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A B S T R A C T

This work sought correlates of pitch perception, defined by neural activity above the lower limit of pitch (LLP), in
auditory cortical neural ensembles, and examined their topographical distribution. Local field potentials (LFPs)
were recorded in eight patients undergoing invasive recordings for pharmaco-resistant epilepsy. Stimuli consisted
of bursts of broadband noise followed by regular interval noise (RIN). RIN was presented at rates below and above
the LLP to distinguish responses related to the regularity of the stimulus and the presence of pitch itself. LFPs were
recorded from human cortical homologues of auditory core, belt, and parabelt regions using multicontact depth
electrodes implanted in Heschl’s gyrus (HG) and Planum Temporale (PT), and subdural grid electrodes implanted
over lateral superior temporal gyrus (STG). Evoked responses corresponding to the temporal regularity of the
stimulus were assessed using autocorrelation of the evoked responses, and occurred for stimuli below and above
the LLP. Induced responses throughout the high gamma range (60–200Hz) were present for pitch values above
the LLP, with onset latencies of approximately 70ms. Mapping of the induced responses onto a common brain
space demonstrated variability in the topographical distribution of high gamma responses across subjects.
Induced responses were present throughout the length of HG and on PT, which is consistent with previous
functional neuroimaging studies. Moreover, in each subject, a region within lateral STG showed robust induced
responses at pitch-evoking stimulus rates. This work suggests a distributed representation of pitch processing in
neural ensembles in human homologues of core and non-core auditory cortex.
1. Introduction

Pitch analysis is a fundamental aspect of human audition; it signals
prosody information in speech, melody in music, and source location in
auditory scene analysis. Considerable advances in our understanding of
where pitch processing takes place in the auditory pathway have been
made. Responses to missing fundamental harmonic complex tones,
consistent with a spatiotemporal code for pitch, have been found at the
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level of the auditory nerve (Cedolin and Delgutte, 2010). In the cortex,
results from multiple recent studies support the existence of a
pitch-sensitive non-primary auditory cortical region. However, debate
still exists regarding the organization and location of specialized cortical
neurons devoted to the processing of pitch. (For reviews of animal
neurophysiology and human imaging studies, see Wang and Walker,
2012, and Griffiths and Hall, 2012, respectively). Using single-cell re-
cordings in marmoset auditory cortex, Bendor and Wang (2005)
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observed pitch-selective responses to missing fundamental harmonic
complex sounds in a low-frequency tuned region that overlapped a
border between primary and non-primary auditory cortex. Whether pitch
processing requires a single specialized cortical region or distributes
coding over multiple neural regions is the topic of ongoing debate. Re-
cordings from ferrets performing a pitch discrimination task found neu-
rons distributed throughout auditory cortex that represented
pitch-related fundamental frequency information (Bizley et al., 2010,
2013). By manipulating periodicity through changes in repetition rate of
pitch-evoking pulse train stimuli, broadly distributed responses have also
been observed in auditory cortex of marmoset monkeys (Bendor and
Wang, 2010). Importantly however, a subset of these neurons, located in
a region similar to that observed in Bendor andWang (2005), were found
to also be responsive to a manipulation of pitch salience through changes
in temporal regularity (jittered or not). Two fundamental aspects of the
neural coding of pitch remain uncertain: the character of the neural re-
sponses that underlie it, and whether these responses include activity
within a single ‘pitch center’ or more widely distributed as part of a ‘pitch
system’. For auditory neuroscience to determine how pitch perception
occurs, part of the answer likely depends on whether or how it is a system
that is dependent on a number of aspects that are interdependent, much
like how color vision is an interconnected system and is not just based on
processing in V4 (Conway, 2009).

The use of animal models of pitch allows detailed understanding
afforded by systematic invasive recordings from multiple locations,
which establishes models that can be tested in humans. While most
studies of pitch processing in humans rely on non-invasive brain imaging,
a handful have taken advantage of opportunities to record directly from
the brain in neurosurgical patients for whom such recording are clinically
justified. Early studies using both non-invasive and invasive techniques
in humans identified a response to the onset of a pitch stimulus referred
to as regular interval noise (RIN) that is different from the response to the
onset of sound (Krumbholz et al., 2003; Schonwiesner and Zatorre,
2008), which localized to medial Heschl’s gyrus (HG) (Krumbholz et al.,
2003) and planum temporale (PT) adjacent to lateral HG (Schonwiesner
and Zatorre, 2008), corresponding to primary and non-primary auditory
cortex, respectively (e.g., (Galaburda and Sanides, 1980; Hackett et al.,
2001; Liegeois-Chauvel et al., 1991; Morosan et al., 2001; Talavage et al.,
2000). In a subsequent study of two subjects, Griffiths et al. (2010)
recorded LFPs from auditory cortex in response to stimuli above and
below the lower limit of pitch (LLP), which was defined as the lowest
frequency where you can reliably detect semi-tone changes in the notes
of a short melody. The LLP is close to 30 Hz in both humans and ma-
caques (Krumbholz et al., 2000; Pressnitzer et al., 2001; Joly et al., 2014).
A dissociation was demonstrated between responses that were
phase-locked to stimulus regularity that occurs both above and below the
LLP and non-phase-locked high gamma responses (80–120 Hz) that
occurred only when the repetition rate was above the LLP. The latter
response is, accordingly, a candidate neural correlate of pitch processing
inasmuch as it only occurs when there is a concomitant perception of
pitch. The non-phase-locked response localized to both medial and
lateral portions of HG, thus spanning core as well as non-core auditory
cortex.

Human invasive recordings (e.g., Griffiths et al., 2010; Schonwiesner
and Zatorre, 2008) are necessarily confined to regions in which re-
cordings have a clinical rationale and are otherwise limited by con-
straints of sampling and accessibility (Nagahama et al., 2018). Coverage
of auditory cortices in these previous studies amounts to 32 recording
locations over three subjects, providing little basis for insight about
spatial distribution. In contrast, non-invasive functional MRI (fMRI) im-
aging of the blood oxygenation level-dependent (BOLD) response, allows
whole brain mapping including the auditory cortex in the superior
temporal plane (STP). Imaging studies have used a variety of
pitch-associated stimuli and criteria for pitch responses. Early studies
demonstrated maximal responses to pitch-associated stimuli in lateral
HG (Patterson et al., 2002); although there were also significant
2

responses in medial HG (see Griffiths et al., 2010, for a discussion).
Further studies have also implicated anterolateral PT, posterior to HG
(e.g., Plack et al., 2014) and areas anterior to HG (Barrett and Hall, 2006;
Norman-Haignere et al., 2013; Puschmann et al., 2010).

The present study uses a perceptual criterion for pitch processing
based on psychophysics in humans, i.e., human observers consider a
sound to have a pitch-like quality when it has a repetition rate above
approximately 30 Hz. The repetition rate gives the sound its ‘pitch value’,
rather than a sound quality that is considered to be ‘beating’ when it is
below 30 Hz. By combining the high spatiotemporal resolution and signal
to noise ratio of direct recordings with a high spatial resolution allows
comparison with fMRI results. The study tests the relationship between
LFP high gamma band responses and pitch processing in data recorded
from 122 depth electrode contacts in the superior temporal plane over
eight patients, along with recordings from 622 electrode contacts in grid
arrays over the lateral convexity of the temporal lobe. This work provides
a detailed test of the hypothesis that gamma band responses that selec-
tively occur for repetition rate stimuli above the LLP are neural correlates
of pitch processing; in addition, it provides a rigorous test of the hy-
pothesis that such responses are restricted to a small region within
human auditory core and belt homologues. The results show that high
gamma responses were restricted to stimulus rates above the LLP. The
responses were observed within multiple regions of auditory cortex
supporting a distribution of neural ensembles for pitch-related processing
in human homologues of core and non-core auditory cortex, including
locations on lateral STG not previously reported in human LFP work.

2. Materials and methods

2.1. Subjects

Subjects were eight neurosurgical patients (4 female, aged 28–56,
median age 42) undergoing chronic invasive monitoring for medically
refractory epilepsy to identify seizure foci prior to resection surgery. All
research protocols were approved by the National Institutes of Health
and The University of Iowa Institutional Review Board. Subjects provided
written, informed consent to the research prior to surgery and could
rescind consent at any time without detriment to their medical evalua-
tion. Audiometric testing prior to surgery found the presence of either
normal hearing or a mild loss (four subjects had 25–40 dB HL thresholds
at three or fewer test frequencies at standard octave steps between 0.25
and 8 kHz). All subjects had Pure Tone Average hearing scores in the
normal clinical range (<25 dB HL, average of 0.5, 1, 2, 4 kHz) and
suprathreshold speech reception thresholds were greater than 88% in all
ears; none used hearing assistance devices or commented on noticeable
hearing impairment. Subject R180was left-handed and the other subjects
were right-hand dominant. Presurgical Wada test results confirmed left-
hemisphere language dominance in all subjects except L162 with bilat-
eral language. Data from two of the eight subjects were reported previ-
ously and are reanalyzed here (R154 and L156, Griffiths et al., 2010).

Electrodes were implanted only on the basis of clinical consider-
ations, and in each subject consisted of coverage over portions of frontal,
parietal, and temporal cortex. Three subjects were implanted on the right
side (as indicated by the letter prefix ‘R’ in the subject code) and five on
the left (prefix code ‘L’). Only responses from auditory cortex (HG, PT,
and STG) are reported here, and all data containing any potential
epileptiform activity or interictal spikes were removed. All recordings
were free of seizure activity at least 1 h before and after the experiment.
All reported electrode contacts were confirmed not to be involved in the
generation of epileptiform activity and did not overlie resected tissue.

2.2. Recording

Recordings were made under two slightly different experimental
setups: one in the first group of subjects R154, L156, L162, L178, R180,
R186, and another for L403 and L404; the differences are described



Fig. 1. Trial schematic and analysis example. A spectrogram is shown for a
single stimulus trial and the resulting response representation for a single
recording site. 1 s of broadband white noise is followed by 1.5 s of RIN at one of
6 repetition rates (8, 16, 32, 64, 128, or 256 Hz), followed by 1.5 s silence. The
response to the most salient pitch (256 Hz RIN) is shown as the average auditory
evoked potential (AEP, black line) and the induced Event Related Spectral
Perturbation (ERSP) response shown in the time-frequency color representation
using the scale on right.
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below. In all subjects, intracranial data were digitally recorded from
depth electrodes (Ad-Tech Medical Instrument, Racine, WI) implanted
along the long axis of HG (Howard et al., 1996; Nagahama et al., 2018;
Reddy et al., 2010). In the first subject group, these electrodes included
six low impedance clinical and 14–15 high impedance (70 - 300 kΩ)
research contacts spaced at 2mm intervals, giving an equal sampling of
recording contacts across 34–36mm (see Supplementary Table 1 for
contact impedance type across all HG electrodes). The two most lateral
low impedance contacts were used for reference and ground. Re-
constructions of the HG contact locations are presented for each subject
in Supplementary Fig. 1 (top row). The data from this group were ac-
quired using a Tucker Davis Technologies (Alachua, FL) RZ2 system. In
subjects L403 and L404 HG electrodes consisted of 12 low impedance
clinical contacts spaced at 5mm intervals. An additional electrode (8
contacts, 5 mm spacing) in L404 was placed along the STP orthogonal to
the HG electrode and provided coverage of HG and PT. The electrode
recordings in L403 and L404 were referenced to a subgaleal electrode
and acquired using a Neuralynx (Bozeman, MT) Atlas system. In all
subjects, recordings were simultaneously made from multicontact sub-
dural grid electrodes (Ad-Tech Medical Instrument, Racine, WI)
implanted over perisylvian cortex covering the posterior STG, which
included the lateral aspect of HG. This lateral temporal grid electrode
contained 96 platinum-iridium disc contacts (2.3mm exposed diameter,
5 mm center-to-center distance) embedded in a silicon membrane in an 8
x 12 configuration (3.5� 5.5 cm), referenced to a subgaleal electrode.
For subjects L403 and L404 the silicon membrane was cut and slightly
separated to allow for the placement of another depth electrode. In the
first subject group data were acquired using a 1–1000Hz bandpass filter
(sampled at 2034Hz low impedance and 12207Hz high impedance) and
16-bit resolution with the RZ2 system and in subjects L403 and L404 data
were acquired 0.1–500 Hz bandpass (sampled at 2000Hz) at 24-bit res-
olution with the Atlas system. The electrodes remained in place between
2 and 4 weeks under clinical direction. Experiments took place in a pa-
tient suite, which had specialized electrical shielding.

2.3. Imaging

A high-resolution T1-weighted structural MRI of the brain was ac-
quired for each subject before and after electrode implantation. In the
first 6-subject group images were acquired from a 3T Siemens TIM Trio
scanner with a 12-channel head coil (MPRAGE: 0.78� 0.78mm, slice
thickness 1.0mm, TR¼ 2.530 s, TE¼ 3.520ms, average of two). In the
second group of two subjects images were acquired from a 3T GE Dis-
covery MR750w scanner with a 32-channel head coil (IR-FSPGR:
1� 1mm, slice thickness 0.8mm, TR¼ 8.504ms, TE¼ 3.288ms). To
determine the location of lateral temporal surface recording electrode
contacts on the preoperative structural MRI, these images were coregis-
tered to post-implantation structural MRIs using a 3D linear registration
algorithm (Functional MRI of the Brain Linear Image Registration Tool,
Jenkinson et al., 2012) and custom Matlab v.9.0 (MathWorks, Natick,
MA) scripts using guidance from computed tomography (CT) scans
(in-plane resolution 0.51� 0.51mm, slice thickness 1.0mm). When
possible, results were also compared with intraoperative photographs to
ensure reconstruction accuracy. Each individual’s brain was coregistered
to the ICBM152 template (Fonov et al., 2011).

To facilitate the comparison of responses across different subjects
while retaining the relative location of depth electrode contacts on in-
dividual STP anatomy, custom Matlab scripts were written to implement
the following procedure: (1) manual selection of 50–100 control point
pairs on the pre- and post-implantation images, (2) thin-plate spline
warping of post-to pre-implantation image based on the control points,
(3) coregistration of pre-implantation image to the CIT168 brain (Tyszka
and Pauli, 2016) using ANTs software (Avants et al., 2007), (4) plotting
of responses at each electrode contact at a 2mm diameter. MNI co-
ordinates for each STP contact location were determined from this pro-
cedure (see Supplementary Table 1). Based on individual anatomy,
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recording sites were only included for analysis if they were within or
immediately adjacent STP gray matter; this removed 19/142 contacts
(not shown). For display purposes the locations of the STP contacts are
shown on the cortical surface, which modifies the localized z-plane
coordinate.

The accuracy of this method was confirmed against a manual method
in which each subject’s STP was mapped onto the ICBM 152 template
using the following procedure (Oya et al., 2014): (1) Surface recon-
struction of whole hemispheres with FreeSurfer (Reuter et al., 2010); (2)
STP patch creation; (3) Warping of individual subjects’ STP patches onto
the template brain using spherical diffeomorphic deformation (Yeo et al.,
2010); (4) Projection of responses at each contact to the surface vertices.
Notably, these electrode projection procedures involved warping of im-
ages and electrode contact locations onto the preoperative brain which
introduced some small amount of error in localization. However, while
the results between both methods were very similar (mean and standard
deviation absolute difference in mm, X: 1.29� 1.23, Y: 2.51� 1.57, Z:
2.01� 1.45), we used the volumetric coregistration to the CIT168 atlas
because it retained slightly more accurate projections of intercontact
distances and trajectories of the depth electrode.

For each subject the anterolateral extent of core (primary) auditory
cortex was approximated using physiological criteria based on presence
of phase-locked responses to 100 Hz click trains and short-latency
(<20ms) peaks in the averaged auditory evoked potential (AEP) wave-
forms to these stimuli (Brugge et al., 2009; Nourski et al., 2016). Delin-
eation of core and non-core auditory cortex along the HG electrode array
in each subject projected onto the ICBM 152 template is presented in
Supplementary Fig. 1.
2.4. Stimuli

Stimuli were sound complexes consisting of 1 s bursts of broadband
noise followed by 1.5 s regular interval noise (Fig. 1 and Supplementary
Fig. 2; see also Griffiths et al., 2010, for a detailed description of the
stimuli). In brief, each of the six RIN stimuli were generated from a
unique random noise exemplar using a delay-and-add algorithm with 16
iterations, highpass-filtered at 800 Hz. To mask cochlear distortion
products, a broadband noise, normalized to the peak power spectral
density of the filtered noise, was added below this cutoff. RIN segments
were constructed with six repetition rates (8, 16, 32, 64, 128, 256Hz),
corresponding to values below (8 and 16Hz), at the boundary of (32 Hz),
and above (64, 128, 256Hz) the LLP (Krumbholz et al., 2000; Pressnitzer
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et al., 2001). We used 16 iterations of the delay-and-add cycle in order to
create a quasi-regular stimulus and a strong pitch percept.

Each sound was followed by 1.5 s of silence, with an additional
random timing jitter between �23ms before the presentation of the next
stimulus. Fifty repetitions of each sound complex were presented in
random order.

2.5. Procedure

Recordings were made in a dedicated recording facility incorporating
an electromagnetically shielded room. Subjects were awake and reclined
in a hospital bed or an armchair and were instructed to listen to the
sounds. The stimuli were delivered diotically via Etymotic ER4B
earphones in custom earmolds at a comfortable level, adjusted for each
subject to be in the range of 45–55 dB above threshold.

2.6. Analysis

Analyses were performed using EEGLAB (Delorme andMakeig, 2004)
and customMatlab scripts for statistical testing. Analysis of LFP responses
included assessment of induced, non-phase-locked event-related spectral
perturbation (ERSP) using wavelet spectral decomposition and evoked,
phase-locked AEPs. All data were downsampled to 1000Hz and any line
noise was removed using custom Matlab scripts implementing the
demodulated band transform (Kovach and Gander, 2016). Trials were
epoched at �300 to 3400ms with respect to sound complex onset.
Artifact rejection was first performed by manual inspection of continuous
ECoG to remove any trials that contained low amplitude spiking artifacts,
and then run through automatic rejection for amplitude and kurtosis. The
average number of retained trials was 261 (220–299) of the total of 300.

For time-domain displayed AEP analyses, raw data were band-pass
filtered in the range of 1–20 Hz. For each trial, mean voltage within a
�200 to 0ms pre-stimulus baseline was subtracted before averaging
across trials. Root mean square power of the evoked response was
calculated to provide a measure of the energy during the steady state of
the noise segment (800–1000ms), and after the transition to the RIN
segment (1050–1250ms) which for pitch-evoking stimuli has been
termed the pitch onset response (Schonwiesner and Zatorre, 2008;
Krumbholz et al., 2003). To detect activity related to the temporal reg-
ularity of the stimulus, autocorrelation analyses were performed by
taking unfiltered AEP data that were then highpass filtered at 0.5 Hz to
remove the influence of the high autocorrelation at zero delay for the
256 Hz RIN stimulus delay value at 4 ms. The data were then 1/f whit-
ened (by taking the first order differential) for each repetition rate. The
maximum value was taken within a window � 2 ms from the delay
corresponding to each stimulus repetition rate, except for the 256 Hz
condition, which was taken at 4 ms to avoid potentially inflated values at
2 or 3 ms. Significant responses for each subject were determined from a
permutation test (1000 shuffles) of the autocorrelation data. For each
shuffle, each trial was randomly shifted þ or – 125 ms (an integer mul-
tiple of the stimulus period for each rate) thereby removing the inherent
phase locking while retaining the overall structure of the data. The sig-
nificance threshold for each subject was taken as the maximum value at
any electrode contact and condition from this procedure. To display the
degree of response phase-locking across trials, inter-trial (phase) coher-
ence (ITC) was calculated on the unfiltered AEP between 14 and 200 Hz
(see Supplementary Fig. 3), applying the EEGLAB permutation test
(shuffling timepoints and trials) with a significance threshold of 0.01
(two-tailed); all nonsignificant values are colored green. This permuta-
tion test is uncorrected (i.e., mean data value) and for display purposes
only.

Induced activity was analyzed usingMorlet wavelets based on a�300
to �100ms pre-stimulus reference period and a sliding wavelet window
size with linearly increasing cycles across 14–200Hz (3–21.4 cycles) for
ERSP calculation. The lower bound of 14 Hz was determined from the
lowest end of a standard frequency band at which the number of cycles in
4

the available baseline period was sufficient to estimate the power using a
wavelet analysis. An example averaged evoked and induced response for
the 256 Hz RIN condition from one contact is shown in Fig. 1. In the time-
frequency plot of Fig. 1 and Supplementary Figs. 1, 3, and 5, the EEGLAB
permutation test (for display purposes) was applied using a significance
threshold of 0.01 (two-tailed); all nonsignificant values are colored
green. This (uncorrected) permutation test shuffles timepoints and trials
across each frequency using the bandwidth of the wavelet applied in the
time-frequency decomposition, comparing the response for the whole
trial to the pre-stimulus reference period (�300 to �100ms). To detect
changes following the transition from noise to RIN the power in the
70–120Hz gamma band was calculated for three consecutive 500ms
segments after the transition (0–500, 500–1000, 1000–1500), each
referenced to the power during the 500ms preceding the transition.
These data were then subjected to a permutation analysis (1000 shuffles,
corrected against the full data set) by randomizing the time windows of
analysis between the 500ms preceding the transition and the respective
500ms segment following the transition (0–500, 500–1000,
1000–1500). Significance was determined at p< 0.05 (two-tailed). The
more stringent, corrected permutation test for the induced gamma band
activity was performed for hypothesis testing. High gamma responses
recorded from the lateral temporal grid electrode were visualized on each
subject’s lateral surface reconstruction by smoothing of responses at each
contact using a linear interpolation across grid contact locations.

To address potential activations in relation to salient slow spectro-
temporal modulations that arise from RIN stimuli constructed with
greater regularity (16 iterations, Barker et al., 2012), we performed an
additional analysis using a subtraction of responses to the 16Hz RIN from
responses to 32, 64, 128, and 256 Hz RIN. This stimulus contains slow
spectro-temporal fluctuations that are not present in the noise stimulus,
and hence controls for the suggestion that responses to RIN might be
associated with such stimulus changes or their perceptual timbral
correlate. The analysis was otherwise identical to that described for
induced activity above, except that permutation analyses used the same
time windows rather than a fixed reference to the end of the noise period
(see Supplementary Table 2).

3. Results

3.1. Evoked and induced responses at individual recording sites in STP

The panels of Fig. 2 present the data as repetition-rate histograms for
each recording site within the STP in each subject. Evoked and induced
responses are plotted in panels on the left and right, respectively, and
individual subjects are presented in separate rows. Recordings were
possible from 122 contacts. Supplementary Fig. 1 shows the detailed
evoked and induced responses for one repetition rate below the LLP
(16 Hz) and one above the LLP (256 Hz).

The evoked activity, calculated as the autocorrelation of the AEP
waveform (Fig. 2: left column) at each RIN repetition rate shows a
response pattern across subjects with peak activity at 32 or 64 Hz, less
activity at 8, 16, and 128 Hz, and no response at 256Hz. This pattern
agrees with the 40Hz maximum observed for auditory envelope
following responses (Galambos et al., 1981; Ross et al., 2000) and the
limits of the auditory frequency following response in HG (Brugge et al.,
2009; Nourski et al., 2013). The majority of the subjects (6/8) showed
evoked responses medial to the HG-core boundary as opposed to more
lateral, which is compatible with the stronger stimulus locking known to
exist in core auditory cortex (Brugge et al., 2009).

The induced activity patterns (Fig. 2: right column) demonstrate a
significant response above the LLP in 79/122 contacts as compared to 8/
122 below, during the first 500ms after RIN onset. The total number of
significant electrode contacts for each condition during the first 500ms
of RIN were as follows: 8 Hz¼ 1, 16 Hz¼ 8, 32 Hz¼ 18, 64 Hz¼ 53,
128Hz¼ 71, 256Hz¼ 75 (see Supplementary Table 2 for later time
windows). Significant responses were distributed across HG showing no



Fig. 2. Heschl’s gyrus depth electrodes: details of evoked and induced activity. Evoked and induced responses are shown for each subject for each RIN condition for all
depth electrode contacts (see Supplementary Table 1). Evoked activity is taken from the peak of the response autocorrelation averaged across all electrodes for each
RIN repetition rate. Horizontal lines represent significance thresholds determined from permutation analysis for each subject. Induced activity is the ERSP high gamma
(70–120Hz) power from 0 to 500ms after transition to the RIN stimulus referenced to the 500ms preceding the transition. Horizontal lines represent significance
thresholds determined from a permutation of t-scores scaled to the maximum for each subject. A dashed line represents the physiologically defined boundary of core
auditory cortex based on induced and frequency following response to 100 Hz click train stimuli recorded in the same subject. Responses to the left/medial of the
boundary are in auditory core and to the right/lateral are in non-core.
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Fig. 3. Summary of evoked and induced activity within STP. Data are sum-
marized as box-and whiskers plots across RIN repetition rates for all 122 STP
contacts in the eight subjects. Each plot shows the median and the 10th, 25th,
75th, 90th percentiles; a line connects the median values across the six condi-
tions. In separate graphs, the data are shown according to the contact location
either posteromedial (core, n¼ 71) or anterolateral/PT (non-core, n¼ 51) to the
physiologically defined boundary in each subject. A. Evoked activity is shown
for the peak of the autocorrelation function of the response at each contact. Data
for each subject are scaled to their maximum autocorrelation value from the
shuffled permutation procedure. The dashed horizontal lines (at 1) represent the
significance threshold. B. Induced activity is shown for the ERSP high gamma
(70–120 Hz) power from 0 to 500ms after transition to the RIN stimulus
referenced to the 500ms preceding the transition at each contact. Dashed hor-
izontal lines (at 1) represent the significance threshold determined from a
permutation of t-scores scaled to the maximum for each subject.
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clear pattern with respect to the core/non-core boundary.
Supplementary Fig. 1 shows that along HG we found robust low-

frequency evoked and high-frequency induced responses to the stron-
gest pitch evoking 256 Hz RIN following the transition from noise in all
eight subjects. This is in marked contrast to the largely non-existent
evoked and induced responses to the transition from noise to 16 Hz
RIN (see Supplementary Table 2). Onset latencies for auditory evoked
responses to the RIN stimuli were only consistently measurable in the
128 and 256Hz conditions peaking approximately 150–200ms, with a
shortening of latency for the 256Hz stimulus (see Krumbholz et al.,
2003). Induced response latency to the RIN stimulus was consistent
across conditions and typically occurred around 70ms (for those re-
sponses that were present, which typically emerged at 32 or 64 Hz).
Induced responses to the 256 Hz RIN were observed in the high gamma
range (60–200Hz), however the magnitude and bandwidth of the
response differed across subjects, as did the number and location of the
electrode contacts in which this response was present. In comparison to
the induced response to the noise, the high gamma response to RIN was
more sustained, and in a greater number of contacts occurred for the
duration of the stimulus (see Supplementary Table 2). This is reflected in
significant responses across 101 contacts from 500 to 1000ms and 132
contacts from 1000 to 1500ms following the transition to RIN, compared
to 24 significant responses to the noise stimulus (comparing the last
500ms of noise to the 500–1000ms window of the RIN stimulus). Onset
and offset for both evoked and induced responses to the sound complex
(1 s noise plus 1.5 s RIN) were similar in all RIN stimulus conditions.

Evoked activity was also assessed using inter-trial coherence (ITC).
Supplementary Fig. 3 shows ITC for each subject for all depth electrode
contacts for the 16 and 256Hz RIN conditions. Unlike the autocorrela-
tion analysis, this analysis demonstrates time locked activity at all fre-
quencies (14–200Hz) and not just the repetition rate of the RIN. The
results show clear phase-locking to the stimulus complex onset across
many HG contacts in most subjects independent of the stimulus condi-
tion. When present, the ITC response occurred throughout the stimulus,
broadly across the displayed frequency range from approximately 14-
200 Hz. During the RIN segment, weak phase-locking in the frequency
range (typically a band of �10 Hz) of the repetition rate was observed in
some contacts for the 32, 64, and 128Hz conditions (not shown) and
some of their harmonics. For the 8 and 16Hz stimuli, some contacts had a
response in the upper harmonics, as can be observed for subject R186 in
the 16Hz ITC responses around 48, 64, and 80 Hz. No clear pattern was
observed with respect to the transition to RIN at 1 s.

3.2. Evoked and induced responses in STP as a function of RIN repetition
rate

Fig. 3A and Fig. 3B summarize evoked and induced responses,
respectively, from all contacts in HG in each subject, separated by loca-
tion with respect to the core (posteromedial)/non-core (anterolateral)
boundary along HG. Specifically, Fig. 3A shows autocorrelation magni-
tude as a function of repetition rate, across all the HG electrode contacts.
Significant responses occur both below and above the LLP. Note the
significance thresholds are different than in Fig. 2; the responses at each
contact are scaled for each subject to the value obtained from the per-
mutation procedure which took the highest value for any condition in
any contact. Supplementary Fig. 4 shows the pattern of evoked AEP pitch
onset responses across STP contacts for the different stimulus conditions,
which demonstrates a take-off above the LLP in each subject with
maximum responses for the 256Hz RIN stimulus. Fig. 3B shows the
induced gamma activity in the same format as Fig. 3A. A similar pattern
of activity is seen in posteromedial and anterolateral HG; mean activity is
significant for the 128 and 256Hz RIN conditions. Average activity
across electrode contacts within each subject (not shown) demonstrated
no significant responses at 8, 16, or 32 Hz in any subject, however seven
of the eight subjects exhibited significant gamma band responses above
the LLP; the totals were 64 Hz¼ 3, 128Hz¼ 6, 256 Hz¼ 7.
6

3.3. Control for timbral properties of RIN

To address the possibility that these responses might be due to slow
spectro-temporal modulations (Hall and Plack, 2009), we subtracted the
response to the 16 Hz RIN from the response at each higher rate; these
results are plotted in Supplementary Fig. 5. Because the slow
spectro-temporal modulations are present in all RIN stimuli, the sub-
traction will remove contributions from slow modulations. The response
morphology for induced high gamma shows a burst of power from 70 to
approximately 300ms across subjects, and subsequently, in some elec-
trode contacts, high gamma activity is found throughout the duration of
the RIN. The induced high gamma response at 70ms precedes the
response that would be expected to spectro-temporal modulations at
4–8 Hz. In general, we found that subtraction of the 16-Hz response from
higher-rate responses reduced the magnitude of high gamma responses
more after 500ms than it did between 70 and 300ms (Supplementary
Fig. 5), suggesting that the response prior to 300ms is free of modulation
contamination. Across all conditions, the difference in the proportion of
significant electrode contact high gamma responses after subtraction of
the 16 Hz RIN (compared to the noise period subtraction) was a decrease
in 15.1% for the 0–500ms analysis window, a decrease of 11.7% for
500–1000ms, and a decrease of 30.9% for 1000–1500ms (Supplemen-
tary Table 2).
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3.4. Mapping of activity associated with RIN in the STP

To facilitate the comparison of HG induced responses across subjects,
warped contacts coordinates were transferred and visualized on the
CIT168 template brain (which is coregistered to the ICBM152 brain),
separately for the left and right hemispheres. Fig. 4 shows an axial view
with electrode contact locations on the STP. The response at a given
electrode contact was scaled so that the permutation-test significance
threshold corresponds to a value of 1, as observed for the 256Hz RIN
condition in the band from 70 to 120 Hz, when comparing the 500ms
preceding the transition from noise to RIN, to the 500ms following the
transition from noise to RIN. Electrode trajectories in the template brain
were in good correspondence with the reconstructed locations in indi-
vidual brains (see Supplementary Table 1 for MNI coordinates of each
contact). For example, contacts that were anterior to the crest of HG on
the subject’s reconstructed image would be similarly located anterior to
the crest of HG on the template brain. The combined responses in each
hemisphere show a distribution of responses along the length of HG.
Robust responses were also observed in PT from the one electrode sam-
pling this region in the left hemisphere. Supplementary Fig. 6 shows the
pattern of responses across all stimulus conditions using the same display
as Fig. 4. The response distribution across the pitch-associated stimulus
conditions are very similar and differ mostly in response magnitude as
the strength of the pitch percept increases.
Fig. 4. STP high gamma response common mapping on template brain. Electrode lo
three right and six left STP depth electrodes (see Supplementary Table 1 for MNI coor
surface for display purposes. The electrode symbols differentiate core and non-core au
train stimuli. The electrode contacts are not collinear because of co-registration of po
electrode insertion. Responses are shown for the 256 Hz RIN in the band 70–120 Hz, f
the 500ms immediately following the transition from noise to RIN. Values are shown
responses greater than 6 are black and less than 1 are white, and negative values are i
determined from a permutation of t-scores scaled to the maximum for each sub
Post¼ posterior, Ant¼ anterior, R¼ right, L¼ left.
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3.5. Mapping of activity associated with RIN to lateral temporal lobe

Responses were simultaneously obtained from electrodes covering
portions of the lateral temporal lobe surface with recordings from 96-
contact grids in each subject. Fig. 5 displays the lateral surface re-
constructions for each subject along with lateral temporal electrode grid
contact locations for each stimulus condition. Responses (70–120 Hz) at
the contacts are thresholded for significance for each RIN condition from
the comparison of the 500ms preceding the transition from noise to RIN
to the 500ms immediately following the transition from noise to RIN.
Significant responses (p< 0.05) are shown scaled to each subject’s per-
mutation threshold, as for Fig. 4. In each subject the induced response to
the strongest pitch stimulus was a contiguous cluster of contacts (4–37)
in the vicinity of transverse temporal sulcus.

4. Discussion

We recorded LFPs from human auditory cortex while participants
listened to RIN stimuli with repetition rates below and above the LLP.
The autocorrelation function of the LFP peaked at the RIN rate for rates
above and below the LLP. Conversely, the induced high gamma response
after the sound complex transition was effectively restricted to RIN
conditions with rates above the LLP. The results indicate that the induced
response is a better candidate for the neural correlate of pitch-related
processing for repetition rate stimuli above the LLP than the general
temporal regularity feature provided by autocorrelation. The evoked and
cations are displayed on the STP surface of the ICBM152 template brain for the
dinates). The view is top-down on the axial plane with all contacts shown on the
ditory cortex contact locations determined for each subject’s FFR to 100 Hz click
sitions with preimplantation images, and reflecting distortion of anatomy due to
rom the comparison of the 500ms preceding the transition from noise to RIN, to
as scaled t-scores, with each individual subject’s significance threshold being 1;
ndicated as zero. The black line in the scale bar marks the significance threshold
ject. Responses are shown as the colored symbols at each contact location.



Fig. 5. High gamma ERSP on 96-contact lateral temporal grid electrode. Lateral surface reconstructions are shown for each subject with grids displayed. Responses
(70–120Hz) are shown for all stimulus conditions from the comparison of 500ms following the transition from noise to RIN, to the 500ms immediately preceding the
transition from noise to RIN. Values are shown as scaled t-scores, with each individual subject’s significance threshold being 1; responses greater than 5 are black and
less than 1 are white, and negative values are indicated as zero. The smoothing applied to the data approximated 2mm. TTS¼ transverse temporal sulcus.
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induced responses have distinct distributions across the STP (see Fig. 2).
High gamma induced responses to RIN are present in human core ho-
mologues of medial HG, in belt homologues of lateral HG, and belt/
parabelt homologues in PT. In addition, high gamma responses to RIN
were present in a region of the temporal convexity near the lateral ex-
tremity of HG. Importantly, high gamma responses are not being pro-
posed as having the single property of representing pitch information, as
high gamma responses are a reflection of local cortical processing (see
further below). Instead, what is shown is the existence of high gamma
activity, which is selectively expressed at repetition rates that correspond
to the emergence of the perception of pitch, in particular auditory
cortical regions.
8

The data reported here were recorded from patients with temporal
lobe epilepsy, who have been found to show impairments in central
auditory processing (Han et al., 2011), and may experience cortical
reorganization due to the chronic nature of the disorder, which can in-
fluence normal brain function, for example language organization
(Hamberger and Cole, 2011). Time limitations on recordings with pa-
tients allowed us to only assess a limited number of repetition rates
around the LLP, despite the likelihood that phase locking to pure tones in
humans likely occurs for frequencies around 1 kHz and possibly higher,
and that perception of pitch for harmonic complexes may extend to
around 8 kHz (Oxenham, 2018).
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4.1. Evoked and induced activity due to RIN

Two previous studies have examined RIN evoked potential activity in
the superior temporal plane and one study has examined induced ac-
tivity. One study, using a noise-to-RIN transition in a single patient with
an electrode implanted in PT parallel to HG, found a significant evoked
response to pitch onset in the most lateral contact in PT (Schonweisner
and Zatorre, 2008). Induced responses were not measured in that study.
The low impedance clinical electrodes used in that study were estimated
to be sensitive to LFP activity within a 1 cm radius providing a sampling
of most of HG and much of PT. An earlier MEG study (Krumbholz et al.,
2003) measured evoked responses to regular interval noise that were
localized to medial HG. In the present study we observed evoked pitch
onset responses measured by autocorrelation throughout HG with a
general trend to responses being stronger in the posteromedial portion of
HG. These results with eight subjects replicate and extend an earlier
intracranial HG electrophysiology study in two subjects (Griffiths et al.,
2010). That study showed that autocorrelation of the LFP increased with
the regularity of the stimulus, but showed no clear relationship to the RIN
repetition rate. The responses we demonstrate in the current report are
similarly distributed to the evoked responses to click trains reported by
Brugge et al. (2009), with a preference for responses in the medial half of
HG and for lower repetition rates. Brugge et al. (2009) have proposed
such phase-locking as a defining characteristic of human core
homologues.

In our previous report (Griffiths et al., 2010), the high gamma
induced responses occurred in more regular stimuli but were only present
for repetition rates at or above the LLP. This study also found a direct
relationship between the high gamma response and stimulus regularity
(increase in iterations of RIN) for a fixed 128Hz RIN. As the number of
iterations of the delay-and-add cycle used to create a RIN stimulus are
increased there is an increase in the perceptual salience of the pitch
evoking sound (Yost, 1996). Both manipulations of RIN (repetition rate
and iteration number) in the previous report changed the pitch salience.
These high gamma responses to repetition rate and iteration number
were observed in the same electrode contacts in both medial and lateral
areas of HG. However, with recordings from only two subjects, no con-
clusions were drawn regarding the spatial distribution of pitch responses.
The induced responses occurred throughout the entire gamma range in
both subjects with a concentration of energy from 80 to 120Hz. The
present data provide further confirmation of the distribution of
RIN-induced gamma responses across medial and lateral HG. Notably,
the 64 and 128 Hz RIN conditions fully overlap the frequency range of
the observed induced high gamma responses, and phase-locking to the
repetition rate of harmonic complex tones has been observed up to F0s of
300 Hz in macaque primary auditory cortex (Fishman et al., 2013).
However, the induced responses we observed are not just a reflection of
the evoked responses phase locked to the RIN stimulus rates (or their
sub-harmonics). This can be observed in power above and below the
rates that overlap the high gamma range (compare contacts between
Supplementary Fig. 1 and Supplementary Fig. 3).

The differing pattern of induced and evoked responses across the
above studies has been suggested to be due to differences in neural
generators for these response types (Plack et al., 2014). In comparison to
the previous reports the present data in eight subjects demonstrate a
broader distribution of responses sensitive to pitch from the evoked
pitch-onset and induced high gamma measures that includes medial and
lateral HG, PT, and lateral STG. Importantly however, the evoked and
induced responses do show different distributional patterns, which is
suggestive of different neural generators for these responses. Evoked
responses have energy concentrated in a low frequency range (around
5–15 Hz) and are likely generated as the result of phase-locked activity of
large groups of excitatory post-synaptic potentials on dendrites in cortical
layer IV (Metherate and Cruikshank, 1999) but are also observable in
other laminae (Steinschneider et al., 2008). Induced responses capture
non-phase-locked activity, and in the high gamma frequency range likely
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represent increases in neuronal synchrony (Ray et al., 2008) and in-
creases in multiunit spiking activity of large groups of pyramidal neurons
in superficial layers (Ray and Maunsell, 2011; Bastos et al., 2012) that is
the integration of activity and information from local cortical circuits
(Traub et al., 2005; Crone et al., 2006; Tallon-Baudry, 2009). The
different responses may represent separate aspects of a communication
system across neuronal assemblies (Bastos et al., 2012) for prediction
about pitch (Kumar et al., 2011).

4.2. Basis of the response to RIN

Recent fMRI studies have considered properties of the RIN stimulus
other than pitch as an explanation for the associated brain activity. The
delay-and-add procedure used to construct RIN also introduces slow
spectral-temporal fluctuations over hundreds of milliseconds that are
associated with changes in timbre rather than pitch, and are not present
in a control noise (Barker et al., 2012; Hall and Plack, 2009; Plack et al.,
2014). These fluctuations are present above and below the LLP. In the
present work we carried out a control comparison (see Supplementary
Fig. 5 and Supplementary Table 2) in which we subtract the response to
16 Hz RIN that is below the LLP: this stimulus contains the slow fluctu-
ations described above. The induced responses to pitch are also present in
the majority of contacts in this control condition that takes account of the
timbral effect of the delay-and-add manipulation. Moreover, the gamma
band responses latencies around 70ms are too early to reflect the slow
fluctuations that arise over hundreds of milliseconds. In general, subjects
show an increasing function of induced gamma power as a function of
stimulus rate across HG electrode contacts with a pronounced increase
around the LLP (~30Hz) (see Fig. 2). This pattern of results shows that
the brain response tracks the perceptual properties of the pitch of the
stimulus, while the slow spectro-temporal modulations are similar across
all delay values.

An alternative explanation for the high gamma responses observed
for RIN above the LLP in the present study may be based on the spectral
resolvability of the stimuli. As the repetition rate of RIN stimuli increases,
the spectral spacing and resolvability between the harmonics of the
stimuli also increase. Because the stimuli were high pass filtered at
800Hz, repetition rates at the higher frequencies have more resolved
harmonics than the lower repetition rates (or are possibly only resolved
for 128 and 256 Hz RIN). Recordings in macaque primary auditory cortex
have demonstrated that neural population activity (multiunit and LFPs)
increases as a function of the spacing and resolvability between har-
monics of a harmonic complex tone (Fishman et al., 2000; Fishman and
Steinschneider, 2006). Larger responses in anterolateral HG were found
to resolved compared to unresolved harmonics of complex tones in a
human fMRI study (Penagos et al., 2004).

4.3. Distribution of induced responses to RIN

The use of data from eight subjects allows us to investigate the dis-
tribution of induced responses to RIN that are within the cortex of the
STP. Even with eight subjects, however, the data are far from a uniform
sample and the interpretation of response distributions needs to be car-
ried out with caution. The combined data for the group in Fig. 4 high-
lights the distribution of individual induced responses to RIN in both
medial and lateral HG and PT (also shown in Figs. 2 and 3). There is no
clearly discernible pattern with respect to hemisphere or the core/non-
core boundary. Supplementary Fig. 6 shows the STP response distribu-
tion across the different stimuli, which shows a clear emergence of ac-
tivity above the LLP that is similarly distributed across the pitch-evoking
stimuli and whose response magnitude scales with pitch repetition rate.

The present study also demonstrates induced responses to RIN over
the convexity of the superior temporal lobe where the use of grid arrays
allows us to better claim a uniform (if sparse) sampling of the responses.
The data in Fig. 5 show responses that are largely restricted to a limited
region in the STG immediately adjacent to the transverse temporal
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sulcus. In terms of homologues of primate brain, this area on the lateral
convexity would be considered auditory parabelt in regions labelled RPB
and/or CPB in monkey models. Notably however, these regions exhibit
feedforward and feedback connections with auditory core (A1, R, RT) in
tracer injection studies (Scott et al., 2017). Recent human invasive
recording studies have identified this region to have response properties
consistent with a relatively early processing stage within the auditory
cortical hierarchy (i.e., likely at least in part represent the human ho-
mologue of lateral belt). These properties include: robust responses to
pure tones during passive listening (Nourski et al., 2014a), reliable
phase-locking to 100 Hz click trains (Nourski et al., 2013), short onset
response latencies to acoustic stimuli (Nourski et al., 2014b), and very
short latencies to electrical stimulation of A1, suggesting a monosynaptic
connection (Brugge et al., 2003). The present data are supportive of this
interpretation, showing a similarity of pitch responses with core cortex in
posteromedial HG.

4.4. Comparison with human functional imaging studies of pitch

Gamma band responses above 30Hz are known to correlate positively
with fMRI BOLD (Mukamel et al., 2005) creating a potential link between
studies using EEG, MEG, and ECoG with those of fMRI. However, the
relationship between depth electrode recordings and fMRI BOLD is still
not fully understood (Oya et al., 2018). A review of fMRI studies inves-
tigating human pitch processing by Plack et al. (2014) points to a possible
area of specialized pitch processing in the region of lateral HG and
adjacent anterolateral PT, which may differ across individuals. The
present data show a response in lateral HG, however it is on the anterior
side and no electrodes sampled posterolateral HG, or immediately adja-
cent anterolateral PT (see Fig. 4). Importantly, the present data show a
response to pitch throughout the length of HG, that is not concentrated in
one region, which, despite the lack of sampling in the present study in the
region of anterolateral PT, precludes the possibility of an exclusive pitch
processing region confined to that area. A distributed response along HG
was also found in the RIN study of pitch by Patterson et al. (2002), with
the strongest response found in lateral HG. A recent fMRI study investi-
gating pitch responses and their relationship to harmonic resolvability,
behavioral thresholds, and tonotopy found pitch sensitive responses that
spanned anterolateral PT, lateral HG, and lateral planum polare (Nor-
man-Haignere et al., 2013). This distribution of responses includes the
location of the anterolateral HG clusters in the present data – the region
with the largest number of subjects with pitch sensitive voxels in lateral
HG in their report. While not included as an ROI in the pitch responsive
regions of Norman-Haignere et al. (2013), the location of the response on
the lateral STG convexity surrounding transverse temporal sulcus in the
current results is also in this same approximate location. However, unlike
in their data, no clear pattern along HG of increased responsiveness in a
gradient from posterior to anterior was observed in the present data set.
A recent meta-analysis of auditory fMRI studies of pitch processing found
the median activity locus to be at or near PT in studies with infrequent
pitch changes in tone streams (Alho et al., 2014), a different stimulus
than employed in the present report. Activity for passive and active
listening to tones with fixed or varying pitch was found on STG lateral to
HG, with a tendency for the median locus to be near transverse temporal
sulcus, similar to the stimulus and results in the current report.

4.5. Comparison with animal models for pitch perception

The human imaging studies based on measures of neuronal ensemble
activity above have suggested a number of different loci for pitch analysis
that are largely in non-core areas. Similarly, neural population responses
representing the pitch of missing fundamental harmonic complexes were
found to not likely exist in auditory core in macaque monkeys (Fishman
et al., 1998). Neuronal recordings in the ferret have demonstrated re-
sponses to pitch that are distributed across core and belt areas (Walker
et al., 2011), while neuronal recordings in the marmoset using
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missing-fundamental stimuli associated with pitch demonstrated only a
small region of pitch-selective neurons in an area overlapping auditory
core and anterolateral to auditory core (Bendor and Wang, 2005, 2010).
More recent findings in the marmoset indicate there is a unique popu-
lation of neurons distributed across core auditory cortex that selectively
responds to harmonically structured sounds (Feng and Wang, 2017).
Whether this population of neurons accounts for the present findings is
unclear. Recent work on the macaque based on both single-neuron and
LFP recordings to both harmonic pitch and RIN demonstrated distributed
responses to RIN pitch in both core and non-core auditory cortex (Kikuchi
et al., in press).

Comparison of pitch mechanisms across animal species is problem-
atic, even amongst primates [numbering over 500 species; Estrada et al.
(2017)], which show different auditory cortical organization in New
World species (like marmoset) with auditory cortex on the exterior
temporal lobe, and Old World species (like macaque) with auditory
cortex within a superior temporal plane. The closest widely available
model for human auditory cortex is the macaque, but even in that species
there is controversy about the basis for the homology (Baumann et al.,
2013; Norman-Haignere et al., 2019). In the present study we demon-
strate responses to differing repetition rates that are parsimoniously
explained as pitch-related responses because they respect a perceptual
boundary, that are distributed across both core and non-core homo-
logues. Future work on the computational code for pitch to determine
necessary and sufficient conditions of pitch processing will need to
demonstrate behavioral relevance of the neural activity as it relates to
perception (Wang and Walker, 2012). The data are not consistent with a
single pitch center, but rather demonstrate the architecture of a system
distributed across auditory cortex for human pitch processing. The sim-
ilarity of pitch-related responses in the high gamma range across multiple
auditory cortical regions may indicate that a similar code is shared across
these regions for a single pitch-related feature (e.g., stimulus repetition
rate). Alternatively, a distributed processing system for pitch may exist
such that different levels of the auditory pathway are responsible for the
representation of particular features used to create pitch and that
communication among these regions occurs to construct a percept based
on feedback to areas earlier in the computational hierarchy (Kumar et al.,
2011).
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