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during overt visual naming was mapped with trial-averaged time-frequency analysis. Group-level synthesis
was performed by transforming all electrodes to a standard space and assigning cortical parcels based on a
reference atlas.
Results: After image display following cortical parcels were activated: inferior occipital, caudal angular, fusiform,
and middle temporal gyri, and superior temporal sulcus [0-400 ms]; rostral pars triangularis (A45r), inferior
frontal sulcus, caudal dorsolateral premotor cortex (A6cdl) [300-600 ms]; caudal ventrolateral premotor cortex
(A6cvl), caudal pars triangularis (A45c¢), pars opercularis (A44) [400-800 ms]; primary sensorimotor cortex
[600-1400 ms], with most prominent HGM in glossolaryngeal region (A4tl). Lastly, auditory cortex (A41/A42)
and superior temporal gyrus (A22) were activated [900 ms-1.4 s]. After 1.5 s, HGM decreased globally, except
in ventrolateral premotor cortex.
Conclusions: During visual naming, ECoG HGM shows a sequential but overlapping spatiotemporal course
through cortical regions. We provide neurophysiologic validation for a model of visual naming incorporating
both modular and distributed cortical processing. This may explain cognitive deficits seen in some patients
after surgery involving HGM naming sites outside perisylvian language cortex.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

or functional studies, and have scant neurophysiologic validation [2]. In
patients undergoing extraoperative electrocorticographic (ECoG) mon-

Presurgical mapping of language cortex in patients with drug-
resistant epilepsy (DRE) often relies on visual naming [1]. Even some-
thing seemingly as mundane as naming an image of an everyday object
involves multiple cognitive domains. Different models have been pro-
posed to explain naming function and dysfunction, including sequential
and parallel processing models [1,2]. However, these models represent
predominantly theoretical constructs, only partially supported by lesion
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itoring, task-associated high-gamma modulation (HGM) has been
shown to be a biomarker for transient speech deficits produced by elec-
trical cortical stimulation mapping (ESM), blood-oxygen-level-depen-
dent responses, and neuronal population firing rates [3,4]. Unlike the
binary results from conventional ESM, ECoG HGM can be harnessed
with sufficient spatial and temporal resolution to examine dynamic
properties of cortical regions involved in visual naming. Activation of
these cortical sites, particularly those outside the canonical peri-
sylvian language cortex, may perhaps explain language and other
higher-order cognitive deficits seen in DRE patients after resection of
ECoG HGM language sites, which were not anticipated by the ESM
[5-9]. Hence, we investigated propagation of ECOG HGM during a visual
naming task to delineate cortical spatiotemporal dynamics. We
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hypothesized this would show a more extensive map of cortical regions
involved in language processing, perhaps explaining postoperative lan-
guage deficits seen in patients with resections outside the canonical lan-
guage areas and/or ESM naming sites.

2. Methods
2.1. Participants

Patients with DRE with subdural electrodes implanted over the
left hemisphere, who were successfully able to complete the visual
naming task, were included. These patients, recruited from Cincin-
nati Children's Hospital, represent a subset of those reported earlier
in a study validating ECoG HGM during the naming task with ESM
[10]. The present analyses were limited to patients with left hemi-
sphere electrodes, due to better diagnostic validity of ECOG HGM
for language sites in such patients. The study was approved by the In-
stitutional Review Board of Cincinnati Children's Hospital Medical
Center (#2012-0791).

2.2. ECoG signal acquisition and the naming task

Subdural electrodes used for recording ECoG signals had the follow-
ing dimensions: 4.75-mm total diameter, 1.5-mm exposed diameter,
and 10-mm center-to-center distance (Auragen, Integra Neurosciences,
Plainsboro, NJ). For clinical purposes, extraoperative ECoG was recorded
using XLTek EMU128FS amplifier (Natus Medical Inc., San Carlos, CA).
For research purposes, we split signals from this amplifier into a g.
USBamp (g.TEC Medical Engineering, Austria) amplifier having a sam-
pling rate of 1.2 kHz. After obtaining a baseline with the patient silent
and awake, s/he was shown a series of pictures on a monitor and re-
quested to name them aloud. Each image display lasted 3500 ms with
a 2500-ms interstimulus interval, for a total of 50 trials. Onsets and ter-
minations of image displays were input as digital pulses time-
synchronized to the ECoG data stream. Additional details about the lan-
guage task, ESM, and ECoG signal acquisition have been published
earlier [10].

2.3. ECoG signal processing and statistical analysis for HGM

We used similar methods for preprocessing, time-frequency analy-
sis, and statistical analysis of ECoG signals as published previously [11,
12]. After discarding electrodes with artifact or frequent epileptiform
discharges and re-referencing to the grand mean, ECoG signals were
converted into epoch data containing trials of the object naming task,
where t = 0 corresponded to the onset of image display. These epoched
ECoG data were then analyzed in the time-frequency domain using the
multitaper method [13]. Mean power of each time-frequency bin after
image display was compared to that 100 ms to 500 ms before the
onset of the pictures, to calculate a t-value across all trials (separately
for each electrode in every patient). The statistical significance of each
time-frequency bin was determined by a Monte Carlo permutation
test (n = 10,000), and significant bins (p < 0.05, Bonferroni corrected)
were identified. We applied a 10-Hz spectral smoothing on significant
time-frequency bins, and then calculated averaged 60- to 110-Hz
HGM for each time bin, separately for each electrode. Although we
have used the term HGM, we effectively computed power augmenta-
tion in the 60- to 110-Hz band.

2.4. Normalization and cortical parcels for subdural electrodes

To perform group-level analysis across all patients, we calculated lo-
cations of the subdural electrodes in the Montreal Neurological Institute
(MNI) space using the methods described previously [11]. The postim-
plantation computed tomographic images of each patient were
coregistered to the preimplantation magnetic resonance imaging
(MRI), and locations of the subdural electrodes were extracted. We
then compensated for the postsurgical brain shift, normalized the pre-
implantation MRI, and calculated the coordinates of the electrodes in
the MNI space. We used the human Brainnetome Atlas for brain
parcellation [14]. This atlas provides fine-grained brain parcellation
consisting of 210 cortical and 36 subcortical regions. After normalization
of the coordinates of all electrodes in all patients, electrodes with signif-
icant HGM were assigned to their nearest parcels in the Brainnetome

Fig. 1. Locations of the subdural electrodes of all patients are shown on the brain surface in the Montreal Neurological Institute (MNI) standard space.
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atlas. Then the average time course of HGM across all significant elec-
trodes within a parcel was calculated.

3. Results
3.1. Clinical features

Eight patients (4 females) aged 4-19 years (mean =+ standard de-
viation 10.9 4 4.3) were included. All the patients were native En-
glish speakers. Four patients had nonspecific findings on brain MR,
which were not useful for surgical planning, while two patients
had tumors, and one each had tuberous sclerosis and periventricular
heterotopia. Two of the patients were left-handed, while all others
were right-handed. Functional MRI showed left language lateraliza-
tion in three patients, atypical distribution (frontotemporal discor-
dance) in one patient, and could not be performed in four patients
due to inability to participate. The number of subdural electrodes
varied from 58 to 126 (93 4 23). The locations of subdural electrodes
for all patients in MNI coordinates are shown in Fig. 1. Also, all corti-
cal parcels with at least one electrode having significant HGM are
shown in Fig. 2. Additional details regarding these patients have
been published earlier [10].

3.2. Progression of HGM during visual naming

The mean latency of speech onset after image display was 860 ms
(449). The sequential time course of maximal high-gamma activation
of cortical parcels after image display is shown in Fig. 3 for all patients.
High-gamma modulation activation first started in the inferior occipital
gyrus (I0G) followed by the visual area of the middle temporal gyrus
(MTG) and caudal part of the angular gyrus (A39c). After approximately
400 ms poststimulus, the lateroventral and dorsolateral parts of

fusiform gyrus were activated followed by the rostral and caudal parts
of MTG and the anterior superior temporal sulcus (STS). Then, the infe-
rior frontal regions and premotor cortex were activated in the following
order: the rostral part of pars triangularis (A45r), inferior frontal sulcus
(IFS), and the caudal dorsolateral part of premotor cortex (A6cdl). After
approximately 600 ms poststimulus, the caudal ventrolateral part of
premotor cortex (A6cvl) was activated followed by the caudal part of
pars triangularis (A45c) and then the dorsal and ventral parts of pars
opercularis (A44d and A44v). Also, although we did not observe any sig-
nificant HGM in the caudal part of supramarginal gyrus (SMG; A40c),
the rostrodorsal part of SMG (A40rd) was activated approximately
700 ms after stimulus onset. After that, the primary motor and somato-
sensory cortices were activated. The most prominent HGM was seen in
the tongue and larynx region of motor cortex (A4tl). Finally, the audi-
tory cortex (A41/A42) was activated followed by the caudal and rostral
parts of superior temporal gyrus (STG; A22c and A22r). After 1.5 s of vi-
sual stimulus, HGM decreased in all areas, but ventrolateral premotor
cortex continued to maintain activation.

4. Discussion

4.1. Neurophysiology of dynamic localization of ECoG HGM during visual
naming

This study showed temporal dynamic localization of ECo0G HGM dur-
ing visual naming to different cortical areas. While conventional ESM of-
fers only binary classification of cortical sites into those with and
without speech arrest, our study provides neurophysiologic evidence
for different cognitive components involved in visual naming. The initial
HGM was localized to 10G, visual area in the MTG, and caudal angular
gyrus (A39c), attesting to their role in the initial decoding of the graphic
information from the displayed image. Within the next 400 ms, fusiform
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Fig. 2. Cortical parcels with significant high-gamma modulation in the human Brainnetome atlas. A1/2/3 tonla: Area 1/2/3 (tongue and larynx); A1/2/3 ulhf: Area 1/2/3 (upper limb, head,
and face); A2: Area 2; A4hf: Area 4 (head and face); A4tl: Area 4 (tongue and larynx); A6cdl: caudal dorsolateral Area 6 (Premotor cortex); A6cvl: caudal ventrolateral Area 6 (Premotor
cortex); A21c: caudal Area 21 (Middle Temporal Gyrus, MTG); A21r: rostral Area 21 (MTG); A22c: caudal Area 22 (STG); A22r: rostral Area 22 (Superior Temporal Gyrus, STG); A37dl:
dorsolateral Area 37 (Fusiform gyrus); A37elv: extreme lateroventral Area 37 (Fusiform gyrus); A39c: caudal Area 39 (Angular gyrus); A40rd, rostrodorsal Area 40 (Supra-marginal
gyrus); A41/42: Area 41/42 (Auditory cortex); A44d: dorsal Area 44 (Pars opercularis); A44v: ventral Area 44 (Pars opercularis); A45c: caudal Area 45 (Pars triangularis); A45r: rostral
Area 45 (Pars triangularis); ASTS: anterior superior temporal sulcus; IFJ: inferior frontal junction; IFS: inferior frontal sulcus; iOccG: inferior occipital gyrus; V5/MT +: the middle

temporal visual area.
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Fig. 3. Time courses of maximal high-gamma augmentation in different cortical parcels during overt picture naming (data from all patients). Time O corresponds to onsets of image
displays. Color bar represents t-value of high-gamma augmentation for each electrode with respect to its baseline (100-500 ms before picture display). See Fig. 2 for the locations of

the cortical areas in the MNI atlas.

gyrus, MTG, and STS were activated, suggestive of interpretation of the
substantive content of the image and lexical access. Certain regions in
the inferior frontal lobe were next to show HGM including rostral pars
triangularis, IFS, and caudal dorsolateral premotor cortex. Notably,
there is overlap between the poststimulus time-course for activation
of Broca's and Wernicke's areas, suggesting bidirectional information
sharing in the perisylvian cortex, rather than sequential transfer [15].
About 600 ms after the image display, HGM was noted in caudal ventro-
lateral premotor cortex, caudal pars triangularis (A45c) and pars
opercularis (A44). This activation in Broca's area likely represents bind-
ing the semantic and lexical representations of the visual content to the
articulatory representation of the spoken word, which is then passed on
to motor areas for speech, as seen by subsequent activation of the pri-
mary sensorimotor cortex [16]. The most prominent HGM was indeed

Table 1

seen in the glossolaryngeal representation (A4tl). Lastly, the auditory
cortex (A41/A42) along with STG showed HGM, likely related to aware-
ness and monitoring of the self-voice [17]. After 1.5 s of visual stimulus,
HGM decreased in all areas, though ventrolateral premotor cortex con-
tinued to show activation, probably suggesting a role in sustaining at-
tention during and after the language task.

4.2. Spatiotemporally distributed model for visual naming

Our observations allow us to propose a model for the functional neu-
roanatomy of visual naming (Table 1). We propose that visual naming
involves 5 phases, having overlapping poststimulus time courses, with
distributed topography of HGM and corresponding physiology. As a per-
spective, previous models to explain language processing in the brain

Proposed neurophysiological model for visual naming based on propagation of electrocorticographic high-gamma modulation.

Phase Poststimulus
time

Localization of high-gamma modulation

Probable neurophysiologic role

Visual Decoding  0-400 ms

caudal part of angular gyrus

1.2: Ventrolateral and dorsolateral parts of fusiform gyrus, rostral and caudal

1.1: Inferior occipital gyrus, followed by the middle temporal visual area, and

Decoding of graphic information in the image
Contextual interpretation of graphic content (visual
association cortex)

parts of the middle temporal gyrus, and anterior superior temporal sulcus

Semantic-Lexical 300-600 ms  2.1: Rostral part of pars triangularis

2.2: Inferior frontal sulcus, and caudal dorsolateral premotor cortex

Phonemic 400-800 ms  3.1: Caudal ventrolateral part of premotor cortex
3.2: Caudal part of pars triangularis
3.3: Dorsal and ventral parts of pars opercularis

Articulatory 600 ms-1.4s 4.1: Primary sensorimotor cortex (most prominent HGM in tongue and
laryngeal region)

Modulation 12-18s 5.1: Auditory cortex

5.2: Superior temporal gyrus

Extraction of meanings (semantics) and word
representations (lexicon) from the graphic content
Correlating extracted word representations to appropriate
sound sequences (phonemes) for verbal expression
Motor program generation

Executing the motor speech program

Verbal expression and articulation

Feedback cross-checking and self-voice modulation




R. Arya et al. / Epilepsy & Behavior 99 (2019) 106455 5

have included neurological, cognitive, and connectionist models [18].
These models have described both modular and distributed processing,
and were based mostly on lesion-symptom correspondence and neuro-
psychological data. However, these models were not constrained by
neurophysiology and have only limited support from functional imag-
ing [19]. For example, functional data has highlighted the role of angular
gyrus in semantic decision making, and that of posterior inferior tempo-
ral lobe in orthographic interpretation and name retrieval, which were
missing from the lesion-based models [ 18,20]. The dual-stream models
based on functional imaging propose initial phonological analysis in
STG and STS, and subsequent branching into concurrent ventral
stream through anterior and middle temporal lobe for speech recog-
nition and lexical representation, and dorsal stream including dom-
inant posterior frontal lobe, perirolandic cortex, and dorsal STG,
responsible for phonetic and articulatory processing [21,22]. There
is disagreement between the two main dual-stream models regard-
ing bilateral versus dominant hemisphere processing of speech per-
ception. These concepts were extended by the hodotopical
(delocalized) model, which proposed that following the visual
input, the language network is organized in parallel distinct, but in-
terconnected, corticosubcortical subnetworks underlying semantic,
phonological, and syntactic processing [23].

Our model incorporates elements of both modular and parallel pro-
cessing, and proposes that individual elements of graphic, contextual, se-
mantic, lexical, and phonological processing may proceed concurrently,
with overlapping but staggered time courses, eventually culminating
into articulation and feedback self-modulation. We believe that we add
two aspects to the existing models. First, we provide direct neurophysio-
logic evidence for our model, and secondly, add a temporal dimension to
the subcomponents. However, our model is limited to overt picture nam-
ing and does not address other aspects of language processing in the brain
[5,24-26]. This is important because in a study including 8 patients with
DRE, perisylvian activations seen early in the perceptual phase of a
word-repetition task, were maintained through overt articulation, but at-
tenuated during covert expression [27]. Authors inferred that perisylvian
speech network is modulated by the demands of different conditions. This
task-specificity of HGM topography was also shown in another study in-
cluding 79 patients, where picture naming elicited HGM preferentially
medial to left inferior temporal gyrus, while auditory naming elicited
HGM more laterally, before response onset, although inferior precentral
HGM was seen immediately after stimulus onset with both tasks [28].
Also, we did not observe significant HGM in the caudal SMG, compared
to the hodotopical model [23]. We suspect that this could be due to our
observations being based on a single task, compared to a synthesis of
data from several language tasks in the other models [1].

Our findings are aligned with, but more detailed than, previous ECoG
studies. In seven adults, a study showed different temporal envelopes
for HGM in cortical language networks, resulting in complex, cascading
spatiotemporal patterns of activation [29]. During object naming, se-
quential HGM was noted in basal temporal-occipital cortex (visual pro-
cessing), followed by Broca's area and sensorimotor cortex (speech
planning and preparation) [29]. Another large study (n = 100) includ-
ing 16 children (<10 years of age), using an auditory naming task, found
70- to 110-Hz HGM in bilateral STG and precentral gyri immediately
after question onset, and left temporal/frontal lobes, left inferior parie-
tal, and cingulate regions, around question offset [30]. Immediately be-
fore verbal response, HGM involved bilateral posterior superior frontal,
and pre-/postcentral regions [30]. Interestingly, in our study, a stronger
HGM was noted in the glossolaryngeal motor cortex, compared to
Broca's area. We speculate that this might represent the greater likeli-
hood of reorganization in Broca's area in DRE compared to motor cortex,
which is relatively resistant to the network plasticity from epilepsy [31,
32]. Another study has also shown initial high-gamma suppression
followed by augmentation in left lateral prefrontal regions including
Broca's area, several hundred ms before response onset during visual
and auditory naming tasks [28]. While early high-gamma suppression

within Broca's area was more intense during picture naming, subse-
quent prefrontal high-gamma augmentation was more intense during
auditory naming. Although we analyzed only power augmentation,
we believe that this finding is consistent with ours, and may suggest
wider generalizability [33].

4.3. Clinical significance of spatiotemporal aspects of HGM language
mapping

Our observations and the proposed model generate a hypothesis for
neuropsychological deficits seen in some patients after epilepsy surgery.
Studies have shown cognitive deficits after cortical resections, which
spared ESM naming sites but included HGM language sites. Recently,
in 17 patients, we used principal component analysis of multiple neuro-
psychological measures to find that the first component score increased
by 14 points in patients whose resections spared HGM naming sites,
whereas it decreased by 8 points when the resections included HGM
sites [9]. On further analysis, a significant difference of 15 points was
seen in working memory between the groups of patient with/without
resection of HGM visual naming sites. In another recent study, resection
of HGM naming sites resulted in postoperative naming decline in 3/11
patients, although these sites were ESM negative [34]. Earlier, 7/11
adults were reported to have postoperative language deficits that
were not anticipated by ESM [5]. In 4/7 of these patients, the resection
included HGM naming sites, and was associated with poorer perfor-
mance on Hopkins verbal learning test, poorer verbal fluency, and
transcortical motor aphasia. In a study including native Dutch speakers,
2/6 patients had postoperative aphasia after resection of HGM language
sites [6]. Similarly, expressive aphasia, impaired naming, and verbal
memory decline have been reported in 2 other patients [7,8]. Our obser-
vations can help explain these higher-order cognitive deficits even
though the ESM naming sites were spared during epilepsy surgery.
We think that these deficits may result from resection of brain regions
outside the conventional perisylvian language cortex, which are in-
volved in different components of visual naming at various time points.

5. Challenges and conclusions

The limitations of our study stem mainly from the fact that we have
analyzed ECoG signals. While offering excellent spatial and temporal res-
olution, subdural electrodes are surgically implanted for extraoperative
monitoring only in patients with valid indications, most commonly DRE.
Hence, our findings may not be generalizable to neurologically healthy
children. Secondly, the configuration and position of subdural electrodes
is individualized based on presumptive location of seizure-onset zone,
and is not standardized like scalp electroencephalography (EEG). Hence,
ECoG coverage is heterogeneous with variable electrode density in differ-
ent cortical parcels. Our analysis was limited to patients with left hemi-
sphere electrodes, due to our previous observation that ECOG HGM is a
better predictor of ESM naming sites in the left hemisphere [10]. Thus,
we could not analyze the bilateral contributions to certain phases of lan-
guage processing. Also, we could not analyze the role of subcortical path-
ways in language processing, due to the absence of sampling from those
regions. We hope to extend our methodology to stereo-EEG in near future
to address these limitations.

In summary, based on analysis of ECOG HGM during a visual naming
task, we have shown a sequential but overlapping cascade of activation
through different cortical regions. This allowed us to propose a model
for naming consisting of visual, semantic/lexical, phonological, articula-
tory, and self-modulation phases. While these modules are spatiotem-
porally distributed during the naming task, there is an ordered
structure to them. This led us to speculate that perhaps language pro-
cessing in the brain involves both modular and parallel processing.
We were able to refine the existing models for visual naming, and pro-
vide neurophysiologic validation for the same. In future, it will be desir-
able to perform a similar analysis in a larger sample of patients with
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bilateral electrodes including both subdural and stereotactic depth elec-
trodes, having a wider age range, and including multiple language tasks.
This will allow synthesizing a more comprehensive model for language
processing in the human brain, its development with the age, and inter-
action with epilepsy.
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