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The dynamics of information flow within the auditory cortical hierarchy associated with speech processing and the emergence
of hemispheric specialization remain incompletely understood. To study these questions with high spatiotemporal resolution,
intracranial recordings in 29 human neurosurgical patients of both sexes were obtained while subjects performed a semantic
classification task. Neural activity was recorded from posteromedial portion of Heschl’s gyrus (HGPM) and anterolateral por-
tion of Heschl’s gyrus (HGAL), planum temporale (PT), planum polare, insula, and superior temporal gyrus (STG). Responses
to monosyllabic words exhibited early gamma power increases and a later suppression of alpha power, envisioned to repre-
sent feedforward activity and decreased feedback signaling, respectively. Gamma activation and alpha suppression had distinct
magnitude and latency profiles. HGPM and PT had the strongest gamma responses with shortest onset latencies, indicating
that they are the earliest auditory cortical processing stages. The origin of attenuated top-down influences in auditory cortex,
as indexed by alpha suppression, was in STG and HGAL. Gamma responses and alpha suppression were typically larger to
nontarget words than tones. Alpha suppression was uniformly greater to target versus nontarget stimuli. Hemispheric bias
for words versus tones and for target versus nontarget words, when present, was left lateralized. Better task performance was
associated with increased gamma activity in the left PT and greater alpha suppression in HGPM and HGAL bilaterally. The
prominence of alpha suppression during semantic classification and its accessibility for noninvasive electrophysiologic studies
suggests that this measure is a promising index of auditory cortical speech processing.
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Significance Statement

Understanding the dynamics of cortical speech processing requires the use of active tasks. This is the first comprehensive in-
tracranial electroencephalography study to examine cortical activity within the superior temporal plane, lateral superior tem-
poral gyrus, and the insula during a semantic classification task. Distinct gamma activation and alpha suppression profiles
clarify the functional organization of feedforward and feedback processing within the auditory cortical hierarchy.
Asymmetries in cortical speech processing emerge at early processing stages. Relationships between cortical activity and task
performance are interpreted in the context of current models of speech processing. Results lay the groundwork for iEEG stud-
ies using connectivity measures of the bidirectional information flow within the auditory processing hierarchy.

Introduction
The dynamics of speech processing within auditory cortex and
the emergence of hemispheric asymmetries remain incompletely
understood (Hickok and Poeppel, 2015; Chang et al., 2015).
Auditory cortex in posteromedial portion of Heschl’s gyrus
(HGPM) and anterolateral portion of Heschl’s gyrus (HGAL),
posterior portion of the lateral superior temporal gyrus (STGP),
and middle portion of the lateral superior temporal gyrus
(STGM) have been extensively studied using intracranial electro-
encephalography (iEEG; Crone et al., 2001; Bitterman et al.,
2008; Mesgarani and Chang, 2012; Nourski et al., 2014; Patel
et al., 2018). Only recently has iEEG been used to study physiologic
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properties of other auditory-related regions, including planum
temporale (PT), planum polare (PP), insula, and the anterior por-
tion of the STG (STGA; Blenkmann et al., 2019; Woolnough et al.,
2019; Zhang et al., 2019; Forseth et al., 2020; Guo et al., 2021;
Hamilton et al., 2021). Most of these studies used passive listening
paradigms (Blenkmann et al., 2019; Guo et al., 2021; Hamilton et
al., 2021). The few studies that used active tasks restricted their ex-
amination to specific areas (Woolnough et al., 2019; Zhang et al.,
2019; Forseth et al., 2020). This emphasizes the need for a compre-
hensive examination of the multiple auditory cortical areas within
the context of active speech processing.

Efficient speech processing requires both feedforward infor-
mation flow and modulatory feedback signaling from higher
order areas (Rauschecker and Scott, 2009). The former is sub-
served by gamma band (.30Hz) activity; the latter is indexed by
lower frequency activity, particularly in the alpha (8–14Hz)
band (Bauer et al., 2014). Alpha activity, a component of feed-
back signaling thought to enhance auditory processing efficiency,
is associated with a decrease in auditory cortical activation, and
is anticorrelated with the BOLD signal (Goldman et al., 2002).
Suppression of alpha band power is an important component of
auditory cortical activation (Dimitrijevic et al., 2017; Billig et al.,
2019; Nourski et al., 2021) and is associated with increased
BOLD fMRI signal in sensory cortex (Yuan et al., 2010). Thus,
measuring both gamma and alpha signals is warranted to more
fully characterize speech processing.

Progression of onset latencies of gamma activation and
alpha suppression across regions can clarify the position of
each area within the auditory cortical hierarchy. Although
HGPM, a portion of core auditory cortex (Hackett, 2015), has
the earliest feedforward activation, the overall organization of
auditory networks is complex and remains a matter of
ongoing investigation (Humphries et al., 2014; de Heer et al.,
2017; Häkkinen and Rinne, 2018). Onset latencies of alpha
suppression should provide insight into the earliest targets of
feedback influences from higher order areas.

Another unresolved question is the level at which hemi-
spheric asymmetries for speech processing emerge (Leaver and
Rauschecker, 2010; Hickok and Poeppel, 2015). One model pos-
its that speech is bilaterally processed in auditory cortex, and left
hemisphere bias emerges at later processing stages (Hickok and
Poeppel, 2007). The other prominent model envisions a left
hemisphere bias beginning early in the auditory hierarchy
(Rauschecker and Scott, 2009). Additionally, to clarify whether
hemispheric differences in cortical activation are speech specific
or reflect more general active sound processing (Scott and
McGettigan, 2013), control tasks are needed. Finally, under-
standing relationships between cortical activity evoked by speech
and behavioral task performance will help identify key compo-
nents of speech processing.

The objectives of this study were to clarify the hierarchical or-
ganization of speech processing and the emergence of hemi-
spheric asymmetries. Gamma activation and alpha suppression
were measured in a large cohort of neurosurgical epilepsy
patients during a semantic classification task. A tone detection
task provided a control to examine the extent to which findings
could be generalized to active sound processing per se. Gamma
responses recorded in HGPM, HGAL, STGP, and STGM during
performance of this semantic classification task have been previ-
ously reported (Steinschneider et al., 2014; Nourski et al., 2017,
2021) for subsets of the current subject population. The present
works extends those studies to include alpha suppression and the
less explored areas PT, PP, insula, and STGA.

Materials and Methods
Subjects. Subjects were 29 neurosurgical patients (17 male, 12 female;

age 18–52 years old; median age 34 years old) diagnosed with medically
refractory epilepsy who were undergoing chronic iEEG monitoring to
identify potentially resectable temporal lobe seizure foci. Demographic
and iEEG electrode coverage data for each subject are presented in
Extended Data Table 1-1. The hemisphere with predominant electrode
coverage is indicated by the prefix of the subject code, that is, L (left, N =
15 subjects), R (right, N = 12), and B (bilateral, N = 2). Twenty-five sub-
jects were right handed, and four were left handed. Twenty-four subjects
were left-hemisphere language dominant per Wada test, one subject
(R292) was right-hemisphere dominant. In the four remaining subjects
(L425, R429, R456, B457), language dominance was not established, as
no Wada test was performed. Of these subjects, R429, R456, and B457
were right handed, and L425 was left handed.

All subjects were native English speakers except for L275, who was a
30-year-old native Bosnian speaker who learned German at the age of 10
and English at the age of 17. Of 29 subjects, 17 had pure-tone thresholds
within 25dB hearing level (HL) between 250Hz and 4 kHz. Subjects
L258 and L425 had unilateral mild (26–40dB HL) low-frequency
(�250Hz) hearing loss; L372 had a unilateral 30 dB HL notch at 750Hz;
L307, R334, R369, and R376 had a unilateral mild notch at 4 kHz; L357
and L525 had unilateral mild high-frequency (�4 kHz) loss; L282 had a
bilateral mild-to-moderate notch at 2 kHz (left, 40 dB HL; right, 55 dB
HL); and L423 had bilateral moderate (45–50dB HL) high-frequency
(�4 kHz) loss. L514 was the only subject who did not undergo audio-
metric testing and reported normal hearing. Word recognition scores, as
evaluated by spondees presented via monitored live voice, were 92/92%
(left/right ear) in subject L275, 96/88% in R334, 96/92% in R369, 88/
100% in R399, 92/92% in L423, 92/100% in R456, 96/92% in L525, and
�96% in all other tested subjects. Speech reception thresholds were
within 20dB HL in all tested subjects, including those with tone audiom-
etry thresholds outside the 25dB HL criterion. All subjects underwent
neuropsychological evaluation before the study, and none was found to
have cognitive deficits that should have an impact on the findings pre-
sented in this study.

Research protocols were approved by the University of Iowa
Institutional Review Board and the National Institutes of Health.
Written informed consent was obtained from all subjects. Research par-
ticipation did not interfere with acquisition of clinically required data,
and subjects could rescind consent at any time without interrupting their
clinical evaluation.

Stimuli and procedure. Experimental stimuli were monosyllabic words
and complex tones presented in target detection tasks (Steinschneider et al.,
2014; Nourski et al., 2017, 2021). The words were cat, dog, five, ten, red,
and white, obtained from the TIMIT (Garofolo et al., 1993) and
LibriVox (http://librivox.org/) databases. A total of 20 unique exem-
plars of each word were presented in each task, 14 spoken by different
male and 6 by different female speakers. Each task also included five
novel target and five novel nontarget monosyllabic words. These addi-
tional stimuli were presented to maximize the subjects’ reliance on
semantic cues and minimize reliance on phonemic cues. Responses to
these novel words are beyond the scope of this study. The complex
tones had fundamental frequencies of 125 (28 trials) and 250Hz (12
trials), approximating fundamental frequencies of male and female
talkers, respectively. Targets were either the complex tones or words
belonging to the specific semantic categories of animals or numbers.
The three target detection tasks (tones, animals, numbers) were pre-
sented to each subject in three separate blocks. At the beginning of
each block, the subject was told by the experimenter which category
the target was for that block. The subjects’ task was to push a response
button on a Microsoft SideWinder game controller or a USB numeric
keypad when they heard a target. The subjects were instructed to use
the hand ipsilateral to the hemisphere in which the majority of electro-
des were implanted. This was done to reduce contributions of prepara-
tory, motor, and somatosensory responses associated with the button
press to the recorded neural activity. There was no visual component
to the task, and the subjects did not receive any specific instructions
other than to respond to target auditory stimuli by pressing a button.
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Stimuli were delivered via insert earphones (ER4B, Etymotic
Research) integrated into custom-fit ear molds. All stimuli had a
duration of 300ms and were presented in random order with an
interstimulus interval chosen randomly within a Gaussian distribu-
tion (mean, 2 s; SD, 10ms). Before each experiment, the subjects
were presented with a random-sequence preview of stimuli to
ensure volume was at a comfortable level (typically 55–65 dB SPL),
the subjects understood task requirements, and they became accli-
mated to the stimulus sets. Experiments were conducted in a dedi-
cated electrically shielded suite in the University of Iowa Clinical
Research Unit. The subjects were comfortably reclining in a hospi-
tal bed or an armchair.

Recording. This study focused on iEEG recordings made from STP,
the lateral STG, and the insula. Details of electrode implantation, record-
ing and iEEG data analysis have been described previously (Nourski and
Howard, 2015). In brief, depth electrode arrays (4–12 macro contacts,
spaced 5 mm apart) were implanted in each subject stereotactically into
HG, along its posteromedial-to-anterolateral axis. Electrodes implanted
in HG provided valuable diagnostic and prognostic data regarding the
efficacy of epilepsy surgery for amelioration of seizures emanating from
the temporal lobe (Nagahama et al., 2018a, b). Arrays that targeted pos-
terior and anterior insular cortex provided additional coverage of PT
and PP, respectively. When used, subdural grid arrays were typically
implanted over auditory cortex on the lateral STG. The grid arrays con-
sisted of platinum iridium disk electrodes (2.3 mm exposed diameter)
embedded in a silicon membrane and arranged in a 2 � 8, 4 � 8, or 8 �
12 configuration with a 5 or 10 mm center-to-center interelectrode
distance.

A subgaleal contact was used as a reference in all subjects. The extent
of electrode coverage varied across the subject population based on
patient-specific clinically determined electrode implantation plans
(Extended Data Table 1-1). Electrodes remained in place under the
direction of the patients’ treating neurologists.

Data acquisition was controlled by a TDT RZ2 real-time processor
[Tucker-Davis Technologies (TDT)] in subjects L258 through L357 and
by a Neuralynx Atlas System (Neuralynx) in subjects L369 through
R532. Recorded data were amplified, filtered (0.7–800Hz bandpass,
12 dB/octave rolloff for TDT-recorded data; 0.1–500Hz bandpass, 5 dB/
octave rolloff for Neuralynx-recorded data), digitized at a sampling rate
of 2034.5Hz (TDT) or 2000Hz (Neuralynx), and stored for subsequent
off-line analysis.

Data analysis . Anatomical locations of the implanted electrodes
were reconstructed using FreeSurfer image analysis suite (https://
surfer.nmr.mgh.harvard.edu) and in-house software. Subjects under-
went whole-brain high-resolution T1-weighted structural MRI scans
(resolution 0.78 � 0.78 mm, slice thickness 1.0 mm) before electrode
implantation and again immediately after implantation. Subjects
additionally underwent thin-sliced volumetric computerized tomog-
raphy scans (resolution 0.51 � 0.51 mm, slice thickness 1.0 mm) post-
implantation. Locations of recording sites were determined within
postimplantation MR image space according to electrode-induced
susceptibility artifacts and through a comparison with intraoperative
photographs and coregistered postimplant computed tomography
images. Contact locations were then transferred from the postopera-
tive image space to the preoperative MRI image space using a man-
ually guided thin-plane spline warping, for which control points were
selected according to the visible correspondence between preimplant
and postimplant imaging, as needed, to correct for nonlinear postop-
erative tissue distortion.

Locations of recording sites were projected into standard Montreal
Neurologic Institute (MNI) space through a 12-parameter affine linear
coregistration of the preoperative T1-weighted image with the ICBM152
sixth-generation nonlinear template brain, using the FIRST pipeline,
implemented in the Functional MRI of the Brain Software Library tool-
box (Jenkinson and Smith, 2001). Left-hemisphere MNI x-axis coordi-
nates (xMNI) were multiplied by (�1) to map them onto the right-
hemisphere common space. Distributions of recording sites along the |
xMNI| (medial–lateral) and yMNI (posterior–anterior) axis were charac-
terized in terms of mean MNI coordinates and their standard deviations.

Comparisons between the two hemispheres and pairwise comparisons
across regions of interest (ROIs) were made using two-sample two-tailed
t tests. The nine ROIs examined in this study were HGPM, HGAL, PT,
PP, STGP, STGM, STGA, InsP, and InsA.

Analysis of iEEG data were performed using custom software written
in MATLAB version 2020a programming environment (MathWorks).
Recordings were downsampled to 1000Hz for computational efficiency
and denoised using a demodulated band transform-based procedure
(Kovach and Gander, 2016). Voltage deflections exceeding 5 SDs from
the across-block mean for each recording site were considered artifacts,
and trials containing such deflections were excluded from further analy-
sis. To ensure that auditory cortex did not exhibit aberrant responses in
any of the subjects, a series of standard protocols was performed to con-
firm that data from each subject conformed to the previously published
corpora (Brugge et al., 2009; Nourski et al., 2013, 2014, 2015, 2016;
Nourski, 2017; Steinschneider et al., 2011).

Time-frequency analysis was implemented using the demodulated
band transform-based algorithm (Kovach and Gander, 2016). This was
done by computing the discrete Fourier transform over the entire dura-
tion of the recording, segmenting the discrete Fourier transform into
overlapping windows of 1, 2, 4, 10, and 20Hz bandwidth for theta (4–
8Hz), alpha (8–14Hz), beta (14–30Hz), low gamma (30–70Hz), and
high gamma (70–150Hz) bands, respectively. Event-related band power
(ERBP) was calculated by log transforming power for each center fre-
quency and normalizing it to a baseline value measured as the mean
power in the prestimulus reference interval (100–200ms before stimulus
onset).

ERBP spectral profiles were examined by averaging ERBP values
for each center frequency between 4 and 150Hz within 50–350ms af-
ter stimulus onset, as done previously by Nourski et al. (2021). To
determine gamma iEEG frequencies associated with largest ERBP val-
ues, time-frequency analysis of responses to words in all target detec-
tion tasks (complex tone, animal, and number target conditions) was
conducted for center frequencies from 30 to 150Hz in 1Hz steps. For
each recording site, ERBP values for each center frequency were aver-
aged within the 50–350ms poststimulus window. A concave quad-
ratic function was fit to the iEEG frequency versus ERBP data using
the MATLAB polyfit function. Gamma ERBP peak frequencies were
measured as the peak of the quadratic fit at sites where the leading
coefficient of the fit was greater than �0.0001, as less negative coeffi-
cients were indicative of an absence of a discernable peak in the
gamma ERBP spectral profile.

For quantitative analyses, gamma ERBP and alpha ERBP were
averaged within the 50–350ms and 350–650ms poststimulus win-
dows, respectively (Nourski et al., 2021). Stimulus effect was defined
as the difference in ERBP between responses to nontarget words and
complex tones. Target effect was defined as ERBP difference between
responses to nontarget and target words. Gamma ERBP onset laten-
cies were defined as the time at which the lower limit of gamma ERBP
95% confidence interval exceeded 0 dB relative to the prestimulus
mean and remained positive for at least 30ms, following the approach
of Nourski et al. (2014, 2021). Onset latencies of alpha ERBP suppres-
sion were defined as the time at which the upper limit of alpha ERBP
95% confidence interval was below 0 dB relative to the prestimulus
mean and remained negative for at least 120ms, as done previously in
Nourski et al. (2021).

Linear mixed-effects models were used to compare gamma peak
frequencies, gamma and alpha ERBP, and gamma and alpha onset la-
tency (Output) between ROIs. The fixed effect of ROI was modeled as
a nine-level contrast for ERBP (i.e., including all ROIs), and as a
seven-level contrast (all ROIs except STGA and InsA) for gamma
peak frequencies and gamma and alpha response latency. STGA and
InsA were not included in these latter analyses because of the rela-
tively small (,10) number of sites in these ROIs that had large
enough responses to reliably measure the response properties using
the approach summarized above. All models included a fixed effect of
hemisphere and a random intercept for subject. The following models
were implemented in MATLAB version 2020a using the fitlme func-
tion as follows:
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Output ; ROI �Hemisphere þ ð1 j SubjectÞ:

A set of complementary analyses examined gradients of gamma acti-
vation and alpha suppression (Output) with respect to location of re-
cording sites within MNI coordinate space in the three anatomic planes
(STP, STG, and insula). MNI coordinates were transformed (centered
and rotated) to project the three-dimensional location of a recording site
into a two-dimensional space aligned with the first two principal axes of
the corresponding anatomic structure (STP, xu and yu ; STG and insula,
yu and zu , respectively). To accomplish this, a rigid affine transformation
was obtained from a singular value decomposition (SVD) applied to
selected vertices of the pial surface mesh generated by FreeSurfer with
the 2006 ICBM MNI-152 template brain. Vertices were selected accord-
ing to the label assigned within the Desikan–Killiany–Tourville atlas par-
cellation (Klein and Tourville, 2012). In each case, SVD was applied to
the selected vertex coordinates after subtracting the center of mass, and
the first two dimensions of the resulting affine transform were retained
for the purpose of linear mixed-effects modeling.

For STP, the models included main effects of location along and
across HG (xu and yu , respectively), a quadratic term describing a curvi-
linear relationship on either side of the crest of HG (yu

2), their interac-
tions with hemisphere, and a random intercept for subject as follows:

Output; xu � yu 2 � Hemisphereþ ð1 j SubjectÞ:

For STG, the models included main effects of location along and
across STG (yu and zu , respectively), a quadratic term describing a curvi-
linear relationship along the posterior–anterior axis of the STG (yu

2;
Nourski et al., 2014), their interactions with hemisphere, and a random
intercept for subject as follows:

Output; yu
2 � zu � Hemisphere1 ð1 j SubjectÞ:

For insula, the models included main effects of location along
the posterior–anterior and ventral–dorsal axis of insular cortex (yu
and zu , respectively), and a random intercept for subject as
follows:

Output; yu � zu 1 ð1 j SubjectÞ:

Models that examined stimulus and target effects (Condition) on
ERBP magnitude (Output) across recording sites included a random
effect for stimulus and random intercept of recording site (Channel)
nested within subject as follows:

Output;Condition � Hemisphere

1 ð1 j Subject : ChannelÞ1 ð1 j SubjectÞ:

The fixed effects of stimulus and target were modeled as two-
level contrasts (stimulus effect, nontarget tones vs nontarget
words; word target effect, nontarget words vs target words; tone
target effect, nontarget tones vs target tones). In all model-based
analyses, subject was included as a random effect to minimize the
possibility that significant fixed effects were biased by single-sub-
ject contributions. Hemispheric asymmetries were examined by
adding hemisphere as a fixed effect to the models and comparing
the model fit (with and without main effect of Hemisphere) using
theoretical likelihood ratio tests. The quality of models was eval-
uated using Akaike Information Criterion (AIC).

Statistical significance of differences in gamma and alpha ERBP
between subjects who had above-average (.82% hit rate; N = 15) and
below-average (,82% hit rate; N = 14) performance in the semantic cat-
egorization tasks was established usingWilcoxon rank sum tests. To cor-
rect for multiple comparisons, positive false discovery rate (FDR) for
multiple hypothesis testing was controlled using the approach of
Benjamini and Hochberg (1995), and p values were adjusted as the
measures of hypothesis testing error.

Results
Electrode coverage
Results are based on analysis of data from 29 subjects who had
electrode coverage of the STP and, to a variable extent, from the
lateral STG and insula (Fig. 1; Extended Data Table 1-1). The
distribution of recording sites in all nine ROIs across all subjects
is plotted in standard MNI coordinate space in Figure 1a. All 29
subjects had depth electrodes within core auditory cortex
(HGPM, 141 sites) and 24 subjects had coverage of adjacent non-
core auditory cortex of HGAL (98 sites). Fifteen subjects had
coverage of PT (53 sites), and 16 subjects had recording sites in
PP (48 sites). Subdural grid arrays provided coverage of the lat-
eral STG in 26 subjects (301, 178, and 43 sites in the posterior,
middle, and anterior portion of the gyrus, respectively). Nineteen
subjects had coverage of InsP (48 sites), and 17 subjects contrib-
uted a total of 41 sites in InsA. This sample size compares favor-
ably with those in recent iEEG studies that examined subsets of
these ROIs (Blenkmann et al., 2019; Woolnough et al., 2019;
Zhang et al., 2019; Forseth et al., 2020; Guo et al., 2021;
Hamilton et al., 2021).

Figure 1b depicts distributions of sites along the yMNI (pos-
terior to anterior) and |xMNI| (medial to lateral) axis. There
was no systematic difference in the spatial extent of coverage
between the two hemispheres for all ROIs except for STGP,
where coverage in the left hemisphere extended more posteri-
orly than in the right (p , 0.0001; Fig. 1b). This difference
likely reflects the known hemispheric asymmetry in the
human temporal lobe anatomy, wherein left superior tempo-
ral gyrus extends more posteriorly than its right hemisphere
counterpart (Geschwind and Levitsky, 1968; Steinmetz et al.,
1990; Loftus et al., 1993). Thus, comparable spatial extent of
coverage of both the left and right hemispheres permitted
comparisons of physiologic response properties of each ROI
between the two hemispheres.

Spectral characteristics of responses to words
Responses elicited by monosyllabic words within auditory
cortex have characteristic spectrotemporal profiles. These
profiles are depicted for each ROI separately in the grand
average time-frequency plots illustrated in Figure 2a. The
initial response in all ROIs, to varying degrees, consisted of
increases in both low (g low; 30–70 Hz) and high (ghigh; 70–
150 Hz) gamma ERBP that were maximal within the first
several hundred milliseconds after stimulus onset. These
initial increases were followed by suppression of lower fre-
quency power centered in the alpha band (alpha, 8–14 Hz).
The time-frequency windows used for subsequent quantita-
tive analyses, which encompassed much of the changes in
gamma and alpha ERBP, are denoted by dashed rectangles
in Figure 2a (gamma, 30–150 Hz, 50–350 ms; alpha, 8–
14 Hz, 350–650ms). Increases in gamma ERBP and alpha
suppression within PP, STGA, and InsA were weaker than
in the other ROIs, likely a manifestation of their more
downstream locations in the auditory cortical hierarchy.

Locations outside of core areas can exhibit different degrees
of event-related power increases within low and high gamma
iEEG frequency bands (Mahjoory et al., 2020; Nourski et al.,
2021). These differences have been suggested to reflect differen-
ces in cytoarchitectonic organization among the various auditory
cortical regions (Mahjoory et al., 2020). Accordingly, ERBP spec-
tral profiles of responses to the monosyllabic words were exam-
ined in the early (50–350ms) analysis window, when both low

Nourski, Steinschneider et al. · Speech Processing in Superior Temporal Cortex J. Neurosci., June 22, 2022 • 42(25):5034–5046 • 5037

https://doi.org/10.1523/JNEUROSCI.2187-21.2022.t1-1


and high gamma augmentation were greatest (Fig. 2b). Peak
frequencies were greatest in core auditory cortex located in
HGPM (996 16 Hz; mean6 SD; Fig. 2c). Gamma ERBP
peak frequencies within HGPM were significantly higher
than in all other ROIs (p = 0.017 for InsP vs HGPM p ,
0.001 for all other contrasts; Extended Data Table 2-1 con-
tains details of linear mixed-effects model analysis). The
three regions with the lowest peak frequencies (PP, HGAL,

and PT, the latter having the lowest mean peak frequency of
846 20 Hz) were all located immediately adjacent to
HGPM. Thus, to account for this gamma frequency shift
across auditory cortical regions, low gamma and high
gamma power were combined into a single event-related
band (30–150 Hz) for all subsequent analyses. Gamma
responses in STGA and InsA sites were too weak to allow
for reliable measurements of their peak frequencies.

Figure 1. Electrode coverage of STP, STG, and insula in all 29 subjects. a, Locations of recording sites, color coded according to the ROI, are projected onto sagittal, coronal, and axial planes
in MNI coordinate space. Lateral, front, and bottom-up views of the average FreeSurfer brain are shown for reference. b, Distribution of all recording sites in the left (L) and right (R) hemi-
sphere along posterior–anterior axis (yMNI) and sites in STP and insula along the medial–lateral axis (|xMNI|; left and right, respectively). In each violin plot, white circle denotes the median, hor-
izontal line denotes the mean, bar denotes Q1 and Q3, and whiskers show the range of lower and higher adjacent values (i.e., values within 1.5 interquartile ranges below Q1 or above Q3,
respectively). Extended Data Table 1-1 shows subject demographics and electrode coverage.
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Differential profiles of gamma augmentation and alpha
suppression across the STP, STG, and insula
To examine profiles of gamma augmentation and alpha suppres-
sion across the STP, STG, and insula, analyses were performed
using models with ROI and hemisphere as fixed effects with ran-
dom intercept for subject (Fig. 3a; Extended Data Table 3-1).
Largest gamma responses were observed in HGPM (p, 0.0001 for
pairwise comparisons with all other ROIs). Activity in PT, HGAL,
and STGP was comparable in magnitude and was larger than in
the remaining ROIs. Finally, STGM and InsP had comparable
responses that were larger than those in PP, STGA, and InsA.
Hemispheric asymmetries for gamma ERBP were limited to

STGP, with larger responses in the right
hemisphere (p = 0.00012).

Gamma activation was earliest in
HGPM, followed by PT and InsP, which
in turn had shorter onset latencies than
HGAL, PP, STGP, and STGM (Fig. 3b;
Extended Data Table 3-2). Rank ordering
ROIs based on their gamma onset laten-
cies revealed a pattern wherein caudal
ROIs (PT, InsP, STGP) had shorter
latencies than more rostral ROIs (HGAL,
STGM, PP). Onset latencies in the right
hemisphere were significantly shorter in
STGP, STGM, and PP (p = 0.0016, p =
0.033, p = 0.012, respectively). This spa-
tial organization of gamma ERBP and
onset latency was confirmed using a
complementary approach with respect to
location of recording sites within MNI
coordinate space (Extended Data Fig. 3-
1, Extended Data Tables 3-3, 3-4).

The regional distribution of alpha
suppression was markedly different from
that seen for gamma enhancement. Most
notably, alpha suppression was maximal
in HGAL, followed by PT and STGP
(Fig. 3c; Extended Data Table 3-5). It was
also more pronounced in the left hemi-
sphere in HGAL, PP, and all three subdi-
visions of STG. These findings, including
greater alpha suppression in the left STP,
were mirrored by model analyses of the
three anatomic planes (Extended Data
Fig. 3-2a; Extended Data Table 3-6).
Additionally, there was stronger alpha
suppression at STG locations near the
Sylvian fissure compared with those near
superior temporal sulcus. Alpha suppres-
sion was uniformly weak in the insula.

Latency of alpha suppression also
demonstrated a markedly different pro-
file from that seen for latency of gamma
responses. The onset latency of alpha
suppression in HGPM was longer than
that seen in all other ROIs except InsP
(Fig. 3d; Extended Data Table 3-7), a
reverse pattern than that seen for gamma
enhancement. Latencies were shortest
in STGM, followed by HGAL, STGP,
and PP, and longer in other ROIs.
Additionally, STGM was characterized
by shorter onset latencies of alpha sup-

pression in the left hemisphere (p = 0.016), contrasting with
shorter gamma response latencies in the right hemisphere. Alpha
suppression onset latency gradients paralleled those seen for
alpha power at a regional level (Extended Data Fig. 3-2b;
Extended Data Table 3-8).

Thus, gamma augmentation and alpha suppression had dif-
ferent profiles across the STP, STG, and insula, supporting the
interpretation that gamma and alpha iEEG power changes repre-
sent two distinct neural processes involved in sound processing.
The former reflects mechanisms involved in feedforward sound
processing, whereas the latter reflects release of top-down

Figure 2. Activity in auditory and auditory-related cortex during auditory target detection tasks. a, Time frequency plots of
responses to the monosyllabic words cat, dog, five, ten, red and white, averaged across all recording sites in each of the nine
ROIs (top to bottom). Each word was spoken by 20 talkers (14 male and 6 female). Top, Stimulus schematic (duration 300 ms)
in gray. Dotted rectangles denote the time windows used for quantitative analyses of gamma (g ; 50–350 ms, 30–150 Hz) and
alpha (a; 350–650 ms, 8–14 Hz) ERBP. b, ERBP spectral profiles of responses in the nine ROIs. ERBP values, averaged within
the 50–350 ms poststimulus time window, are plotted as functions of iEEG frequency for each ROI (STP, STG, and insula ROIs,
top, middle, and bottom, respectively). Colored lines and shading represent across-site means and their 95% confidence inter-
vals. c, Distributions of gamma ERBP peak frequencies across sites; ROIs rank ordered by mean gamma peak frequency value.
In each violin plot, white circle denotes the median, horizontal line denotes the mean, bar denotes Q1 and Q3, and whiskers
show the range of lower and higher adjacent values (i.e., values within 1.5 interquartile ranges below Q1 or above Q3, respec-
tively). Note that for iEEG frequencies, logarithmic scale is used for the ordinate in a and abscissa in b, and linear scale is used
for the ordinate of c. Data from STGA and InsA are not shown, as weak responses in these ROIs precluded reliable measure-
ments of peak gamma frequencies. Extended Data Table 2-1 shows results of model-based pairwise comparisons between
ROIs.
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inhibition from higher cognitive areas dur-
ing sound processing (Chao et al., 2018).

Stimulus and target effects in the
semantic categorization task
The semantic categorization task per-
mitted the examination of stimulus
effect, that is, differences in response
magnitude between nontarget complex
tones and nontarget words, and target
effect, which reflects additional proc-
essing that ultimately leads to correct
identification of target stimuli. The
tone detection task provided a control
to establish whether the target effect in
the semantic categorization task was
speech specific or a more general effect
of active sound processing. Nontarget
trials that were associated with incor-
rect responses and target trials to
which subjects failed to respond were
excluded from this analysis.

Stimulus effects were examined by
measuring gamma activity and alpha
suppression in the same two successive
time windows used in previous analyses
(50–350 and 350–650ms after stimulus
onset, respectively; Fig. 4a). Target
effect was solely measured using alpha
suppression, as previous work using the
same paradigm had shown that gamma
activity reflecting target effect occurred
primarily (.90%) in higher order cort-
ical areas (e.g., MTG, SMG, and IFG in
the left hemisphere; Nourski et al.,
2017).

Gamma stimulus effect was present in
all ROIs except for the three areas with the
weakest responses (PP, STGA, InsA; Fig.
4b; Extended Data Table 4-1). There was a
stronger gamma stimulus effect (i.e., larger
responses to words vs tones) in HGAL,
STGP, and STGM in the left hemisphere.
The analysis of this effect was extended by
comparing gamma responses to tones and words on a site-by-site
basis (Fig. 5). Sites with stronger responses to words than tones
were more prevalent than sites that exhibited the opposite rela-
tionship, as could be expected from the ROI-level analysis
depicted in Figure 4b. The opposite pattern of stronger responses
to tones versus words occurred more frequently in the right hemi-
sphere than the left. In the left hemisphere, 17 of 536 sites were
characterized by significantly stronger (p , 0.05, two-sample t
tests, FDR corrected) gamma responses to tones than words; 14 of
these were in STGP, 2 in HGPM, and 1 in HGAL. By contrast,
stronger responses to tones were found in 55 of 415 right-hemi-
sphere sites. This effect was noted in all ROIs except InsP.
For STGP, there was a right-hemisphere bias for the complex
tones to elicit larger gamma responses compared with words
(right hemisphere, 31 of 123 sites; left hemisphere, 14 of 178
sites; x 2 test p , 0.0001). Thus, although gamma stimulus
effect typically manifested as elevated responses to words com-
pared with tones, sites within the right hemisphere, especially
STGP, could exhibit the opposite effect. Of note, the two

complex tones were constructed to mimic vowel-like sounds
with fundamental frequencies typical of male and female voices.
This suggests that although both hemispheres are active in
processing speech, the right hemisphere may be focused on
processing specific components of the speech stream (e.g., vow-
els and pitch).

Alpha stimulus effect (greater alpha suppression in response
to words vs tones) was present in all ROIs except for the
insula (Fig. 4c; Extended Data Table 4-2). At the single-site
level, alpha stimulus effect was much weaker than gamma
stimulus effect (27 vs 310 of 951 sites, for alpha and gamma,
respectively). InsP was different from canonical auditory cortex in
that it exhibited a gamma/alpha dissociation, wherein words elicited
larger early gamma activation than tones without a subsequent
modulation of alpha power. A larger alpha stimulus effect was noted
in the left hemisphere in HGPM, STGP, and STGM and paralleled
the more general left-hemispheric bias of the alpha suppression
(Fig. 3c).

Alpha target effect in the semantic categorization task (alpha
word target effect, i.e., greater alpha suppression in response to

Figure 3. Gamma activity and alpha suppression in auditory and auditory-related cortex during the semantic categoriza-
tion task. Data are plotted by ROI and hemisphere, left (L), right (R). a, Distribution of gamma ERBP values across sites. ROIs
are rank ordered by mean gamma ERBP value. In each violin plot, white circle denotes the median, horizontal line denotes
the mean, bar denotes Q1 and Q3, and whiskers show the range of lower and higher adjacent values (i.e., values within 1.5
interquartile ranges below Q1 or above Q3, respectively). b, Distribution of gamma onset latency values across sites; ROIs rank
ordered by mean gamma onset latency. Data from STGA and InsA are not shown, as weak responses in these ROIs precluded
reliable measurements of gamma onset latencies. c, Distribution of alpha ERBP values across sites. ROIs are rank ordered by
mean alpha ERBP value. d, Distribution of alpha suppression onset latency values across sites. ROIs rank ordered by mean
alpha suppression onset latency. Data from STGA and InsA are not shown, as weak responses in these ROIs precluded reliable
measurements of alpha onset latencies. Extended Data Tables 3-1, 3-2, 3-5, and 3-6 show results of model descriptions and
quantitative results of pairwise comparisons between ROIs.
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target vs nontarget words) was observed in all ROIs, including
those where responses were of generally low magnitude (PP,
InsA, and STGA) and where analysis failed to reveal an alpha
stimulus effect (InsP and InsA; Fig. 4d, Extended Data Table 4-
2). A left-hemispheric bias for this effect was observed in HGPM,
HGAL, and PT. This alpha target effect could be a general prop-
erty of active sound processing or be specific for the processing
of speech. To disambiguate these possibilities, we examined
alpha target effect in the tone detection task by comparing alpha
suppression associated with responses to nontarget versus target
tones (Fig. 4e). Target tones elicited a greater degree of alpha
suppression in all ROIs except STGA, indicating that the alpha
target effect is a general property of active sound processing and
is not specific to speech. There were, however, hemispheric
asymmetries in PT and PP. In PT, there was a left-hemispheric
bias for target over nontarget words and a right-hemispheric bias

for tone targets relative to nontarget tones. In PP, where the
word target effect was comparable between the two hemispheres,
a left-hemispheric bias emerged for tone targets. Thus, data indi-
cate that alpha target effects represent a fundamental property of
active sound processing and exhibit hemispheric asymmetries,
biased toward left hemisphere in HGPM, HGAL, and PT for
words, and biased toward the right PT and the left PP for tones.

Relationships between physiology and behavioral
performance
Relationships between physiology in sensory areas and behavioral
performance are not straightforward because multiple processing
stages beyond sensory cortex contribute to task completion.
However, analysis of activity in sensory cortex may indicate key
components that help shape the ultimate behavior. This question
was examined by comparing responses to all words in the

Figure 4. Stimulus and target effects in auditory target detection tasks. a, Time-frequency plots of responses to complex tones, presented as nontarget and target stimuli (first and fourth
column, respectively) and monosyllabic words cat, dog, five, and ten, presented as nontarget and target stimuli (second and third column, respectively). Responses were averaged across all re-
cording sites in each of the nine ROIs (top to bottom). Responses were only included in the averages if they were correct rejections for nontarget trials and correct hits for target trials. Top,
Stimulus schematics are in gray, and the distribution of reaction times (RTs) for target hits is shown above responses to the target trials. Dotted rectangles denote the time windows used for
quantitative analyses of gamma (50–350 ms, 30–150 Hz) and alpha ERBP (350–650 ms, 8–14 Hz). b, Gamma stimulus effect. Distributions of gamma ERBP across sites in each ROI, grouped by
condition (nontarget tones vs nontarget words). c, Alpha stimulus effect. Distributions of alpha ERBP across sites in each ROI, grouped by condition (nontarget tones vs nontarget words). d,
Alpha word target effect. Distributions of alpha ERBP across sites in each ROI, grouped by condition (nontarget words vs target words). e, Alpha tone target effect. Distributions of alpha ERBP
across sites in each ROI, grouped by condition (nontarget tones vs target tones). Statistical significance of differences was established using models with stimulus condition (nontarget tone,
nontarget word, target word, or target tone) and hemisphere as fixed effects and subject as the random effect. The symbols † and ‡ denote significant interactions with hemisphere (greater
effects in the left and right hemisphere, respectively). Extended Data Tables 4-1 and 4-2 contain a description of models and results.
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semantic categorization task between sub-
jects with above- versus below-average
task performance (with 82% hit rate as
threshold; Fig. 6). A similar analysis
could not be performed for the tone
detection task because of a ceiling
effect in task performance. Subjects
performed very well on this task, with
24 of 29 having had a hit rate of 90% or
better. Median hit rate in this task was
97.5% (i.e., one missed target stimulus
of 80), compared with median hit rate
of 82% in the semantic categorization
task.

In the semantic categorization task,
the only ROI where gamma ERBP was
significantly larger in subjects who did
better on the task was PT (p = 0.031).
This effect was restricted to the left
hemisphere (p = 0.00053). Greater
alpha suppression was associated with
better task performance in HGPM and
HGAL (p = 0.00034 and p = 0.00025,
respectively), and this relationship was
present in both hemispheres.

Discussion
Summary of findings
This study used iEEG to characterize
active speech processing within human
STP, lateral STG, and insula in a large sub-
ject cohort. Four major findings are
reported. The first reflects the complemen-
tary roles of broadband gamma augmenta-
tion and alpha suppression. The second
promotes a framework for the hierarchical
organization of auditory cortex based on
onset latencies of both gamma augmenta-
tion and alpha suppression. The third identifies the emergence of
hemispheric asymmetries early in the speech processing stream.
Finally, gamma augmentation and alpha suppression can be
directly related to performance in the semantic categorization
task.

Spectrotemporal properties of responses to words
Responses to monosyllabic words were characterized by two
major components, an earlier gamma power increase and a later
suppression of alpha power. Previous iEEG studies of auditory
cortical processing have typically focused on high gamma activity
(Crone et al., 2001; Steinschneider et al., 2008; Nourski et al.,
2009; Mesgarani et al., 2014). The present study revealed that
gamma activation spanned both low and high gamma bands,
with a downward shift of peak frequencies in ROIs adjacent to
HGPM. Thus, the two gamma bands were combined into a sin-
gle measure. ERBP is calculated for each frequency band by nor-
malizing power to a baseline within that band. Therefore, results
are not biased by the 1/f spectral property of the electroencepha-
logram. Auditory-related cortex within the superior temporal
sulcus shares a similar downward gamma frequency shift
(Nourski et al., 2021). Cytoarchitectonic differences across fields
may account for the changes in spectral profiles (Morel et al.,
1993; Brunel andWang, 2003; Traub et al., 2003).

Suppression of alpha power is generally interpreted as a
decrease in top-down modulation (Billig et al., 2019). Alpha
suppression may represent a means by which neuronal
ensembles undergo a transition from a lower to a higher
excitability state and desynchronize coactivation, facilitat-
ing processing of relevant stimulus attributes (Klimesch et
al., 2007; Jensen and Mazaheri, 2010; Billig et al., 2019).
Alpha suppression provides a complementary measure to
gamma augmentation when studying auditory cortical orga-
nization, functional asymmetries, and relationships between
physiology and behavioral performance. Alpha suppression
operates over relatively extensive areas, whereas gamma ex-
citation occurs in more discrete neuronal populations
(Crone et al., 2011), which may be too small to be reliably
identified on the mesoscopic scale offered by iEEG. Alpha
suppression can be reliably measured noninvasively by elec-
troencephalography and magnetoencephalography and
thus may have translational relevance when studying nor-
mal and aberrant speech processing (Baş ar and Güntekin,
2012).

Hierarchical organization of auditory cortex
Cortical gamma activity reflects feedforward signaling, and re-
gional distribution of onset latencies can provide an opportunity
to build a tentative hierarchical model of auditory cortex. HGPM
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has the strongest and earliest gamma responses, as expected
from a core sensory area. PT has the second-shortest onset
latencies. Like HGPM, PT encodes absolute pitch, whereas
HGAL represents the more complex attribute of relative
pitch (Hamilton et al., 2021). Combined, these results sug-
gest that PT is an earlier processing stage than HGAL. The
short latency responses in PT are reminiscent of those seen
in caudal belt areas in the monkey and may reflect direct
inputs from the auditory thalamus (Burton and Jones, 1976;
Camalier et al., 2012).

Anatomical division of lateral STG into STGP and
STGM along the transverse temporal sulcus (Upadhyay et
al., 2008) is paralleled by differences in response profiles
between these ROIs, including shorter onset latencies of
gamma activity in STGP (Hamilton et al., 2018, 2021), thus
placing it earlier in the hierarchy than STGM. Onset laten-
cies in HGAL are shorter than in STGM, placing STGM
later in the hierarchy compared with both STGP and
HGAL. The shortest alpha suppression onset latencies
occurred in the STGM and HGAL, suggesting that these
regions are the initial targets of attenuated top-down influ-
ences in auditory cortex. Given that alpha activity from
higher order regions would most likely first engage higher
levels of auditory cortex, a reciprocal relationship can be
expected between the onset of gamma activation and alpha
suppression. This is indeed the case when considering
functional relationships of STGM and HGAL with HGPM
and PT.

InsP also represents an early stage in auditory cortical
processing. Infarction in this region can result in auditory
agnosia (Habib et al., 1995; Bamiou et al., 2003), highlight-
ing its importance for auditory processing. Like HGPM,
InsP is characterized by responses with short onset latencies
and can track the fundamental frequency of male voices
(Zhang et al., 2019). This isomorphic representation is a

signature of early cortical sound processing (Nourski and
Brugge, 2011; Steinschneider et al., 2013) and may reflect
direct inputs to InsP from the auditory thalamus (Burton
and Jones, 1976).

The rostral areas PP, STGA, and InsA exhibited weak
gamma responses during performance of the word classifi-
cation task. This weak activation may reflect functional dif-
ferences of these areas with respect to the other ROIs.
Functional neuroimaging has shown strong activation of PP
and STGA in response to music (Leaver and Rauschecker,
2010; Angulo-Perkins et al., 2014). With respect to speech,
PP and STGA are envisioned to play a role in sentence-level
processing (Friederici et al., 2000; Humphries et al., 2005)
rather than the task of semantic analysis of single words.
Finally, InsA is strongly activated by the emotional content
of speech (Zhang et al., 2019), which was not explored by
the current experimental design.

Hemispheric asymmetries
Hemispheric asymmetries of gamma activity emerged in the
noncore auditory areas HGAL, STGP, and STGM, wherein
enhanced responses to words versus complex tones (stimu-
lus effect) were more prominent in the left hemisphere. In
contrast, more sites in the right STGP had larger responses
to tones than words. At present, it is unclear whether these asym-
metries are determined by acoustic complexity or speech-related
mechanisms. In support of the latter interpretation, it has been
proposed that the left hemisphere has a greater role in processing
rapidly changing components of speech (e.g., consonants),
whereas the right hemisphere is specialized for tracking slower fea-
tures (e.g., vowels; Zatorre et al., 2002; Zatorre and Gandour,
2008), which are approximated by the complex tones. The strong
pitch strength of these sounds may also be a factor contributing to
the larger number of sites activated by tones versus words in the
right STGP (Boemio et al., 2005).

Figure 6. Relationship between iEEG responses to word stimuli and performance in the semantic categorization task. Distribution of gamma and alpha ERBP (top and bot-
tom, respectively) in response to monosyllabic words across sites in all ROIs, plotted separately for subjects with above-average (target hit rate.82%; N = 15, darker violin
plot in each pair) and below-average (target hit rate,82%; N = 14, lighter violin plot in each pair) performance in the semantic categorization task. Right, The distributions
separately for right and right hemisphere for ROIs that exhibited significant differences in ERBP between the two groups of subjects. Statistical significance of differences
was established using Wilcoxon rank sum tests.
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Alpha target effects were biased toward the left hemi-
sphere in HGPM, HGAL, and PT for words, and toward the
right PT and the left PP for tones. Scalp-recorded event-
related potentials elicited in a similar semantic classifica-
tion task localized word target effects to the left temporo-
parietal cortex (Shahin et al., 2006). It is reasonable to
speculate that the asymmetries identified in the current
iEEG study contribute to those seen at the scalp. Stronger
alpha tone target effect in the right PT parallels asymmetric
pitch processing in this field (Hyde et al., 2008). It is too
early to speculate on the lateralization of alpha target effect
for tones in PP.

Cortical responses and behavioral performance
Increased alpha suppression in HGPM and HGAL bilater-
ally was associated with better task performance. Removal
of a top-down inhibition via alpha suppression may facili-
tate feedforward processing and ultimately lead to better
task performance. Bilateral involvement of HGPM and
HGAL and its association with task performance supports
models that envision the importance of bilateral processing
of speech early in the auditory cortical hierarchy (Hickok
and Poeppel, 2007; 2015; Leff et al., 2008; Hickok, 2009).

A possible contradiction arises when considering the PT
—an early stage in the auditory hierarchy—where gamma
activity in the left, but not the right hemisphere, was associ-
ated with better task performance. Functional neuroimag-
ing data also demonstrate the importance of the left PT for
phonological processing (Vouloumanos et al., 2001;
Griffiths and Warren, 2002; Jäncke et al., 2002). Thus, the
current data support, in part, both major models of speech
processing (Hickok and Poeppel, 2007; Rauschecker and
Scott, 2009) with regard to early versus late emergence of
hemispheric asymmetries and argue for a more nuanced
interpretation that incorporates features of both models.

Caveats and future directions
Caution must be exercised when interpreting weak activa-
tion in the three rostral areas (STGA, PP, and InsA). These
areas are engaged in multiple auditory-related functions
including sentence-level processing, music listening, and
perception of emotional content of speech, respectively
(Friederici et al., 2000; Leaver and Rauschecker, 2010;
Angulo-Perkins et al., 2014; Zhang et al., 2019). Current
findings were based on a task that used single-word stimuli
and thus likely did not fully engage these areas. This consider-
ation warrants a wider array of tasks to better characterize au-
ditory processing within STGA, PP, and InsA. HGAL and
STGM are the first auditory cortical areas to exhibit alpha sup-
pression and thus are putative targets of modulatory influen-
ces from higher cortical areas. Future analysis of functional
and effective connectivity using iEEG will provide needed
insights into the origin of these modulatory top-down signals
and further elucidate the dynamics of feedforward and feed-
back information flow within the human cortex (Banks et al.,
2020). Ultimately, this line of research will refine the hierarch-
ical organization of human auditory cortex.
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