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Abstract

The dorsolateral prefrontal cortex (DLPFC) has been implicated in auditory-motor integration for accurate control of vocal
production, but its precise role in this feedback-based process remains largely unknown. To this end, the present
event-related potential study applied a transcranial magnetic stimulation (TMS) protocol, continuous theta-burst
stimulation (c-TBS), to disrupt cortical activity in the left DLPFC as young adults vocalized vowel sounds while hearing their
voice unexpectedly shifted upwards in pitch. The results showed that, as compared to the sham condition, c-TBS over left
DLPFC led to significantly larger vocal compensations for pitch perturbations that were accompanied by significantly
smaller cortical P2 responses. Source localization analyses revealed that this brain activity pattern was the result of reduced
activation in the left superior frontal gyrus and right inferior parietal lobule (supramarginal gyrus). These findings
demonstrate c-TBS-induced modulatory effects of DLPFC on the neurobehavioral processing of vocal pitch regulation,
suggesting that disrupting prefrontal function may impair top-down inhibitory control mechanisms that prevent speech
production from being excessively influenced by auditory feedback, resulting in enhanced vocal compensations for
feedback perturbations. This is the first study that provides direct evidence for a causal role of the left DLPFC in auditory
feedback control of vocal production.

Key words: auditory feedback, continuous theta-burst stimulation, dorsolateral prefrontal cortex, speech motor control,
transcranial magnetic stimulation

© The Author(s) 2020. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com

20z Iudy g1 uo 1senb Aq 0Z066.5/G L SHB/0€/21011E/100180/U00"dNO"OlWSPESE//:SARY WO PAPEOIUMOQ


https://academic.oup.com/

4516 | Cerebral Cortex, 2020, Vol. 30, No. 8

Introduction

Auditory feedback plays an important role in sensorimotor inte-
gration for accurate control of speech production. One important
aspect of speech motor control that involves auditory feedback
is represented by the rapid compensatory vocal responses that
are elicited by unexpected perturbations in voice fundamen-
tal frequency (Fo), intensity, and formant frequencies (e.g., F1)
(Burnett et al. 1998; Houde and Jordan 1998; Bauer et al. 2006;
Liu and Larson 2007). These compensatory responses correct
for perceived errors in auditory feedback and can be modulated
by task demands (Natke et al. 2003; Chen et al. 2007), shaped
by learning experience (Liu et al. 2010; Behroozmand et al.
2014), and affected by neurological diseases (Huang et al. 2016;
Parrell et al. 2017; Ranasinghe et al. 2017). It is hypothesized
that the speech motor control system monitors the mismatches
between the intended and actual vocal output and initiates
corrective motor commands to ensure accurate speech produc-
tion (Guenther et al. 2006; Golfinopoulos et al. 2010; Hickok
et al. 2011; Houde and Nagarajan 2011; Guenther and Vladusich
2012). The neural mechanisms underlying the role of auditory
feedback in speech motor control, however, are still far from
clear.

There is accumulating evidence suggesting the involvement
of higher-level cognitive processes that drive compensatory
adjustment of vocal motor behavior in response to auditory
feedback errors. For example, focused attention on pitch
perturbations in voice auditory feedback has been shown
to elicit enhanced vocal compensations and event-related
potential (ERP) P2 responses, while divided attention has
been shown to elicit the opposite pattern of effects (Tumber
et al. 2014; Hu et al. 2015; Liu et al. 2015). Increases in the
load level of divided attention have been shown to lead to
larger vocal compensations for pitch perturbations, larger N1
responses, and smaller P2 responses (Liu et al. 2018). On the
other hand, training-induced improvements in working memory
capacity were significantly correlated with decreased vocal
compensations for pitch perturbations that were accompanied
by increased cortical P2 responses that were source-localized
in the inferior frontal gyrus (IFG), inferior parietal lobule
(IPL), and insula (Guo et al. 2017). Consistently, Ranasinghe
et al. (2017) found that patients with Alzheimer’s disease (AD)
exhibited enhanced magnitudes and reduced durations of vocal
compensations for pitch perturbations that were predicted by
their executive and memory dysfunctions when compared to
healthy controls. Together, these findings suggest an interplay
between auditory-motor integration for vocal pitch regulation
and higher-level cognitive functions such as attention, working
memory, and executive control and that impairment in these
cognitive abilities may compromise auditory-vocal integration
as reflected by enhanced vocal compensations for pitch
perturbations. Specifically, it has been suggested that top—down
modulatory mechanisms may exist to inhibit compensatory
vocal responses to feedback perturbations (Guo et al. 2017;
Ranasinghe et al. 2017). However, the neural correlates of this
top—down control of vocal production remain largely unknown.

Given the critical role of the dorsolateral prefrontal cortex
(DLPFC) in working memory (Edin et al. 2009), attentional control
(Brosnan and Wiegand 2017), and executive functions (Mansouri
et al. 2009), the DLPFC may be a core region that mediates top-
down influences on auditory feedback control of vocal produc-
tion. This idea is supported by a recent magnetoencephalograph
(MEG) study by Ranasinghe et al. (2019), where patients with

AD exhibited less brain activity in the left DLPFC and larger
vocal compensations than those observed in healthy controls.
Moreover, lower brain activity in the left DLPFC was predictive
of larger vocal compensations across both the AD and control
groups. Similarly, in addition to the activation observed in the
superior temporal gyrus (STG), premotor cortex (PMC), supple-
mentary motor area (SMA), IFG, and IPL (particularly the supra-
marginal gyrus, SMG) when participants compensate for voice
feedback perturbations (Zarate and Zatorre 2008; Parkinson et al.
2012; Chang et al. 2013; Behroozmand et al. 2015; Guo et al.
2016; Kort et al. 2016), the left DLPFC has been found to be
active when non-singers are asked to ignore or compensate for
pitch perturbations during singing (Zarate and Zatorre 2008).
As well, patients with Parkinson’s disease (PD) who received
extensive voice treatment exhibited increased activity in the
right DLPFC that was significantly correlated with the treatment
outcome (Narayana et al. 2010). Related work has shown that
the DLPFC receives auditory afferents from the caudal auditory
beltregion (Romanski et al. 1999) and exerts top—down inhibitory
regulation of auditory processing (Knight et al. 1989; Mitchell
et al. 2005). Therefore, it is plausible to hypothesize that the
DLPFC exerts top—down influences on auditory feedback control
of vocal production. There is no direct, causal evidence, however,
to support this hypothesis.

To address this important question, we used the frequency-
altered feedback (FAF) paradigm and combined it with a con-
tinuous theta-burst stimulation protocol (c-TBS). TBS is a form
of repetitive transcranial magnetic stimulation (rTMS) protocol
that induces strong and long-lasting effects on cortical excitabil-
ity. Specifically, c-TBS disrupts the cortical activity for up to
60 min after less than 1-min stimulation, while intermittent
TBS (i-TBS) facilitates the cortical activity for up to 20 min
after less than 4-min stimulation (Huang et al. 2005). TMS has
been used to explore the causal relationship between brain
regions and speech/language functions (Devlin and Watkins
2007; Murakami et al. 2013) and to treat neurogenic speech-
language disorders (Murdoch and Barwood 2013). Recently, a
number of TMS studies have been performed to examine the
contributions of specific cortical regions to speech production
(Shum et al. 2011; Restle et al. 2012; Lega et al. 2016; Finkel et al.
2019). For example, low-frequency rTMS over left IPL (SMG) led
to diminished adaptive responses to F1 feedback perturbations
during the syllable production, indicating that the IPL (SMG)
plays a central role in sensorimotor adaptation to speech pro-
duction (Shum et al. 2011). Finkel et al. (2019) found that i-TBS
over right somatosensory larynx cortex (S1) enhanced partici-
pants’ pitch accuracy and stability when they performed a pitch-
matching singing task with noise-masked auditory feedback,
indicating a causal involvement of larynx-S1 in vocal pitch regu-
lation. The causal relationship between the DLPFC and auditory
feedback control of vocal production, however, has never been
investigated.

Based on the previous findings that showed activation of the
left DLFPC in compensating for vocal pitch perturbations (Zarate
and Zatorre 2008) and a significant correlation between reduced
activity in the left DLPFC and enhanced vocal compensations
(Ranasinghe et al. 2019), we used c-TBS to disrupt the cortical
activity in the left DLPFC and examined the inhibitory effects of
this stimulation on the vocal and ERP (N1 and P2) responses to
pitch feedback perturbations. The N1 and P2 components have
been found to be pronounced in response to pitch perturbations
during vocal production (Behroozmand et al. 2009; Liu et al.
2011; Scheerer et al. 2013). These ERP components are thought to
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reflect the early detection of a mismatch between intended and
actual auditory feedback, as well as later interactions between
the auditory and motor systems; both ERPs are associated with
higher cognitive aspects of vocal output monitoring (Korzyukov
et al. 2012a; Behroozmand et al. 2014; Guo et al. 2017). In light
of previous results that showed a negative relationship between
the magnitudes of vocal compensations and the amplitudes of
P2 responses in the fronto-tempo-parietal regions (Guo et al.
2017) and brain activity in the left DLPFC (Ranasinghe et al. 2019),
we expected that c-TBS over left DLPFC would lead to larger vocal
responses and smaller cortical responses to pitch perturbations,
supporting the existence of prefrontally mediated top-down
mechanisms that exert inhibitory influences on auditory-motor
control of vocal production.

Methods
Subjects

Twenty-six college students (13 females and 13 males; mean
age: 22.85+1.35 years) from Sun Yat-sen University of China
participated in the present study. All participants were right-
handed native-Mandarin speakers. Participants were included
in the experiment if they met the following inclusion criteria: no
pregnancy; no intake of neuropsychiatric drugs; no implanted
medical device; no experience of musical training; and no his-
tory of speech, language, hearing, and neurological disorders.
One participant did not complete the experiment because she
felt uncomfortable while receiving c-TBS. Four other partici-
pants were also excluded from the final data pool because their
electroencephalograph (EEG) data did not fit the inclusion crite-
ria (see below). Therefore, data from 21 participants (10 females
and 11 males, mean age=22.71+1.41 years) were retained in
the final statistical analyses. Written informed consent was
obtained from all participants and the research protocol (No.
2017-254) was approved by the Institutional Review Board of
The First Affiliated Hospital of Sun Yat-sen University in accor-
dance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki).

Transcranial Magnetic Stimulation

Magnetic stimulation was performed using a CCY-IA TMS
instrument (YIRUIDE Co.) equipped with a 7-cm outer-diameter
figure-of-eight coil. The resting motor threshold (RMT) was
determined as the minimal stimulation intensity sufficient to
induce a motor-evoked potential (MEP) in the right first dorsal
interosseous muscle of at least 50 pV in at least 5 out of 10 TMS
pulses on the contralateral M1 (Grossheinrich et al. 2009). The
scalp location for stimulating the left DLPFC was identified as
the F3 position located on a commercial standard extended
10-20 EEG caps (YIRUIDE Co.) that was designed according
to the International 10-20 system (Herwig et al. 2003). In the
International 10-20 system, adjacent electrodes are either 10%
or 20% of the total distance between the nasion and inion, or left
and right preauricular points, away from each other. The size of
the EEG cap was appropriately chosen to fit each participant’s
head based on their individual head size. The coil was placed
closely tangential to the surface of the skull during the real
c-TBS, while it was placed at 90° to the surface of the skull
when the sham c¢-TBS was performed. A standard c-TBS protocol
consisted of bursts of three pulses at 50 Hz (20 ms between each
pulse) that were repeatedly presented at 200-ms interval over
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40 s for a total of 600 pulses (Huang et al. 2005). Active c-TBS
protocol was applied at 80% RMT intensity (Grossheinrich et al.
2009; Teng et al. 2017). All participants received both real and
sham c-TBS on separate days at least 7 days apart. The order
of the two stimulation tasks was counterbalanced across all
participants.

Experimental Design

It has been demonstrated that c-TBS decreases cortical excitabil-
ity for up to 60 min (Hoogendam et al. 2010). In order to maximize
the stimulation after-effects, the FAF-based vocal production
experiment began immediately after the c-TBS task and com-
pleted within 25 min. All participants were instructed to start
vocalizing the vowel sound /u/ at their habitual vocal pitch and
loudness when a black cross appeared on the computer monitor
and to maintain their vocalizations as steady as they could until
the black cross disappeared. During each 6-s long vocalization,
the participants’ voice was pseudorandomly shifted upward in
pitch by either 200 or 500 cents (100 cents = 1 semitone) for a
duration of 200 ms. Given the modulatory effects of perturbation
magnitude on the vocal and ERP responses (Behroozmand et al.
2009; Liu et al. 2011; Scheerer et al. 2013), the magnitude of the
pitch perturbations was manipulated to examine whether c-
TBS-induced effects were stimulus-specific. Also, the two mag-
nitudes of the pitch perturbations were pseudorandomly manip-
ulated to reduce the ability for participants to adapt to the repet-
itive stimulus presentation (Behroozmand et al. 2012; Korzyukov
et al. 2012b). The first pitch perturbation occurred 500-1000
ms after the onset of each vocalization, while the succeeding
perturbations were presented with an interstimulus interval of
700-900 ms. Prior to initiating the next vocalization, participants
were required to take a 5-s break to avoid vocal fatigue. Each
participant produced 40 vocalizations, leading to a total of 200
trials that included 100 trials with +200 cents perturbations
and 100 trials with +500 cents perturbations. An additional
vocal production experiment was conducted with the same
experimental parameters after participants received the sham
stimulation.

Data Acquisition

Throughout the vocal production experiment, all participants
sat on a comfortable chair in a sound-attenuated booth. An
acoustic calibration procedure was performed by amplifying the
intensity of the voice feedback heard by the participants so that
it was 10 dB SPL higher than their voice output to minimize the
masking effects of air-born and bone-conducted feedback. The
voice signals were picked up by a dynamic microphone (DM2200,
Takstar Inc.), amplified by a MOTU Ultralite Mk3 Firewire audio
interface, and pitch-shifted by an Eventide Eclipse Harmonizer.
A custom-developed MIDI software program (Max/MSP, v.5.0 by
Cycling 74) was used to control the harmonizer to pitch-shift
the voice signals. This program also generated the transistor-
transistor logic (TTL) control pulses that marked the perturba-
tion onset and the visual cues that guided the participants to
start and stop the vocalizations. Amplified by an ICON NeoAmp
headphone amplifier, the pitch-shifted voice signals were finally
played back to the participants through insert earphones (ER-
1, Etymotic Research Inc.). The original and feedback voice sig-
nals as well as the TTL control pulses were digitized at 10
kHz by a PowerLab A/D converter (ML880, AD Instruments) and
recorded onto an iMac computer using LabChart software (v.7.0,
AD Instruments).
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The EEG signals were recorded from each participant’s scalp
using a 64-electrode Geodesic Sensor Net that was connected to
a Net Amps 300 amplifier (Electrical Geodesics Inc.). The elec-
trooculogram was monitored for artifacts with four electrodes
placed above and at the outer canthus. Since this amplifier
accepts scalp-electrode impedances up to 40-60 k2 (Ferree et al.
2001), the impedance levels of individual sensors were carefully
adjusted and kept below 50 ks2 throughout the EEG recording. In
order to synchronize the voice and EEG signals, the TTL control
pulses that marked the onset of each pitch perturbation were
sent to the EEG recording system via a DIN synch cable. The
EEG signals across all channels were referenced to the vertex
(Cz) (Ferree et al. 2001) and recorded at 1 kHz using NetStation
software (v. 4.5, Electrical Geodesics Inc.).

Vocal and EEG Data Analysis

A custom-developed IGOR PRO software program (v.6.0, Wave-
metrics Inc.) was used to measure the magnitude and latency of
vocal compensations for pitch perturbations. First, the voice Fy
contour in Hertz was extracted from the voice signals using Praat
software (Boersma 2001) and converted to cents scale with the
following formula: cents =100 x (12 x log; [Fo/reference]) (refer-
ence =195.997 Hz [G3 note]). Then, the voice F, contour in cents
was segmented into epochs ranging from 200 ms before to
700 ms after the perturbation onset. All individual trials were
visually inspected to reject those bad trials that were corrupted
by vocal interruptions or signal processing errors. On average,
12% of the individual trials were rejected from further analysis.
A presorting procedure was used to categorize the individual
trials as compensatory or following responses based on the
direction of the response to the perturbation on a trial-by-trial
basis. To investigate the effects of c-TBS on the compensatory
mechanisms of vocal motor control, only those compensatory
trials that opposed the direction of the pitch perturbations
were retained in the final averaging analysis. Overall, 56% of
the individual trials were regarded as compensatory responses,
which is in line with previous studies (Behroozmand et al. 2012;
Li et al. 2013; Guo et al. 2016; Patel et al. 2019). The individual
compensatory trials that contained no artifacts were normal-
ized by subtracting the Fy values after the onset of the pitch
perturbation by the mean Fj values in the baseline period (—200
to 0 ms) and averaged to generate an overall compensatory
response for each condition. The magnitude and latency of one
compensatory vocal response were defined as the peak Fj value
in cents and time in ms when the voice Fy contours reached the
minimum value.

The EEG data were analyzed offline using NetStation soft-
ware. First, the EEG signals were band-pass filtered with cutoff
frequencies of 1 and 20 Hz and segmented into epochs using
a window ranging from —200 to +500 ms relative to the onset
of the pitch perturbation. All segmented individual trials were
then submitted to an artifact detection procedure, whereby any
trials that exceeded +55 pv of the moving average over an 80-ms
window or contained more than 10 bad channels were excluded
from further analysis. And files were marked bad and discarded
if they contained artifacts in more than 20% of the epochs.
An additional visual trial-by-trial inspection was conducted to
ensure that all individual trials were appropriately rejected. On
average, 86% of the trials were retained to produce the ERPs.
Finally, all artifact-free trials were re-referenced to the average
of electrodes on each mastoid and submitted to an averaging
procedure, whereby they were averaged and baseline-corrected

to generate an overall ERP response. Based on the prominent
cortical responses to pitch perturbations observed in the two
stimulation conditions, 24 electrodes in three regions of interest
(ROI) were chosen for analysis: frontal area, including AF3, AFz,
AF4, F5, F3, F1, Fz, F2, F4, F6; fronto-central area, including FC5,
FC3, FC1, FCz, FC2, FC4, FC6; and central area, including C5, C3,
C1, Cz, C2, C4, C6. The amplitudes and latencies of N1 and P2
components were measured from the averaged ERP response for
each ROI as the negative and positive peak values and times
in the time windows of 80-180 ms and 160-280 ms after the
perturbation onset, respectively.

Source Localization

In order to examine c-TBS-induced changes in the neural
correlates of auditory feedback control of vocal production,
standardized low-resolution brain electromagnetic tomography
(SLORETA) (Fuchs et al. 2002) in EEGLAB software (http://www.
scen.ucsd.edu/eeglab) was used to localize the neural sources of
the N1 and P2 responses to pitch perturbations that differed
between the c-TBS and sham conditions. The localization
accuracy of sLORETA has been validated in studies that
combined EEG with fMRI (Mulert et al. 2004) and intracerebral
recordings (Zumsteg et al. 2006). For SLORETA, the intracerebral
volume is partitioned in 6239 cortical gray matter voxels at 5-
mm spatial resolution and the standardized current density is
calculated in a realistic standardized head model (Fuchs et al.
2002) within the MNI152 template (Mazziotta et al. 2001). In the
present study, the voxel-based sSLORETA images were computed
based on the averaged ERPs at the 5-ms time window of maximal
global field power peaks in the N1 and P2 time windows
and compared between the c-TBS and sham conditions
using sLORETA-built-in voxel-wise randomization tests with
10000 permutations. Multiple whole-brain comparisons were
corrected based on statistical nonparametric mapping. The
voxels with significant differences (for corrected P < 0.05) were
specified in MNI coordinates and Brodmann areas (BA) that were
determined using the EEGLAB software (Delorme and Makeig
2004). The statistical source results were superimposed on an
anatomical template provided in BrainNet Viewer (Xia et al.
2013).

Statistical Analyses

The values of vocal and ERP responses were verified to be
normally distributed using Kolmogorov-Smirnov test and thus
analyzed using repeated measures analysis of variances (RM-
ANOVAs) in SPSS (v.20.0). The magnitudes and latencies of vocal
responses were subjected to two-way RM-ANOVAs, including
two within-subject factors of perturbation magnitude (+200 vs.
+500 cents) and stimulation condition (c-TBS vs. sham). The
amplitudes and latencies of the N1 and P2 responses were sub-
jected to three-way RM-ANOVAs, including three within-subject
factors of perturbation magnitude, stimulation condition, and
electrode site (frontal, fronto-central, and central). Subsidiary
RM-ANOVAs were conducted if there were any significant
higher-order interactions among any of those variables. Post
hoc analyses for multiple comparisons were performed using
Bonferroni correction. Probability values were corrected using
Greenhouse-Geisser correction for multiple degrees of freedom
when the assumption of Mauchly’s test of sphericity for
homogeneity of variance was violated. Effect sizes indexed
by partial »?> were calculated to quantify the proportion of
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Figure 1. Top: Grand-averaged voice Fy contours in response to +200 (A) and +500 cents (B) perturbations for the c-TBS (blue solid lines) and sham (red solid lines)
conditions. Highlighted areas indicate the standard errors of the mean vocal responses. Vertical dashed lines indicate the onset of the pitch perturbation. Bottom: Box
plots of the magnitudes (C) and latencies (D) of vocal responses to +200 and +500 cents perturbations during the c-TBS (blue) and sham (red) conditions. The asterisks
indicate significant differences between conditions. The top and bottom boxes indicate the third quartile and the first quartile, and the horizontal lines in the middle

of the boxes indicate the median.

variance. P values <0.05 and partial »? > 0.14 (Richardson 2011)
were required for the difference to be considered significant.

Results
Behavioral Findings

Figure 1A,B shows the grand-averaged voice Fy contours in
response to pitch perturbations of +200 and +500 cents across
the c-TBS and sham conditions, illustrating c-TBS-induced
effects on compensatory vocal responses to perturbed auditory
feedback. A two-way RM-ANOVA revealed that c-TBS over left
DLPEC led to significantly larger vocal responses as compared to
the sham condition (F(1, 20) = 32.284, P < 0.001, partial n>=0.617;
see Fig. 1C). However, the magnitudes of vocal responses
did not vary as a function of perturbation magnitude (F(1,
20)=2.377, P=0.139). Also, there was no significant interaction
between stimulation condition and perturbation magnitude (F(1,
20)=0.066, P=0.799).

Regarding the latencies of vocal responses, there were no
significant main effects of stimulation condition (F(1, 20) =2.986,
P=0.099) and perturbation magnitude (F(1, 20) =0.133, P=0.719).
A significant interaction, however, was found between stim-
ulation condition and perturbation magnitude (F(1, 20)=6.374,
P=0.020, partial »? =0.242). Subsidiary analyses showed that the
c-TBS condition led to significantly longer latencies of vocal
compensations for +200 cents perturbations than the sham
condition (F(1, 20) =7.501, P=0.013, partial »2 =0.273; see Fig. 1D),
whereas this c-TBS effect was not significant for the +500 cents
perturbations (F(1, 20)=0.030, P =0.865).

ERP Findings

Figure 2 shows the grand-averaged ERPs to pitch perturbations
of 4200 and +500 cents for the c-TBS and sham conditions
across different electrode sites. As can be seen, the c-TBS con-
dition elicited smaller P2 responses than the sham condition,
whereas the N1 responses were not affected by c-TBS. This
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Figure 2. Grand-averaged ERPs to +200 (left panel) and +500 cents (right panel) perturbations for the c-TBS (blue solid lines) and sham (red solid lines) conditions in
the frontal (top), fronto-central (middle), and central (bottom) regions. Highlighted areas indicate the standard errors of the mean ERPs. Vertical dashed lines indicate
the onset of the pitch perturbation.
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Figure 3. Topographical distribution maps of the N1 (top) and P2 (bottom) responses to +200 cents and +500 cents perturbations for the c-TBS and sham conditions as
well as their differences.

c-TBS effect was further illustrated by the 3D topographical A three-way RM-ANOVA conducted on the N1 amplitudes
distributions of the N1 and P2 amplitudes shown in Figure 3; the revealed a significant main effect of electrode site (F(2,
c-TBS-induced effects were prominently pronounced in the P2 40)=9.030, P=0.003, partial »2=0.311), which was primarily
time window but subtle in the N1 time window. caused by significantly smaller (i.e., less negative) N1 amplitudes
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Figure 4. Box plots of the amplitudes and latencies of the N1 (A and B) and P2 (C and D) responses to +200 and +500 cents perturbations for the c-TBS and sham
conditions. The asterisks indicate significant differences between the conditions. The top and bottom boxes indicate the third quartile and the first quartile, and the

horizontal lines in the middle of the boxes indicate the median.

at the frontal electrodes relative to the fronto-central (P <0.001)
and central (P=0.036) electrodes (see Fig. 4A). However, the N1
amplitudes did not vary as a function of stimulation condition
(F(1, 20)=1.008, P=0.327) and perturbation magnitude (F(1,
20)=1.462, P=0.241). Interactions between any of three variables
did not reach significance (P > 0.15).

For the N1 latencies, +500 cents perturbations elicited sig-
nificantly faster N1 responses than +200 cents perturbations
(F(1, 20)=20.590, P <0.001, partial n2=0.507) (see Fig. 4B). There
was a significant main effect of electrode site (F(2, 40)=5.384,
P=0.012, partial »?=0.212) as well as a significant interaction
between stimulation condition and electrode site (F(2,40) =3.763,
P=0.033, partial »?=0.158), whereas the main effect of stimu-
lation condition was not significant (F(1, 20)=3.774, P=0.066).
Subsidiary analyses revealed a significant main effect of elec-
trode site for the c-TBS condition (F(2, 40)=8.458, P=0.005, par-
tial »?=0.297), where the N1 latencies at the central electrodes
were significantly shorter than those at the frontal (P=0.020)

and fronto-central electrodes (P =0.009). For the sham condition,
however, the N1 latencies did not vary as a function of electrode
site (F(2, 40)=2.924, P = 0.066).

A three-way RM-ANOVA conducted on the P2 amplitudes
revealed that c-TBS over the left DLPFC elicited significantly
smaller P2 responses than the sham condition (F(1, 20)=9.255,
P=0.006, partial n? =0.316) and +500 cents perturbations elicited
significantly larger P2 amplitudes than +200 cents perturbations
(F(1,20)=5.802, P=0.026, partial n? =0.225; see Fig. 4C). There was
also a significant main effect of electrode site (F(2, 40) =39.224,
P <0.001, partial 5?=0.662), where P2 amplitudes at the central
electrodes were significantly smaller as compared to the frontal
(P <0.001) and fronto-central electrodes (P < 0.001). Interactions
between any of the three variables did not reach significance
(P>0.2).

Regarding the P2 latencies, significantly faster P2 responses
were elicited by +500 cents perturbations relative to +200
cents perturbations (F(1, 20) = 13.920, P=0.001, partial »* =0.410;
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Figure 5. Grand-averaged sLORETA-based statistical nonparametric maps comparing the standardized current densities between c-TBS and sham conditions in the
P2 time window. Results are projected onto lateral and top three-dimensional views of a standard anatomical template. Negative t values indicate decreased brain
activity in response to pitch perturbations as a result of c-TBS over left DLPFC (corrected P < 0.05).

Table 1 sSLORETA t statistics for maximum activations obtained from comparison between c-TBS and sham conditions in the P2 time window

(MNI coordinates)

Condition BA Brain region t value X Y z P

c-TBS versus 8 Left SFG —4.480 -20 15 65 0.0192

sham 40 Right IPL —4.251 55 -35 30 0.0214
(SMG)

Note: Displayed are t values for current density maxima; threshold for significance at corrected P < 0.05.

see Fig.4D). The main effects of stimulation condition (F(1,
20)=2.413, P=0.136) and electrode site (F(2, 40) =3.246, P=0.071),
however, were not significant. There were no significant
interactions between any of the three variables (P> 0.1).

sLORETA Findings

SsLORETA analyses were performed to examine the neural cor-
relates of significant differences in the cortical P2 responses
to pitch perturbations in voice auditory feedback between c-
TBS and sham conditions. Considering that the effects of c-
TBS on the P2 responses were not modulated by the size of
pitch perturbations, the P2 responses to +200 and +500 cents
perturbations were combined into a single dataset for the source
estimation analyses. Differences in estimated current density
between c-TBS and sham conditions in the N1 time window did
not reach significance and were thus not illustrated. Figure 5
displays the sLORETA maps representing cortical regions that
showed significant differences in brain activation between the
c-TBS and sham conditions in the P2 time window. Table 1
shows the anatomical description and the MNI coordinates
corresponding to these brain regions. The results revealed that
significantly smaller P2 responses elicited by c-TBS relative to
the sham condition were the result of reduced activity in the left
superior frontal gyrus (SFG; BA 8, P=0.0192) and right IPL (SMG;
BA 40, P=0.0214).

Discussion

The present study investigated the role of the left DLPFC in
auditory feedback control of vocal production from a causal per-
spective. Consistent with our hypothesis, the behavioral results
revealed that applying c-TBS over left DLPFC led to significantly

enhanced vocal compensations for pitch perturbations relative
to the sham condition. Modulatory effects of c-TBS on cor-
tical activity were also observed, as reflected by reduced P2
responses that were source-localized in the left SFG and right
IPL (SMG). These findings provide the first causal evidence for
the role of the left DLPFC in auditory feedback control of vocal
production. The top-down regulatory mechanisms mediated by
the left DLPFC may exert inhibitory influences on auditory-
vocal integration, through which vocal motor behaviors can be
appropriately regulated without being excessively influenced by
auditory feedback.

Comparison with Other Studies

Our results showed enhanced vocal compensations for pitch
perturbations as a result of c-TBS over left DLPFC, indicating a
role of the left DLPFC in the compensatory mechanisms that
support vocal pitch regulation. This finding is in line with one
recent study on patients with AD, where enhanced vocal com-
pensations for pitch perturbations were correlated with reduced
high-gamma activity in the left DLPFC (Ranasinghe et al. 2019).In
addition, c-TBS-induced enhancement of vocal compensations
was associated with reduced cortical P2 responses. This brain—
behavior association was also found in other studies (Scheerer
et al. 2013; Guo et al. 2017; Huang et al. 2019). Together with
other studies that have shown that cortical P2 responses are
modulated by attention control and working memory (Liu et al.
2015; Guo et al. 2017; Liu et al. 2018), the present study supports
the notion that cortical P2 responses to pitch perturbations
reflect higher-level cognitive aspects of auditory-vocal integra-
tion (Behroozmand et al. 2014; Guo et al. 2017).

Furthermore, source localization analysis revealed that the
cortical P2 responses received contributions from the left SFG
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and right IPL (SMG). Previous studies have also shown that, in
parallel to contributions from the auditory cortex, additional
current densities that originate from the IPL (SMG) contribute
to the cortical P2 response to voice pitch perturbations (Huang
et al. 2016; Guo et al. 2017; Li et al. 2019). This finding is also
consistent with neuroimaging studies that associated activation
of the IPL (SMG) with the generation of rapid vocal compensa-
tions for pitch perturbations (Toyomura et al. 2007; Kort et al.
2014; Kort et al. 2016; Behroozmand et al. 2017). Note that the
IPL receives multisensory input and is believed to facilitate
sensorimotor prediction and plasticity through its connections
with prefrontal, primary motor, sensory, and somatosensory
cortices as well as the cerebellum (Blakemore and Sirigu 2003;
Rauschecker and Scott 2009). For speech production, the IPL
has been implicated in speech motor learning, as evidenced by
the involvement of the IPL (SMG) in sensorimotor adaptations
to speech F1 perturbations (Shum et al. 2011). Together, these
findings suggest that the IPL, particularly the SMG, is not only an
important component in the network for speech motor learning
but also plays a role in the online auditory—motor control of vocal
production.

The magnitudes and latencies of vocal compensations did
not vary as a function of perturbation magnitude. Across stud-
ies, the particular effect of perturbation magnitude on vocal
responses has been quite varied. For example, one previous
study found that larger pitch perturbations elicited larger vocal
compensations during speech but not vowels in English speak-
ers (Chen et al. 2007). In contrast, smaller vocal responses were
found to be associated with larger pitch perturbations in Can-
tonese speakers but not in Mandarin speakers (Liu et al. 2010).
As well, pitch perturbations of 350 cents or more elicited smaller
vocal compensations than pitch perturbations of 250 cents or
less in English speakers (Scheerer et al. 2013), while the mag-
nitudes of vocal responses to 200 and 500 cents did not dif-
fer in Mandarin speakers (Guo et al. 2016; Li et al. 2018). The
specific reason for the heterogeneous effects of perturbation
magnitude on the vocal responses across the studies is not
yet known, and they may be related to the specificity of task
demands and the difference in language experience. At the
cortical level, however, previous studies as well the present study
have consistently shown that larger pitch perturbations elicit
larger and faster N1 and P2 responses (Behroozmand et al. 2009;
Liu et al. 2011; Scheerer et al. 2013). Note that overall the c-TBS
effects on the neurobehavioral responses to pitch perturbations
were not modulated by perturbation magnitude, but based on
the above findings we cannot conclude that the mechanisms
behind these effects are insensitive to the nature of the per-
turbations and more studies are needed to determine their
relationship.

The Role of the DLPFC in Speech Motor Control

Current models of speech motor control have highlighted the
importance of the inferior prefrontal cortex in sensorimotor
integration for speech production. For example, the DIVA model
argues that the feedback and feedforward control of speech
production is initiated by a speech sound map stored in the
left posterior IFG (Golfinopoulos et al. 2010). In the dual stream
model, the left posterior IFG is a central part of a dorsal stream
that is involved in translating acoustic speech signals into artic-
ulatory representations (Hickok and Poeppel 2007). Empirical
evidence has shown activation of the IFG and its connectivity
with temporal and parietal regions in the generation of vocal

compensations for perceived perturbations in auditory feedback
(Flagmeier et al. 2014; Behroozmand et al. 2015; Kort et al. 2016).

In contrast, less is known about the functional role of the
DLPFC in speech motor control. The DLPFC is extensively
connected to auditory and motor regions (Selemon and
Goldman-Rakic 1988; Romanski et al. 1999) and has been
implicated in both the perception and production of speech
(Dehaene-Lambertz et al. 2002; Geranmayeh et al. 2012). Damage
to the DLPFC leads to disorders in planning and programming of
speech articulation (Ziegler 2002). In addition, patients with PD
who received LSVT LOUD (Lee Silverman Voice Treatment), an
intensive speech therapy program, for hypophonia exhibited
increased activity in the DLPFC (Liotti et al. 2003) that was
predictive of the treatment outcome (Narayana et al. 2010).
These results suggest that LSVT LOUD may help patients with
PD to increase their vocal loudness by altering activity in the
DLPFC, which leads to changes in the motor and subcortical
regions responsible for an effective speech outcome. Riecker
et al. (2005) proposed a network that included the left DLPFC
(including Broca’s area), anterior insula, and right superior
cerebellum that subserves motor preparation during syllable
repetition. The role of the left DLPFC in that network may
be to support higher-level aspects of speech motor control.
In line with this idea, one recent study by Ranasinghe et al.
(2019) showed that enhanced vocal compensation for pitch
perturbations was predicted by reduced activity in the left
DLPFC. The present study demonstrates a causal role of the
DLPFC in speech motor control, as reflected by increased vocal
compensations for pitch perturbations and reduced cortical
activity in the left SFG and right IPL as a result of c-TBS over left
DLPFC. Taken together, these findings provide strong evidence
for the hypothesis that the DLPFC exerts top-down influences
on the detection and correction of mismatches between the
intended and actual vocal output.

The observed relationship between disrupted activity in the
left DLPFC and enhanced vocal compensations for pitch per-
turbations reflects a top-down inhibitory effect on auditory
feedback control of vocal production. One question then arises:
Why does the left DLPFC inhibit vocal compensations for pitch
perturbations? One important phenomenon that has been con-
sistently observed is that perturbations in auditory feedback
cannot be cancelled out completely; participants compensate
for less than 20% of the size of the feedback perturbations
(Burnett et al. 1998; Chen et al. 2007). Control theory suggests
that fully compensating for feedback perturbations disrupts the
stability of control systems (Franklin et al. 1994). Likewise, the
degree of compensatory adjustments of vocal motor behav-
iors has to be controlled in an appropriately inhibitory manner
in order to precisely and stably produce speech/vocal targets
(Houde and Nagarajan 2011; Ranasinghe et al. 2017). Supportive
evidence for this speculation comes from several studies that
reported that singers were capable of completely ignoring pitch
perturbations during singing (Zarate and Zatorre 2008; Zarate
et al. 2010). On the other hand, the DLPFC serves as a critical
source of inhibitory control (Garavan et al. 1999; Hampshire
et al. 2010), an important function that inhibits reflex-like or
inappropriate behavioral responses (Burle et al. 2004). There is
evidence that has shown impaired inhibitory control processes
due to decreased activity in the prefrontal and parietal regions
(Barber et al. 2013). Note that, in the present study, c-TBS over left
DLPFC led to reduced cortical P2 responses that source-localized
in the left SFG and right IPL (SMG); both regions have been found
to be involved in inhibitory control (Garavan et al. 1999). It is
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thus plausible that the left DLPFC exerts top—down inhibitory
influences on auditory feedback control of vocal production,
allowing the audio-vocal system to partially compensate for
feedback perturbations using an optimal strategy so that vocal
targets can be produced with stability and precision. Disrupting
cortical activity in the left DLPFC as a consequence of c-TBS,
however, may impair this top-down regulatory mechanism and
produce deficient inhibitory control over speech motor behav-
iors, which in turn results in enhanced vocal compensations for
pitch perturbations.

Theoretical and Clinical Implications

Current models/theories of speech motor control describe the
processes for monitoring and responding to auditory feedback
during vocal production in an input-driven, bottom-up manner
(Guenther et al. 2006; Golfinopoulos et al. 2010; Hickok et al.
2011; Houde and Nagarajan 2011; Guenther and Vladusich 2012).
However, this control process has been shown to be modulated
by higher-level cognitive functions such as attentional control
and working memory (Tumber et al. 2014; Liu et al. 2015; Scheerer
et al. 2016; Guo et al. 2017), reflecting top—down influences
on auditory-vocal integration. According to the language com-
prehension model (Friederici 2012), bottom-up processing of
information received by the auditory cortex occurs along the
ventral pathway and reaches the frontal cortex. This bottom-
up processing is done in parallel with top-down processing that
originates in the frontal cortex and continues along the dorsal
pathway to the temporal cortex. Similarly, the speech-motor-
control network may also rely on the bottom-up, auditory-driven
processes and top-down, prefrontally mediated processes. The
present study provides significant insight into the neural mech-
anisms underlying the top-down modulation of vocal motor
behaviors, and further studies should be conducted to unravel
the neural circuits involved in these top-down regulatory mech-
anisms.

From a clinical perspective, the hypothesis that top—down
mechanisms, mediated by the DLPFC, support vocal motor con-
trol accounts well for the relationship between impaired audi-
tory-vocal integration and abnormal activity in the DLPFC in
patients with AD (Ranasinghe et al. 2019) and PD (Pinto et al.
2004). The relationship between improved speech volume and
increased activity in the DLPFC as a result of LSVT LOUD for
patients with PD (Liotti et al. 2003; Narayana et al. 2010) suggests
that modifying activity in the DLPFC may augment auditory
feedback control of vocal production through its connections
with the temporal and parietal regions. Repetitive TMS to the
left DLPFC has been shown to improve language performance in
patients with AD (Cotelli et al. 2011) and voice-related quality
of life in patients with PD (Dias et al. 2006). Thus, modifying
the activity in the DLPFC by noninvasive brain stimulation may
potentially treat disorders in speech motor control by enhancing
auditory-motor integration, which needs to be examined in
future.
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