated by ESM (Cervenka et al.,
2013). In 4/7 of these patients, the resection included HGM naming
sites, and was associated with poorer performance on Hopkins verbal
learning test, verbal fluency, and in 1 patient, transcortical motor
aphasia. The authors reported auditory description naming to be more
predictive of post-operative deficits than visual naming. Another study

Characteristics of the patient sample and comparison of clinical variables between groups of patients with and without resection of cortical sites showing ECoG high-

gamma modulation during visual naming.

Overall sample Not resected Resected Effect estimate* (95% confidence limits) p-value

Number of patients 17 8 9

Age (years, mean * SD) 13.1 = 47 15.1 = 3.8 11.2 = 4.8 —0.87 (—1.95, 0.22) 0.101
Gender (female, male) 12,5 7,1 5,4 5.06 (0.35, 313.62) 0.294
Number of electrodes (mean * SD) 84 + 22 87 + 22 82 + 22 —0.19 (—-1.23, 0.84) 0.440
Handedness (right, left or atypical) 10, 7 4,4 6,3 1.92 (0.19, 21.62) 0.637
Hemisphere (left, right) 12,5 53 7,2 0.50 (0.03, 6.18) 0.620
Surgery in dominant hemisphere (n, %) 9 (52.9%) 3 (37.5%) 6 (66.7%) 3.09 (0.32, 37.60) 0.347
Resection included MTL (n, %) 10 (58.8%) 4 (50.0%) 6 (66.7%) 1.92 (0.19, 21.62) 0.637
Seizure free at 1-year (n, %) 12 (70.6%) 6 (75.0%) 6 (66.7%) 0.68 (0.04, 8.48) 0.999
Resection volume (ml, mean + SD) 19.4 = 12.7 18.0 = 13.8 20.7 + 12.3 0.19 (—0.84, 1.23) 0.606

(ECoG electrocorticographic; MTL mesial temporal lobe; SD standard deviation; *represents standardized mean difference [Hedge’s g] for continuous variables and

odds ratio for categorical variables).
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Table 2

Epilepsy Research 151 (2019) 17-23

Composite scores derived from principal component analysis of the neuropsychological measures evaluated before and one-year after epilepsy surgery compared
between groups of patients with and without resection of visual naming related ECoG high-gamma modulation cortical sites. First three principal components (75.0%

cumulative explained variance) are presented along with their factor loadings.

Composite scores Not resected Resected p-value
(mean * SD) (mean *= SD)
PC1 14.40 = 16.50 —7.64 = 24.56 0.040 (*)
PC2 —6.88 = 10.70 -6.22 + 27.66 0.949
PC3 4.08 = 9.21 0.45 = 8.53 0.414
PC1 PC2 PC3
Proportion of Variance 61.8% 14.7% 7.5%
Cumulative Proportion 61.8% 76.5% 84.0%
Factor loadings
WISC-IV/ WAIS-IV Verbal comprehension 0.381% —0.234* 0.373
Perceptual reasoning 0.388% 0.180 -0.198%
Working memory 0.326" —-0.178 0.150
Processing speed 0.307 -0.187 -0.202%
Full scale IQ 0.166 —-0.598% 0.072
PPVT-IV 0.342% 0.211 0.178
Boston naming test 0.077 0.545% —0.035
NEPSY-II Word generation (semantic) 0.146 0.313% 0.645"
Word generation (phonemic) 0.264 0.218% -0.137
Woodcock-Johnson III Passage comprehension 0.335% 0.033 -0.477%
Letter-word identification 0.388% 0.014 -0.136

(ECoG electrocorticographic; IQ intelligence quotient; NEPSY-II A Developmental NEuroPSYchological Assessment; PC principal component; PPVT Peabody Picture
Vocabulary Test; SD standard deviation; WAIS Wechsler Adult Intelligence Scale; WISC Wechsler Intelligence Scale for Children; * top 50 centile factor loadings).
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Fig. 1. Bi-plot with first two PCs along orthogonal axes showing that patients
with and without resection of HGM naming sites are best differentiated by
subdomains of the WISC/WAIS, WJ-III, and NEPSY-II. The length of the arrows
represents the factor loadings of the neuropsychological subdomains in the PC
space.

[BNT: Boston Naming Test; FSIQ: Full scale intelligence quotient; HGM: high-
gamma modulation; Lett. Wor.: Letter-word identification (WJ-III); NEPSY-II: A
Developmental NEuroPSYchological Assessment (version 2, Se: semantic word
generation, Ph: phonemic word generation, blue arrows); Pass. Com.: Passage
Comprehension (WJ-III); PC: principal component; Perc. Res.: Perceptual
Reasoning (WISC/WAIS); PPVT: Peabody Picture Vocabulary Test (4™ edition);
Proc. Sp.: Processing Speed (WISC/WAIS); Verb. Com.: Verbal Comprehension
(WISC/WALIS); WAIS: Wechsler Adult Intelligence Scale (4t edition, dark green
arrows); WISC: Wechsler Intelligence Scale for Children (4t edition, dark green
arrows); WJ-III: Woodcock-Johnson Tests of Achievement (revision 3, purple
arrows); Work. Mem.: Working memory (WISC/WAIS)]

identified post-operative deficits in verbal memory in 3/4 bilingual
patients, with isolated deficits in their second language (English) in 1
case, which were predicted by HGM but not ESM (Cervenka et al.,
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2011). In a Dutch speaking cohort, 6/8 patients had resection of HGM
language sites, with aphasia on follow-up in 2/6 patients (Bauer et al.,
2013). Other anecdotal reports include expressive aphasia after resec-
tion of premotor and inferior Rolandic HGM auditory naming sites
(Kojima et al., 2012); and aphasia (no formal testing), and impaired
naming and verbal memory in 1 patient each following resection of
HGM picture naming sites (Sinai et al., 2005). Another pediatric patient
showed a decline in semantic fluency, visual confrontation naming, and
everyday linguistic abilities 2 months after resection of HGM language
sites, which progressed to substantial decline in the ability to make
semantic associations, receptive language skills, and working memory
1 year following surgery (Korostenskaja et al., 2014).

The usual neurosurgical practice is to avoid resection of anatomic
language areas including Broca’s area (pars triangularis and opercularis
of the dominant inferior frontal gyrus), inferior peri Rolandic (orofacial
motor) cortex, and Wernicke’s area (posterior third of dominant su-
perior temporal gyrus, sometimes also including supra-marginal gyrus),
and ESM language sites, unless there is a considerable overlap with
seizure-onset zone and the potential risk of language deficit is clearly
outweighed by the likelihood of favorable seizure outcome(s), and the
patient/family is willing to accept those risks. While this strategy may
often protect against overt naming deficits, our study suggests that
there may be deficits related to higher-order cognitive processing of
language, when HGM sites outside these anatomic language areas are
resected. At a group level, this is supported by our observation that
resection of HGM naming sites did not result in significant deterioration
in FSIQ and BNT, but rather in WISC/WAIS, NEPSY-II, and WJ-III
subscales representing interpretative and integrative aspects of lan-
guage in addition to the perceptive-expressive domains (Tables 2-4;
Fig. 1). In individual patients, resection of HGM naming sites, which
were ESM — and/or outside the anatomic language areas, was asso-
ciated with poorer NPE outcomes (Fig. 2). Hence, it may perhaps be
more ecologically valid to think about functional specialization rather
than hemispheric dominance since human language represents a com-
plex cognitive task involving multiple networks in both hemispheres
which participate in different subroutines of language processing
(Chang et al., 2015).

Our study found change in working memory to be significantly af-
fected by the resection of HGM naming sites. The working memory
subtest of WISC/WAIS measures the ability to hold and manipulate
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Table 3

Analysis of covariance models with follow-up score for respective neuropsychological subscales as the dependent variable, resection of HGM naming electrodes as the

main effect, and pre-surgical score for the same subscale as a covariate.

Epilepsy Research 151 (2019) 17-23

HGM electrodes resection

Pre-surgical score

Interaction term

p-values
WISC-IV/ WAIS-IV Verbal comprehension 0.102 < 0.0001 0.340
Perceptual reasoning 0.029* < 0.0001 0.865
Working memory 0.035* 0.001 0.252
Processing speed 0.065 0.004 0.601
Full scale IQ 0.673 0.001 0.930
PPVT-IV 0.368 < 0.0001 0.116
Boston naming test 0.925 < 0.0001 0.996
NEPSY-II Word generation (semantic) 0.357 < 0.0001 0.217
Word generation (phonemic) 0.253 0.058 0.505
Woodcock-Johnson IIT Passage comprehension 0.014* < 0.0001 0.313
Letter-word identification < 0.0001* < 0.0001 0.621

(HGM high-gamma modulation; IQ intelligence quotient; NEPSY-II A Developmental NEuroPSYchological Assessment; PPVT Peabody Picture Vocabulary Test; WAIS
Wechsler Adult Intelligence Scale; WISC Wechsler Intelligence Scale for Children; * <0.05).

Table 4
Selected mean raw difference scores analyzed with respect to resection of electrodes showing high-gamma modulation during visual naming.
Difference in mean RDS* (95% confidence limits) p-value**
WISC-IV/ WAIS-IV Perceptual reasoning —-9.0 (—19.3,1.3) 0.081
Working memory —15.2 (—29.7, —0.7) 0.041
Woodcock-Johnson IIT Passage comprehension —2.7(—14.2,8.8) 0.627
Letter-word identification —6.8 (—14.3,0.8) 0.076

(RDS raw difference score; WAIS Wechsler Adult Intelligence Scale; WISC Wechsler Intelligence Scale for Children; *represents the difference in mean RDS between
groups with and without resection of electrodes having naming-associated high-gamma modulation; **represents p-value adjusted for multiple comparisons using

Tukey’s honest significant difference).

verbal information in the short-term memory (Wechsler, 2014). A
conceptual model of working memory proposes a central executive
which is interdependently linked to visuospatial sketchpad and pho-
nological loop subdomains, themselves mediated via an episodic buffer
(Baddeley, 1992; Linden, 2007; Muller and Knight, 2006). The visuos-
patial sketchpad integrates ventral occipito-temporal stream mediating
object recognition, and dorsal occipito-parietal stream which enables
spatial operations. The phonological/articulatory loop also has 2 com-
ponents including phonological short-term store localizing to inferior
parietal cortex, and sub-vocal rehearsal process relying on Broca’s area,
supplementary sensorimotor cortex, and cerebellum (Linden, 2007;
Muller and Knight, 2006). We hypothesize that resection of HGM sites
within or adjacent to these cortical locations may have been responsible
for observed difference in working memory in our study (Fig. 2). We
used a visual naming task which, though not designed to test the
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nuances of working memory systems, involves multiple language sub-
routines including semantic, lexical, and phonological processes
(Hamberger, 2015). Neuropsychological studies in adults with temporal
lobe epilepsy have shown that word finding or naming difficulties in
such patients are likely due to interference with post-semantic proces-
sing (Helmstaedter et al., 2003; Seidenberg et al., 1993). Clinically,
patients with DRE experiencing naming difficulties can often still de-
scribe the item they are unable to name, implying successful semantic
retrieval; and can sometimes provide the first phoneme, number of
syllables, or syllabic stress of the name, indicating partial access to
lexical and phonological information (Helmstaedter et al., 2003;
Miozzo and Caramazza, 1997; Miozzo and Hamberger, 2015). Since we
included a mixed sample of pediatric DRE, our findings probably sug-
gest that chronic DRE may adversely affect language networks, even
outside the areas defined by conventional neuroanatomy and/or ESM;

Fig. 2. Cortical surfaces derived from patient’s brain MRI showing elec-
trode locations (red dots); ESM results (green lines: orofacial sensorimotor
speech interference, yellow lines: aphasia, black lines: no naming dys-
function); and visual naming related HGM (left panel). Also shown are co-
registered pre- and post-operative brain imaging with 3D resection objects
(middle 2 panels); and post-resection intra-operative photographs (right
panel). Illustrative examples with resection of HGM + language sites in
left supra-marginal gyrus and inferior peri-Rolandic cortex (top, AWM 3,
AFSIQ —9, APC1 — 0.6); left anterior basal temporal and temporal pole
(middle, AWM —4, AFSIQ —5, APC1 — 12.4); and right parietal lobe
(bottom, AWM —3, AFSIQ —2, APC1 — 2.8).

[A change (post-operative score — pre-operative score); 3D 3-dimensional;
ESM electrical stimulation mapping; FSIQ full-scale intelligence quotient;
HGM high-gamma modulation; MRI magnetic resonance imaging; PC
principal component; WM working memory; electrodes placed over the
ventral temporal-occipital surface are projected over cerebellum for vi-
sualization]
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and that NPE of these patients should be comprehensive and include
multiple functional tests in addition to the assessment of naming ability.

At present, epilepsy surgery decisions incorporate only ESM results
for functional localization, in a majority of centers. Although our study
makes a good case for continued evaluation of NPE consequences of
resecting HGM + ESM — electrodes to better inform neurosurgery, it
has some unavoidable limitations. Changes in language or NPE out-
comes before and after epilepsy surgery depend on several variables,
including seizure recurrence/frequency after surgery, anti-seizure
medications, localization of the seizure-onset zone, and the anatomy of
resection. Also, the topography of HGM depends on the tasks used for
language mapping, and methods used for signal analysis (Arya et al.,
2018a). In particular, it will be desirable to evaluate the effect of dif-
ferent thresholds of an HGM metric (for example, trial-averaged power
change) on post-operative NPE. However, in our present implementa-
tion of HGM analysis, only a binary significance was obtained for each
electrode (Arya et al., 2017, 2018b). A small sample size also precluded
incorporating these variables and the proportion of HGM naming sites
that were resected, in a predictive model. However, we did not find a
significant impact of age, sex, seizure freedom, resections including
MTL, surgery in the language dominant hemisphere, or the resection
volume, on the association between NPE outcomes and resection of
HGM naming sites. Finally, not all the HGM naming sites that were
resected, were tested by ESM in our study, since ESM was driven by
clinical factors.

5. Conclusion

We found resection of HGM language sites to be associated with
significantly worse post-operative working memory. We also showed
that NPE of children with DRE should incorporate comprehensive
evaluation of multiple cognitive and linguistic domains besides naming
ability. Recently, results of multiple functional imaging and mapping
modalities were incorporated using a machine learning approach to
generate a predictive model for post-operative BNT scores in a small
(n = 11) patient population (Babajani-Feremi et al., 2018). In future,
we believe that use of more homogeneous methods for intracranial
neuro-signal acquisition and analysis, incorporation of disease and
patient specific variables, and use of predictive algorithms in large
multi-center samples will ultimately drive a change in practice.
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