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Speech perception in noise is a challenging everyday task with which many listeners have difficulty. Here, we report a case in
which electrical brain stimulation of implanted intracranial electrodes in the left planum temporale (PT) of a neurosurgical
patient significantly and reliably improved subjective quality (up to 50%) and objective intelligibility (up to 97%) of speech in
noise perception. Stimulation resulted in a selective enhancement of speech sounds compared with the background noises.
The receptive fields of the PT sites whose stimulation improved speech perception were tuned to spectrally broad and rapidly
changing sounds. Corticocortical evoked potential analysis revealed that the PT sites were located between the sites in
Heschl’s gyrus and the superior temporal gyrus. Moreover, the discriminability of speech from nonspeech sounds increased
in population neural responses from Heschl’s gyrus to the PT to the superior temporal gyrus sites. These findings causally
implicate the PT in background noise suppression and may point to a novel potential neuroprosthetic solution to assist in

the challenging task of speech perception in noise.
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Speech perception in noise remains a challenging task for many individuals. Here, we present a case in which the electrical
brain stimulation of intracranially implanted electrodes in the planum temporale of a neurosurgical patient significantly
improved both the subjective quality (up to 50%) and objective intelligibility (up to 97%) of speech perception in noise.
Stimulation resulted in a selective enhancement of speech sounds compared with the background noises. Our local and net-
work-level functional analyses placed the planum temporale sites in between the sites in the primary auditory areas in
Heschl’s gyrus and nonprimary auditory areas in the superior temporal gyrus. These findings causally implicate planum tem-
orale in acoustic scene analysis and suggest potential neuroprosthetic applications to assist hearing in noise.
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Introduction

Speech communication often takes place in the presence of com-
peting sound sources, yet we are able to carry on conversations
effortlessly even when speech signals are mixed with considerable
noise. The neural processes that enable the segregation and
enhancement of the acoustic features of speech relative to back-
ground noise remain largely unknown (Bregman, 1994; Assmann
and Summerfield, 2004). It has been shown that the invariance of
speech emerges gradually as the neural responses to sound ascend
in the auditory pathway from the cochlea (Wang and Shamma,
1994) to the thalamus (Miller et al., 2001) and primary and non-
primary cortical areas (Kumar et al, 2007; Hong et al.,, 2008;
Rabinowitz et al., 2013; Mesgarani et al., 2014). Studies of speech-
in-noise perception in humans have found an increasingly invari-
ant cortical representation of speech in the nonprimary auditory
cortex that is unaffected by noise (Kell and McDermott, 2019).
This invariant representation is constructed by the selective sup-
pression of the encoded noise features in neural responses that
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occur across multiple anatomic areas, including Heschl’s gyrus
(HG), the planum temporale (PT), and the superior temporal
gyrus (STG) (Khalighinejad et al., 2019). The causal role of each of
these regions in removing noise from speech is not yet fully under-
stood; and in particular, the role of the PT in acoustic scene analy-
sis remains debated (Hickok and Saberi, 2012).

Anatomical studies of the PT have shown that it is an inter-
mediary area between HG and the STG (Griffiths and Warren,
2002; Morosan et al., 2005; Hickok and Saberi, 2012), placing its
function between those of nonspecific responses to speech in HG
and speech-specific responses in the lateral STG (Humphries et
al,, 2014). These findings are consistent with the functional stud-
ies that have speculated on the role of the PT in the separation
and identification of sound sources from background sounds
(Griffiths and Warren, 2004; Isenberg et al, 2012). Indeed, an
increased cortical surface area in the PT has been shown to cor-
relate with the accuracy of acoustically distorted speech sound
categorization (Elmer et al., 2013), confirming the role of the PT
as a primary processor of rapidly changing acoustic cues in
speech and nonspeech signals (Meyer et al., 2012).

Beyond these correlative studies that suggest a role for the PT
in processing speech in noise, the causal role of the PT in speech
perception in noise has not yet been studied. This absence of
progress is because of the lack of methods that can manipulate
neural responses with a high degree of spatiotemporal specificity
in awake behaving humans as they engage in realistic speech-in-
noise perception tasks. One such method that is often used for
clinical mapping is electrical brain stimulation (EBS). During
EBS, an electrical charge is delivered to a focal brain area to dis-
rupt its function (Parvizi and Kastner, 2018). EBS in humans is
unique because humans can articulate their perceived experien-
ces during stimulation, an advantage that is absent in animal
models. In the auditory domain, previous studies have reported
that EBS of the STG causes auditory hallucinations (e.g., hearing
a buzzing sound), illusions, and errors (e.g., hearing a distorted
version of a sound) (Selimbeyoglu and Parvizi, 2010; Leonard et
al., 2019), suppression of tinnitus (Fenoy et al., 2006), transient
hearing loss (Sinha et al., 2005), and have implicated the poste-
rior STG in basic auditory functions, such as syllable discrimina-
tion (Boatman et al., 1995; Miglioretti and Boatman, 2003). On
the other hand, EBS of the medial HG can induce the perception
of distinct tones (Donovan et al., 2015). The effect of EBS in PT
remains less clear because of the limited intracranial studies with
depth coverage to target this region. Notably, none of the previ-
ous EBS studies in the human auditory cortex has demonstrated
a facilitative role for EBS in speech perception, a task that
remains challenging, particularly in adverse and noisy acoustic
conditions.

In this study, we used a unique instance in which an epilepsy
patient was implanted with both grid and depth electrodes (in-
tracranial EEG [iEEG]) covering multiple auditory areas, includ-
ing HG, the PT, and the STG. We stimulated and recorded the
responses of HG, the PT, and the STG during a speech-in-noise
perception task. Stimulation of the PT sites resulted in signifi-
cant improvement in both the perceived quality and intelligi-
bility of speech. Furthermore, we showed distinct local- and
network-level properties for these neural sites using spectrotem-
poral receptive field analysis, corticocortical evoked potentials
(CCEPs), and speech-nonspeech discriminability. This study sug-
gests that the PT has a causal role in speech-in-noise perception
and suggests potential neuroprosthetic solutions to enhance
speech-in-noise perception, which currently remain a major chal-
lenge for individuals with hearing loss.
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Materials and Methods

Experimental design and statistical analysis

Participants and data collection

A 27-year-old female adult with pharmacoresistant focal epilepsy was
the subject of this study. The subject had self-reported normal hear-
ing and showed no difficulty in speech communication during the
neuropsychological language tests done before implant. The subject
underwent chronic iEEG monitoring at North Shore University
Hospital to identify epileptogenic focus in the brain for later removal.
She was implanted with both surface grid & strip as well as depth elec-
trodes (PMT). Electrodes showing any sign of abnormal epileptiform
discharges, as identified in the epileptologists’ clinical reports, were
excluded from the analysis. All included iEEG time series were man-
ually inspected for signal quality and were free from interictal spikes.
All research protocols were approved and monitored by the institu-
tional review board at the Feinstein Institute for Medical Research,
and informed written consent to participate in research studies was
obtained from the subject before the implantation of electrodes.

Stimulus

The subject participated in four experiments: EBS, listening to continu-
ous speech, listening to speech versus nonspeech sounds, and CCEPs.
The details of each experiment are described below.

Experiment 1: EBS during speech-in-noise

Bipolar electrical stimulation was delivered to neighboring contacts
along the shaft of a stereotactic high-density depth electrode (16 con-
tacts, 2.2 mm intercontact distance, 1.3 mm contact size) using 200 pis
squared-wave biphasic pulses at 50 Hz for 4 s (S12 stimulator, Grass
Technologies). Two intensities (1and 3mA) were tested. The patient
was asked to keep her eyes open during the procedure. We used a stand-
ard speech-in-noise intelligibility test (BKB-SIN) (Wilson et al., 2007) to
measure the intelligibility of speech during stimulation of electrodes.
The speech-in-noise sentences were sampled at 20,000 Hz.

Although every contact was stimulated at least once, the objective
and subjective measurements of the sham versus stimulation trials were
calculated based on 60 stimulation trials of one site along electrode shaft
in the left PT (see Fig. 1B, electrode contact 8-9) because they had the
highest noise reduction effect based on subject self-report. Randomized
sham stimulations (asking the patient to report the percepts without
introducing any current into the electrodes) were performed for the
quantification of intelligibility and quality improvement. During the
sham trials, we specifically tested the placebo effect by counting “1, 2, 3”
before clicking the stimulator button, similar to how the stim trials were
performed, but the electrical current was set at 0 mA. EEG and clinical
signs in the patient ruled out the involvement of HG, the PT, and the
STG in the patients” seizures, and the patient was instructed to report
whether the electrical stimulation caused her typical seizure auras. The
patient did not report experiencing seizure auras during the experiment.

Experiment 2: listening to continuous speech stories

The subject listened to stories recorded by four voice actors (two males
and two females) with a duration of 20min and a sampling rate of
11,025 Hz. The sentences were on an average 5.2-s-long with intersen-
tence interval of 0.5 s. The stimuli were presented using a single Bose
SoundLink Mini 2 speaker situated directly in front of the subject. The
stimuli and the neural responses to these stimuli were used to calculate
the spectrotemporal receptive fields of each neural site.

Experiment 3: listening to speech versus nonspeech sounds

The subject listened to 20 min of 69 commonly heard natural sounds.
Among these 69 sounds were 16 samples of English and foreign speech
and 53 nonspeech sounds from 14 categories (coughing, crying, scream-
ing, music [jazz, pop, classical], animal vocalizations, laughing, syllables,
sneezing, breathing, singing, shooting, tones, drumming, and subway
noise) (Khalighinejad et al., 2021). The sounds were on an average 12.5-s-
long with intersentence interval of 0.5 s. To find the neural representation
of each sound, we averaged the high y (70-150 Hz) activity in response to
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Figure 1.

Perceptual reduction in background noise by EBS. A, The anatomic location of the depth and grid electrodes. B, Behavioral report of the subject when bipolar, 50 Hz electrical stim-

ulation was delivered to electrode pairs. The subject reported hearing tones when the blue electrodes (located in HG) were stimulated and reported background noise reduction when the red
electrodes (located in the PT) were stimulated. C, Experimental design used to measure the subject’s perceptions of the quality and intelligibility of speech in background noise during EBS. The
subject heard sentences from the BKB-SIN speech intelligibility corpus in background noise, played either in sync with an electrical stimulation pulse train (stim trial, green) or with no electrical
stimulation (sham trial, gray). An example sentence and the keywords used to calculate the intelligibility score are underlined. D, Perceived quality of speech (mean opinion score) in sham and
stim trials under four conditions: (1) jet noise with a low SNR and 3 mA stimulation current; (2) bar noise with a low SNR and 3 mA stimulation current; (3) bar noise with a high SNR and
3 mA stimulation current; and (4) bar noise with a low SNR and 1 mA stimulation current. Middle line indicates median. Box represents quartiles. Whiskers represent maximum and minimum.

the sound over time. Data from this experiment were used for the latency
analysis (see Fig. 5) and for the speech/nonspeech analysis (see Fig. 6).
The latency was measured as the excitatory peak of spectrotemporal
receptive field (STRF) as the center of gravity along the time dimension.
The STREF for each electrode was obtained using all the sounds (speech
and nonspeech).

Experiment 4: CCEPs

CCEP mapping was performed with bipolar stimulation of each pair of
adjacent electrodes with single pulses of an electrical current (10 mA,
biphasic, 100 ps/phase, 30 trials per electrode pair) using a Grass S12
cortical stimulator. The interstimulation interval was 1.5 s (£0.5 s jitter).
The current magnitude of 10 mA was chosen for the grid/strip electrodes
and 4 mA for depth electrodes. These values were chosen as they were
the maximum current that did not induce epileptiform discharges in
areas outside of the seizure onset zone. The patient was awake and at
rest at the time of CCEP recording.

Preprocessing neural data

iEEG signals were acquired continuously at 3kHz per channel (16-bit
precision, range = 8 mV, DC) with a data acquisition module (Tucker-
Davis Technologies). The skull electrodes were used as references, as dic-
tated by the recording quality at the bedside after online visualization of
the spectrogram of the signal. Speech signals were recorded simultane-
ously with the iEEG for subsequent offline analysis. All further process-
ing steps were performed offline. The iEEG data were resampled to
512 Hz. A first-order Butterworth high-pass filter with a cutoff frequency
of 1Hz was used to remove DC drift. Line noise at 60 Hz and its har-
monics (up to 240 Hz) were removed using second-order IIR notch
filters with a bandwidth of 1 Hz. The envelope of high vy activity,
which correlates with neural firing in the proximity of the electrodes
(Ray and Maunsell, 2011; Buzsaki et al., 2012), was used as a mea-
sure of the neural response. To obtain the envelope of this broad-
band signal, we first filtered the data into eight frequency bands

between 70 and 150 Hz (Edwards et al., 2009). Then, the envelope of
each band was obtained by taking the absolute value of the Hilbert
transform. We took the average of all eight frequency bands as the
final envelope. The data were resampled to 100 Hz for further analy-
sis. Neural sites that were responsive to sound were determined by a
t test between responses to silence and all sounds from Experiment
3 (t test, FDR-corrected, ¢ < 0.01) (Benjamini and Yekutieli, 2001).

Video-iEEG monitoring demonstrated seizures with an onset at the
medial and inferior temporal lobe. Frequent interictal spike and wave
discharges were also observed in the posterior subtemporal regions.
None of the electrodes in HG, the PT, or the STG were part of the irrita-
tive or seizure onset zones.

Behavior quantification
To evaluate the quality of speech sentences, we asked the subject to
repeat the sentence that was played and rate its quality using the Mean
Opinion Scale (MOS) scale (Salza et al., 1996). An MOS rating of
between 1 and 5 (1= bad; 2 = poor; 3 = fair; 4 = good; 5 = excellent) was
given. Intelligibility was measured as the percentage of key words identi-
fied in presented sentences using the BKB-SIN test (Wilson et al., 2007).
To evaluate the perceived tone frequency when HG electrodes were
stimulated, the subject was given a knob that varied the tone frequencies
being played. The subject was asked to move the knob until the pre-
sented pitch matched the tone frequency she perceived when the HG
electrode was stimulated.

STRFs

STRFs were computed by a normalized reverse correlation algorithm
(Theunissen et al., 2001) using STRFLab (Theunissen et al., 2001). We
first converted the sound waveform into a time-frequency representation
using a cochlear frequency analysis model consisting of a bank of 128
asymmetric constant-Q filters spaced equally along a logarithmic axis
(Chi et al, 2005). The MATLAB code used to calculate the auditory
spectrogram is available at http://nsl.isr.umd.edu/downloads.html. The
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output of the filter bank was then resampled to 16 frequency bands to pre-
vent parameter overfitting. The amplitude of the high y band was used as
the measure of neural activity. Regularization and sparseness parameters
were found via cross-validation (David et al., 2007). The best frequency and
response latency parameters were estimated by finding the center of the
excitatory region of the STRF along the frequency and time dimensions.

Multidimensional scaling (MDS) analysis

To calculate the MDS diagram of speech and nonspeech sounds, we first
found the average of the high y activity across the duration of the sounds in
each category. In determining these averages, we eliminated the small seg-
ments of silences during the trial by averaging only the samples with above-
threshold spectrogram energy. Next, we calculated the Euclidean distance
between the average response to different sounds to find a dissimilarity ma-
trix. To visualize this dissimilarity matrix, we used a two-dimensional MDS
algorithm based on Kruskal’s normalized criterion to minimize stress for
the two MDS dimensions (Cox and Cox, 2008).

Analysis of CCEPs

CCEP mapping was performed with bipolar stimulation of each pair of
adjacent electrodes with single pulses of electrical current (10 mA, bipha-
sic, 100 ps/phase, 30 trials per electrode pair) using a Grass S12 cortical
stimulator (Grass Technologies). Electrical stimulation artifact was
found in first 20ms of the data. This artifact was removed from each
CCEP before analysis. Recorded neural data were sampled at 3000 Hz
and bandpass filtered at 0.1-1kHz. Acquired data were notch filtered at
60 Hz. The interstimulation interval was 1.5 s (+0.5 s). Differences in
the interstimulation interval had no effect on evoked potentials. A cur-
rent magnitude of 10 mA was chosen for grid/strip electrodes and 4 mA
for depth electrodes. CCEPs in the human cortex generally consist of an
early sharp response (10-50 ms poststimulation) and a later slow wave
(50-250 ms). However, it has been shown that polarity can be positive in
some cases, and there is a similar correlation between CCEPs and resting
when the N1 or P1 response is used (Keller et al., 2011). Therefore, to
compare the connectivity among regions, we used the absolute value of
the response during the duration of 20-30 ms, which corresponds to the
N1 component (Keller et al., 2014a).

Graph analysis of CCEPs

For each stimulation and response site, mean evoked potentials (derived
from 20 repetitions) were normalized relative to the mean and SD of the
prestimulus baseline (—500to —5 ms). To assess which electrodes are close
to which other electrodes, an adjacency matrix was formed, with rows indi-
cating stimulated sites and columns indicating CCEP recording sites. The
maximum absolute value of the N1 component of the normalized CCEP
between two sites was used to fill in the values of the adjacency matrix. A Z
score of 12 was determined as a cutoff to convert the adjacency matrix to a
sparse matrix of 0 s and 1 s that indicated whether the corresponding row
electrode was connected to the corresponding column electrode. We did
not find any difference in the results when a different threshold within the
range of 5-15 was used. To evaluate electrode connectivity, specifically
the directions of connections and relative node connectivity, digraphs were
made from this adjacency matrix using the MATLAB function digraph. The
electrode locations on the graph were obtained by using the MATLAB func-
tion layout with the parameter force, which estimates node coordinates
based on the force-directed structure of the graph (Fruchterman and
Reingold, 1991). This relative location of nodes was determined by the
force-directed layout using node connectivity in the adjacency matrix, such
that nodes that are not connected are placed farther apart in the plot and
those that are connected are placed close together. Finally, the flow of infor-
mation was assessed by measuring the shortest path in the digraphs using
the function shortestpath with Dijkstra’s algorithm.

Results

Direct electrical stimulation of auditory areas elicited
hallucinations of tones and noise reduction effects

A 27-year-old patient with refractory epilepsy was implanted
with intracranial depth and grid electrodes to localize the source
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of seizure activity. The positions of intracranial electrodes cover-
ing the perisylvian regions are shown on the subject’s neuroana-
tomical space with the speech responsive sites (see Materials and
Methods) in red (Fig. 1A). In Figure 1B, the anodes of the eight
bipolar contacts that generated an auditory effect with bipolar
electrical stimulation are shown. Stimulation of the four electro-
des in the left HG induced an auditory hallucination effect, and
the patient matched the induced frequencies to 230, 230, 250,
and 250 Hz. Stimulation of the three electrodes in the left PT and
one electrode on the boundary of the left PT and HG generated a
noise-suppression effect, meaning that the patient reported an
increase in the volume and clarity of speech compared with
background noise. In the following section, we describe the be-
havioral task and subjective and objective measures we used to
systematically evaluate the improved quality and intelligibility of
speech in noise.

Measurement of improved intelligibility and quality of
perceived speech after EBS of the PT electrode

We systematically tested the behavioral effect observed dur-
ing clinical stimulation while the subject listened to speech
in noise sentences (see Materials and Methods). Half of the
trials were chosen randomly for simulation (stim trials),
and the other half were performed with no stimulation
(sham trials) (Fig. 1C). The patient was asked to repeat the
sentence and rate its quality using the MOS scale from 1
(poor) to 5 (excellent) (Salza et al., 1996) (see Materials and
Methods). The reported MOS scale was used as the measure
of perceived quality of speech, and the percentage of cor-
rectly repeated key words was used as the measure of per-
ceived intelligibility of speech (Wilson et al., 2007).

We tested four different conditions (Fig. 1D). In
Condition 1, we used jet background noise; in Conditions 2,
3, and 4, we used bar background noise. In Condition 4, we
reduced the stimulation current from 3to 1 mA (Fig. 1D).
In Condition 1, where the background noise was jet noise
with a signal-to-noise ratio (SNR) of —2.27 dB, the patient
rated the speech quality significantly higher in the stim tri-
als than in the sham trials (MOS=3.2 vs 2.4, p < 107,
N =24, Wilcoxon rank-sum test). In addition, speech intel-
ligibility was significantly higher in the stimulated jet noise
condition than in the sham trials (91% correct vs 46% cor-
rect, p < 0.005, N =24, Wilcoxon rank-sum test).

In Condition 2, where the background noise was bar noise
with an SNR of —2.9dB, the patient rated the speech quality sig-
nificantly higher in the stim trials than in the sham trials (3.7 vs
3.1, p = 0.02, N=36, Wilcoxon rank-sum test). However, we did
not find a significant difference between the intelligibility of
speech in the stim trials compared with the sham trials (67% cor-
rect vs 65% correct, p = 0.9 [not significant], N= 36, Wilcoxon
rank-sum test).

In Condition 3, we tested the effect of stimulation in speech
in noise with a high SNR, where the background noise was bar
noise with an SNR of 3dB. All of the sentences in this high-SNR
condition were intelligible with or without stimulation. However,
the perceived quality of the speech was significantly higher in the
stim trials than in the sham trials (4.5 vs 3, p < 107, N=41,
Wilcoxon rank-sum test).

In Condition 4, as a control condition, we reduced the stimu-
lation current to 1from 3 mA (with bar background noise and
an SNR of —4 dB). We observed that stimulation at a lower cur-
rent (1 mA) did not result in improvement in the perceived qual-
ity of speech, although the patient could detect that a lower
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Table 1. The full subjective report of the stimulation experiment

Patient describing the denoising effect of stimulation:
| heard the noise when it started, and as soon as you did whatever you did, all | heard was his voice.
The voices get a lot clearer. | still hear the noise, but the voice gets a lot clearer, as if someone is saying it in my ear. | still hear the background, but the voice is louder, more
prominent.
It is always the speech that gets stronger; it's never the background noise. The person’s voice becomes more prominent over the background noise, as if someone gives that person
a microphone. Kind of like they tell everyone to hush, to turn their background noise down and let this person talk. When you are both talking, | hear you both just as clear; it is
just the noise. If two people talk at the same time, they both increase; it's just the background noise.
The easiest way for me to explain it is when you take an equalizer for music and you change the different modes of how you want to hear the music; that's how.

Patient describing the time-varying nature of the denoising effect:
| heard “snow falls” clearly, and there were two more words, but | didn’t hear the two words. | heard “snow falls” at approximately 5 (excellent), and then after that, | didn’t hear
the two other words. | just feel that it all blended in as the background noise came back.
| heard [the first word] and | felt that something happened, but the quality started to fade. It was first at 4 (good), and then | heard up to [five], and then | didn't hear anything
afterward.
It is like | hear the voice clearly, and then everything else just comes back along with it, background noise and voices.
As soon as he started talking, | heard those first two words clearly with no background noise, (without) anything, and then after the word “old,” everything just came back all at
once.
It was a 4 (good) up to the word “mailman dropped,” and then | couldnt understand anything after that. It was 2 (poor) after that because all the background noises came back.
Half of it (the sentence) was clear; the first half (of the sentence) was clear.

Patient describing the stimulation effect:
| can feel kind of like popping in my ear — not a very strong popping, but | can feel change. Like | can feel that something got a bit clearer.

TmAvs3mA A lot less strong. Things still got clearer, but not as strong.

Not feeling it as strong as | heard it before. Still feel it, but less.

stimulation current was being used (p = 0.57, Wilcoxon rank-
sum test).

Description of the patient’s experience during stimulation
Subjective reports of the effects of electrical stimulation are
shown in Table 1 (see also Movie 1). Stimulation of electrode
contacts 8-9 in the PT caused the patient to experience a
complex auditory effect: she reported improved quality and
intelligibility of speech in background noise. In her own
words, “The voices get a lot more clear; I still hear the noise,
but the voice gets a lot more clear”; “It is always the speech B -
that goes stronger; it’s never the background noise”; “If two X ” -
people talk at the same time, they both increase; it only hap-

pens for the background noise”; and “[It’s] as if you take an  movie 1. The patient describing her subjective experience during the stimulation and
equalizer for music and change the mode of how you want  sham trials. [View online]

to hear.” In Table 1, the patient’s description of 1versus

3mA stimulation is also included; she could

feel the stimulation in both cases, but Only the 3mA A. STRF of sites with the stimulation effect of hearing a tone
stimulation caused the noise reduction effect.

o1 e3 e4 e5 e6
PT sites have distinct spectrotemporal tuning g
. ~ Hearing a tone
properties g
To examine the functional properties of the corti- 02 (').I T L . L
cal sites and calculate their temporal and spectral Time (ms)
tuning’ we calculated the STRF of each electrode. B. STRF of sites with the stimulation effect of noise reduction
The subject listened to 30 min of clean speech sto- o7 8 e10 el
ries without the application of any electrical stim- = i - ise Reduction
ulation. The envelope of the high y frequency € =B
band (70-150 Hz), which correlates with neural g - =
firing in the proximity of the electrode (Ray and = 0‘29 250 ] [
Maunsell, 2011; Buzséki et al., 2012), was extracted Time (ms)

as the neural response measure of the recorded Figure 2.  STRFs of neural sites in HG and the PT. A, STRFs of neural sites in HG that generated a perceived
signals (see Materials and Methods). We found  tone. B, STRFs of neural sites in the PT that caused a noise reduction effect.
that the electrodes in HG were narrowly tuned to

a specific frequency range (Fig. 2A); on the other

hand, the electrodes in the PT were responsive to manually adjust the frequency of a tone generator to the fre-
temporal changes across a broad range of frequencies, as shown  quency of the induced tone. We did not find any relationship
in Figure 2B. between the best frequency of the contacts in HG and the fre-

It is worth mentioning that we accurately measured the fre-  quency that was induced through stimulation. Specifically, the
quency of the hallucinated tone in HG by asking the subject to  subject heard 230, 230, 250, and 250 Hz as a result of stimulation
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B. CCEP induced by stimulation of HG vs stimulation of PT
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Figure 3.

CCEP activity in the STG through stimulation in PT versus HG. 4, Location of electrodes in the HG, the PT, and the STG. B, Evoked responses in representative sites in the HG, in the

PT, and in the STG using corticocortical stimulation of the HG versus the PT. Bottom row represents the average of the absolute value of the evoked responses for all neural sites in three areas
(HG, PT, and STG). €, Comparison of the absolute value of amplitude of N1 recorded in the STG and generated by stimulation of the PT versus HG.

of four contacts in HG with optimal frequencies of 715, 676, 684,
and 963 Hz (see Materials and Methods).

Functional connectivity of HG and the STG through the PT
Stimulation of a neural site affects not only the site where the
current is directed but also the network of regions that are con-
nected to it. To examine the spatial extent of the stimulation and
to test the differences in connectivity of the cortical sites located
in HG and the STG versus the PT and the STG, we used the
CCEP method. CCEP mapping applies single pulses of a current
to measure electrophysiological responses with accurate localiza-
tion and evaluate interareal connectivity (Keller et al., 2014a,b,
2018).

Most CCEPs consist of an early (10-30 ms) negative surface
deflection labeled N1 and a later (80-250 ms) slow wave labeled
N2. Although studies have shown a possibility of shorter N1
component at 1.7and 2.3ms (Brugge et al, 2003), the N1 of
CCEPs from our study align with the 10-30 ms shown by Keller
et al. (2014a). The N1 and N2 components of CCEPs exist across
spatially diverse recording sites after stimulation. Therefore, the
stimulation-evoked response provides a measure of directional
connectivity that is calculated directly from the cortical areas

with high spatial resolution. It has been shown that the number
of white matter tracts measured with DTI is positively correlated
with the strength of the N1 component of CCEPs (Keller et al.,
2014a,b, 2018).

We divided the speech-responsive sites in this subject into
three groups based on their anatomic locations: the HG, the PT,
and the STG. We tested the connectivity among the sites in HG,
the PT, and the STG (Fig. 3A). To test whether connectivity
between the PT and the STG differs from connectivity between
HG and the STG, we examined the N1 component of the evoked
responses in the STG induced by stimulation of the PT versus
stimulation of HG sites. We observed that the stimulation of
electrodes in the PT, but not HG, resulted in a significantly
stronger N1 in electrodes responsive to speech in the STG. In
Figure 3B, representative evoked potentials for individual elec-
trodes are shown. The N1 component induced by stimulation of
the PT compared with stimulation of the HG was significantly
stronger in recorded neural sites in the STG (20.45 % 0.6 vs
5.7 %+ 0.42 wV, ttest, p < 0.001; Fig. 3C).

We generated an adjacency matrix and digraphs to express
the connectivity of the neural sites (Biggs et al., 1993). The adja-
cency matrix of a graph is a square matrix in which the elements
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Shortest paths in the network
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B. Network summary
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Network connectivity between auditory areas of HG, the PT, and the STG. A7, The shortest path from HG to the STG is shown in black. The shortest path from the STG to HG is

shown in red. A2, The shortest path from the PT to the STG is shown in black. The shortest path from the STG to the PT is shown in red. A3, The shortest path from HG to the PT is shown in
black. The shortest path from the PT to HG is shown in red. B, Summary of shortest path connectivity.

indicate the distance between each pair of nodes. From this adja-
cency matrix, we can generate a digraph (Gross and Yellen,
2005), which is a directed graph of the connectivity between the
nodes, with edge arrows showing the direction of the connection
and the relative location of nodes showing the strength of con-
nectivity. From the previous analysis, we obtained the CCEPs
between two electrodes and normalized their mean and variance
based on the neural response before the start of the stimulation.
We calculated the absolute value of the N1 component of this
normalized CCEP between two electrodes to fill in the elements
of the adjacency matrix as a measure of connectivity (rows indi-
cate the stimulated electrode, and columns indicate the target
electrode where the CCEP was measured). Thus, each element of
this matrix gives a measure of connectivity between the respec-
tive electrodes. We further applied a threshold to the adjacency
matrix by assigning a value of 1 for significant connections and a
value of 0 for nonsignificant connections (see Materials and
Methods). Using this adjacency matrix, we generated directional
digraph plots with nodes indicating electrodes, edges with arrows
indicating the direction of connectivity between the nodes, and
the location of nodes based on the method of force-based graph
drawing (Fruchterman and Reingold, 1991). In this method,
nodes that are not connected are placed further apart in the
graph, and those that are highly connected are placed close to-
gether in the graph (see Materials and Methods; Fig. 4A). This
analysis revealed an overall pattern in which the electrodes in
HG, the PT, and the STG were placed closer to the electrodes
within the same anatomic division, indicating their stronger con-
nectivity (Fig. 4A). Moreover, the electrodes in the PT were posi-
tioned closer to the electrodes in the STG than to the electrodes
in HG, indicating a higher connectivity of the PT sites to the
STG than to HG. Furthermore, we measured the shortest path of
connectivity between these anatomic groups to estimate the
direction of information flow. Since the edges connecting pairs
of nodes all have the same weight, the shortest path between two
nodes is the path with the smallest number of edges that must be
traveled. We found that the direction of connectivity of the HG
electrodes to the higher auditory areas of the STG went through
the PT. (Fig. 4A1). In contrast, the connectivity of PT electrodes
to the STG was direct and did not go through HG (Fig. 4A2).
Finally, the connectivity between the PT and HG was also bidir-
ectional and direct and did not through the STG (Fig. 4A3).

A summary of the shortest path analysis is shown in Figure
4B. No direct path was found from HG to the STG; instead, the
HG sites were connected to the STG sites through the PT sites.
Moreover, the electrodes in the PT were placed closer to the

@ 90}

N
(&)

Average Latency (m

U1
()

HG PT STG

Figure 5.  Latency of the neural sites in the HG, the PT, and the STG. The height of bars indi-
cates the mean latency of electrodes in respective anatomic regions. Error bars indicate SE.

electrodes in the STG than to the electrodes in HG. It is impor-
tant to note that our analysis of the network properties is limited
to the electrodes from which we were recording and does not
represent all parts of HG or the PT.

The observed intermediate location of the PT is also sup-
ported by the results of a response latency analysis (see Materials
and Methods). We first calculated the latency of each neural site
and averaged the values in each area, as shown in Figure 5. This
figure shows that response latency gradually increases from HG
to the PT to the STG. The latency of the response along the audi-
tory pathway approximately reflects the number of synapses
away from the auditory periphery and hence has been used to
speculate the direction of information processing in the auditory
cortex (Da Costa et al., 2011; McMurray and Jongman, 2011;
Nourski et al., 2014).

Separation of speech and noise starts in the PT

In addition to latency, we also looked at the separation of speech
from nonspeech sounds in each region. Neural responses to spe-
cific categories of sounds, such as speech versus nonspeech
sounds, have been attributed to a higher level of neural process-
ing in the auditory cortex (Chan et al, 2014). To examine
the neural responses to speech versus nonspeech sounds, we
designed a task that consisted of 69 samples of sounds: 16 of
the sounds were English and foreign news segments, and 53 were
diverse sounds, such as coughing, crying, screaming, noise,
music, animal vocalization, laughing, singing, shooting, and
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Figure 6.
versus nonspeech neural responses on an MDS scale.

drumming. We determined the separability of the responses to
speech versus nonspeech category of sounds using unpaired ¢
test. We observed that the segregation of speech from nonspeech
sounds gradually increased from the HG to the PT to the STG
(Fig. 6A). To better demonstrate how the separation of speech
and nonspeech sounds takes place along these regions, we pro-
jected the response of sites in each region onto a two-dimen-
sional MDS diagram (see Materials and Methods). Figure 6B
shows that, while the responses to speech and nonspeech sounds
fully overlap in HG, they begin to form separate categories in the
PT and become fully separate in the STG.

Our characterization of the electrodes located in HG and the
PT and STG can be summarized as follows: (1) CCEP analysis
showed that the PT electrodes are situated between the HG and
STG electrodes; (2) response latency increases from the HG elec-
trodes to PT electrodes to the STG electrodes; and (3) the
responses to speech and nonspeech sounds becomes more dis-
tinct from the HG to the PT to the STG electrodes. Collectively,
these results suggest that our electrodes in the PT are located
between the electrodes in the HG and the STG. This intermediate
location might explain the perceptual effect generated by stimu-
lating the electrodes in this region, which is absent during the
stimulation of electrodes in HG and the STG.

Discussion

We report that EBS of electrodes implanted in the PT in one
patient significantly and reliably improved both the per-
ceived quality and the intelligibility of speech in noise. The
subject reported the suppression of background noise and
the selective amplification of speech sounds. We observed
significant improvement in both the subjective quality rat-
ing and the objective intelligibility score of speech in back-
ground noise. The neural sites whose stimulation resulted
in enhanced perception of speech had distinct properties
compared with the sites in HG; namely, their receptive
fields were more tuned to rapid temporal changes in spec-
trally broad sounds and had a longer response latency.
Moreover, network CCEP and speech/nonspeech separabil-
ity analysis revealed an intermediary role of the neural sites
in the PT, suggesting an intermediate functional role rela-
tive to the sites in HG and the STG.

Our results causally implicate the examined neural sites in the
PT in the suppression of background noise. This triangular
region, which occupies the superior temporal plane posterior to
HG, is believed to be part of the auditory association cortex
(Hickok and Poeppel, 2007). The PT has been suggested to play
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Separation of speech and nonspeech sounds from HG to the PT to the STG. A, The ¢ score between speech and nonspeech sounds for each region. Error bars indicate SE. B, Speech

a role in auditory scene analysis because of its modular structure
and multimodal and diverse patterns of neural processing
(Griffiths and Warren, 2002). For example, studies have shown
that portions of the PT selectively respond to spatial sounds,
including moving sounds (Warren et al., 2002; Warren and
Griffiths, 2003), with the anterior PT showing sensitivity to
pitch-related acoustic changes and the posterior PT showing sen-
sitivity to changes in spatial location (Warren and Griffiths,
2003). Other studies have shown that, in addition to this pure
acoustic feature selectivity, the PT is sensitive to spatial sound
source locations only when the location serves as a cue for audi-
tory object disambiguation, as opposed to being purely selective
of spatial features (Zatorre et al., 2002). Similarly, one study
showed that no subregion of the PT was explicitly selective of
spatial or object-related information; instead, the PT actively
processes spatial cues to aid auditory stream segregation (Smith
et al,, 2010). Hence, a task/goal-based role of the PT in auditory
stream segregation and integration has emerged (Ragert et al,
2014). Consistent with this view, our study is the first to provide
experimental evidence in support of an active and causal role of
the PT in the crucial task of separating speech from background
noise. Moreover, we found that the receptive fields of the PT are
distinctly more sensitive to broad spectral temporal changes than
the sites in HG. This is in line with anatomic studies showing
that the neurite architecture of the PT increases its temporal pre-
cision and thus facilitates the processing of auditory speech
(Ocklenburg et al., 2018) and with functional studies showing
the role of the PT in integrating sequential auditory events
(Mustovic et al., 2003). This functional characteristic of the PT
may be crucial in auditory scene analysis and noise suppression,
as speech and most background noises differ substantially in the
spectrotemporal domain (Mesgarani et al., 2006; Mesgarani and
Shamma, 2007).

EBS is regarded as complementary to methods that study the
neural correlates of stimuli and behavior because EBS directly
tests the causal relationship between brain regions and percep-
tion. The efficacy of EBS has been demonstrated in vision and
memory tasks (Jacobs et al., 2012; Parvizi et al., 2012; Mégevand
et al., 2014; Keller et al,, 2017; Schalk et al., 2017). Many previous
EBS studies relied solely on qualitative descriptions of the sub-
ject’s experience (Parvizi et al, 2012; Mégevand et al, 2014;
Schalk et al,, 2017). In contrast, we supplemented the subject’s
qualitative report with additional quantitative measures to deter-
mine the statistical significance of the perceived effects compared
with the control (sham) condition. Previous studies of clinical
language-mapping protocols used to guide neurosurgical
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resections have commonly shown the induction of transient lan-
guage deficits (Borchers et al., 2012). These clinical mapping
studies have identified sites that are critical for the perception
and discrimination of speech and other complex sounds in the
posterior temporal lobe, corresponding to the auditory associa-
tion cortex (Boatman et al, 1995; Boatman and Miglioretti,
2005), by showing that EBS of the posterior STG causes selective
suppression of speech over nonspeech sounds (Sinai et al., 2009).
However, to our knowledge, the improvement of speech percep-
tion following direct brain stimulation has no precedence in the
prior literature. Notably, noninvasive transcranial brain stimula-
tion has also been shown to enhance auditory responses in EEG
(Van Doren et al.,, 2014), improve auditory gap-detection per-
formance (Rufener et al., 2017), bias attention in a spatial multi-
talker task (Wostmann et al, 2017), and improve speech
perception in cocktail party scenarios (Riecke et al, 2018).
Compared with these noninvasive studies, invasive and direct
EBS has the power to target a specific brain region, which can
result in large and reproducible behavioral effects at the single-
trial level, such as those we reported in this study.

Determining how EBS changes neural representation and
computation is not a trivial endeavor. It is challenging because of
the uncertainty of the spatial extent of the cortex that is respon-
sive to stimulation and the relationship between the circuitry
engaged by EBS and the types of neural responses elicited by sen-
sory stimulation. EBS of similar sites in different patients has
been shown to yield different results (Borchers et al, 2012;
Desmurget et al., 2013). First, small differences in electrode
position lead to large differences in targeted responsive neu-
rons (Histed et al., 2009); second, the location of brain func-
tions varies among individual patients (Borchers et al.,
2012); and finally, these networks are susceptible to reorgan-
ization (Enatsu et al., 2013). Furthermore, EBS can generate
complex behavioral effects in regions that are involved in
neural processing (Fried et al., 1998; Desmurget et al., 2009;
Parvizi et al., 2013). Similar to these studies, we found a spe-
cific behavioral effect, although the stimulation signal itself
was generic and nonspecific. Additionally, whether EBS of a
brain area results in the suppression of or an increase of neu-
ral activity is still a matter of scientific debate (Selimbeyoglu
and Parvizi, 2010). Extensive preclinical studies have shown
that high-frequency (~100 Hz) EBS increases neuronal excit-
ability (Bliss and Lemo, 1973; Douglas, 1977; Skrede and
Malthe-Sorenssen, 1981), whereas low-frequency stimula-
tion (~1Hz) decreases neuronal excitability (Mulkey and
Malenka, 1992). As a result, several questions warrant fur-
ther research, including the characterization of local and
remote effects of EBS, its inhibitory and excitatory effects
(Borchers et al., 2012).

Our study cannot adequately answer how the stimulation of
electrodes in the PT results in a perceived reduction in noise.
One possible explanation is motivated by our observation of a
gradual separation of speech and noise encoding along the audi-
tory pathway (Bar-Yosef and Nelken, 2007; Norman-Haignere et
al., 2015). Given these findings, it is possible that the partially
separated representations of speech and noise may be differen-
tially targeted by electrical stimulation and hence may be selec-
tively enhanced or suppressed. Consistent with this hypothesis,
we found that the representation of speech and noise at PT sites
was more separable than the representations at HG sites but less
separable than those at STG sites. Additionally, our analysis of la-
tency and network connectivity (CCEP) placed the PT sites
between the HG and STG sites. It is plausible that selective
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suppression of the neural representation of background noise in
the PT could reduce its perception. Alternatively, stimulation
can activate and excite recurrent connections to upstream and
downstream areas that may engage inhibitory connections and
hence result in the increased removal of noise from the mixed
sound. While we cannot determine the neural mechanism
underlying this perceptual effect, future research that allows a
better understanding of the role of EBS can result in a more con-
clusive explanation of the behavioral effect reported in this study
and advance our knowledge of the role of the PT in speech-in-
noise perception. Finally, speech perception in noise is a very
challenging task for individuals with hearing loss. This study
opens the possibility of neuroprosthetic solutions that can
directly manipulate the cortical representation of speech to
enhance the perception of a target sound among competing
sources, which can assist individuals who struggle to hear speech
in adverse acoustic conditions.
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