
Journal of Speech, Language, and Hearing Research
 

Auditory feedback control mechanisms do not contribute to cortical hyperactivity within
the voice production network in adductor spasmodic dysphonia

--Manuscript Draft--
 

Manuscript Number: JSLHR-19-00325

Full Title: Auditory feedback control mechanisms do not contribute to cortical hyperactivity within
the voice production network in adductor spasmodic dysphonia

Article Type: Research Article

Section/Category: Speech

Corresponding Author: Ayoub Daliri, PhD
Arizona State University
Tempe, Arizona  UNITED STATES

Other Authors: Elizabeth S. Heller Murray

Anne J. Blood

James Burns

J. Pieter Noordzij

Alfonso Nieto-Castanon

Jason A. Tourville

Frank H. Guenther

Funding Information: National Institute on Deafness and Other
Communication Disorders
(R01 DC002852)

Frank H. Guenther

National Institute on Deafness and Other
Communication Disorders
(R21 DC017563)

Dr. Ayoub Daliri

Keywords: Feedforward, Spasmodic dysphonia, Auditory feedback

Manuscript Classifications: Speech motor control; Voice; Voice disorders

Abstract: Purpose  : Adductor spasmodic dysphonia (ADSD), the most common form of
spasmodic dysphonia, is a debilitating voice disorder characterized by hyperactivity
and muscle spasms in the vocal folds during speech. Prior neuroimaging studies have
noted excessive brain activity during speech in ADSD participants compared to
controls. Speech involves an auditory feedback control mechanism that generates
motor commands aimed at eliminating disparities between desired and actual auditory
signals. Thus, excessive neural activity in ADSD during speech may reflect, at least in
part, increased engagement of the auditory feedback control mechanism as it attempts
to correct vocal production errors detected through audition.
Method  : To test this possibility, functional magnetic resonance imaging was used to
identify differences between ADSD participants (n=12) and age-matched controls
(n=12) in (i) brain activity when producing speech under different auditory feedback
conditions, and (ii) resting state functional connectivity within the cortical network
responsible for vocalization.
Results  : As seen in prior studies, the ADSD group had significantly higher activity
than the control group during speech with normal auditory feedback (compared to a
silent baseline task) in three left-hemisphere cortical regions: ventral Rolandic
(sensorimotor) cortex, anterior planum temporale, and posterior superior temporal
gyrus/planum temporale. Importantly, this same pattern of hyperactivity was also found
when auditory feedback control of speech was eliminated through masking noise.
Furthermore, the ADSD group had significantly higher resting state functional
connectivity between sensorimotor and auditory cortical regions within the left
hemisphere as well as between the left and right hemispheres.
Conclusions  : Together, our results indicate that hyperactivation in the cortical speech
network of individuals with ADSD does not result from hyperactive auditory feedback
control mechanisms and rather is likely related to impairments in somatosensory
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Abstract  23 

Purpose: Adductor spasmodic dysphonia (ADSD), the most common form of spasmodic 24 

dysphonia, is a debilitating voice disorder characterized by hyperactivity and muscle spasms in 25 

the vocal folds during speech. Prior neuroimaging studies have noted excessive brain activity 26 

during speech in ADSD participants compared to controls. Speech involves an auditory feedback 27 

control mechanism that generates motor commands aimed at eliminating disparities between 28 

desired and actual auditory signals. Thus, excessive neural activity in ADSD during speech may 29 

reflect, at least in part, increased engagement of the auditory feedback control mechanism as it 30 

attempts to correct vocal production errors detected through audition. 31 

Method: To test this possibility, functional magnetic resonance imaging was used to 32 

identify differences between ADSD participants (n = 12) and age-matched controls (n = 12) in (i) 33 

brain activity when producing speech under different auditory feedback conditions, and (ii) 34 

resting state functional connectivity within the cortical network responsible for vocalization.  35 

Results: As seen in prior studies, the ADSD group had significantly higher activity than 36 

the control group during speech with normal auditory feedback (compared to a silent baseline 37 

task) in three left-hemisphere cortical regions: ventral Rolandic (sensorimotor) cortex, anterior 38 

planum temporale, and posterior superior temporal gyrus/planum temporale. Importantly, this 39 

same pattern of hyperactivity was also found when auditory feedback control of speech was 40 

eliminated through masking noise. Furthermore, the ADSD group had significantly higher 41 

resting state functional connectivity between sensorimotor and auditory cortical regions within 42 

the left hemisphere as well as between the left and right hemispheres. 43 

Conclusions: Together, our results indicate that hyperactivation in the cortical speech 44 

network of individuals with ADSD does not result from hyperactive auditory feedback control 45 
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mechanisms and rather is likely related to impairments in somatosensory feedback control and/or 46 

feedforward control mechanisms. 47 

Keywords: Feedforward, Spasmodic dysphonia, Auditory feedback, Voice  48 

  49 



NEUROIMAGING OF ADDUCTOR SPASMODIC DYSPHONIA 

4 

Introduction 50 

Spasmodic dysphonia is a neurological voice disorder that is characterized by involuntary 51 

spasms of laryngeal muscles during speech production. The most common form of spasmodic 52 

dysphonia, impacting 80–90% of people with the disorder, is the adductor type (ADSD) that is 53 

associated with spasms in closing muscles of the vocal folds, resulting in voice breaks (e.g., 54 

Ludlow, 2011; Schweinfurth, Billante, & Courey, 2002). Generally, individuals with ADSD 55 

have a strained voice quality and their voice is disrupted by intermittent voice breaks. ADSD is a 56 

task-specific disorder with symptoms that manifest primarily during vowels at the beginning or 57 

middle of words (e.g., Anyway, I’ll eat) (Erickson, 2003; Ludlow, 2011; Roy, Gouse, 58 

Mauszycki, Merrill, & Smith, 2005; Schweinfurth et al., 2002).  59 

Although the pathophysiology of ADSD is not known, past studies have provided 60 

compelling evidence that the disorder is associated with abnormalities in sensorimotor processes 61 

(Battistella, Fuertinger, Fleysher, Ozelius, & Simonyan, 2016; Battistella, Kumar, & Simonyan, 62 

2018; Simonyan & Ludlow, 2010; Simonyan et al., 2008). Both structural and functional 63 

neuroimaging studies have reported that ADSD is associated with abnormalities in key brain 64 

regions (cortical and subcortical) responsible for speech movement production (Ali et al., 2006; 65 

Haslinger et al., 2005; Simonyan & Ludlow, 2010). For example, functional neuroimaging 66 

studies of speech production in people with ADSD have reported hyperactivation in laryngeal 67 

and orofacial sensorimotor cortex including ventral pre-motor and motor regions, auditory and 68 

somatosensory cortices (Simonyan & Ludlow, 2010). It should be noted that, in studies of 69 

spasmodic dysphonia, the abnormalities in sensorimotor regions more commonly evident as 70 

hyperactivation  (Ali et al., 2006; Bianchi et al., 2017; Kirke et al., 2017; Kiyuna et al., 2017; 71 

Simonyan & Ludlow, 2010, 2012) although reduced activation in these regions has been reported 72 
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(e.g., Haslinger et al., 2005). These neural characteristics of spasmodic dysphonia are broadly 73 

consistent with findings of studies of other types of focal dystonias. For example, studies of focal 74 

dystonia have reported abnormalities in the primary sensorimotor cortices and also higher‐ order 75 

motor and associative cortical regions that resemble those of the spasmodic dysphonia (Lehéricy, 76 

Tijssen, Vidailhet, Kaji, & Meunier, 2013; Zoons, Booij, Nederveen, Dijk, & Tijssen, 2011). 77 

Furthermore, studies have reported abnormal functional connectivity between sensorimotor 78 

regions in individuals with ADSD (Battistella et al., 2016, 2018; Simonyan, Berman, 79 

Herscovitch, & Hallett, 2013). Together, these studies suggest that ADSD is more commonly 80 

associated with overactivation in auditory, somatosensory, and motor regions that may interfere 81 

with normal sensorimotor processes. However, it is unclear whether the overactivation in these 82 

regions is related to malfunctioning auditory feedback, somatosensory feedback, or feedforward 83 

control mechanisms.  84 

In this study, we specifically examined the contribution of auditory feedback control 85 

mechanisms to cortical hyperactivity in individuals with ADSD compared to control participants. 86 

Current models of speech production (Guenther, 2016; Hickok, 2012; Houde & Nagarajan, 87 

2011) posit that the brain uses a combination of auditory feedback, somatosensory feedback, and 88 

feedforward mechanisms to accurately control the speech apparatus. For example, according to 89 

the DIVA model, the desired auditory output is compared to incoming auditory feedback during 90 

speech, and mismatches between the desired and actual auditory signals (e.g., formant 91 

frequencies, pitch, voice quality) will result in “error signals” in auditory cortex (Guenther, 2006, 92 

2016; Tourville & Guenther, 2011). These signals in turn may cause the auditory feedback 93 

control subsystem, which operates in parallel with feedforward and somatosensory feedback 94 

control mechanisms, to generate motor commands that attempt to correct the perceived errors. It 95 
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is, thus, possible that increased brain activity in the speech production network seen during 96 

speech in individuals with ADSD is due, at least in part, to this auditory feedback control 97 

mechanism. We tested this possibility by measuring brain activity in individuals with ADSD and 98 

matched controls while speaking under normal and noise-masked auditory feedback conditions. 99 

Specifically, we first used a localizer task to find brain regions involved in voice production and 100 

then examined between-group differences in brain activity in the defined brain regions in two 101 

conditions: normal speaking and noise-masked speaking. If auditory feedback control 102 

mechanisms are responsible for excessive activity found during speech in ADSD participants, 103 

then this excess activity compared to neurotypical controls should be reduced or eliminated when 104 

auditory feedback is masked with noise, given that noise masking will minimize or eliminate the 105 

detection of impaired vocalization through auditory feedback. In other words, we hypothesized 106 

that if hyperactivity in the ADSD individuals compared with neurotypical controls during normal 107 

speaking is due to the detection and attempted correction of auditory errors, then this between-108 

group difference should be diminished when auditory errors can no longer be detected in the 109 

noise-masked condition. Alternatively, if a similar amount of excessive activity is found in 110 

ADSD participants compared to controls for normal and noise-masked auditory feedback 111 

conditions, auditory feedback control mechanisms can be eliminated as a major source of 112 

excessive brain activity in ADSD. In other words, a similar between-group difference in normal 113 

speaking and noise-masked speaking conditions would suggest that the hyperactivation in the 114 

voice production network of individuals with ADSD does not result from hyperactive auditory 115 

feedback control mechanisms and rather is likely related to impairments in somatosensory 116 

feedback control and/or feedforward control mechanisms. In addition to investigating brain 117 

activity during speech, given past reports of abnormal functional connectivity in ADSD 118 
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(Battistella et al., 2016, 2018; Simonyan et al., 2013), we also measured resting state functional 119 

connectivity within the network of brain regions responsible for voicing in order to further 120 

characterize anomalies within the voice production network in ADSD. Specifically, we 121 

hypothesized that brain regions with increased activity during speaking in individuals with 122 

ADSD may also have abnormal functional connectivity with other regions in the voice 123 

production network.  124 

Methods 125 

Participants 126 

Participants were 12 patients with ADSD (7 females; Mage = 54.17 years, SDage = 9.91) 127 

and 12 healthy volunteers (7 females; Mage = 54.42 years, SDage = 9.17). All participants (a) were 128 

native speakers of American English, (b) were right handed according to the 10-item version of 129 

the Edinburgh Handedness Inventory (laterality score larger than +40) (Oldfield, 1971), (c) had 130 

no history of neurological, psychological, or communication disorders (other than ADSD in the 131 

patient group), and (d) had normal binaural hearing (pure tone threshold ≤ 25 dB HL at octave 132 

frequencies of 500 Hz to 4000 Hz). Participants with ADSD were diagnosed by an experienced 133 

laryngologist. All patients were fully symptomatic and at least 3 months had passed since their 134 

last botulinum toxin treatments (note that information regarding head and neck dystonia, co-135 

morbidity, and medication was not available for all patients). The average duration of ADSD 136 

since the diagnosis was 11.25 years (range from 1–32 years). All participants were naïve to the 137 

purpose of the study and provided written informed consent prior to participation in the study. 138 

The Institutional Review Board of Boston University approved the procedures of the study. 139 

Procedures 140 
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The study consisted of two sessions. In the first session, participants were interviewed to 141 

ensure their qualifications according to the above-mentioned inclusion criteria. In this session, 142 

the experimental tasks (see below for the description of the tasks) were explained to participants, 143 

and they were instructed to complete four runs of the experiment (see below for details) to 144 

become familiar with the experimental tasks. In the second session, participants completed two 145 

behavioral experiments while lying down inside a magnetic resonance imaging (MRI) scanner. 146 

In both experiments, visual stimuli and instructions were projected onto a screen viewed from 147 

within the scanner via a mirror attached to the head coil. Speech signals were transduced and 148 

amplified by a fiber optic microphone (Fibersound model FOM1-MR-30m) that was attached to 149 

the head coil; the signals were then sent to a Lenovo ThinkPad X61s, recorded (sampling rate 150 

16000 Hz), and replayed to the subject with a negligible delay (~ 18 ms). Auditory feedback was 151 

amplified (Behringer 802) and delivered through MRI-compatible insert earphones (Sensimetrics 152 

model S-14). The feedback gain was calibrated prior to each experiment such that 70 dB SPL at 153 

the microphone resulted in 75 dB SPL at the earphones. In addition to a structural scan for image 154 

registration and activity localization, participants performed two tasks in the scanner: a localizer 155 

task and a sentence production task. 156 

fMRI localizer task. A simple voicing task was used to identify regions involved in 157 

voice production using a continuous sampling technique. The localizer task was not intended to 158 

elicit symptoms in individuals with ADSD (participants were with ADSD were asymptomatic 159 

during this task). Participants completed two runs of the localizer task. In each run, participants 160 

completed 10 trials of a baseline condition (paced breathing) and 10 trials of a voicing condition 161 

(paced voicing). The order of trials was randomized within each run. Each trial was preceded by 162 

a silent interval (1.5–2.5 s) during which participants were visually instructed about the 163 
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upcoming task to be performed. Each trial lasted approximately 12 s. In the baseline condition, 164 

participants were instructed to inhale through their nose, keeping their mouth closed, once every 165 

other second while watching a crosshair on the screen. In the voicing condition, participants were 166 

instructed to “hum” in a monotone voice once every second while watching a crosshair on the 167 

screen. A contrast of voicing – baseline was used to identify voicing-related regions in each 168 

participant.  169 

Sentence production task. In this task, we examined activation of regions involved in 170 

speech production with and without noise-masked auditory feedback. Participants completed 171 

four runs of the sentence production task. During this experiment, in combination with 172 

behavioral speech data, we collected functional imaging data using an event-triggered sparse 173 

sampling technique. This allowed participants to receive auditory feedback related to their 174 

production in the absence of scanner noise (Hall et al., 1999). The experiment consisted of three 175 

conditions1: baseline, normal speaking, speaking under masking noise. A sparse sampling 176 

scanning protocol (described below) was utilized to eliminate scanner noise while the 177 

participants were speaking. In each run, participants completed 12 randomly-distributed trials of 178 

each condition (36 trials in each run). Each trial started with a presentation of a visual stimulus 179 

(sentence or nonlinguistic symbols). The stimulus stayed on the screen for 3.5 s and disappeared 180 

afterward. Each trial lasted 8 s. In the baseline condition, visual stimuli were nonlinguistic 181 

symbols, and participants were instructed (prior to scanning) to watch the screen without 182 

producing any movements or sounds. In the normal speaking condition, visual stimuli were 183 

                                                 

1 In addition to these three conditions, the experiment included another condition in which fundamental frequency of 

speech was altered in real time. Although this condition was modelled in the first level analysis of the single subject 

and the general linear models, it was dropped from all group analyses, as no behavioral response to the feedback 

perturbation was evident. It should be noted that the pattern of group differences during this removed condition was 

very similar to those in the normal feedback and noise-masked conditions. 
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sentences (“Anyway, I’ll eat”; “Anyway, I’ll argue”; “Anyway, I’ll iron”). The sentences were 184 

purposefully designed to elicit the symptoms of the adductor type of spasmodic dysphonia (i.e., 185 

muscle spasms during vowels) in the ADSD group (Ludlow, 2011). Participants overtly 186 

produced the sentences while they received auditory feedback related to their production 187 

(through insert earphones). Participants were instructed to read the sentences as soon as they 188 

appeared on the screen, and as consistently as possible so that they maintained their natural 189 

intonation pattern, rhythm, and loudness throughout the study. In the speaking under masking 190 

noise condition, participants overtly produced the sentences while their auditory feedback was 191 

masked by speech modulated noise (5 dB SPL greater than the participant’s speech output; see 192 

Procedures). It should be noted this procedure is different from the noise-masking procedure 193 

used in previous studies (Christoffels, de Van ven, Waldorp, Formisano, & Schiller, 2011; 194 

Kleber, Friberg, Zeitouni, & Zatorre, 2017). In previous studies, the masking noise was applied 195 

throughout a production trial with a constant intensity, whereas (a) we applied the masking noise 196 

when the subject was producing speech and no noise was applied when the participant was not 197 

producing speech, and (b) the noise amplitude was modulated by the speech envelope. 198 

 199 

MRI Image Acquisition 200 

MRI images were acquired using a Siemens Magnetom Skyra 3T scanner equipped with 201 

a 32-channels phased array head coil in a single imaging session at MGH/HST Martinos Center 202 

for Biomedical Imaging. We collected four different types of data: (1) high resolution T1-203 

weighted anatomical scan, (2) sparse-sampled T2*-weighted functional scans, (3) continuous-204 

sampled T2*-weighted functional scans, (4) continuous-sampled T2*-weighted resting-state 205 

functional scans. 206 
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Prior to functional runs, a whole-head, high-resolution T1-weighted image was collected 207 

(MPRAGE sequence; TR = 2530 ms; TE = 1.69 ms; TI = 1100 ms; flip angle = 7°; voxel 208 

resolution = 1.0 mm × 1.0 mm × 1.0 mm; FOV = 256 × 256; 176 sagittal slices).  209 

During the localizer task, two functional runs were collected using continuous-sampling 210 

technique (EPI; 101 measurements; TR = 2.8 s; TE = 30 ms; flip angle = 90°; voxel resolution = 211 

3.0 mm × 3.0 mm × 3.0 mm; FOV = 64 × 64; 46 transverse slices).  212 

During the sentence production task, four functional runs were collected using even-213 

related sparse-sampled T2*-weighted gradient echo echo-planar imaging (EPI) scans (TR = 8.0 214 

s; TA = 2.5 s; delay = 5.5 s; TE = 30 ms; flip angle = 90°; voxel resolution = 3.0 mm × 3.0 mm × 215 

3.0 mm; FOV = 64 × 64; 46 transverse slices). The functional images were automatically 216 

registered to the AC-PC line and the acquisition of the scans was automatically triggered by the 217 

onset of the visual stimuli. To ensure the stabilization of longitudinal magnetization, one 218 

additional volume was collected prior to each functional run.  219 

Additionally, we collected one run of resting-state functional data (~6 minutes). During 220 

this run, participants were instructed to keep their eyes closed, relax and move as little as 221 

possible. We collected 315 functional images using simultaneous multi-slice EPI (SMS-EPI; 315 222 

measurements; TR = 1.13 s; TE = 30 ms; flip angle = 60°; voxel resolution = 3.0 mm × 3.0 mm 223 

× 3.0 mm; FOV = 72 × 72; 51 transverse slices; SMS factor = 3).  224 

Data Analyses 225 

Acoustic data analysis and severity measure. Acoustic analyses were carried out using 226 

custom written scripts for Praat (Boersma, 2002) and MATLAB. We used sentence productions 227 

of participants in the normal speaking condition from the first session—4 runs, with 12 sentences 228 

in each run. Under noise-masked speaking conditions, speakers typically increase their speech 229 



NEUROIMAGING OF ADDUCTOR SPASMODIC DYSPHONIA 

12 

intensities. To ensure that the two groups have similar patterns of increase in intensity, we 230 

measured overall intensity of each participant and compared the two groups using a repeated 231 

measure of ANOVA with condition (normal speaking vs. noise-masked speaking) as the within-232 

subject variable and group as the between-group variable. As expected the main effect of 233 

condition was statistically significant (F(1,22) = 23.614, p < .001) with higher intensity in the 234 

noise-masked condition in comparison with the normal speaking condition. We did not find 235 

statistically significant effect of group (F(1,22) = 0.14, p = .710) or group by condition 236 

interaction (F(1,22) = 0.586, p = .452), suggesting that the noise-masking condition similarly 237 

influenced both groups.   238 

A certified speech-language pathologist performed subjective auditory-perceptual ratings 239 

on speech samples from session one, rating the vocal attribute of overall severity with an 240 

electronic version of the clinically available tool the Consensus Auditory-Perceptual Evaluation 241 

of Voice (CAPE-V; Kempster, Gerratt, Abbott, Barkmeier-Kraemer, & Hillman, 2009). For each 242 

participant, the perceptual rating was determined after listening to the participant’s first few 243 

speech samples. These chosen samples were from the initial portion of the experimental session 244 

in order to avoid any vocal changes that could have occurred due to multiple repetitions of the 245 

target sentences. Auditory-perceptual ratings were made by moving a slider along a 100 mm 246 

horizontal line, with nonlinearly spaced anchors of ‘mildly deviant’, ‘moderately deviant’, and 247 

‘severely deviant’ written beneath the horizontal line. The position of the slider from the leftmost 248 

portion of the line, was measured in millimeters. The scale ranged from 0, indicating a normal 249 

voice, to 100, indicating an extremely deviant voice (Kempster et al., 2009). The severity score 250 

for the ADSD group ranged from 14 to 91 (M = 43.7, SD = 26.9) and for the control group 251 
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ranged from 0 to 7.9 (M = 1.4, SD = 2.1). It should be noted that we did not perform inter-rater 252 

reliability, and this may have influenced the robustness of the severity scores.  253 

 254 

Task-based functional imaging analyses 255 

Preprocessing. Preprocessing of the imaging data was conducted using the Nipype 256 

neuroimaging software interface (Version 0.14.0; Gorgolewski et al., 2011), which provides a 257 

Python-based interface to create pipelines by combining and using algorithms from different 258 

neuroimaging software packages. The analyses were conducted on a Linux-based, high 259 

performance-computing cluster. 260 

The high-resolution T1-weighted images were entered into the FreeSurfer software 261 

package (version 5.3; http://surfer.nmr.mgh.harvard.edu; Dale, Fischl, & Sereno, 1999) with 262 

default parameters to perform skull stripping, image registration, image segmentation, and 263 

cortical surface reconstruction. The reconstructed surfaces for each individual were visually 264 

inspected to ensure the accuracy and quality of the reconstruction. Functional volumes were 265 

motion corrected and coregistered to the individual’s anatomical volume (preprocessed in 266 

FreeSurfer). Because functional volumes of the localizer task were continuously sampled (as 267 

opposed to sparse sampled), slice-time corrections were applied to the functional time series of 268 

the localizer task. Additionally, functional volumes with (a) intensity higher than three standard 269 

deviations above the individual’s mean intensity (calculated for each run separately), or (b) 270 

motions greater than 1 mm were marked as outliers using Artifact Detection Tools 271 

(http://www.nitrc.org/projects/artifact_detect). Outliers were entered into the first-level design 272 

matrix as nuisance regressors (one column per outlier). The motion-corrected and coregistered 273 

http://www.nitrc.org/projects/artifact_detect/
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functional time series were temporally high-pass filtered (128 s cutoff frequency), and spatially 274 

smoothed on the cortical surface with a Gaussian filter (6 mm full-width at half-maximum).  275 

For each participant and each condition of interest (in both sentence production and 276 

localizer tasks), a train of impulses—representing stimulus events—was convolved with a 277 

canonical hemodynamic response function to generate a simulated blood oxygen level dependent 278 

(BOLD) response. The first-level model was estimated using a general linear model with a) task 279 

regressors—simulated BOLD responses in all three main conditions (baseline, normal speaking, 280 

speaking under masking noise) and the condition that was dropped from the group analysis (i.e., 281 

fundamental frequency manipulation)—, b) motion regressors (3 translation and 3 rotation 282 

parameters), and c) nuisance regressors (outlier volumes identified in preprocessing). For the 283 

localizer task, we calculated one contrast based on the voicing condition (i.e., humming) and the 284 

baseline condition (i.e., breathing) in this task. For the sentence production, we calculated three 285 

contrasts based on the normal speaking, speaking under masking noise, and the no-speaking 286 

baseline condition in this task (i.e., normal speaking vs. baseline, speaking under masking noise 287 

vs. baseline, and speaking under masking noise vs. normal speaking). Note that each task 288 

(localizer and sentence production) had their own baseline condition.  289 

Functional region-of-interest definition. To address the negative impact of inter-290 

individual anatomical variability on sensitivity of results in group analyses (Nieto-Castañón & 291 

Fedorenko, 2012), we conducted two group-constrained subject-specific analyses (GcSS; 292 

Fedorenko, Hsieh, Nieto-Castanon, Whitfield-Gabrieli, & Kanwisher, 2010; Julian, Fedorenko, 293 

Webster, & Kanwisher, 2012). The goal of this analysis was to determine a set of voice-sensitive 294 

regions of interest (ROIs) using the preprocessed functional data in the localizer task. For this 295 

purpose, cortical surfaces were extracted from the normalized (to Montreal Neurological Institute 296 
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(MNI) template) individual activation maps for the voicing – baseline contrasts of all subjects 297 

across the two groups, liberally thresholded (uncorrected p < .05), and vertices with p  > .05 were 298 

assigned the value of 0 (i.e., inactive) and those with p < .05 were assigned the value of 1 (i.e., 299 

active). Note that activation maps are the change in the BOLD signal in the voicing condition 300 

relative to the baseline condition in the localizer task. The new thresholded activation map for all 301 

individuals were overlaid and averaged in each vortex to create a probabilistic overlap map (each 302 

vortex had a value in the range of 0 to 1). Each vertex of the overlap map contained the 303 

percentage of subjects with supra-threshold voicing-related activation in that vertex. Then, a 304 

watershed algorithm (implmented in MATLAB; for detailed dedscriptions of the watershed 305 

method, see Nieto-Castañón & Fedorenko, 2012) was used to parcellate the probabilistic overlap 306 

map into distinct ROIs. Cortical ROIs that consisted of at least 300 vertices for at least 60% of 307 

all subjects (more than 14 subjects out of all 24 subjects) were considered the final cortical ROIs 308 

(Nieto-Castañón & Fedorenko, 2012). This analysis resulted in 10 cortical ROIs (5 in each 309 

hemisphere; see Figure 1). The second analysis was a volume-based analysis, focusing on 310 

subcortical activation. However, this analysis did not result in significant subcortical ROIs and 311 

will not be discussed further. It should be noted that the voicing–baseline contrast (i.e., humming 312 

vs. breathing) detects ROIs that are involved in voice production and processing and may not 313 

detect all regions that are involved in speech production and processing.  314 

ROI-to-ROI Resting state functional imaging analyses 315 

We used the CONN Functional Connectivity Toolbox (v. 17.f; 316 

www.nitrc.org/projects/conn; Whitfield-Gabrieli & Nieto-Castañón, 2012) to perform spatial and 317 

temporal preprocessing, and to compute a functional correlation matrix for each subject. Spatial 318 

preprocessing steps included slice-timing correction (to correct for acquisition time), realignment 319 
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(to correct for inter-scan head motions), structural-functional coregistration (using subject’s 320 

structural T1-weighted image and the mean functional image), segmentation of functional and 321 

structural images (gray matter, white matter, and cerebrospinal fluid (CSF)), spatial smoothing (6 322 

mm full-width at half-maximum), and normalization to the MNI coordinate space. The CONN 323 

toolbox uses SPM12 (www.fil.ion.ucl.ac.uk/spm) to perform all spatial preprocessing steps. In 324 

addition, the Artifact Detection Toolbox (ART; http://www.nitrc. org/projects/artifact_detect/) 325 

was used to identify outlier functional volumes (displacement >1 mm, and intensity z-threshold 326 

>3 SDs from the mean). To reduce the impact of motion and physiological noise factors, and to 327 

improve the overall validity and robustness of results, several temporal pre-processing steps were 328 

used. We used covariate regression analysis to remove the effects of (a) 12 movement 329 

parameters (6 rigid-body movement parameters and their first derivatives), (b) principal 330 

components of subject-specific white matter and CSF, and (c) outlier volumes. Finally, we 331 

temporally filtered the time series (.008–.15 Hz) and linearly de-trended the time series.  332 

We examined the resting state data using ROI-to-ROI functional connectivity analysis. 333 

For this purpose, correlation matrices were computed by calculating Pearson’s correlation 334 

coefficients between time series of pairs of the functional ROIs calculated using the GcSS 335 

method (see Functional region-of-interest definition). Prior to entering to group-level statistical 336 

analyses, Fisher’s transformation was applied to the bivariate correlation coefficients to improve 337 

the normality assumptions (see below for statistical analyses of ROI-to-ROI connectivity 338 

measures).  339 

Statistical analysis 340 

The cortical functional ROIs derived from the localizer task (i.e., brain regions involved 341 

in voice production) were used (1) to extract activation maps in each of the contrasts in the 342 

http://www.fil.ion.ucl.ac.uk/spm
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sentence production task, and (2) as seed ROIs to study ROI-to-ROI functional connectivity 343 

based on the resting-state data.  344 

As a dependent measure for the sentence production task, we calculated change in the 345 

BOLD signal for a given contrast (normal speaking vs. baseline, noise-masked speaking vs. 346 

baseline, and noise-masked speaking vs. normal speaking) in all vertices within each of the 10 347 

ROIs. Then, we averaged the values across all vertices of each ROI to estimate the overall 348 

change in the BOLD signal in each ROI of a given contrast. For each contrast, we used a linear 349 

mixed-effect model implemented in the lme4 package (Bates et al. 2015). Group (ADSD and 350 

control) and ROI (10 levels) as fixed factors and subject as a random factor (random intercept). 351 

To determine statistical significance, we used the lmerTest package (Kuznetsova, Brockhoff, & 352 

Christensen, 2017) with the Satterthwaite’s method for estimating degrees of freedom. We used 353 

the emmeans package (Lenth, 2019) to conduct post-hoc between-group comparisons with the 354 

False Discovery Rate (FDR) method of correction for multiple comparisons. We used the 355 

Kenward-Roger method to determine the degrees of freedom of the post-hoc tests. Given that we 356 

were interested in between-group differences, post-hoc tests were limited to comparisons 357 

between groups in different ROIs (i.e., different ROIs were not compared together). These 358 

statistical analyses were conducted in R version 3.5.1 (R Core Team, 2018). 359 

As mentioned above, the determined ROIs based on the localizer task were used to 360 

perform ROI-to-ROI functional connectivity on the resting-state data. For this purpose, we 361 

examined the entire matrix of ROI-to-ROI connections across all 10 ROIs. To correct for 362 

multiple comparisons, we used the "FDR analysis-level correction” (p < .05) option available in 363 

CONN toolbox (Whitfield-Gabrieli & Nieto-Castañón, 2012). In this method, FDR multiple 364 

comparison correction was applied across all individual functional connections included in the 365 
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analysis (there were N×(N-1)/2 connections in the analysis of bivariate connectivity measures 366 

among N = 10 ROIs). In other words, between-group differences were examined after applying 367 

FDR correction across the entire analysis (accounting for the number of ROIs included in the 368 

analysis as seed and target ROIs).  369 

To examine potential relationships between severity scores of the ADSD group and 370 

neural measures (brain activation in ROIs with significant between-group differences and 371 

significant functional connectivity), we calculated Pearson correlation coefficients using the R 372 

package Psych (Revelle, 2018).  373 

Results 374 

Functional localizer 375 

Figure 1 shows the regions of interest (ROIs) derived from the functional localizer task 376 

(voicing – baseline contrast) using the group-constrained watershed segmentation. A total of 10 377 

ROIs, 5 in each cortical hemisphere, were identified. The approximate anatomical locations of 378 

the left hemisphere ROIs are: (1) mid-Rolandic cortex, (2) lateral Heschl’s gyrus, (3) ventral 379 

Rolandic cortex, (4) anterior planum temporale, and (5) posterior superior temporal 380 

gyrus/planum temporale. Regions 1 and 3 are located within primary sensorimotor cortex 381 

(spanning primary motor and somatosensory regions in the precentral and postcentral gyrus, 382 

respectively), whereas regions 2, 4, and 5 are in auditory cortex. The approximate anatomical 383 

locations of the right hemisphere ROIs are: (6) mid-Rolandic cortex, (7) Heschl’s gyrus, (8) 384 

posterior superior temporal gyrus/planum temporale, (9) ventral Rolandic cortex, and (10) 385 

supplementary motor area (SMA)/preSMA. 386 

Sentence production  387 
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Examining the normal speech - baseline contrast, we found a statistically significant 388 

main effect of ROI, F(9, 216) = 8.903, p <.001, a significant Group by ROI interaction, F(9, 216) 389 

= 3.905, p < .001, and a nonsignificant main effect of Group, F(1,24) = 3.532, p = .072. 390 

Similarly, examining the noise-masked speech - baseline contrast, we found a statistically 391 

significant main effect of ROI, F(9, 216) = 10.595, p <.001, a significant Group by ROI 392 

interaction, F(9, 216) = 3.928, p < .001, and a nonsignificant main effect of Group, F(1,24) = 393 

3.289, p = .083. Our analysis of the noise-masked speech - normal speech contrast resulted in a 394 

statistically significant main effect of ROI, F(9, 216) = 5.165, p <.001, a nonsignificant Group by 395 

ROI interaction, F(9, 216) = 1.119, p = .351, and a nonsignificant main effect of Group, F(1, 24) 396 

= .632, p = .434.  397 

Given the hypotheses under investigation, we conducted a series of post-hoc tests with 398 

the focus on between-group comparisons in different ROIs for contrasts with statistically 399 

significant Group by ROI interaction. Note that whether activation in one ROI was different 400 

from that in another ROI was not the focus of this study, and therefore, we did not perform post-401 

hoc tests to examine between-ROI differences. As illustrated in Figure 2, for both the normal 402 

speech - baseline contrast and noise-masked speech - baseline contrast of the sentence 403 

production fMRI task (with statistically significant Group by ROI interaction), ADSD 404 

participants showed significantly greater activity than control participants (p < 0.05, FDR-405 

corrected across 10 ROIs) in three left hemisphere regions: ventral Rolandic cortex (L-vRC), 406 

anterior planum temporale (L-aPT), and posterior superior temporal gyrus/planum temporale (L-407 

pSTG). No right hemisphere ROIs showed significant activity differences in any of the speech 408 

conditions contrasted with baseline. Overall, very similar activation patterns were observed for 409 

both contrasts.  410 
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In our main analysis, all significant between-group differences were in ROIs located in 411 

the left hemisphere. Therefore, we conducted a post-hoc analysis to examine the group by 412 

hemisphere interaction. For this purpose, for each contrast, data in all ROIs of each hemisphere 413 

were collapsed and entered in a linear mixed-effect model with Group (ADSD and control) and 414 

Hemisphere (right and left) as fixed factors and subject as a random factor (random intercept). 415 

Examining the normal speech - baseline contrast, we found a statistically significant main effect 416 

of Hemisphere, F(1, 216) = 9.766, p = .002, and a significant Group by Hemisphere interaction, 417 

F(1, 216) = 14.660, p < .001. Similarly, examining the noise-masked speech - baseline contrast, 418 

we found a statistically significant main effect of Hemisphere, F(1, 216) = 6.471, p =.011, and a 419 

significant Group by Hemisphere interaction, F(1, 216) = 9.346, p = .003. As shown in Figure 3 420 

(A and B), these Group by Hemisphere interactions indicated that the ADSD group had larger 421 

activity in the left hemisphere relative to the right hemisphere (p < .05 FDR corrected) and the 422 

left hemisphere activity of the control group (p < .05 FDR corrected). Our analysis of the noise-423 

masked speech - normal speech contrast did not result in significant Group effect (p = .434), 424 

Hemisphere effect (p = .325), or Group by Hemisphere interaction (p = .190).  425 

To examine potential relationships between severity scores of the ADSD group and their 426 

brain activity, we conducted Pearson correlation coefficients for two contrasts that showed 427 

between-group differences. For the normal speech - baseline contrast, we found that the severity 428 

scores did not correlate with brain activation in any of the three ROIs in which the ADSD group 429 

had hyperactivation  relative to the control group (L-vRC: r = .310, p = .327; L-aPT: r = .508, p = 430 

.092; L-pSTG: r = -.144, p = .654). Similarly, the severity scores did not correlate with any of the 431 

three ROIs of the noise-masked speech - baseline contrast (L-vRC: r = .112, p = .712; L-aPT: r = 432 

.110, p = .734; L-pSTG: r = .465, p = .128).  433 
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Functional connectivity 434 

We used the ROIs defined based on the localizer task to conduct ROI-to-ROI 435 

connectivity analysis. Blue lines in Figure 4 indicate connections with significantly higher 436 

(p<0.05, FDR analysis-level FDR-corrected for the number of ROIs included in the analysis as 437 

seed and target ROIs) functional connectivity for the ADSD group compared to the control 438 

group. ROI-to-ROI resting-state functional connectivity was significantly stronger (p < 0.05, 439 

FDR analysis-level FDR-corrected) for the ADSD group compared to the control group between 440 

the following ROI pairs: left mid-Rolandic cortex and left Heschl’s gyrus, left mid-Rolandic 441 

cortex and left posterior superior temporal gyrus/planum temporale, left ventral Rolandic cortex 442 

and left posterior superior temporal gyrus/planum temporale, left mid-Rolandic cortex and right 443 

Heschl’s gyrus, and right mid-Rolandic cortex and left posterior superior temporal gyrus/planum 444 

temporale.  445 

To examine whether these higher ROI-to-ROI connections (5 significant ROI-to-ROI 446 

connections) in the ADSD group are correlated with the single-rater subjective measures of 447 

severity, we calculated Pearson correlation coefficients. Our analyses did not reveal any 448 

statistically significant relationship between the ROI-to-ROI connectivity and the severity score 449 

(p > .093 in all cases).  450 

Discussion 451 

Previous studies have reported hyperactivity in laryngeal and orofacial sensorimotor 452 

regions in people with ADSD relative to healthy individuals (Ali et al., 2006; Hirano et al., 2001; 453 

Kiyuna et al., 2014, 2017, Simonyan & Ludlow, 2010, 2012; but see Haslinger et al., 2005). For 454 

example, Simonyan and Ludlow (2010) measured brain activation of individuals with ADSD 455 

during a syllable production task and reported hyperactivity in bilateral ventral primary motor 456 
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and somatosensory cortices, superior and medial temporal gyri, parietal operculum, and several 457 

subcortical regions. It should be noted that functional abnormalities in laryngeal sensorimotor 458 

and auditory regions have been observed during both symptomatic and non-symptomatic speech 459 

tasks (Bianchi et al., 2017; Simonyan & Ludlow, 2012; Simonyan et al., 2008). Together, these 460 

results have led researchers to suggest that abnormal feedforward control mechanisms and/or 461 

somatosensory feedback control mechanisms may underlie this excess activity and associated 462 

behavioral characteristics of ADSD (Ali et al., 2006; Ludlow, 2011; Simonyan & Ludlow, 2010).  463 

In the context of the DIVA model of speech production (e.g., Guenther, 2016), as well as 464 

other current speech production models that utilize a combination of auditory feedback control, 465 

somatosensory feedback control, and feedforward control mechanisms (Hickok, 2012; Houde & 466 

Nagarajan, 2011), the impaired voice quality evident in ADSD speech may trigger auditory 467 

feedback control mechanisms in an attempt to correct the aberrant voice signal. The involvement 468 

of auditory feedback control mechanisms might thus contribute to the hyperactivity seen in 469 

neuroimaging studies of ADSD as well as the excess muscle activation characteristic of the 470 

disorder. Here, we tested this hypothesis by imaging ADSD speakers and matched controls 471 

during the production of speech in different auditory feedback conditions that were designed to 472 

isolate contributions of auditory feedback control mechanisms.  473 

Consistent with previous studies of spasmodic dysphonia, we found that under normal 474 

auditory feedback conditions, individuals with ADSD had significantly higher activity than 475 

control subjects during symptomatic sentence production (compared to a silent baseline task) in 476 

three left-hemisphere cortical regions: ventral Rolandic (sensorimotor) cortex, anterior planum 477 

temporale, and posterior superior temporal gyrus/planum temporale. Interestingly, we did not 478 

find significant hyperactivity in a more dorsal sensorimotor cortical region that has been termed 479 
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laryngeal motor cortex, LMC (Brown, Ngan, & Liotti, 2008; Simonyan & Horwitz, 2011), 480 

corresponding to regions 1 (L-mRC) and 6 (R-mRC) in the current study (see Figure 1). Like the 481 

current study, a number of prior studies have reported distinct laryngeal representations in 482 

ventral sensorimotor cortex (Guenther, 2016; Olthoff, Baudewig, Kruse, & Dechent, 2008; 483 

Simonyan, 2014; Simonyan & Horwitz, 2011; Terumitsu, Fujii, Suzuki, Kwee, & Nakada, 2006). 484 

The finding of hyperactivity in the more ventral region in ADSD, rather than the so-called LMC, 485 

speaks against the notion that the LMC is the sole locus of vocal control during speech, 486 

suggesting instead that both the dorsal and ventral regions identified in the current study are 487 

heavily involved in vocalization. It should be noted that our results are also in large agreement 488 

with results of studies of other types of focal dystonia that have reported increased activity in 489 

sensorimotor cortices (Lehéricy et al., 2013; Zoons et al., 2011).  490 

Critically, regarding the primary question of whether auditory feedback control 491 

mechanisms contribute substantially to left hemisphere cortical hyperactivity seen in ADSD 492 

during speech, we found the same pattern of hyperactivity in ADSD participants compared to 493 

controls in the noise-masked speech condition. Since participants could not hear their vocal 494 

errors (if any) during noise-masked speech, we can conclude that left hemisphere cortical 495 

hyperactivity in ADSD participants is not caused by corrective motor commands from the 496 

auditory feedback control system in an attempt to correct vocal errors—the hyperactivity persists 497 

even when ADSD participants cannot hear their (error-prone) vocal output. By eliminating 498 

auditory feedback control as a major contributor to left hemisphere cortical hyperactivity in 499 

ADSD, this finding lends further support to two alternative theoretical views, namely that ADSD 500 

arises from anomalies in the feedforward control system and/or anomalies in the somatosensory 501 

feedback control subsystem. It should be noted that we used a noise-masking procedure similar 502 
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to our previous study (Ballard et al., 2018) in which the masking noise was applied when the 503 

subject was producing speech and the noise amplitude was modulated by the speech envelope. 504 

Although one might think of masking noise as a form of “auditory error”, it is important to note 505 

that the auditory errors dealt with by the auditory feedback control system for voice are errors in 506 

perceptually relevant acoustic parameters such as pitch or harmonic-to-noise ratio—the auditory 507 

feedback control system becomes less and less engaged as auditory feedback becomes less 508 

“natural-sounding”, delayed, or less relevant (Daliri & Dittman, 2019; Daliri & Max, 2018; Liu 509 

& Larson, 2007; MacDonald, Goldberg, & Munhall, 2010; Max & Maffett, 2015; Mitsuya, 510 

Munhall, & Purcell, 2017). For example, Liu and Larson (2007) showed that vocal responses to 511 

large pitch-shifts are smaller than those to smaller pitch-shifts, suggesting that the brain estimates 512 

the relevance of auditory errors and responds less when auditory errors are unnaturally large. 513 

Since key vocal parameters such as pitch and voice quality cannot be detected during noise 514 

masking, the auditory feedback control of these parameters was essentially disabled. 515 

In addition, we found that the ADSD group had significantly higher resting state 516 

functional connectivity between sensorimotor and auditory cortical regions within the left 517 

hemisphere as well as between the left and right hemispheres. Prior studies have reported both 518 

abnormal functional and abnormal structural connectivity between sensorimotor regions in 519 

individuals with ADSD (Battistella et al., 2016, 2018; Bianchi et al., 2017; Kiyuna et al., 2017; 520 

Simonyan et al., 2008). Most relevant to this study, previous studies that have examined 521 

abnormalities in functional connectivity of ADSD have reported both increased and decreased 522 

functional connectivity in individuals with ADSD relative control participants (Battistella et al., 523 

2016; Battistella, Termsarasab, Ramdhani, Fuertinger, & Simonyan, 2017; Kiyuna et al., 2017). 524 

Our results are consistent with results of Kiyuna and colleagues who also used seed-based 525 
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resting-state functional connectivity and reported that ADSD is associated with increased 526 

functional connectivity in several cortical and subcortical regions. Most notably, they found 527 

increased functional connectivity between the motor cortex (right precentral gyrus) and the 528 

auditory associated cortices (left middle and inferior temporal gyri), between the somatosensory 529 

cortex (left postcentral gyrus) and the frontal lobe (right frontal pole), and between left inferior 530 

operculum and right precentral and postcentral gyri. Overall, the increased functional 531 

connectivity between motor areas and auditory areas found in the current study (and previous 532 

studies) may arise due to chronic hyperactivation of these areas simultaneously during speech, 533 

resulting in Hebbian learning between the two areas. Alternatively, it may reflect an increased 534 

influence of efference copy activity from motor/premotor areas to auditory cortical areas as a 535 

result of hyperactivity in the former. Both of these explanations are consistent with either a 536 

somatosensory feedback control impairment or a feedforward control impairment as the cause of 537 

ADSD. 538 

One aspect of our results that deserves a comment is the lack of between-condition 539 

differences in any of the ROIs. For example, previous studies have reported increased brain 540 

activity (especially in auditory regions) in noise masking conditions relative to normal auditory 541 

feedback in neurotypical participants (Christoffels et al., 2011; Kleber et al., 2017). One potential 542 

explanation for this discrepancy between our results and those of previous studies is that we used 543 

specific ROIs that were related to voice production (based on the localizer task). For example, 544 

regions that would show between-condition differences may have been, at least partially, located 545 

outside the voice-production ROIs used in this study (therefore, our analysis would not be able to 546 

detect them). It is possible that a whole brain analysis (as opposed to ROI based analysis) may 547 

have detected between-condition differences. Another potential explanation is related to the 548 
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nature of the masking noise itself. In previous studies that reported increased brain activity when 549 

speech is masked by noise, the noise masking was applied throughout a production trial 550 

(Christoffels et al., 2011; Kleber et al., 2017). In contrast, our procedure only provided masking 551 

noise when the subject was actually vocalizing (the noise amplitude was modulated by the actual 552 

sound envelope produced by the speaker). Therefore, it is possible that the procedures (i.e., small 553 

but specific voice-related ROIs and speech modulated noise-masking) that we used in our study 554 

may have reduced the effects of noise masking. Given that the focus of our analyses was on the 555 

voicing-related ROIs, it is possible that there are potential group-differences in regions outside 556 

the voicing-related ROIs. Finally, it should be noted that participants repeatedly read the 557 

sentences over the course of the sentence production task. It is possible that the repetitive nature 558 

of the task may have introduced repetition effects that could potentially weaken brain responses.   559 

In sum, we examined whether auditory feedback control mechanisms contribute to 560 

previously reported increased brain activity in the speech production network of individuals with 561 

ADSD. We used fMRI to identify differences between ADSD participants and age-matched 562 

controls in (i) brain activity when producing speech under different auditory feedback 563 

conditions, and (ii) resting state functional connectivity within the cortical network responsible 564 

for vocalization. In the normal speaking condition, individuals with ADSD had hyperactivation 565 

compared to controls in three left-hemisphere cortical regions: ventral Rolandic (sensorimotor) 566 

cortex, anterior planum temporale, and posterior superior temporal gyrus/planum temporale. 567 

Importantly, the same pattern of hyperactivity was evident in the noise-masked condition, in 568 

which online auditory feedback control is eliminated. Additionally, the ADSD group had 569 

significantly higher resting state functional connectivity between sensorimotor and auditory 570 

cortical regions within the left hemisphere as well as between the left and right hemispheres. 571 
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Together, our results indicate that hyperactivity in the vocal production network of individuals 572 

with ADSD does not result from hyperactive auditory feedback control mechanisms and rather is 573 

likely caused by impairments in somatosensory feedback control and/or feedforward control 574 

mechanisms.  575 

 576 
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Figure Captions 745 

Figure 1. Functional regions of interest derived from the voicing (humming) vs. baseline 746 

(breathing) contrast of the functional localizer task plotted on inflated cortical surfaces. Upper 747 

left: left hemisphere lateral view. Upper right: right hemisphere lateral view. Lower left: left 748 

hemisphere medial view. Lower right: right hemisphere medial view. Dark shaded areas indicate 749 

sulci. Lines indicate boundaries between anatomical regions. The approximate anatomical 750 

locations of the left hemisphere ROIs are as follows, L-mRC: mid-Rolandic cortex; L-HG: 751 

lateral Heschl’s gyrus; L-vRC: ventral Rolandic cortex; L-aPT: anterior planum temporale; L-752 

pSTG: posterior superior temporal gyrus/planum temporale. The approximate anatomical 753 

locations of the right hemisphere ROIs are as follows, R-mRC: mid-Rolandic cortex; R-HG: 754 

Heschl’s gyrus; R-pSTG: posterior superior temporal gyrus/planum temporale; R-vRC: ventral 755 

Rolandic cortex; R-SMA: supplementary motor area (SMA)/preSMA. 756 

 757 

Figure 2. Region of interest (ROI) activity for the normal speaking (A) and noise-maked 758 

speaking (B) conditions contrasted with the baseline condition in the sentence production fMRI 759 

task for ADSD (magenta) and control (blue) participants. Significant group differences (p<0.05, 760 

FDR-corrected) are indicated by asterisks. See Figure 1 for ROI definitions. Error bars 761 

correspond to standard error. 762 

 763 

Figure 3. Motivated by our main analysis (see Figure 2), we conducted a post-hoc 764 

analysis to examine the group by hemisphere interaction. Therefore, for each contrast, data in all 765 

ROIs of each hemisphere were collapsed. Overall, for both contrasts (panel A: normal speech – 766 

baseline, and panel B: noise-masked speech - baseline), we found that the ADSD group had 767 
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hyperactivation in the left hemisphere relative to the right hemisphere. We also found that the 768 

ADSD group had hyperactivation in the left hemisphere relative to the control group (Asterisk 769 

corresponds to p < .05 FDR-corrected; see Figure 1 for ROI definitions). Error bars correspond 770 

to standard error.   771 

 772 

Figure 4. ROI-to-ROI resting state functional connectivity results. We used the ROIs 773 

defined based on the localizer task to conduct ROI-to-ROI connectivity analysis. Blue lines 774 

indicate connections with significantly higher functional connectivity for the ADSD group 775 

compared to the control group (p<0.05, FDR analysis-level corrected for the number of ROIs 776 

included in the analysis as seed and target ROIs). See Figure 1 for ROI definitions.  777 

 778 

 779 

 780 
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