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h i g h l i g h t s
 High-frequency (gamma) electrocorticographic activity indicates the sequence of cortical activation

during different language and memory tasks.
 Linguistic cognitive tasks induce successive activations that precede in both parallel and sequential

manners across the cortex.
 Identifying specific cortical gyri from structural MRI allows grouping functional activations across

several patients to describe a common mode of activation for each task.

a b s t r a c t
Objective: To describe the spatio-temporal dynamics and interactions during linguistic and memory
tasks.
Methods: Event-related electrocorticographic (ECoG) spectral patterns obtained during cognitive tasks
from 26 epilepsy patients (aged: 9–60 y) were analyzed in order to examine the spatio-temporal patterns
of activation of cortical language areas. ECoGs (1024 Hz/channel) were recorded from 1567 subdural electrodes and 510 depth electrodes chronically implanted over or within the frontal, parietal, occipital and/
or temporal lobes as part of their surgical work-up for intractable seizures. Six language/memory tasks
were performed, which required responding verbally to auditory or visual word stimuli. Detailed analysis
of electrode locations allowed combining results across patients.
Results: Transient increases in induced ECoG gamma power (70–100 Hz) were observed in response to
hearing words (central superior temporal gyrus), reading text and naming pictures (occipital and fusiform cortex) and speaking (pre-central, post-central and sub-central cortex).
Conclusions: Between these activations there was widespread spatial divergence followed by convergence of gamma activity that reliably identified cortical areas associated with task-specific processes.
Significance: The combined dataset supports the concept of functionally-specific locally parallel language
networks that are widely distributed, partially interacting in succession to serve the cognitive and behavioral demands of the tasks.
Ó 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.

1. Introduction
⇑ Corresponding author at: Department of Neurology, MC-2030, The University of
Chicago, 5841 S. Maryland Avenue, Chicago, IL 60637, USA.
E-mail address: towle@uchicago.edu (V.L. Towle).

Beginning with the earliest clinicopathologic stroke studies of
the aphasias (Broca, 1865; Wernicke, 1874; Lichtheim, 1885), lan-
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complex ways (Logothetis et al. 2001; Sinai et al., 2005; Khursheed
et al. 2011; Kunii et al. 2013b; Genetti et al. 2015). However, studies of subdural recordings of high-frequency gamma activity during language tasks have shown clear sequences of activation,
suggesting serial processing, as well (Aoki et al. 1999; Crone
et al. 1998, 2001a, 2001b; Hart et al. 1998; Trautner et al. 2006;
Canolti et al. 2007; Towle et al. 2008; Kunii et al. 2013a). We report
here an analysis of the time course of ECoG activations from adult
and pediatric epileptic patients performing three language tasks to
determine the degree to which processes are task-specific. ECoG
findings from task-induced gamma activity reveal that temporal
and perisylvian frontal and parietal cortical areas appear to be
organized into successive activations of locally parallel networks.

guage function was found primarily in the left hemisphere, and has
since come to be envisioned as largely organized in a widely distributed, parallel fronto-parietal-temporal system (GoldmanRakic, 1988; Mesulam, 1990; Bressler, 1995). These original
descriptions have been confirmed and refined with the invention
of functional imaging, first using PET (Petersen et al. 1988), and
then functional MRI (reviewed by Powell and Duncan, 2005;
Hickok and Poeppel, 2007; Binder, 2011, Price, 2012). From these
later studies, it has been found that in both hemispheres, large
areas of the cortex, midbrain and even cerebellum are simultaneously active during language tasks. However, evidence from behavioral (Sternberg, 1966) and electrophysiologic studies (Kutas et al.
1977; McClelland, 1979; Renault et al., 1982; Canolty et al. 2007;
Sahin et al. 2009) indicate that some human cognitive processes
are serial in nature. Some of these streams, such as acoustic and
phonetic processes and visual contour processing, appear to be
automatic and bottom-up, while semantic/motor processes appear
to be more volitional and top-down (Travis et al. 2013; Burke et al.
2014). Impressively human-like performance has been emulated
by in silico layered neural networks of language perception, which
incorporate bottom-up activation that is modulated by early topdown feedback from higher to lower network levels (McClelland
and Elman, 1986). Due to the slow time course of hemodynamicbased imaging techniques, the temporal dynamics and interactions
of active areas have been difficult to ascertain. Detailed knowledge
of the relative timing and duration of information flow is crucial for
enhancing our understanding, and developing biologically realistic
models of linguistic and cognitive processing.
Although hemodynamic imaging techniques have been used to
locate cortical and subcortical language areas (Peterson et al. 1988;
Mummery et al. 1999; Belin et al. 2000; Binder et al. 2000), several
problems have precluded their routine utilization in the surgical
work-up. Although not synonymous, electrocorticographic (ECoG)
and functional MRI activation and direct cortical stimulation
(Penfield and Roberts, 1959) are related in spatially and temporally

2. Methods
2.1. Subjects
Twenty-six epilepsy surgery patients were studied during their
invasive work-up for medically intractable seizures. Patient demographics, diagnoses, grid placement and outcome are listed in
Table 1. Cognitive assessments, imaging and language lateralization are listed in Table 2. Testing was performed 3–7 days after
implantation, analgesic tapering and anti-epileptic drug withdrawal, while continuous video/ECoG recordings were being
obtained and characterized using ECoG video monitoring from
1567 subdural electrodes (10 mm or 7.5 mm spacing) and 510
depth electrodes (5 mm spacing) chronically implanted over or
within frontal, parietal, occipital and/or temporal lobes. Electrodes
were implanted according to the clinical needs of the patients,
without consideration for this study. Three patients received both
types of electrodes. The minimum number of electrodes implanted
was 12 depth electrodes; the maximum number of electrodes was
138 subdural electrodes (Fig. 1).

Table 1
Patient demographics, diagnoses, electrode locations and clinical outcomes.
Patient

Age (y)

Gender

Diagnosis

Seizure

Onset

Freq

Electrodes

Tx

Path

Outcome

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

9
10
30
21
33
16
36
46
60
41
36
32
29
15
28
24
21
50
46
42
25
53
15
15
28
27

F
F
M
F
F
M
M
F
M
M
F
M
M
F
M
F
M
F
F
F
M
M
M
F
F
F

L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
L TLE
R TLE
R TLE
R TLE
R TLE
R TLE
R TLE
R TLE
R TLE
TS
L f sz
R f sz
R o sz
L o sz

FIAS
FIAS
FBTCS
FIAS
FIAS
FIAS
FIAS
FIAS
FIAS
FIAS
FBTCS
FBTCS
FIAS
FIAS
FBTCS
FBTCS
FIAS
FIAS
FIAS
FIAS
FIAS
FIAS
FBTCS
FIAS
FIAS
FIAS

4y
7y
18 y
12 y
27 y
11 y
6y
41 y
55 y
5m
28 y
22 y
4y
6y
11 y
16 y
15 y
42 y
16 y
41 y
7y
12 y
10 y
7y
8y
2y

15/d
150/d
1/m
1/m
2/w
2/m
2/w
1/m
1/m
1/w
1/w
3/m
2/w
2/m
6/w
4/w
1/y
2/m
1/m
2/m
2/m
3/m
2/d
1/m
1/m
1/w

L fpt
L fpt t d
L fto
L fpto, Bd
L fpt d
L fpto
L fpt
L fpt
L pt d
L ft d
Ltd
Ltd
L ft d
R fpt
R fpt, Bd
R fpt
B ft d
Rtd
Rtd
B ft d
Rtd
R ftpo
L fpt
R fpt
R fpt
L fpto

L SAH
L ATL
L SAH
L ATL
L ATL
L ATL
L SAH
L ATL
RNS
laser ablation
laser ablation
laser ablation
laser ablation
R SAH + p topect
R ATL
R ATL + p topect
laser ablation
laser ablation
laser ablation
laser ablation
laser ablation
R ATL
L F topect
R f lobectomy
R o topect
L o topect

gliosis, Rasmussen’
gliosis, astrocytosis
nl
hipp sclerosis
nl
nl
h sclerosis
cavernoma
abscess
none
none
none
none
marginal gliosis
viral enceph
focal cort dysplasia
none
none
none
none
none
hipp sclerosis
L f atrophy
cort dysplasia
R f focal gliosis
focal cort dysplasia

Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class

L = left, R = right, B = bilateral, f = frontal, p = parietal, t = temporal, o = occipital, d = depth electrode, sz = seizure, nl = normal.
FIAS = focal impaired awareness seizure, FBTCS = focal to bilateral tonic-clonic seizure, TLE = temporal lobe epilepsy.
TS = tuberous sclerosis, SAH = selective amigdalohippocampectomy, topect = topectomy, ATL = anterior temporal lobectomy.
Class = Engel (1993), seizure outcome (I = seizure free, II = rare seizures, III = worthwhile improvement, IV = no improvement).
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III
I
II
II
I
II
I
I
III
I
III
III
III
I
III
III
II
II
I
I
I
IV
IV
III
III
III
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Table 2
Radiological and neuropsychological findings for the 26 patients.
Patient

Hand

IQ/Lang

MRI

Wada

PET

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

L
R
R
R
R
R
L
L
R
R
R
R
R
R
R
R
L
R
R
R
R
R
R
R
R
R

; verbal memory
WISC 82%
GAI 112
nl
FSIQ 61
WISC 50%
FSIQ 66
mild anomia
L lang
; vocab, fluency
; verbal memory
; verbal memory
; verbal memory
; exec function
special Ed.
; verbal memory
; semantic mem
reading 25%ile
FSIQ 100, PRI 111
FSIQ 84, GAI 84
L lang
nl
dyslexia, VC 6%
FSIQ 75, VCI 79
FSIQ 100, spch dly
nl

na
L med t sclerosis
nl
nl
nl
nl
L med t sclerosis
L post t cavernoma
L med t sclerosis
L hipp atropy
neurofibromatosis 1
nl
L med t sclerosis
nl
B ATL encephalomalacia
R hem polymicrogyria
nl
Chiari malformation
B hipp atropy
nl
R med t sclerosis
L f R t o tubers
L t lesion
R f dysplasia
R f encephalomalacia
L med o, L t thickening

na
L lang, R mem
L lang, B mem
L lang, B mem
L lang
not obtained
R lang, R mem
L lang, L mem
inconclusive
R lang, R mem
L lang, B mem
L lang, B mem
L lang, B mem
L lang, L mem
L lang
L lang
L lang
not obtained
not obtained
not obtained
not obtained
L lang
na
not obtained
L lang
not obtained

; L t, L o
" L med t
; L ant lat t
nl
; ant lat t
; L inf front lat f
;Lt
; post t
;Lt
; L ant med t
; L ant med t
;Lt
;Lt
; R ant t, post t
not obtained
;Rt
; L lat t
; B lat t
;R>Lt
nl
; R ant med t
not obtained
; L lat t
;Rf
;Rf
; L lat t, o, p-o

L = left, R = right, B = bilateral, f = frontal, f = parietal, t = temporal, o = occipital lang = language, mem = memory, TS = tuberous sclerosis, MTS = mesial temporal sclerosis
na = not available, nl = normal.

one’s ears (siren--listen). Each noun was preceded by a tone warning stimulus presented 1 sec before word onset. The subjects had 5
sec to say an appropriate verb, or say ‘‘pass”.
The third task involved recognition memory decisions. 11/26
patients were asked to learn a list of 20 words (10 spoken, 10 written words, randomly presented on different trials) at a rate of one
word every seven sec. After a 1 min arithmetic distraction task,
they were asked to recall as many words from the list as they could
within 1 min. Then they were presented with the 20 words which
they had attempted to learn, intermixed with 20 similar novel
words, and asked to identify which were on the original memory
list by saying ‘‘yes” or ‘‘no”. Presentation of each word was preceded by the 500 msec simultaneous warning tone/checkerboard.
Half of the words were abstract with low imagability (e.g., ‘‘value,”
‘‘incident”), and half of the words were common animals (e.g.,
‘‘beaver,” ‘‘reindeer”). After a practice trial, this task was performed
three times, using the same learned words in the same order and
modality (mixed with 20 novel distractor words), totaling 120
presentations/patient.

Three patients were tested, but not included in this study
because their MRI scans were not of high enough quality (1) or
they had had a previous temporal lobectomy (2) preventing successful annotation of gyri by the FreeSurfer program. Written
informed consent was obtained from each patient or their parent,
according to the direction of the institutional review boards at
the University of Chicago and Rush University.
2.2. Cognitive tasks
Three language tasks, containing six conditions, were part of a
90 min battery of linguistic, psychophysical and memory tests that
were administered at the bedside in the patient’s hospital room.
Some patients were not able to perform the more difficult tasks,
such as the noun–verb generation task, and some tasks were omitted due to time constraints or scientifically inopportune electrode
locations.
The first, and easiest task, was a verbal repetition task which
contained 72 trials of three conditions, in which either a spoken
word, a visual text word (2 deg high, white on black), or a line
drawing of an object (subtending < 10 deg) was presented to
21/26 patients (Fig. 2). The subject was asked to repeat, read, or
name each object, which was presented in a quasi-random order
twice in each modality. Each stimulus was preceded by 1 sec with
a simultaneous 2 kHz warning tone/checkerboard (10.7 deg),
which were 500 msec in duration. Each trial lasted 6 sec, including
5 sec to repeat the word. A practice trial of six different words was
rehearsed to familiarize the patient with the task. Stimuli were
generated using the GENTASK function of the Compumedics STIM
2 system (Compumedics, Inc., El Paso, TX). The auditory stimuli
were presented in an open field with the volume set to a comfortable level by the patient.
The second, and most difficult task, was the auditory noun/verb
task, in which 76 common nouns were presented to 16/26 patients,
who were asked to say an appropriate verb. The nouns were
related to objects that can be manipulated with the hands
(drawer--open), eaten by mouth (lollypop--lick), or heard with

2.3. ECoG recordings
The surface ECoG and depth local field potentials were recorded
from up to 126 electrodes (512 or 1024 Hz/channel, 1–100 Hz
bandpass, 12 dB/octave roll-off) located over/in the frontal, parietal, occipital and temporal lobes. One additional channel was used
to record the acoustic word stimuli and the patient’s voice. A second channel recorded stimulus-locked timing pulses. All ECoG
channels were recorded referenced to Pz (Fpz ground), and then
digitally converted to a grand mean reference. The auditory stimuli
and patient’s voice were recorded with a microphone and digitized
along with the ECoG recordings. Tone onset (t), word onset (w),
and voice-onset time (vot), were marked manually by visual
review of the microphone channel using the EDIT function of
SYNAMPS (Compumedics, Inc., El Paso, TX). Xltek video/EEG systems were used for both the adult and pediatric patients (Natus
Medical Inc., Pleasanton, California, USA).
82
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Fig. 1. The location of subdural and depth electrodes relative to specific gyri for 26 consecutive epilepsy surgery patients. (center) The names of the gyri displayed over the
MNI average brain according to the probabilistic normal anatomical model in FreeSurfer. (A post-op scan was used for patients 1 and 15.

stimulus baseline. Occasional task-related decreases in power were
also observed relative to baseline, usually in frontal areas before
word onset.

2.4. Calculations of power
The ECoG recordings were analyzed by computing the eventrelated band power induced (not time-locked) by the language
tasks. ECoG epochs were selected beginning 2 sec before the warning tone/checkerboard, and ending 3 sec after the onset of the
word. Each raw trial was visually screened for any rare, highvoltage artifacts or inter-ictal spikes. The intrusion of inter-ictal
spikes in temporal areas was a common cause of disruption in
the gamma band. Sometimes, a gyrus would have two or more
electrodes on it with similar responses. In such cases we included
the measurements from the channel with the highest quality
responses. Two or three replications of the resulting gamma activation functions were superimposed (depending on the task), allowing the onset, peak and offset of the reliable activations to be
identified by visual inspection. The task-induced event-related
band power was calculated for each 6 sec epoch (70–100 Hz,
45 dB roll-off, 200 point smooth) and averaged across trials. The
average power recorded 800–400 msec before the warning tone/
checkerboard was set as zero power baseline. Peak power values
were therefore change scores calculated relative to the pre-

2.5. Statistical analyses
Differences in onset latency, peak power and duration were
assessed for the different gyri using 1-way analysis-of-variance
(ANOVA), (SPSS V. 24.0, Chicago, IL). A two-tailed Fisher’s least significant difference (LSD) post-hoc test was used to evaluate specific
comparisons using Tamahane’s T2 model in which homogeneity of
variance is not assumed. Onset and peak gamma latencies were
assessed using canonical correlation. Comparisons in which
p < .05 were considered statistically significant. In order to minimize spurious results, we only included activations from gyri in
which more than 20% of the patients taking the test had reliable
responses. Between 6–9 of 31 possible gyri passed this criterion
for each testing condition. This criterion was relaxed for primary
visual cortex, due to sparse electrode coverage in the interhemispheric fissure. Activations of the temporal pole were
excluded because ERG/EOG artifacts could not be conclusively
83
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Fig. 2. (a) A depiction of the three modalities of stimulation (text, picture, auditory) for the naming task. (b) The sequence of events on each trial under all task conditions.
VOT = voice-onset time of the verbal response.

The implanted electrodes were imaged with postoperative CT
scans, which were obtained on different clinical scanners with resolutions ranging from 0.453  0.453  0.600 to 1.000  1.000  1.
000 mm. The CT scans from each patient were co-registered to the
MRI space using the mutual information algorithm contained in
SPM-8 (Penny et al. 2012). The accuracy of the co-registration
was informally assessed for three patients by comparing the location of fiducial points (tip of the nose, pre-auricular fossae, external
auditory meatus, tympanic membranes, optic chiasm, center of the
globes and the foramen magnum), which were found to have no
more than 1 mm discrepancy between images.
The electrodes were then located within the CT scan and segmented, and then projected onto the dural surface to correct for
post-operative migration due to hemorrhage and edema, using
in-house software (Brang et al. 2016). The results of this process
(based on the projected normal to the imaged orientation of each
electrode) are depicted for each patient in Fig. 1.
The location of each depth electrode was also assessed relative
to the type of surrounding brain tissue. Approximately equal proportions of them were in grey and white matter (254 vs. 256),
with15 in amygdala and 94 in hippocampus.

ruled out (Otsubo et al., 2008; Jerbi et al., 2009; Kovach et al., 2011;
Nagasawa et al., 2011; Makris et al., 2013).
2.6. Direct cortical stimulation
Eloquent cortex was identified using direct electrical stimulation at the bedside after an adequate number of seizures had been
recorded for 14/26 of the patients. Trains of pulses lasting 2–10 sec
(biphasic pulses, 0.3 msec duration, 50 Hz, 2–10 mA) were systematically applied to pairs of electrodes in an attempt to elicit positive
or negative functional signs or symptoms, without afterdischarges.
Depending on the cortical location, behavioral or language tasks
were employed to identify motor, sensory, or language-related cortical areas (Lüders et al. 1988; Ojemann et al. 1989; Lesser et al.
1994). Seven patients also underwent functional MRI testing as
part of their clinical work-up. These studies confirmed the ECoG
findings and aided our interpretation of many of the activations.
2.7. Image visualization and electrode Co-registration
Each patient underwent diagnostic MRI scanning of the brain,
which included a T1 pulse sequence to create a 3-D model of the
cortex (Towle et al. 2008). This model was calculated from FreeSurfer (Reuter et al. 2012), which created the pial surface of each
hemisphere. FreeSurfer also contains a normal anatomical database, which probabilistically categorizes 27 areas, and labels them
with their anatomical names (Desikan et al. 2006). We further subdivided the temporal lobe into four more areas by dividing the
superior, middle and inferior temporal gyri into anterior, central,
and posterior regions. They were demarcated by determining the
anterior and posterior limits of the primary auditory cortex (which
responded to both the warning tones and the auditory words), by
extending these limits inferiorly at an approximately 90 deg angle
to the sulci. A dural surface for electrode registration was also created using an in-house pial dilating algorithm.

3. Results
3.1. Behavioral performance
The highest mean accuracy (>99%) was obtained in the auditory
repeat and text repeat tasks. Most patients scored well on the picture naming tasks, too, but two patients (Subjects 8 and 9) scored
poorly, one of whom had a mild anomia (Table 2). Patients with
verbal deficits scored the lowest on the noun–verb generation task.
Subjects 8 and 22, who scored 54% and 58% had a mild anomia, and
brought the mean verb generation down to 82%. With these exceptions, the patients performed generally well on the tasks. The mean
performance levels for each task are shown in Fig. 3a. Typical
skewed voice-onset time distributions were obtained, with the
84
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was presented three seconds into these six-second tracings, preceded 1 second earlier by the warning tone/checkerboard. The
presence of a gamma activation in response to tone presentation
indicated to us the extent of the primary auditory cortex in
Heschl’s gyrus, and defined the anterior-posterior extent of what
we term the ‘‘central” temporal gyri.
The onset, peak and ending of the task-induced gamma activity
were marked by visual inspection of each channel under each
experimental condition, as shown in Fig. 7. At least two replications of the waveforms were superimposed (odd vs. even trials)
to assess reliability of the recordings. Unreliable activations were
not scored. The earliest activations were induced by the simultaneous warning tone/checks, lasting about 600 msec, which were
clearly separated from the subsequent activation induced by the
auditory word stimuli. Analysis of the activations induced by word
stimuli, revealed two patterns: Many activations with a shortonset time were greater than 40 uV2 in power, compared to activations with later onset times, which were all less than 40 uV2 in
power (Fig. 8). The former were usually over primary sensory cortex, or nearby gyri.
The onset latency of the word-induced activations differed,
depending on which gyrus they were recorded from
(F(12,82) = 5.52, p < .001). To avoid spurious comparisons, we did
not include gyri that had activations from less than 20% of the subjects in each condition.
The early stimulus-induced gamma activations were relatively
short in latency and duration (<1 sec), and peaked at greater powers than later activations (Figs. 8 and 9). Extensive visual inspection of each patient’s activation patterns revealed that the onset
of later activations frequently did not begin until the earlier activations peaked in power and started to decline. This is illustrated for
Patient 2 during the auditory recognition task (Fig. 9). We therefore
analyzed the onset and peak of each activation for each task in
order to assess the sequence of induced gamma activations across
gyri, as described below.

Fig. 3. The latency (A) and accuracy (B) of behavioral performance for each task.
The two ‘‘cued” tasks (shorthand for the recognition conditions) were the most
difficult, but responses to the noun–verb task were the slowest.

3.3. Auditory word repetition task

median values shown in Fig. 3b. Because we used an arithmetic
distractor task, we did not observe a primacy or recency effect in
the recall of the 20-word memory list.

This task was the easiest task, which allowed the patients to
complete with high accuracy and short voice-onset times (Fig. 3).
It could be performed based merely on the prosodic aspects of
the stimulus, without requiring an understanding of the meaning
of the word. Post-hoc analysis of the ANOVA of the gamma onset
latencies revealed that the earliest gamma activation was induced
along the superior temporal gyrus, followed by activation of the
lateral posterior frontal lobe (F(7,44) = 4.0, p < .002). There was no
activation observed below the superior temporal gyrus (STG), nor
in parietal areas behind the late activity in the post-central gyrus
(Fig. 10, top).

3.2. Gamma Onset/Offset
Among the 26 patients studied, 490 reliable induced gamma
activations (1–63 activations/patient) were recorded from 2077
implanted electrodes (24% of recordings), averaged across the six
test conditions. Reliable gamma activations were recorded from
27/31 gyri. No electrodes were placed over the posterior cingulate
and pre-cuneus gyri, with sparse coverage over some midline gyri,
like the frontal marginal and medial occipital gyri. Snapshots from
the progressive activation of induced gamma activity during the
auditory recognition task are shown for Patient 2 in Fig. 4. For this
patient, the initial activation occurred in the superior temporal
gyrus and spread anterior along that gyrus, then jumped to more
widespread areas, and finally ended in the mouth sensory/motor
areas when saying yes or no. The activations appear to drift along
the superior temporal gyrus at network velocity (~0.01 m/s) rather
than at myelinated fiber conduction velocity (30 m/s), as seen in
Supplementary Video 1. Fig. 5 illustrates the divergence and then
convergence of active areas in terms of an increase, and then
decrease, in the number of distinct cortical areas that were activated during the auditory recognition task for subjects with broad
coverage of the left hemisphere.
An alternate depiction of such activations is shown in Fig. 6, for
this same patient, also during the auditory repeat task. The word

3.4. Auditory word recognition task
This task, which required the same cognitive processes as the
above tasks, plus the need to interrogate recent episodic memory,
was the second most difficult task. The earliest induced gamma
activation was in the central region of the superior temporal gyrus,
but gamma activity was more widely observed in frontal and parietal regions, and especially in the inferior supra-marginal gyrus
(F(7, 31) = 2.3, p < .19). The ANOVA for this condition and the visual
recognition task were not statistically significant at the p < .05
level, but we present the data in a similar manner to the other four
conditions for comparison. Again, for this condition, no activity
was observed below the superior temporal gyrus (Fig. 10, center).
85
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Fig. 4. Snapshots of the spatiotemporal dynamics of induced gamma activations during the auditory recognition task for Subject 2. Gamma magnitude is depicted using a
heated-object scale—yellow is maximum magnitude, transparent indicates no gamma activation. High magnitude gamma begins over the STG, spreading both anteriorly
along the ventral pathway and posteriorly along the dorsal pathway. After the maximum peak, gamma activity diverges, and becomes widely distributed as the STG activity
wanes. Finally, the activation converges over the motor mouth area to create a verbal response. STG = Superior Temporal Gyrus.

3.6. Read text task
This task, which was relatively easy, like the auditory repeat
task, but differed from it in that the earliest activations were in
the inferior occipital, fusiform and precentral gyri, followed by
activation of the inferior supra-marginal gyrus, with late activation
of the anterior superior temporal gyrus (F(7,46) = 2.39, p < .04).
Interestingly, unlike repeating a spoken word, reading text out
loud did not induce gamma activity in the frontal inferior triangular or opercular gyri. (Figs. 10 and 11, top). This was most evident
for subject 2, who performed both the auditory and visual wordrepetition tasks well, but without any obvious participation from
Broca’s area (or the arcuate fasciculus) during text or picture presentations (Fig. 12).
3.7. Visual word recognition task
This condition, although similar to the auditory word recognition task, induced the initial gamma activity in the middle occipital
and fusiform gyri, then subsequently activated the opercular and
supra-marginal gyri, like its counterpart auditory memory task
(F(8,27) = 2.29, p < .07).

Fig. 5. The number of active discrete cortical areas at successive events within a
trial during the auditory recognition task. It represents the average number of areas
activated from three subjects that had extensive left hemisphere coverage.

3.5. Auditory Noun-Verb task

3.8. Name picture task

This task, which was the most difficult of the six tasks (Fig. 3),
revealed a sequence of induced gamma activation quite different
from the two tasks above. The earliest activation was in the anterior superior temporal gyrus, and the frontal inferior triangular
gyrus (F(7, 19) = 3.6, p < .02). This was followed by posterior and
inferior temporal activation, with the latest activation appearing
in the sub-central motor area (Fig. 10, bottom).

This task was difficult for a few of the patients (Fig. 3). The
sequence of induced gamma activation was different from the
other conditions, showing two distinct processing stages
(F(6,30) = 5.8, p < .001). The first stage was in the inferior temporal
and occipital lobes, followed by a second stage of activation in the
opercular and central sulcus region (Fig. 11, bottom). It is different
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Fig. 8. Scatterplot of the peak magnitude of the induced gamma activations. Early
responses recorded over visual and auditory areas induced high magnitude
responses, while later activations were relatively low in magnitude.

Fig. 6. Stimulus-induced gamma power displayed in relation to the gyral organization of Patient 8. Note that over the STG there are at least three different patterns
of activity. Red arrows point to activations emitted in response to the warning tone/
checkerboard. The anterior-posterior extent of these non-verbal activations determined the location of the dotted lines, which represent our functional division
between the anterior, central and posterior STG. This figure depicts reliable
waveforms that were included in the group analysis, unreliable waveforms that did
not superimpose sufficiently to be included in the group analysis, and waveforms
that did not reveal any significant gamma activations. PreC = Precentral Gyrus,
SMG = Inferior Supra Marginal Gyrus, STG = Superior Temporal Gyrus, MTG = Middle
Temporal Gyrus, as determined by FreeSurfer.

Fig. 9. Gamma activations from Patient 2 reveal that late onsets often correspond to
the peak or offset of earlier activations. vot = voice-onset time, wot = word-onset
time.
Fig. 7. Illustration of how the onset, peak, and offset of gamma activations were
identified by visual inspection of the superimposed induced gamma activation
waveforms. These overlaid functions are from a single subject under the auditory
recognition task, which is repeated three times. We would classify these as reliable
functions because the latency and magnitude of the marked inflections show little
variability across replications.

3.9. Clinical findings
Although these ECoG gamma findings were not used for treatment considerations, independent clinical confirmation of the electrophysiologic findings for the primary sensory areas was obtained
through direct electrical stimulation (14 patients), functional MRI
(7 patients) and median nerve somatosensory evoked potentials
(4 patients). As shown in Table 1, except for Subject 22, all of the

from the other conditions because it is a visual object naming task,
which differs from the other two conditions in the naming task by
requiring object identification and lexical retrieval.
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Fig. 10. The spatio-temporal dynamics induced by auditory tasks. (left:) Graphs of the onset latency (green triangles) and offset latency (red triangles) for gyri in which at
least 20% of the patients had reliable gamma band activations above pre-stimulus levels. Each pair of green–red triangles represents a single subject. Vertical green bars
indicate no significant differences in onset latency between the tick-marked gyri and other gyri. The wide boxes with green gradients represent the mean onset-to-peak
activation for that gyrus; the wide boxes with red gradients represent the mean peak-to-offset of activation for that gyrus. (right:) Depictions of the sequence of gamma
activations from the initial locations in the superior temporal gyrus (yellow stars) to subsequent gyri. Activation from the semantic noun–verb generation task was quite
different from the largely prosodic tasks. vot: mean voice-onset time. Yellow arrows indicate early processing; orange lines indicate intermediate processing; red lines
indicate late processing.

latency of gamma activity revealed as much as a 1,100 msec difference of activation onsets across gyri, beginning at around 100
msec, and ending with onsets as late as 1,200 msec (Fig. 10). Distributed language networks must communicate through at least
five white matter pathways (Fujie et al., 2008; Duffau et al.,
2008; Catani et al., 2003; Bajada et al. 2015). Assuming that central
myelinated pathways conduct at approximately 33 m/sec
(Desmedt and Cheron, 1980), this would suggest that the longest
white-matter transit time would be about 3 msec within a hemisphere, and most transit times between gyri would be much
shorter, on the order of 2 msec. The activations that we have
described take place at least two orders of magnitude slower, suggesting that most of the timing is due to intracortical processing
time, not inter-regional transit times. The early auditory-induced
activations were most likely propagated away from Heschl’s transverse gyrus (primary auditory cortex) along the superior temporal
gyrus via the middle longitudinal fasciculus both anteriorly to the
temporal pole and posteriorly (Catani et al., 2003), terminating in

patients had a long-term improvement in their seizures, especially
those with unilateral temporal lobe epilepsy. Patient 8, who
entered the study with a mild anomia, experienced worsened
receptive speech comprehension as a result of resection of her left
temporal pole, including part of the superior temporal gyrus. These
areas were electrophysiologically silent during our tasks, except for
activation of the anterior inferior temporal gyrus in all six conditions. Patient 9 experienced a transient post-operative language
deficit. Patient 11, who was treated with a left temporal lobe laser
ablation, experienced a dense right homonymous hemianopia.
4. Discussion
These studies of task-induced ECoG power in the gamma band
obtained during simple language/memory tasks reveal a rapid
spread of activation from sensory areas throughout the brain, largely overlapping in time, which converged in motor areas, ending
as late as 2,500 msec after stimulus onset. Analysis of the onset
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Fig. 11. The spatio-temporal dynamics of gamma activity induced by visual tasks. (left:) Graphs of the onset latency (green triangles) and offset latency (red triangles) for gyri
in which at least 20% of the patients had reliable gamma band activations above pre-stimulus levels. Each pair of green–red triangles represents a single subject. Vertical
green bars indicate no significant differences in onset latency between the tick-marked gyri and other gyri. The wide boxes with green gradients represent the mean onset-topeak activation for that gyrus; the wide boxes with red gradients represent the mean peak-to-offset of activation for that gyrus. The post-hoc tests revealed a pattern of
activation that appears to be more parallel than auditory activations. (right:) Initial activations (yellow stars) were in the inferior temporal lobe and occipital region, largely
sparing the superior temporal gyrus. Yellow arrows indicate early processing; orange lines indicate intermediate processing; red lines indicate late processing.

similar to that of Edwards et al. (2005, 2010), who described three
qualitatively different stages of processing—‘‘perception, semantic
association/selection, and speech production,” which we also think
of as divergent, distributed, and then convergent processes. More
than the sequence of onsets, this later spatial aspect is strongly
suggestive of at least three different stages of processing (Fig. 13).

the angular gyrus and the superior parietal lobule (Makris et al.,
2009, 2013). This may facilitate the linking of phonological information to the verbal lexicon (Hickok and Poeppel, 2000, 2007).
The middle longitudinal fasciculus and the arcuate fasciculus
mediate mostly phonological information (Duffau et al. 2008).
The sequential nature of some of the gamma activations give the
impression that the activation of some areas may depend on the
decline or cessation of processing in prior areas, as if they were
waiting to receive information from prior processing (McClelland,
1979). Nonetheless, the simultaneity and spatial extent of many
of these onsets is suggestive of a sequence of multiple distributed
parallel networks, depending on the task. These can be thought of
as an initial and automatic sensory and perceptual bottom-up network confined to the occipital and temporal lobes, depending on
the modality of stimulation, followed by a widely distributed
semantic proprioceptive/mnemonic task monitoring network,
and terminating in a motoric response network. Our analysis is

4.1. Early Sensory/Perceptual activation
As has been demonstrated by many studies, the distribution of
early sensory activation was quite different for visual and auditory
stimulation. Auditory stimulation initially induced early gamma
activation along the superior temporal gyrus (Rauschecker,
1998a, 1998b; Kunii et al. 2013b). Like Kunii et al. (2013a), we
found such induced activation from the superior temporal/occipital areas to be greater in power and shorter in duration than later
activity. The combined tone/checkerboard warning stimuli elicited
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Fig. 12. Like other subjects, Patient 2 revealed reliable activation of pars triangularis during the auditory but not visual word-repetition task. LFG = left frontal gyrus.

Fig. 13. Cognitive processes involved in language and memory tasks. Sensory processing of the stimulus is initially confined to primary cortex, but gradually, the output of
these sensory processes diverges via white-matter pathways to many distributed cortical areas for higher-order task-related processing, and then converges to the motor
mouth area to execute a verbal response.

anterior and posterior direction along the superior temporal gyrus
(Steinschneider et al. 2011), most likely mediated by the middle
longitudinal fasciculus, but did not activate the temporal pole or
more inferior temporal areas. At times, this sequence of activation
appeared to advance slowly, as if ascending successive levels in a

short-latency, short-duration and localized gamma activation over
the superior temporal lobe and medial and lateral occipital areas
which did not immediately spread to other areas.
For our auditory repeat word and auditory word recognition
tasks, this early activation spread away from Heschl’s gyrus in an
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temporal gyrus and fusiform gyrus were activated. None of the
subjects could recall all of the latter task’s words, but could correctly discriminate them from similar distractor words, suggesting
that this task could be performed based on only familiarity. Both of
our recognition tasks activated the parietal inferior supramarginal
gyrus, but similar to Kunii et al. (2013a), less than 20% of our subjects exhibited reliably activation of the inferior angular gyrus. This
is the period of time at which widespread memory and semantic
associations are interrogated (Johnson and Knight, 2015).

hierarchical network. These anterior ventral and posterior dorsal
streams are initially acoustic and phonologic, reaching the anterior
superior temporal ‘‘auditory word form area” (DeWitt and
Rauschecker, 2013), and for delayed responses, perhaps the inferior parietal lobule ‘‘phonological-articulatory loop” supporting
short-term auditory memory (Baddeley et al. 1984; Jokisch and
Jensen, 2007). These are functionally and anatomically similar to
the parallel visual ‘‘what” and ‘‘where” pathways, and correspond
to lateral temporal area Te3, which contains a higher density of
pyramidal cells in layers IIIc and V, and a lower density of M1,
NMDA, GABAA and noradrenergic a1 receptors than adjacent areas
(Morosan et al. 2005). The posterior superior temporal gyrus
stream is thought to mediate creation of the internal phonetic representation of the auditory stimulation (Hickok and Poeppel, 2000;
Mesgarani et al. 2014) which can be rehearsed and mapped onto
the verbal lexicon to activate higher order semantic associations,
resulting in what Vygotsky (1934) called the subjective experience
of ‘‘inner speech.” Our sequence of activation for this task was similar to that of Edwards et al. (2010), except that for our visual word
recognition task, we also observed activation in the fusiform gyrus,
an area for which they did not have extensive electrode coverage.
In contrast to auditory presentations, reading words and naming pictures caused early bilateral activation of the medial and lateral inferior occipital lobe and bilateral fusiform gyrus (Tanji et al.
2005; Wu et al. 2011; Kunii et al. 2013a). Lesions of the left fusiform gyrus have been associated with picture naming deficits
(Binder et al. 2020). Our cohort only contained one subject (Subject
6) with subdural electrodes placed over the medial occipital (primary) visual cortex. These electrodes recorded the highest magnitude induced gamma activity that we observed. In contrast to Te3,
this area contains relatively high numbers of M2, GABAA and 5-HT2
receptors, compared to the middle and inferior lateral occipital
areas (Zilles et al. 2002; Toga et al. 2006).

4.3. Late memory/motor activation
With the exception of the more difficult noun–verb task, all of
our tasks activated the pre-central, sub-central and post-central
gyri, with the pre-central gyrus usually exhibiting the earliest activation. These activations often did not begin until the earlier sensory gamma activations were peaking in magnitude, as Kojima
et al. (2013a, 2013b) also observed. These late activations usually
peaked around voice-onset time, with the exception of the noun–
verb task. Kojima et al. (2013a) reported that both visual and auditory stimuli activated the ventral pre-motor gyrus and middle
frontal gyrus. Auditory stimuli also activated the middle frontal
gyrus and inferior frontal gyrus. Genetti et al. (2015) reported activation of the premotor cortex in an auditory discrimination task
when the patients overtly articulated their responses, but not
when the responses were covert. Interestingly, similar to Wu
et al. (2011), we found less or no activation of Broca’s area during
reading words, compared to repeating heard words (Fig. 11). The
longest voice-onset times were obtained from the noun–verb generation task. This was, in part, likely because unlike the other tasks,
every trial contained a new word, without the repetition of items
which were present in the visual/auditory repetition and recognition tasks. The delay may also be due to the late activation of
semantic processes in the middle temporal lobe, but also because
the subsequently produced lexemes and lemmas were not present
or not easily extracted from the stimuli. We did not have high
enough error rates to characterize incomplete processing streams
in this study. It would be interesting to study how these later
stages of word formation are altered for older vs. younger subjects
(Nagels et al. 2012).

4.2. Intermediate lexical/semantic activation
This is a period when bottom-up and top-down processes interact. Beginning at around 200 msec, activity from auditory and
visual stimulation activate the same cortical areas, in what
Kojima et al. (2013b) has called the left hemisphere ‘‘canonical language region” (superior temporal gyrus, inferior-frontal lobe,
dorsolateral-premotor area, and inferior-Rolandic region). In their
study of 56 epilepsy surgery patients, they found that resections
within this crucial area caused significantly more language deficits,
which required speech therapy, than did resections outside of this
area. Interestingly, fMRI primarily activates non-critical ‘‘subsidiary cortical areas” which can usually be resected without functional deficit, while direct cortical stimulation (the ‘‘gold
standard”), by definition, only locates crucial language areas. During this period, there is more widespread and divergent parallel
processing.
Historically, the arcuate fasciculus has been proposed as a
major pathway involved in language function (especially repeating
words) involving the areas of Broca and Wernicke
(Lichtheim,1885; Graves, 1997). Recent tractography studies suggest that its anterior termination is in the inferior precentral gyrus,
with a minority of fibers terminating in pars opercularis, and none
reaching pars triangularis (Brown et al. 2014). If so, one might
expect that, especially during our auditory word repeat task, there
would be greater activation in the precentral gyrus than pars opercularis, with little activation in pars triangularis. Both of these areas
were activated in our auditory tasks, but pars triangularis was not
reliably activated in our visual tasks (Fig. 12).
Projection for the auditory noun–verb generation task was quite
different from the auditory repeat and auditory word recognition
tasks, likely because it required semantic processing; the middle

4.4. Areas with multiple functions
The patterns of activation we observed did not always reflect
gyral boundaries. The most obvious example of this was the superior temporal gyrus. We observed different patterns of activation in
the anterior, middle and posterior portions of it. Activation to tones
was primarily restricted to what we deemed middle superior temporal gyrus, indicating activation of the primary auditory cortex
and auditory beltway areas. Activation to words was more widespread, and included posterior superior temporal gyrus and lateral
parietal regions, indicating activation in more distant surrounding
areas. This activation included and extended beyond areas associated with the primary auditory evoked potential and was usually
not responsive to direct electrical stimulation of cortex
(Hashimoto et al. 2000). Other examples are the peri-Rolandic
areas, which briefly responded to the warning stimuli distinct from
late motor activations (Fig. 6). Examining our verb generation task,
we observed late, but not early activation in the pre- and postmotor cortex for hand and mouth related verbs (Aoki, et al.
1999). Like Canolti et al. (2007) we could not find unambiguous
support for the idea of embodied cognition in our noun–verb condition (Pulvermüller and Fadiga, 2010), nor evidence of temporal
binding using event-related coherence (Gray et al. 1989; Singer,
1999).
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Although many of the electrophysiologic phenomena were
observed to arise under a few adjacent electrodes, some patterns
clearly followed the course of a gyrus or were unique to a single
electrode, suggesting that volume conduction was not a major
issue in defining these areas. Because the width of cortical gyri
is, on average, about one centimeter, for these purposes, a more
desirable inter-electrode spacing for cortical mapping studies
appears to be on the order of 5 mm. Although closer spacing of
electrodes is possible, in the clinical setting, the need for greater
spatial resolution must be balanced with practical constraints of
wires safely exiting the scalp. This limitation will likely be overcome with emerging wireless subdural grid technology
(DeMichele et al. 2014).

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clinph.2020.10.007.
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