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Continuous theta burst stimulation over left supplementary motor area facilitates auditory-vocal integration in individuals with Parkinson’s disease
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Accumulating evidence suggests that impairment in auditory-vocal integration characterized by abnormally enhanced vocal compensations for auditory feedback perturbations contributes to hypokinetic dysarthria in Parkinson’s disease (PD). However, treatment of this abnormality remains a challenge. The present study examined whether abnormalities in auditory-motor integration for vocal pitch regulation in PD can be modulated by neuronavigated continuous theta burst stimulation (c-TBS) over the left supplementary motor area (SMA). After receiving active or sham c-TBS over left SMA, 16 individuals with PD vocalized vowel sounds while hearing their own voice unexpectedly pitch-shifted two semitones upward or downward. A group of pairwise-matched healthy participants was recruited as controls. Their vocal responses and event-related potentials (ERPs) were measured and compared across the conditions. The results showed that applying c-TBS over left SMA led to smaller vocal responses paralleled by smaller P1 and P2 responses and larger N1 responses in individuals with PD. Major neural generators of reduced P2 responses were located in the right inferior and medial frontal gyrus, pre- and post-central gyrus, and insula. Moreover, suppressed vocal compensations were predicted by reduced P2 amplitudes and enhanced N1 amplitudes. Notably, abnormally enhanced vocal and P2 responses in individuals with PD were normalized by c-TBS over left SMA when compared to healthy controls. Our results provide the first causal evidence that abnormalities in auditory-motor control of vocal pitch production in PD can be modulated by c-TBS over left SMA, suggesting that it may be a promising non-invasive treatment for speech motor disorders in PD.
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Introduction

One prominent clinical feature of idiopathic Parkinson’s disease (PD) is hypokinetic dysarthria, which is characterized by a reduction in speech volume and pitch fluctuation, inconsistent rates of speech, and imprecise articulation (Duffy, 2005). These abnormalities in speech production occur in individuals with early-stage PD and deteriorate as the disease progresses (Rusz et al., 2013; Moreau and Pinto, 2019). Approximately, 70–90% of individuals with PD have speech motor disorders that limit their communication, social participation, and quality of life (Sapir et al., 2008). However, treatment of PD dysarthria remains a challenge. Despite the remarkable positive effects of pharmacological and surgical interventions on motor limb symptoms of PD, the effects of these treatments on PD dysarthria are commonly more deleterious than they are beneficial (Skodda et al., 2009). The Lee Silverman Voice Treatment (LSVT® LOUD), a behavioral speech therapy designed for the treatment of PD hypophonia, has been shown to produce immediate and long-term (12–24 months) improvement in vocal loudness, pitch variability, and speech intelligibility (Ramig et al., 2001; Sapir et al., 2007). The application of this treatment, however, is limited by high-effort and intensive vocal training that cause many patients to discontinue treatment. Therefore, the development of other effective speech therapies for PD dysarthria remains an important goal.

Repetitive transcranial magnetic stimulation (rTMS) has emerged as an important tool in the experimental treatment of various psychiatric and neurological disorders by non-invasively modulating brain activity to change behaviors (Hallett, 2007). It is generally believed that high-frequency rTMS applied over the target site increases the excitability of cortical neurons, whereas low-frequency rTMS decreases it (Pascual-Leone et al., 1994; Chen and Seitz, 2001), although this relationship may vary as a function of stimulation intensity and individual variability (Fitzgerald et al., 2006; Lopez-Alonso et al., 2014). One meta-analysis showed that high-frequency rTMS over the primary motor cortex (M1) or low-frequency rTMS over the dorsolateral prefrontal cortex (DLPFC) produced moderate improvements in PD motor disorders (Chou et al., 2015). In contrast, studies investigating the efficacy of rTMS for PD dysarthria have found conflicting results. For example, a single session of high-frequency rTMS over the primary orofacial sensorimotor area (SM1) led to improved vocal pitch and loudness, tongue movement, and voice quality in individuals with PD (Dias et al., 2006; Eliasova et al., 2013), whereas high-frequency rTMS over the left DLPFC and left M1 hand area failed to do so (Dias et al., 2006; Hartelius et al., 2010; Eliasova et al., 2013). Brabenec et al. (2019) found that, following a single session of low-frequency rTMS over the right superior temporal gyrus (STG), individuals with PD exhibited increased variability of the second formant that was predicted by enhanced right STG activation during sentence reading. However, beneficial effects were not found when they received high-frequency rTMS over the right STG or SM1. Brabenec et al. (2021) subsequently found that following 10 sessions of low-frequency rTMS over the right STG, individuals with PD exhibited long-term improvement (2–10 weeks) in their phonetics score of Dysarthric Profile that was correlated with resting-state STG-SM1 functional connectivity. Therefore, there is mixed evidence for the benefits of TMS intervention for PD dysarthria.

Among several possible resources of the discrepancies across studies investigating the efficacy of TMS for PD dysarthria are choice of stimulation protocol and assessment of treatment outcomes. High-frequency rTMS has been the most frequent protocol used to increase cortical excitability of the DLPFC, SM1, STG, and M1 for the treatment of PD dysarthria (Dias et al., 2006; Hartelius et al., 2010; Eliasova et al., 2013; Brabenec et al., 2019). A series of neuroimaging studies on individuals with PD, however, have shown an overactivation of the DLPFC, premotor cortex (PMC), supplementary motor area (SMA), and insula during speech production (Liotti et al., 2003; Pinto et al., 2004; Arnold et al., 2014) and enhanced cortical event-related potential (ERP) P2 responses to voice pitch perturbations that were source-localized in the left STG, inferior parietal lobule (IPL), inferior frontal gyrus (IFG), and PMC (Huang et al., 2016). It is therefore plausible that PD dysarthria may result from hyperactivity in the cortical speech motor networks, and thus inhibiting, rather than enhancing, cortical excitability of those regions may reduce this hyperactivity and restore normal levels of brain activation to produce beneficial effects. This hypothesis is in line with the findings of improved articulatory functions in individuals with PD following low-frequency but not high-frequency rTMS over the right STG (Brabenec et al., 2019). On the other hand, acoustic (e.g., fundamental frequency or fo, intensity, and formant frequency) and/or perceptual (e.g., phonetics score and speech intelligibility) analyses of PD speech were generally used to evaluate the outcome of TMS intervention (Dias et al., 2006; Eliasova et al., 2013; Brabenec et al., 2019, 2021). These speech characteristics, however, reflect a broad range of mental processes, including voluntary attempts to compensate for the symptoms of PD. As mentioned, abnormalities in the integration of auditory feedback with vocal motor control in PD, characterized by overcompensation for voice pitch and loudness perturbations (Liu et al., 2012; Chen et al., 2013; Huang et al., 2016; Mollaei et al., 2016), have been regarded as significant contributors to PD dysarthria (Sapir, 2014). Thus, an examination of the neurobehavioral correlates that support auditory-motor control of vocal production may uncover the effects of TMS intervention on PD dysarthria from the perspective of sensorimotor integration.

In the present study, we examined whether and, if so, how abnormalities in auditory-vocal integration in individuals with PD can be modulated by neuronavigated continuous theta burst stimulation (c-TBS) over the left SMA. As a specific form of rTMS protocol, c-TBS inhibits the cortical excitability for up to 60 min after less than 1-min stimulation (Huang et al., 2005). The left SMA was chosen as the stimulation target in the present study because it is reciprocally connected with the laryngeal motor cortex for vocal motor command execution (Simonyan and Horwitz, 2011) and plays a central role in the initiation, monitoring, and timing control of speech production (Tourville and Guenther, 2011; Hertrich et al., 2016). Also, the left SMA has been identified as an important motor component of the speech monitoring network (Riecker et al., 2005) and to be active when healthy individuals compensate for perturbations in voice auditory feedback (Zarate and Zatorre, 2008; Behroozmand et al., 2015). Lesions in this region result in speech motor disorders, such as impaired involuntary or spontaneous vocalization and acquired dysfluencies (Jonas, 1981; Ziegler et al., 1997). Moreover, individuals with PD have shown hyperactivity in the SMA during speech production (Liotti et al., 2003; Pinto et al., 2004; Arnold et al., 2014), and a reduction of SMA activation was accompanied by improved speech scores of the UPDRS as a result of subthalamic nucleus (STN) stimulation (Pinto et al., 2004). Thus, c-TBS over the left SMA of individuals with PD may lead to a functional normalization of the speech motor systems that produce beneficial effects on their auditory-motor control of vocal production.

The intervention outcome was assessed using the frequency-altered feedback (FAF) paradigm (Burnett et al., 1998), which involves participants hearing their voice fo unexpectedly shifted upward or downward during vocal production. We evaluated the vocal and ERP responses (P1-N1-P2) to pitch perturbations in auditory feedback after applying active or sham c-TBS over the left SMA. Individuals with PD have been found to show larger vocal compensations for pitch perturbations and/or greater ERP P2 responses relative to healthy controls (Liu et al., 2012; Chen et al., 2013; Huang et al., 2016; Mollaei et al., 2016; Li et al., 2021). This vocal overcompensation, however, returned to normal when they vocalized the sounds with external auditory cueing (Huang et al., 2019) or received voice treatment with LSVT® LOUD (Li et al., 2021). Therefore, we hypothesized that individuals with PD following c-TBS over the left SMA would likewise exhibit reduced vocal and cortical ERP responses to pitch perturbations that reflect beneficial effects on their abnormalities in auditory-vocal integration.



Materials and methods


Subjects

A group of 16 Chinese-speaking adults (6 women and 10 men; mean age: 64.88 ± 9.88 years) diagnosed as idiopathic PD according to the United Kingdom Parkinson’s disease Society Brain Bank (Hughes et al., 1992) participated in the present study (see details in Table 1). They were included in the present study based on the following criteria: no contraindication for magnetic resonance imaging (MRI) and TMS, no dementia or psychiatric abnormalities, no neurological diseases other than PD, no experience with musical training, and no history of neurosurgical treatment or speech therapy. Individuals with PD participated in the experiment within 1–2 h after taking their regular antiparkinsonian medication. They did not show any wearing-off phenomena and/or L-dopa-induced dyskinesias. A group of 16 neurologically normal participants was recruited as healthy controls and pairwise-matched with individuals with PD on age and sex (6 women and 10 men; mean age: 64.25 ± 6.95 years; t = 0.207, d.f. = 30, p = 0.837). All participants passed a binaural hearing screening at thresholds of 40 dB hearing level or less for 500, 1,000, 2,000, and 4,000 Hz. The research protocol was approved by the Institutional Review Board of The First Affiliated Hospital of Sun Yat-sen University, and all participants provided their written informed consent.


TABLE 1    Clinical and demographic data of PD patients.
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Magnetic resonance imaging data acquisition

Prior to the c-TBS experiment, high-resolution anatomical images were acquired from all participants using a 3T MRI scanner (Siemens, Germany) to precisely define the stimulation target. A T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) sequence was used during the scanning with the following parameters: repetition time (TR) = 2,000 ms, echo time (TE) = 1.76 ms, slice thickness = 0.8 mm, voxel size = 0.8 × 0.8 × 0.8 mm3, field of view (FOV) = 260 × 260 mm2, and 224 sagittal slices.



Neuronavigated transcranial magnetic stimulation

Magnetic stimulation was administered using a CCY-I TMS instrument (YIRUIDE Co., Wuhan, China) equipped with a 7-cm-outer-diameter figure-of-eight coil. Prior to the c-TBS intervention, the left M1 was stimulated with single-pulse TMS to determine the resting motor threshold (RMT) by recording the motor evoked potentials (MEPs) of each individual from the right first dorsal interosseous (FDI) muscles. The RMT was defined as the lowest stimulus intensity sufficient to elicit an MEP ≥ 50 μV in 5 out of 10 consecutive trials in the resting right FDI (Groppa et al., 2012). A standard c-TBS protocol that consisted of 600 pulses in a theta burst pattern (bursts of 3 pulses at 50 Hz repeated every 200 ms; Huang et al., 2005) was applied over the left SMA at 80% of RMT (Grossheinrich et al., 2009). The location of the left SMA (MNI coordinates: x = –3, y = –2, and z = 58; Bolzoni et al., 2015) was determined by loading individual anatomical MRI data into a neuronavigation software (Visor 2.0, ANT Neuro, Netherlands) with a Polaris Spectra motion tracking system (NDI, Canada). These coordinates were slightly modified based on individual brain anatomical landmarks to ensure correct positioning over left SMA. In order to rule out any spread of current into the contralateral SMA when TMS was applied over one SMA, the coil was orientated medio-laterally with the handle pointing toward the right hemisphere to stimulate the left SMA (White et al., 2013). Active c-TBS was delivered by placing the coil closely tangential to the skull surface. Sham stimulation was delivered with the coil 90° tilted away from the target with one wing of the coil touching the scalp. The order of active or sham c-TBS over the left SMA was counterbalanced across all participants, with active and sham sessions occurring on separate days at least 48 h apart (Brabenec et al., 2019). Healthy participants served as controls to determine the degree of impairment and improvement of auditory-vocal integration in individuals with PD and thus did not receive active or sham c-TBS over the left SMA.



Experimental design

One FAF-based vocal production experiment began immediately after applying active or sham c-TBS over the left SMA to individuals with PD. Healthy controls performed the same experiment as well. All participants were instructed to produce the vowel /u/ for about 2–3 s while hearing their voice pseudo-randomly pitch-shifted upward or downward twice by 200 cents (200 ms duration; 100 cents = 1 semitone). The first pitch perturbation occurred after a random delay of 1,500–2,500 ms relative to the vocal onset, and the second stimulus was presented after an inter-stimulus interval of 700–1,000 ms. All participants were required to take a break of 2–3 s between consecutive vocalizations to avoid vocal fatigue. Each participant produced 100 consecutive vocalizations, leading to 100 trials for + 200 cents perturbations and 100 trials for –200 cents perturbations. The vocal production experiment was conducted with the same experimental parameters after individuals with PD received active or sham c-TBS.



Apparatus

The vocal production experiment was conducted in a sound-attenuated room. First, the voice signals were transduced through a dynamic microphone (DM2200, Takstar Inc.) and sent to an Eventide Eclipse Harmonizer through a MOTU Ultralite Mk3 Firewire audio interface. A MIDI software program (Max/MSP v.5.0 by Cycling 74) was developed to control the Eventide Eclipse Harmonizer to pitch-shift the voice signals with preset parameters. Meanwhile, transistor-transistor logic (TTL) control pulses were generated by this program to mark the onset of each pitch perturbation. Finally, the pitch-shifted voice signals were amplified by an ICON Neo Amp headphone amplifier and played back to participants through inserted earphones (ER-1, Etymotic Research Inc.). The original and pitch-shifted voice signals as well as the TTL control pulses were digitized by a PowerLab A/D converter (model ML880, AD Instruments) and recorded at 10 kHz using LabChart software (v.7.0, AD Instruments).

Simultaneously, the EEG signals were scalp-recorded using a 64-electrode Geodesic Sensor Net (Electrical Geodesics Inc.), amplified by a high-input impedance NetAmps 300 amplifier (Electrical Geodesics Inc.), and recorded at a sampling frequency of 1 kHz using NetStation software (v.4.5, Electrical Geodesics Inc.). Since the amplifier accepts scalp-electrode impedances up to 40–60 kΩ, the impedance levels of individual sensors were kept below 50 kΩ throughout the recording (Ferree et al., 2001). The EEG signals across all channels were referenced to the vertex (Cz) during the recording (Ferree et al., 2001). An experimental DIN synch cable sent the TTL control pulses to the EEG recording system for the synchronization of the voice and EEG signals.



Data analyses

The behavioral measurement, including the peak magnitude and peak latency of vocal responses to pitch perturbations, was performed in a custom-developed IGOR PRO software program (v.6.0 by Wavemetrics Inc.) that has been previously described in detail (Huang et al., 2019). In brief, the voice fo contours in Hertz were extracted and converted to the cent scale using the following formula: cents = 100 × [12 × log2(fo/reference)] [reference = 195.997 Hz (G3)]. They were then segmented into epochs ranging from –200 to +700 ms relative to the perturbation onset and visually inspected for trial-by-trial artifact rejection. Overall, 81% of the individual trials were regarded as artifact-free trials. The trials were averaged and baseline-corrected (–200 to 0 ms) to generate an overall vocal response for each condition. The magnitude and latency of a vocal response were separately measured as the maximum or minimum value in cents and the corresponding time in milliseconds when the voice fo contour reached its peak value.

The offline analyses of EEG signals were performed using NetStation software. They were band-pass filtered between 1 and 20 Hz, segmented into epochs using a window of –200 to +500 ms relative to the perturbation onset, and submitted to an artifact detection procedure to exclude those trials with voltage values that exceeded ± 55 μv of the moving average over an 80-ms window from further analysis. A trial-by-trial visual inspection was additionally performed to ensure that bad trials were appropriately rejected. Individual electrodes that contained artifacts in more than 20% of the epochs were rejected, and files that contained more than 10 bad channels were marked bad. Finally, artifact-free individual trials were re-referenced to the average of the electrodes on each mastoid, averaged, and baseline-corrected (–200 to 0 ms) to generate an overall ERP response to pitch perturbations. Since the cortical P1, N1, and P2 responses to pitch perturbations were prominently pronounced in the frontal and central regions (Behroozmand et al., 2009; Scheerer et al., 2013), we chose 24 electrodes in three regions of interest (ROI) for statistical analysis: frontal area, including AF3, AFz, AF4, F5, F3, F1, Fz, F2, F4, and F6; fronto-central area, including FC5, FC3, FC1, FCz, FC2, FC4, and FC6; central area, including C5, C3, C1, Cz, C2, C4, and C6. The amplitudes and latencies of the P1, N1, and P2 components were extracted from the averaged ERPs for each ROI.



Source localization

The sLORETA software1 (Fuchs et al., 2002) was used to localize the neural generators of the P1, N1, and P2 responses that differed between active and sham stimulation for individuals with PD. This method partitions the intracerebral volume into 6,239 cortical gray matter voxels at a 5-mm spatial resolution and calculates the standardized current density in a realistic standardized head model within the MNI152 template (Mazziotta et al., 2001). In the present study, the voxel-based sLORETA images were computed based on the averaged ERPs within 5 ms time windows centered at the maximal global field power peaks in the P1, N1, and P2 time windows and compared between active and sham stimulations using voxel-wise randomization tests with 10,000 permutations. Multiple comparisons were corrected at a whole-brain level based on the statistical non-parametric mapping. The voxels with significant differences (for corrected p < 0.05) were specified in MNI coordinates and Brodmann areas (BA). The results were superimposed on an anatomical template in BrainNet Viewer (Xia et al., 2013).



Statistical analyses

The values of vocal and ERP responses were submitted to SPSS (v.20.0) for statistical analysis. For individuals with PD, the magnitudes and latencies of vocal responses were subjected to two-way RM-ANOVAs, including within-subject factors of perturbation direction (–200 vs. +200 cents) and stimulation session (active vs. sham c-TBS). The amplitudes and latencies of the P1, N1, and P2 responses were subjected to three-way RM-ANOVAs, including within-subject factors of perturbation direction, stimulation session, and electrode site (frontal, fronto-central, and central). In addition, mixed-design ANOVAs were used to compare the differences in the vocal and ERP responses between individuals with PD following active/sham stimulation and healthy controls across the conditions. Subsidiary RM-ANOVAs were performed if any higher-order interactions between these variables were significant. Bonferroni correction was used for multiple comparisons in post hoc analyses. Probability values for multiple degrees of freedom were corrected using the Greenhouse–Geisser correction factor if the assumption of Mauchly’s test of Sphericity was violated. In addition, effect sizes indexed by partial η2 were calculated to quantify the proportion of variance.




Results


Behavioral findings

Figure 1 shows the grand-averaged voice fo responses to pitch perturbations of ± 200 cents for individuals with PD following active and sham c-TBS over the left SMA and healthy controls. A two-way RM-ANOVA conducted on the peak magnitudes of vocal responses in individuals with PD revealed a significant main effect of the stimulation session [F(1, 15) = 17.916, p = 0.001, partial η2 = 0.544], showing that active c-TBS over the left SMA led to smaller vocal compensations than sham stimulation (see Figure 1C). The main effect of perturbation direction [F(1, 15) = 0.034, p = 0.857] and its interaction with stimulation session [F(1, 15) = 0.365, p = 0.555], however, did not reach significance. Regarding the peak times of vocal responses, there were no significant main effects of stimulation session [F(1, 15) = 1.960, p = 0.182] and perturbation direction [F(1, 15) = 1.822, p = 0.197] (see Figure 1D). Their interaction was not significant either [F(1, 15) = 0.001, p = 0.975].
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FIGURE 1
(A,B) Grand-averaged voice fo contours in response to pitch perturbations of ± 200 cents in individuals with PD following active (blue solid lines) and sham (red solid lines) c-TBS over the left SMA and healthy controls (black solid lines). Vertical bars across the contours indicate the standard errors of the mean vocal responses. Vertical dashed lines indicate the onset of the pitch perturbation. (C,D) Violin plots of the magnitudes and latencies of vocal responses to ± 200 cents in individuals with PD following active (blue) and sham stimulation (red) and healthy controls (green). The shape of the violin shows the kernel density estimate of the data. The white dots and box plots represent the medians and range from the first to third quartiles of the data sets. The blue, red, and green dots represent the individual vocal responses to pitch perturbations. The asterisks indicate significant differences across the conditions.


A two-way mixed-design ANOVA showed significantly larger magnitudes of vocal responses for individuals with PD receiving sham stimulation than for healthy controls [F(1, 30) = 7.540, p = 0.010, partial η2 = 0.201] (see Figure 1C). The main effect of perturbation direction [F(1, 30) = 0.292, p = 0.593] and its interaction with group [F(1, 30) = 0.338, p = 0.565] were not significant. However, after receiving active c-TBS over the left SMA, individuals with PD were not significantly different from the healthy controls in the magnitudes of vocal responses [F(1, 30) = 0.331, p = 0.569]. The main effect of perturbation direction [F(1, 30) = 0.165, p = 0.688] and its interaction with group [F(1, 30) = 0.140, p = 0.711] were not significant.

Regarding the peak times of vocal responses, there was no significant difference between individuals with PD receiving sham stimulation and healthy controls [F(1, 30) = 1.290, p = 0.265]. The main effect of perturbation direction [F(1, 30) = 0.001, p = 0.980] and its interaction with group [F(1, 30) = 3.643, p = 0.066] did not reach significance. Similarly, the peak times of vocal responses were not significantly different between individuals with PD receiving active c-TBS over the left SMA and healthy controls [F(1, 30) = 0.006, p = 0.940] and between upward and downward perturbations [F(1, 30) = 0.015, p = 0.904]. The interaction between these two factors was not significant [F(1, 30) = 2.382, p = 0.133].



Event-related potential findings

Figure 2 shows the grand-averaged ERPs and topographical distributions, as well as the violin plots of the P1, N1, and P2 responses to pitch perturbations across the group and stimulation session. A three-way RM-ANOVA conducted on the P1 amplitudes in individuals with PD revealed a significant main effect of stimulation session [F(1, 15) = 11.679, p = 0.004, partial η2 = 0.438], where c-TBS over the left SMA led to smaller P1 responses than sham stimulation (see Figure 2A). Also, a significant main effect of electrode site [F(2, 30) = 9.269, p = 0.006, partial η2 = 0.382] led to smaller P1 responses at the central electrodes as compared to the frontal (p = 0.024) and fronto-central electrodes (p = 0.010). However, the main effect of perturbation direction [F(1, 15) = 1.738, p = 0.207] and interactions between any of the three factors (p > 0.06) were not significant. Regarding the P1 latencies, individuals with PD exhibited no significant main effects of stimulation session [F(1, 15) = 3.055, p = 0.101], perturbation direction [F(1, 15) = 0.175, p = 0.682], and electrode site [F(2, 30) = 0.121, p = 0.787] (see Figure 2B). Their interactions were also not significant (p > 0.2).
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FIGURE 2
Top left: Grand-averaged ERPs to pitch perturbations of ± 200 cents in the frontal, fronto-central, and central regions in individuals with PD following active (blue solid lines) and sham (red solid lines) c-TBS over the left SMA and healthy controls (black solid lines). Vertical bars across the contours indicate the standard errors of the mean ERPs. Vertical dashed lines indicate the onset of the pitch perturbation. Bottom left: Topographical distribution maps of the P1, N1, and P2 amplitudes in responses to pitch perturbations of ± 200 cents in individuals with PD following active and sham stimulation and healthy controls. Right Panel: Violin plots of the amplitudes and latencies of the P1 (A,B), N1 (C,D), and P2 (E,F) responses to pitch perturbations of ± 200 cents in individuals with PD following active (blue) and sham (red) stimulation and healthy controls (green). The white dots and box plots represent the medians and range from the first to third quartiles of the data sets. The blue, red, and green dots represent the individual ERP responses to pitch perturbations. The asterisks indicate significant differences across the conditions.


A three-way mixed-design ANOVA showed no significant differences in the P1 amplitudes between individuals with PD receiving sham stimulation and healthy controls [F(1, 30) = 3.659, p = 0.066]. However, there was a significant main effect of the electrode site [F(2, 58) = 12.448, p = 0.001, partial η2 = 0.300], showing larger P1 amplitudes at the frontal electrodes than at the fronto-central (p = 0.020) and central electrodes (p = 0.005). Also, there were larger P1 amplitudes at the fronto-central electrodes that at the central electrodes (p = 0.006). The main effect of perturbation direction [F(1, 30) = 0.219, p = 0.643] and the interactions between any of the three factors were not significant (p > 0.07). Regarding the P1 latencies, there were no significant main effects of group [F(1, 30) = 1.769, p = 0.194], perturbation direction [F(1, 30) = 0.576, p = 0.454], and electrode site [F(2, 58) = 0.683, p = 0.445]. Their interactions were not significant either (p > 0.5).

As well, no significant differences in the P1 amplitudes were found between individuals with PD following c-TBS over the left SMA and healthy controls [F(1, 30) = 0.105, p = 0.748] and between upward and downward perturbations [F(1, 30) = 0.029, p = 0.867]. There was a significant main effect of the electrode site [F(2, 58) = 20.046, p < 0.001, partial η2 = 0.401], showing smaller P1 amplitudes at the central electrodes than at the frontal (p < 0.001) and fronto-central electrodes (p < 0.001). The interactions between any of the three factors were not significant (p > 0.1). Regarding the P1 latencies, the main effects of group [F(1, 30) = 2.902, p = 0.099], perturbation direction [F(1, 30) = 0.849, p = 0.364], and electrode site [F(2, 58) = 0.173, p = 0.742], as well as their interactions, (p > 0.6) were not significant.

A three-way RM-ANOVA conducted on the N1 amplitudes in individuals with PD showed that c-TBS over the left SMA led to significantly more negative N1 responses than sham stimulation [F(1, 15) = 8.115, p = 0.012, partial η2 = 0.351] (see Figure 2C). A significant main effect of the electrode site [F(2, 30) = 16.939, p < 0.001, partial η2 = 0.530] was also found, showing less negative N1 responses at the frontal electrodes when compared to the fronto-central (p < 0.001) and central electrodes (p = 0.005). However, the main effect of perturbation direction [F(1, 15) = 1.443, p = 0.248] and interactions between any of the three factors (p > 0.09) were not significant. In addition, the N1 latencies did not vary significantly as a function of stimulation session [F(1, 15) = 0.145, p = 0.709], perturbation direction [F(1, 15) = 1.240, p = 0.283], and electrode site [F(2, 30) = 1.553, p = 0.233] (see Figure 2D). Their interactions were also not significant (p > 0.2).

A three-way mixed-design ANOVA revealed no significant differences in the N1 amplitudes between individuals with PD receiving sham stimulation and healthy controls [F(1, 30) = 0.082, p = 0.776] and between upward and downward pitch perturbations [F(1, 30) = 0.018, p = 0.893]. There was a significant main effect of the electrode site [F(2, 58) = 22.425, p < 0.001, partial η2 = 0.428], showing more negative N1 responses at the frontal electrodes when compared to the fronto-central (p < 0.001) and central electrodes (p = 0.001). The interactions between any of the three factors were not significant (p > 0.05). Regarding the N1 latencies, there were no significant main effects of group [F(1, 30) = 1.780, p = 0.192], perturbation direction [F(1, 30) = 0.539, p = 0.469], and electrode site [F(2, 58) = 0.439, p = 0.624], as well as their interactions (p > 0.1).

In contrast, individuals with PD receiving c-TBS over the left SMA produced significantly more negative N1 amplitudes than healthy controls [F(1, 30) = 7.067, p = 0.012, partial η2 = 0.191] (see Figure 2C). Also, a significant main effect of the electrode site [F(2, 58) = 16.335, p < 0.001, partial η2 = 0.353] led to more negative N1 responses at the frontal electrodes when compared to the fronto-central (p < 0.001) and central electrodes (p = 0.010). The main effect of perturbation direction [F(1, 30) = 1.657, p = 0.208] and interactions between any of the three factors were not significant (p > 0.1). Regarding the N1 latencies, there were no significant main effects of group [F(1, 30) = 1.162, p = 0.290], perturbation direction [F(1, 30) = 0.989, p = 0.328], and electrode site [F(2, 58) = 1.614, p = 0.209]. Their interactions were also not significant (p > 0.2).

A three-way RM-ANOVA conducted on the P2 amplitudes in individuals with PD showed that c-TBS over the left SMA led to significantly smaller P2 responses than sham stimulation [F(1, 15) = 13.292, p = 0.002, partial η2 = 0.470] (see Figure 2E). There was also a significant main effect of the electrode site [F(2, 30) = 22.031, p < 0.001, partial η2 = 0.595], which was driven by smaller P2 responses at the central electrodes as compared to the frontal (p = 0.001) and fronto-central electrodes (p < 0.001). The main effect of perturbation direction [F(1, 15) = 0.993, p = 0.335] and the interactions between any of the three factors (p > 0.1) were not significant. Regarding the P2 latencies, the main effects of stimulation condition [F(1, 15) = 0.850, p = 0.371], perturbation direction [F(1, 15) = 1.283, p = 0.275], and electrode site [F(2, 30) = 0.504, p = 0.514] as well as their interactions (p > 0.1) were not significant (see Figure 2F).

A three-way mixed-design ANOVA showed that individuals with PD receiving sham stimulation produced larger P2 responses than healthy controls [F(1, 30) = 9.797, p = 0.004, partial η2 = 0.246] (see Figure 2E). There was also a significant main effect of the electrode site [F(2, 58) = 30.140, p < 0.001, partial η2 = 0.501], showing larger P2 amplitudes at the central electrodes as compared to the frontal (p < 0.001) and fronto-central (p < 0.001) electrodes. The main effect of perturbation direction [F(1, 30) = 0.557, p = 0.461] and the interactions between any of the three factors were not significant (p > 0.05). Regarding the P2 latencies, there were no significant main effects of group [F(1, 30) = 2.619, p = 0.116], perturbation direction [F(1, 30) = 0.076, p = 0.784], and electrode site [F(2, 58) = 0.452, p = 0.6590]. Their interactions were not significant (p > 0.1).

In contrast, individuals with PD receiving c-TBS over the left SMA and healthy controls did not show significant differences in the P2 amplitudes [F(1, 30) = 3.183, p = 0.085]. There was a significant main effect of the electrode site [F(2, 58) = 38.215, p < 0.001, partial η2 = 0.560], showing smaller P2 amplitudes at the central electrodes than at the frontal (p < 0.001) and fronto-central electrodes (p < 0.001). Also, larger P2 amplitudes at the frontal electrodes were found when compared to the fronto-central electrodes (p = 0.014). The main effect of perturbation direction [F(1, 30) = 0.652, p = 0.426] and the interactions between any of the three factors were not significant (p > 0.1). Regarding the P2 latencies, there were no significant main effects of group [F(1, 30) = 0.978, p = 0.331], perturbation direction [F(1, 30) = 1.035, p = 0.317], and electrode site [F(2, 58) = 0.211, p = 0.728]. Their interactions were not significant (p > 0.2).



Individual variability in continuous theta burst stimulation (c-TBS) effects

Figure 3 shows the distribution of left SMA c-TBS effects on the vocal, P1, N1, and P2 responses to pitch perturbations in individuals with PD between active and sham stimulation. Active > Sham represents a decrease of vocal, P1, and P2 responses and an increase of N1 responses, while Sham > Active represents the opposite effects. Of the 32 behavioral/neural responses to upward and downward pitch perturbations produced by 16 individuals with PD, 84% of the vocal responses, 78% of the P1 responses, and 78% of the P2 responses decreased and 72% of the N1 responses increased after active c-TBS over the left SMA, reflecting differences in the direction of c-TBS effects on the neurobehavioral processing of vocal pitch errors. In addition, individual variability for this direction effect was also illustrated by the lines that connected the vocal and ERP responses in the active and sham stimulations across the participants.
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FIGURE 3
Left panel: Individual variability in the direction of left SMA c-TBS effects on vocal pitch regulation in individuals with PD, as reflected by differences in the vocal, P1, N1, and P2 responses to pitch perturbations of ± 200 cents between active and sham conditions. Active > Sham represents a decrease in vocal, P1, and P2 responses and an increase in N1 responses following c-TBS over the left SMA, and Sham > Active represents the opposite effects. The pie charts show the distributions of Active > Sham and Sham > Active responses across the conditions. Right panel: Individual vocal, P1, N1, and P2 responses to pitch perturbations of ± 200 cents between active and sham conditions in individuals with PD. Each line represents how an individual subject’s vocal or ERP (P1, N1, P2) response under c-TBS over the left SMA compares to that under sham stimulation.




Source reconstruction findings

Figure 4 shows estimated current density source maps that display cortical regions where individuals with PD exhibited significantly reduced P2 responses to pitch perturbations in voice auditory feedback following active vs. sham c-TBS over the left SMA. Table 2 lists the anatomical description and the MNI coordinates corresponding to these brain regions. Reduced P2 responses received contributions from a complex network, including the right inferior frontal gyrus (IFG; BA 46/10, p = 0.0001), middle frontal gyrus (MFG; BA 46, p = 0.0009), precentral gyrus (PrCG; BA 6, p = 0.0043), post-central gyrus (PoCG; BA 43/3, p = 0.0184), and insula (BA 13; p = 0.0269). Although systematic changes in the P1 and N1 amplitudes were found as a result of c-TBS over the left SMA, different levels of current density for these two components did not reach significance and therefore are not illustrated.
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FIGURE 4
Grand-averaged sLORETA-based statistical non-parametric maps comparing the standardized current densities between active and sham c-TBS over the left SMA in the P2 time window. Results are projected onto lateral and top three-dimensional views of a standard anatomical template. Positive t-values indicate reduced brain activity caused by active stimulation (corrected p < 0.05).



TABLE 2    sLORETA t-statistics on log-transformed data.
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Brain–behavior relationship

In order to investigate the relationship between changes in vocal motor behavior and cortical brain activity induced by c-TBS over the left SMA in individuals with PD, regression analyses were performed by correlating the active-sham differences between the magnitudes of vocal responses and the amplitudes of the three ERP components. As shown in Figure 5, the active-sham magnitudes of the vocal responses were significantly correlated with the active-sham amplitudes of the N1 (r = 0.369, p = 0.037) and P2 (r = 0.420, p = 0.017) responses. That is, greater suppression of vocal responses was associated with greater enhancement of N1 responses and suppression of P2 responses, suggesting that changes in cortical brain activity induced by c-TBS over the left SMA contributed significantly to normalization of vocal pitch regulation in individuals with PD. However, this correlation was marginally significant in the active-sham differences between the magnitudes of vocal responses and the amplitudes of the P1 responses (r = 0.339, p = 0.058).
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FIGURE 5
Scatter plots illustrating correlations between the active-sham differences in the magnitudes of vocal compensations and the amplitudes of the P1 (A); r = 0.339, p = 0.058, N1 (B); r = 0.369, p = 0.037, and P2 (C); r = 0.420, p = 0.017 responses to pitch perturbations.





Discussion

The present study investigated whether abnormalities in auditory-vocal integration associated with PD can be modulated by neuronavigated c-TBS over the left SMA. The results showed that individuals with PD exhibited smaller vocal compensations for pitch perturbations paralleled by smaller cortical P1 and P2 responses and larger N1 responses following c-TBS over the left SMA when compared to sham stimulation. Source reconstruction revealed contributions of the right IFG, MFG, PrCG, PoCG, and insula to reduced P2 responses induced by c-TBS over the left SMA. Notably, suppression of vocal compensations was significantly correlated with enhancement of N1 amplitudes and suppression of P2 amplitudes. In addition, as compared to healthy controls, individuals with PD exhibited a normalization of abnormally enhanced vocal and P2 responses to pitch perturbations after receiving c-TBS over the left SMA. These findings provide the first neurobehavioral evidence for the beneficial effects of c-TBS over the left SMA on impaired auditory-vocal integration in PD.

Consistent with our hypothesis, applying c-TBS over left SMA in individuals with PD decreased their abnormal vocal responses to pitch perturbations. This is in line with recent findings of decreased vocal compensations for pitch perturbations when individuals with PD vocalized with external auditory cueing (Huang et al., 2019) or received intensive voice treatment with LSVT® LOUD (Li et al., 2021). As well, while replicating earlier reports of abnormally enhanced vocal compensations for pitch perturbations in individuals with PD (Liu et al., 2012; Chen et al., 2013; Huang et al., 2016; Mollaei et al., 2016), the present study found a normalization of this abnormality as a result of c-TBS over their left SMA. Similarly, individuals with PD following LSVT® LOUD produced normalized and reduced vocal compensations that were significantly correlated with their improved vocal loudness during passage reading (Li et al., 2021). These findings suggest that the observed decrease and normalization of vocal compensation in individuals with PD may reflect an improvement of auditory-vocal integration induced by c-TBS over the left SMA that allows them to correctly perceive and appropriately correct mismatches between their intended and actual vocal output.

Moreover, these behavioral effects were paralleled by systematic changes in cortical brain activity in individuals with PD, as reflected by reduced P1 and P2 responses and enhanced N1 responses to pitch perturbations following c-TBS over the left SMA. Similarly, other PD studies showed that multiple sessions of low-frequency rTMS over the right STG led to enhanced resting-state functional connectivity between the right STG and parahippocampal gyrus (Brabenec et al., 2019) and increased activation of the SM1 and caudate nucleus (Brabenec et al., 2021). These two studies also reported significant correlations between improved speech articulation and enhanced right STG activation during sentence reading (Brabenec et al., 2019) and resting-state STG-SM1 functional connectivity (Brabenec et al., 2021), which is in line with our results showing that reduced vocal compensations were predicted by enhanced N1 responses and reduced P2 responses. These findings provide evidence that low-frequency rTMS or c-TBS over sensory or motor regions can lead to improvement in speech motor skills in PD.

In addition, the present study showed high inter-individual variability in the vocal and ERP responses to pitch perturbations for individuals with PD following active and sham stimulation. Moreover, not all behavioral and neural responses were modulated in the same direction: following c-TBS over the left SMA, 78–84% of vocal, P1, and P2 responses were reduced and 72% of N1 responses were enhanced, while the others showed the opposite pattern (see Figure 3). Such inter-individual variability has also been reported in previous empirical and clinical studies that investigated the TMS effects on motor and cognitive behaviors (Lopez-Alonso et al., 2014; Corp et al., 2020; Lin et al., 2022), depending on many factors such as stimulation protocol, brain structure, hormonal levels, and genetic polymorphisms (Polania et al., 2018). Addressing inter-individual variability of TMS effects has crucial implications for improving the efficacy of this non-invasive brain stimulation approach for the treatment of motor speech disorders in PD.


Potential mechanisms of the efficacy of SMA c-TBS

The present study showed systematic changes in the neurobehavioral responses to vocal pitch errors when individuals with PD received active vs. sham c-TBS over the left SMA, highlighting the essential role of this region in vocal motor control. In the DIVA model, the SMA is hypothesized to be a central component of the feedforward control system controlling the initiation of speech motor commands (Tourville and Guenther, 2011). Dysfunctional activation of the SMA has been consistently identified in individuals with PD, particularly showing hyperactivation of this region during speech production (Liotti et al., 2003; Pinto et al., 2004; Arnold et al., 2014). As such, individuals with PD are impaired in the feedforward control of speech production, showing abnormally reduced adaptive responses to predictable voice fo and speech F1 perturbations (Mollaei et al., 2013; Abur et al., 2018). Speech production involves a dynamic balance between feedback and feedforward control (Civier et al., 2010), and impairment in one type of control leads to a shift of the balance toward the other. Accordingly, individuals with PD may have to increase their reliance on auditory feedback as a consequence of feedforward control impairment during speech production (Chen et al., 2013; Huang et al., 2016), resulting in abnormally enhanced vocal compensations for pitch perturbations (Liu et al., 2012; Chen et al., 2013; Mollaei et al., 2016; Huang et al., 2019) paralleled by hyperactivity in the sensory and motor regions (Huang et al., 2016). In light of this point, c-TBS over the left SMA in individuals with PD may lead to a partial functional restoration of SMA that increases reliance on feedforward control and/or decreases reliance on feedback control, which in turn results in reduced and normalized vocal compensations for pitch perturbations.

Consistently, the observed changes in the cortical P1-N1-P2 responses reflect the neural impact of c-TBS over the left SMA on vocal pitch regulation in individuals with PD. It has been suggested the P1 component is responsible for the earlier detection of deviant auditory feedback in an all-or-nothing manner (Scheerer et al., 2013), while the P2 component reflects the later cortical processing of auditory-motor integration (Liu et al., 2020). Specifically, individuals with PD following c-TBS over the left SMA exhibited decreased P2 responses that were significantly correlated with decreased vocal compensations and source-localized in the right IFG, MFG, PrCG, PoCG, and insula, which is in line with other studies showing the multiple neural generators of the P2 responses in the fronto-temporo-parietal regions (Huang et al., 2016; Guo et al., 2017; Liu et al., 2020). This finding is consistent with the DIVA model that proposes a right-lateralized feedback control of speech production (Golfinopoulos et al., 2011; Tourville and Guenther, 2011). A number of empirical findings have also shown significant contributions of these right-sided regions to auditory feedback control of vocal/speech production (Toyomura et al., 2007; Tourville et al., 2008; Behroozmand et al., 2015; Kort et al., 2016; Guo et al., 2017). Moreover, the high-gamma activity of the right IFG has been shown to be significantly correlated with vocal compensations for pitch perturbations (Kort et al., 2016). Clinically, this right-sided activity pattern was also observed in individuals with PD following voice treatment with LSVT® LOUD, showing increased activity in the right DLPFC, basal ganglia, and insula (Liotti et al., 2003), and a significant correlation between improved vocal loudness and increased activity in the right IFG and MFG (Narayana et al., 2010). More importantly, no significant differences were found in the P1 and P2 amplitudes between individuals with PD following active SMA c-TBS and healthy controls. Therefore, reduced and normalized P1 and P2 responses elicited by c-TBS over the left SMA in individuals with PD may reflect a functional reorganization of speech motor networks that resulted in decreased reliance on auditory feedback or increased reliance on feedforward control to facilitate the online monitoring of vocal production.

In contrast, the N1 response was enhanced following c-TBS over the left SMA in individuals with PD as compared to sham stimulation and healthy controls. This component reflects higher-level cortical encoding of auditory pitch or phonemic quality in the primary and secondary auditory cortices (Chait et al., 2004) and is sensitive to the size, direction, and timing of vocal pitch perturbations (Behroozmand et al., 2009; Liu et al., 2011). The enhancement of N1 may be indicative of downstream effects of c-TBS over the left SMA. For example, a recent study of 10 sessions of low-frequency rTMS over the right STG in individuals with PD showed increased activation of the SM1 and caudate nucleus during sentence reading (Brabenec et al., 2021). There is evidence for dysfunctional self-monitoring of auditory feedback in PD (Arnold et al., 2014; Railo et al., 2020). For example, N1 responses to self-produced speech were found to be less suppressed in individuals with PD compared to healthy individuals, and responses to passively heard phonemes were observed to be smaller (Railo et al., 2020). This abnormal neural response may exaggerate the mismatch between the intended and actual vocal output (i.e., larger prediction errors) and lead to larger vocal responses. Accordingly, enhancement of the N1 responses following c-TBS over the left SMA may represent a compensatory mechanism that allows individuals with PD to predict the sensory consequence of self-produced speech more precisely (i.e., smaller prediction errors), generating more feedforward commands to correct for pitch perturbations with smaller compensation magnitudes.

Several inherent limitations of the present study should be addressed. First of all, the present study reported the immediate effects of SMA c-TBS on auditory-motor integration for vocal pitch regulation in a single-session manner, limiting the assessment of treatment outcome with the measures of speech characteristics, such as vocal acoustics (e.g., fo, intensity), articulatory function, and speech intelligibility, and clinical assessment, such as voice handicap index (VHI) and visual analog scale (VAS). Also, the sample size is relatively small, although it is consistent with other studies that investigated PD-related speech disorders (Huang et al., 2016; Mollaei et al., 2016; Brabenec et al., 2019, 2021). In order to fully address the clinical efficacy and long-term effects of c-TBS for the treatment of PD dysarthria, future randomized, double-blind, sham-controlled studies are warranted in a multiple-session manner, and a comprehensive assessment of speech motor skills with larger sample sizes should be conducted in future. Second, responses to the FAF-based vocal production task were not measured for individuals with PD prior to active or sham SMA c-TBS. Asking our individuals with PD to perform the vocal production task twice (before and after c-TBS) would require them to generate a total of 200 consecutive vocalizations. Our pilot tests showed that individuals with PD experienced serious vocal fatigue and other uncomfortable issues that significantly worsened the quality of the vocal and EEG data when producing so many vocalizations. Thus, there may exist baseline variability in the vocal and EEG data between two different days (active and sham SMA c-TBS) that cannot be ruled out in the present study. In addition, passively listening to self-produced voice was not included, making it difficult to determine whether the c-TBS effects observed in individuals with PD are the result of their dysfunctions in auditory processing alone or their dysfunctions in auditory-motor integration. Further work is needed to address this question by examining the modulation of SIS by applying TMS over certain cortical regions.

In summary, the present study showed that c-TBS over the left SMA in individuals with PD led to reduced vocal compensations for pitch perturbations paralleled by reduced P1 and P2 responses and enhanced N1 responses. These findings provide the first neurobehavioral evidence for causal modulations of auditory-motor integration for vocal pitch regulation in individuals with PD by c-TBS over the left SMA, suggesting that neuronavigated c-TBS over speech motor regions may be a promising strategy to facilitate auditory-motor control of vocal production in PD.
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1D Gender Age (ys) Disease duration (ys) H-Y stage UPDRS-II UPDRS-III MMSE
1 M 73 17 25 12 18 27
2 F 68 7 1.5 15 26 30
3 F 64 4 2 11 16 27
4 M 53 2 L5 4 23 29
5 M 63 10 3 15 31 30
6 F 73 5 1.5 6 11 30
7 M 63 11 3 22 26 24
8 M 42 2 15 5 9 30
9 F 76 3 15 11 12 30
10 M 48 12 25 17 38 30
11 M 74 8 3 16 28 30
12 F 70 4 25 13 30 30
13 F 65 3 1.5 10 21 30
14 M 73 3 2 14 23 30
15 M 61 6 25 7 48 26
16 M 72 5 L5 1 9 29

PD, Parkinson’s disease; M, male; F, female; ys, years; H-Y Stage, Hoehn and Yahr stage, UPDRS-II, the Unified Parkinson’s Disease Rating Scale part II; UPDRS-IIL, the Unified Parkinson’s Disease
Rating Scale part III; MMSE, Mini-Mental Status Examination.
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