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ABSTRACT

Hearing one’s own speech allows for acoustic self-monitoring in real time. Left-hemisphere
motor planning regions are thought to give rise to efferent predictions that can be compared to
true feedback in sensory cortices, resulting in neural suppression commensurate with the
degree of overlap between predicted and actual sensations. Sensory prediction errors thus
serve as a possible mechanism of detection of deviant speech sounds, which can then feed
back into corrective action, allowing for online control of speech acoustics. The goal of this
study was to assess the integrity of this detection–correction circuit in persons with aphasia
(PWA) whose left-hemisphere lesions may limit their ability to control variability in speech
output. We recorded magnetoencephalography (MEG) while 15 PWA and age-matched
controls spoke monosyllabic words and listened to playback of their utterances. From this, we
measured speaking-induced suppression of the M100 neural response and related it to lesion
profiles and speech behavior. Both speaking-induced suppression and cortical sensitivity to
deviance were preserved at the group level in PWA. PWA with more spared tissue in pars
opercularis had greater left-hemisphere neural suppression and greater behavioral correction
of acoustically deviant pronunciations, whereas sparing of superior temporal gyrus was not
related to neural suppression or acoustic behavior. In turn, PWAwho made greater corrections
had fewer overt speech errors in the MEG task. Thus, the motor planning regions that generate
the efferent prediction are integral to performing corrections when that prediction is violated.

INTRODUCTION

Sensory feedback is central to motor control, as it delivers information about the consequences
of our actions. During speech production, hearing one’s own voice allows for acoustic self-
monitoring in real time. Some disorders of speech production are thought to derive, in part,
from failures of monitoring and concomitantly poor auditory-motor integration (e.g., stuttering:
Bradshaw et al., 2021; Cai et al., 2012; Daliri & Max, 2015; Parkinson’s disease: Huang et al.,
2016; Mollaei et al., 2013; Railo et al., 2020; vocal hyperfunction: Abur et al., 2021). In post-
stroke aphasia, the classic behavioral measure of auditory-motor disruption is speech repeti-
tion, where errors reflect a breakdown of the mapping from afferent speech input (the auditory
target) to motor-articulatory representations (Hickok & Poeppel, 2004). The idea that the left-
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hemisphere lesions that cause aphasia may also damage the sensorimotor network for speech
feedback processing is suggested by altered auditory feedback studies, in which persons with
aphasia (PWA) make slower and/or smaller adjustments in response to externally applied pitch
perturbations (Behroozmand et al., 2018; Behroozmand et al., 2022; Johnson et al., 2020).
While these laboratory assays help to pinpoint the anatomical and functional bases of speech
motor impairments, they fall short of addressing how PWA achieve, or fail to achieve, accuracy
in their own volitional speech—in which the auditory target is speaker-internal (i.e., unlike a
repetition task) and the feedback is veridical (i.e., unlike an altered auditory feedback paradigm).
As such, the current study examines the relationships among acoustic behavior, surviving neural
architecture, and the cortical processing of sensory feedback resulting from one’s own speech.

Aphasic speech is often errorful, containing distorted pronunciations and perceived phone-
mic substitutions, omissions, and additions. Even in correct utterances, PWA tend to be more
acoustically variable than their neurologically intact peers (Haley et al., 2001; Niziolek &
Kiran, 2018; Ryalls, 1986). While variability alone might not be substantially detrimental to
communication, there is an emerging understanding that some perceived errors stem from
uncontrolled phonetic variability. That is, some phonemic paraphasias that appear to occur
at the level of phonological encoding (Parsons et al., 1988) contain trace phonetic effects con-
sistent with failures of online detection and correction of deviant acoustics during the course of
articulation (Kurowski & Blumstein, 2016; also see Buckingham & Yule, 1987). These findings
suggest that the “lower-order” sensorimotor network, in addition to the “higher-order” lan-
guage network, may be affected in aphasia. Further, sensorimotor impairment in aphasia could
be at the level of feedforward or feedback control. Analyses of acoustic variability can help to
distinguish these etiologies: Feedforward impairments may manifest in greater variability at
syllable onset, reflecting abnormalities in top-down motor commands; feedback impairments
may manifest in less online corrective action while speaking (Niziolek & Kiran, 2018). Specif-
ically, typical speakers’ non-errorful speech is characterized by a phenomenon called vowel
centering, in which productions that are initially somewhat off-target show “centering” toward
the speaker’s median formant values over the course of the syllable (Niziolek et al., 2013).
Moreover, there is evidence that this reduction of natural acoustic variability is reduced under
masking noise (Niziolek et al., 2015; but cf. Parrell et al., 2021), highlighting the role of audi-
tory feedback in preventing small deviations from becoming full-blown speech errors. In pilot
data collected for the present study, PWA did exhibit vowel centering behavior, partially over-
coming their initial feedforward variability (Niziolek & Kiran, 2018). Nevertheless, it is not well
understood what surviving neural mechanisms subserve the detection and correction of devi-
ations from intended speech sounds in PWA.

In typical brains, sensory feedback (reafference) is processed differently from externally gen-
erated sensory input (afference). Motor cortex is thought to send an internal signal to sensory
cortices, enabling prediction of the motor act’s sensory consequences. This predictive signal-
ing has been referred to as corollary discharge (Sperry, 1950) and efference copy (von Holst &
Mittelstaedt, 1950). When the efferent prediction is a good match to the true sensory input, the
prediction error is small. Correspondingly, human and mammalian neurophysiology reveals
that the responses of certain neural populations are suppressed during self-produced vocali-
zation versus passive listening to the same stimuli (Creutzfeldt et al., 1989; Eliades & Wang,
2003; Flinker et al., 2010; Houde et al., 2002; Müller-Preuss & Ploog, 1981), thus providing a
general mechanism for distinguishing between self-generated (with an efferent prediction) and
external (without an efferent prediction) sounds. When measured during speech production
with respect to a passive listening condition, there is some evidence that this speaking-induced
suppression (SIS) is left-lateralized (Houde et al., 2002; Niziolek et al., 2013). Critical for our
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purposes, however, is evidence that SIS is not all-or-none, but rather graded by the degree of
match between prediction and input (e.g., Behroozmand & Larson, 2011) and related to adap-
tive change in response to a mismatch (Kim et al., 2023). We have previously shown that left-
hemisphere SIS similarly shows a graded sensitivity to the “goodness” of a given utterance
(Niziolek et al., 2013; Tang et al., 2023); that is, the neural response to off-target productions
(at the periphery of a speaker’s distribution) is less suppressed than that to on-target produc-
tions (at the center of that distribution), reflecting a greater prediction error at the periphery.
This fall-off of SIS from center to periphery indicates that deviant productions are detected by
the brain. The aforementioned behavioral centering of vowel acoustics indicates that such pro-
ductions are corrected. The purpose of the current study was to assess the integrity of this
detection–correction circuit in PWA whose left-hemisphere lesions may disrupt the motor
efferent prediction, the feedback comparison in auditory cortex, and/or the online control of
speech.

Speech motor control is accomplished by large-scale networks across the cerebral cortex,
the cerebellum, and subcortical structures, comprising feedforward and feedback control sys-
tems (Perkell, 2012; Simonyan et al., 2016; Tremblay et al., 2016). All participants with apha-
sia in this study had damage from a stroke in the left middle cerebral artery, but their diverse
lesion patterns within its territory (Tatu et al., 1998) permitted us to relate lesion profiles to
subcomponents of speech motor control. We adopted an anatomical region of interest
(ROI) approach to interrogate a putative origin and target of the efferent prediction: the left
inferior frontal gyrus pars opercularis (IFO) and the left superior temporal gyrus (STG), respec-
tively (e.g., Hickok, 2012; Rauschecker & Scott, 2009). IFO is one of several adjacent motor
planning regions, upstream of primary motor cortex, implicated in speech articulation (Blank
et al., 2002; Fridriksson et al., 2016). Various instantiations of the DIVA (directions into veloc-
ities of articulators) model of speech production have placed the speech sound map, repre-
senting the sounds that speakers intend to produce, in IFO and/or adjacent ventral premotor
cortex (Guenther, 2006; Guenther & Vladusich, 2012; Miller & Guenther, 2021; Tourville &
Guenther, 2011). Activity in IFO precedes the suppression of sensory-evoked responses (Wang
et al., 2014); therefore, IFO may be functionally analogous to the murine premotor area that
has been shown to suppress ipsilateral auditory cortical activity (Schneider et al., 2014; for a
review of nonhuman primate work in this area, see Eliades & Wang, 2019). STG, in addition to
housing auditory cortex that performs spectrotemporal computations on speech input (Bhaya-
Grossman & Chang, 2022; Hickok & Poeppel, 2007), contains the neural populations that
respond to mismatches between efferent predictions and that input (Meekings & Scott,
2021; Niziolek & Guenther, 2013; Tourville et al., 2008). Moreover, overt versus silent artic-
ulation strengthens the functional connectivity between IFO and posterior STG, perhaps
reflecting the engagement of auditory feedback mechanisms for error detection and correction
(Zhang et al., 2023). In line with this, Behroozmand and colleagues (2018) found that post-
stroke damage to the left inferior frontal and superior temporal gyri impaired compensation for
perturbations to vocal pitch feedback. Left-hemisphere IFO and STG therefore served as our
two ROIs for predicting the functioning of the detection–correction circuit for volitional speech
production in aphasia.

We used magnetoencephalography (MEG) to measure SIS of the peak auditory cortical
response, the M100, in order to characterize the efferent prediction circuit for speech and
assess its integrity in post-stroke aphasia. We first compared the magnitude of SIS, an indicator
of prediction delivery, among intact hemispheres (left and right in the control group, and right
in PWA) and the damaged left hemispheres of PWA. We then related individual lesion profiles
to SIS and to speech behavior, where vowel centering reflects feedback-guided motor control,
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and overt speech errors reflect failures of feedforward planning and/or online correction.
Finally, taking advantage of natural, trial-to-trial variability in pronunciation, we compared
the SIS of productions near the center of the vowel-formant distribution with the SIS of less
typical productions at its periphery; we interpret systematic differences in SIS as an index of
cortical sensitivity to the typicality of self-produced acoustics. In a secondary aim, we explored
whether left-hemisphere damage was associated with atypical patterns of response lateraliza-
tion across the two hemispheres. By using SIS as an objective neural measure of the efferent
prediction, and considering vowel centering and speech accuracy as evidence of successful
speech deviance detection and correction, we aimed to make progress on characterizing the
underlying pathology of speech deficits in aphasia.

MATERIALS AND METHODS

Participants

Fifteen persons with aphasia (PWA) and 15 age-matched controls took part in the experiment.
All PWAwere right-handed, monolingual speakers of American English and had chronic apha-
sia subsequent to a single stroke of the left middle cerebral artery. Individuals who were unable
to undergo magnetic resonance imaging (MRI), had lesioned subcortical tissue, and/or had a
major neurological or psychiatric diagnosis other than stroke were excluded from the study. A
lesion overlap map for the aphasia group, showing the distribution of damaged voxels across
the brain, is provided in Figure 1. PWAwere 11 males and 4 females who ranged in age from
46 to 63 years. On average, they were 108 months post-stroke (SD = 111, range = 19–470).
Clinical diagnoses were of Broca’s aphasia (n = 5) and anomic aphasia (n = 10). Three PWA
(n = 1 Broca’s; n = 2 anomic) had a comorbid diagnosis of apraxia of speech, a disorder in
which the capacity to program the movements of the articulators is impaired (Ziegler, 2008).
See Table 1 for a full characterization.

The control group was composed of 15 adults who were recruited to match each PWA on
sex and age ±6 years. These individuals reported no history of speech, hearing, or language
disorder and were also right-handed, native speakers of English. These 11 males and 4 females
ranged in age from 43 to 69 years.

Because the study was concerned with auditory feedback processing, pure-tone audiome-
try air-conduction thresholds at 250, 500, 1000, 2000, and 4000 Hz were obtained to char-
acterize hearing abilities in both PWA and controls. There were no significant group

Figure 1. Lesion overlap map. Lesion overlap map for n = 15 PWA displayed on an MNI (Montreal
Neurological Institute) template brain. Warmer colors indicate a higher frequency of lesioned tissue
at a given voxel.

Apraxia of speech:
An acquired motor speech disorder
in which the programming of the
movements of the speech articulators
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Table 1. Characteristics of the aphasia group

PWA
Age

(years) Sex

Time
post-
stroke

(months)

Total
lesion
volume
(mm3)

IFO
spared
(%)

STG
spared
(%)

Heschl’s
spared
(%) Subtype

WAB
AQ

PALPA7
(%)

PALPA8
(%)

PAL7
(%)

Speech errors in the MEG task

Omissions Misselections Distortions
Other
words Total

s01 58 F 49 56664 96 39 27 anomic 97 100.0 76.7 87.5 0 2 0 1 6

s02 58 M 48 73912 100 51 7 anomic 82 95.8 66.7 70.0 0 0 3 1 6

s03 52 M 141 265360 17 6 1 Broca’s +
apraxia

64 73.3 43.3 72.5 19 22 0 1 61

s04 51 M 85 285800 28 16 5 Broca’s 36 87.5 53.3 55.0 37 4 1 72 125

s05 51 M 89 50464 95 94 81 anomic 95 95.8 96.7 95.0 0 2 0 0 2

s06 57 M 163 193304 62 33 7 Broca’s 50 91.7 53.3 65.0 104 25 1 58 189

s07 54 F 32 80520 100 63 77 anomic 85 87.5 43.3 40.0 16 21 0 3 40

s08 56 M 29 70424 100 39 1 anomic 95 100.0 66.7 57.5 0 2 0 0 2

s09 55 F 117 217520 24 4 0 anomic 92 100.0 86.7 80.0 0 3 0 1 4

s10 52 M 85 76792 75 29 12 anomic +
apraxia

86 100.0 86.7 92.5 35 24 9 55 124

s11 63 M 177 136464 42 45 21 Broca’s 73 100.0 73.3 75.0 24 48 1 70 149

s12 58 F 62 107872 14 89 71 anomic 85 83.3 63.3 72.5 27 61 10 50 149

s13 46 M 49 43648 44 91 86 anomic +
apraxia

94 62.5 53.3 50.0 1 3 3 2 9

s14 53 M 470 119968 20 29 22 anomic 91 n/a 80.0 n/a 23 15 2 15 58

s15 62 M 19 95424 59 48 32 Broca’s 56 100.0 3.3 52.5 1 92 10 21 137

PWA = persons with aphasia; IFO = inferior frontal gyrus par opercularis; STG = superior temporal gyrus; WAB AQ = Western Aphasia Battery Aphasia Quotient (Kertesz, 2007); PALPA7 = Psycholinguistic Assessments of Language
Processing in Aphasia word repetition (Kay et al., 1992); PALPA8 = PALPA nonword repetition (Kay et al., 1992); PAL7 = Psycholinguistic Assessments of Language word and nonword repetition (Waters & Caplan, 1995); MEG =
magnetoencephalography.
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differences in thresholds in either ear at any of the frequencies tested (all ps > 0.12; Figure S1
in the Supporting Information available at https://doi.org/10.1162/nol_a_00139). Two individuals
in each group self-reported tinnitus.

Participants provided written and verbal informed consent to all study procedures, which
were approved and overseen by the Institutional Review Boards of Boston University’s Charles
River Campus and the Massachusetts Institute of Technology.

Procedure

The study consisted of two visits for each PWA and one visit for each control participant. At the
first visit, PWA completed standardized assessments and performed a behavioral-only version
of the MEG speaking task to ensure that they could read and articulate the stimulus words and
sustain attention for the length of the task. Some of these feasibility data have been previously
reported (Niziolek & Kiran, 2018). The neuroimaging visit, scheduled on a separate day,
included MEG acquisition followed by MRI scanning. All acoustic data reported here are from
the speaking task performed in the MEG scanner during the second visit, as described below.

Standardized assessments

The speech and language abilities of PWA were assessed using the Western Aphasia Battery
(WAB-R; Kertesz, 2007), the Psycholinguistic Assessments of Language Processing in Aphasia
(PALPA7 word repetition and PALPA8 nonword repetition; Kay et al., 1992), and the Psycho-
linguistic Assessments of Language (PAL7 word and nonword repetition; Waters & Caplan,
1995). The Aphasia Quotient of the WAB-R, a 0–100 measure in which lower scores indicate
greater global severity, ranged in this group from 36 to 97 (Table 1); the lowest five scores were
from the individuals with Broca’s aphasia and the highest ten scores were from the individuals
with anomic aphasia. All PWA made errors in the repetition of words and/or nonwords during
standardized assessments (Table 1), making them a suitable population in which to test
hypotheses about the neural bases of speech error detection and correction.

MEG speaking task

Participants read aloud the words “eat,” “Ed,” and “add” (chosen to elicit the vowels /i/, /ε/,
and /æ/) while hearing their own speech played back in real time (speak condition). These
simple vowel-initial words were chosen to minimize jaw movement that could produce artifacts
in the MEG signal and to elicit numerous correct productions from impaired speakers. Words
were projected on the screen one at a time in white on a black background for 1,000 ms with a
random intertrial interval between 750 and 1,500 ms. Participants were instructed to speak
clearly while minimizing head and jaw movement. Fifty randomized tokens of each of the
three words were presented, with a short break provided after every 30 trials. After the speak
block, participants saw the same stimuli in the same order with the same timing and heard
their prior productions played back to them (listen condition). Thus, the listen condition pro-
vided the same visual and air-conducted acoustic stimulation as the speak condition, absent
the motor activity. There were four runs of the experiment, for a total of 600 speak trials and
600 listen trials (200 for each of “eat,” “Ed,” and “add”). The interleaving of speaking and
listening helped with engagement throughout the task, which lasted approximately 45 min.
In addition, researchers communicated with participants via intercom during the breaks
between speak and listen blocks, approximately every 5 min.

In a few cases, the paradigm was adjusted to the abilities of PWA as determined in the first
visit. Participant s03 was given a longer intertrial interval in order to minimize apparent
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fatigue. Participant s04 had difficulty reading the words when they were randomized and
instead saw the same word presented on every trial within a block. Participant s06 had diffi-
culty reading “Ed” and so saw only “eat” and “add” during the experiment, completing
450 speak and 450 listen trials.

MEG acquisition

MEG was acquired during the task on an Elekta Triux scanner located in a quiet, magnetically
shielded room. Whole-head coverage was obtained with 306 channels (102 magnetometers
and 204 planar gradiometers). Signals were recorded at a sampling rate of 1000 Hz and fil-
tered online between 0.03 and 330 Hz. Continuous head position measurements were col-
lected from five coils affixed to the scalp. These coil locations, in addition to three anatomical
landmarks (nasion and left and right preauricular points) and about 100 points on the scalp
and face, were digitized using a Polhemus Fastrak system (Colchester, VT) and used to co-
register the MEG and MRI scans.

Participants’ speech was captured at 11025 Hz on a Shure SM93 lavalier microphone mod-
ified for MEG compatibility and a Focusrite Scarlett 2i2 sound card. The audio was split, rou-
ted to both the participant and an input channel on the MEG scanner. Playback during both
speak and listen conditions was delivered to the participant without delay or manipulation via
insert earphones (Etymotic, Oak Grove Village, IL) and matched in sound level across the two
conditions. The scanner’s audio channel had the same sampling rate as the MEG signal, allow-
ing for precise time alignment of neural recording and auditory stimulation.

MRI acquisition

Subsequent to the MEG session, a T1-weighted anatomical MRI scan (voxel size 1 × 1 × 1 mm;
field of view 256 mm; 176 slices; repetition time 2,530 ms) was obtained on a 3T Siemens
Magnetom TrioTim scanner for use in estimating the neural sources of the MEG signals,
and, in PWA, characterizing lesions.

Analysis

Acoustic analysis

The acoustics of each spoken word were analyzed in order to measure trial-to-trial variability
in production and real-time adjustments over the course of each syllable. First, errorful trials
were discarded from analysis. A research assistant listened to a recording of each production,
viewed the corresponding word stimulus, and marked it for rejection if it contained a percep-
tible error, including an omission (no vocal response), a misselection (e.g., saying “eat” for
“add”), a severe vowel distortion, a production of any other word outside the stimulus set
(e.g., “head,” “had”) (Table 1), or any audible artifact. The remaining trials therefore included
a range of pronunciations that were nonetheless perceived as correct by an unfamiliar listener.
For these trials, trajectories of the first and second formant frequencies (F1 and F2) were
tracked using wave_viewer (Niziolek & Houde, 2015), a Matlab interface to Praat software
(Boersma & Weenink, 2019). The onset and offset of voicing were detected with an automated
intensity threshold and, when necessary, manually corrected after visual inspection of period-
icity in the waveform and spectrogram. Formants during the voiced syllable were estimated
with linear predictive coding (LPC). The LPC order and pre-emphasis were selected to achieve
stable tracking on a per-participant and per-vowel basis. Implausible values or discontinuities
in the trajectories were corrected by adjusting these two values on a per-trial basis. Formants
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were calculated in Hz and converted to the logarithmic mel scale to accord with human per-
ceptual sensitivity.

Time windows for formant averaging were defined as in prior studies (Niziolek et al., 2013;
Niziolek & Kiran, 2018). The initial time window, from 0 (sound onset) to 50 ms, reflected the
feedforward speech motor command for vowel onset. The mid-utterance time window con-
sisted of the middle 50% of each formant trajectory, reflecting the vowel’s steady state—with
sufficient time for the incorporation of auditory feedback into ongoing production. Previous
studies have reported latencies of online compensation for real-time formant perturbations
on the order of 150 to 160 ms (Cai et al., 2012; Caudrelier & Rochet-Capellan, 2019); adjust-
ments for externally applied speech perturbation and speaker-internal variability are thought to
rely on similar preconscious auditory feedback processing mechanisms (Munhall et al., 2009;
Niziolek et al., 2013; Niziolek & Guenther, 2013).

We created trial subsets using formant values in the initial time window (0–50 ms) such that
this acoustic information would precede, and therefore could contribute to, the M100 neural
response. Specifically, we defined “center” trials and “peripheral” trials with respect to each
participant’s median F1 and F2 values for each vowel (i.e., the center of its distribution). For
each production of a given vowel, we calculated the Euclidean distance to the median in two-
dimensional F1–F2 space; center trials were the n = 125 with the smallest initial distances, and
peripheral trials were the n = 125 with the largest initial distances (see also MEG Analysis,
below). Two key acoustic metrics, variability and centering, were defined with respect to this
median. Variability was calculated as the average Euclidean distance, in mels, to the median in
each time window, such that a greater distance indicates a broader distribution of formants
across repeated productions of the same vowel. To determine whether speakers correct trials
that are initially off-target, we calculated the centering of peripheral trials, subtracting their
mid-utterance variability from their initial variability, representing the reduction in variability,
in mels, from the beginning to the middle of the vowel (see Figure 2B–C in Results).

To ensure that centering was not simply due to random measurement error, we performed
the same verification as in Niziolek and Kiran (2018), that is, we compared the movement over
time of peripheral trials (as defined above) with the movement of a different subset of trials
defined as peripheral when the order of the two time windows was reversed. Specifically, this
latter subset was identified as the trials with the largest mid-utterance distances, and we cal-
culated their change in distance from mid-utterance backwards to the initial window. If cen-
tering merely reflects regression to the mean, then we would expect the movement of extreme
trials to be statistically equivalent whether measured forwards or backwards in time, as indi-
cated by a nonsignificant effect of time direction in an analysis of variance (ANOVA) compar-
ing centering with time-reversed centering.

MEG preprocessing

Raw data were processed with Maxfilter software (Elekta, Stockholm) to remove external noise
and correct for head movement. Subsequent processing was conducted in Brainstorm (Tadel
et al., 2011). MEG sensors were co-registered to the participant’s MRI using six anatomical
landmarks and digitized head points. Artifactual time segments were marked by hand and
rejected from the continuous data. Eye-blink and cardiac artifacts were removed using
signal-space projection. To reduce the influence of speaking-related movement artifacts, the
data were band-pass filtered between 4 and 40 Hz, similar to the parameters in other MEG
studies of speech production (Curio et al., 2000; Heinks-Maldonado et al., 2006). In some
participants, low-frequency artifacts consistent with jaw opening and closing were evident
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in the sensor data even after filtering. In these cases, the topography of the artifact was used as
an additional signal-space projector.

Sound onsets were automatically detected from the amplitude of the audio channel; onsets
that immediately followed a visual-stimulus trigger were defined as speak and listen trial
events (time = 0 at sound onset). The continuous data were epoched with respect to sound
onset from −700 to 400 ms and baseline corrected between −700 and −400 ms to avoid con-
taminating the baseline with preparatory movement. Trials without an exact match between
speak and listen conditions were excluded from analysis: For example, the corresponding lis-
ten trial was excluded for every speak trial on which the participant made an error, and the
corresponding speak trial was excluded for every listen trial on which there was a severe MEG
artifact. Thus, speak and listen conditions were fully matched in terms of acoustics. Out of a
possible 600 total acoustic stimuli (200 for each of the three words), an average of 558
remained for controls (SD = 48, range = 440–600) and 486 for PWA (SD = 86, range =
257–594). This difference was significant, t(28) = 2.81, p = 0.01.

Neural sources were estimated from the MEG sensor data using minimum-norm imaging.
The noise covariance was derived from the baselines (−700 to −400 ms) of all of the partic-
ipant’s usable speak and listen trials. The forward model was computed by modeling the head
as a set of overlapping spheres. Current density maps were then computed across 15,000
dipoles modeled as perpendicular to the cortical surface.

MRI preprocessing and lesion analysis

For all participants, the cortical surface was reconstructed from the T1 structural scan with
Freesurfer (Fischl, 2012), enabling the estimation of neural sources using individual anatomy
in Brainstorm as described above.

For PWA, lesion volumes and the percentage of spared tissue in anatomical ROIs were
obtained in a separate processing pipeline. First, brain lesions were segmented in ITK-SNAP
4.0.0 (www.itksnap.org; Yushkevich et al., 2006), using a semiautomated method in which a
Random Forests classifier was trained with six tissue labels (lesion [low intensity], lesion
[medium intensity], gray matter, white matter, cerebrospinal fluid, bone) placed throughout
the T1 scan. The classifier took as features the intensities of each voxel and its neighbors,
as well as voxels’ coordinates, in order to distinguish the lesion from all other types of back-
ground tissue. Consistent with previous studies (Meier et al., 2019), enlarged ventricles were
excluded from the lesion maps. Segmentation was then guided by an active contour algorithm
that was seeded in the approximate center of mass of the lesion and expanded into regions
where the posterior probability of the lesion was greater than that of the background
(Yushkevich et al., 2016).

Subsequent processing was performed in SPM12 (https://www.fil.ion.ucl.ac.uk/spm
/software/spm12/). The lesion was incorporated into the segmentation procedure by defining
it as a tissue type in SPM’s tissue probability map. Warping was performed to the ICBM Euro-
pean brain template. The structural scan and the lesion map were then each normalized from
native to MNI space, with the former using fourth-degree B-spline interpolation and the latter
using nearest-neighbor interpolation to preserve its binary format.

Anatomical Regions of Interest

Anatomical ROIs were defined using the AAL atlas (Tzourio-Mazoyer et al., 2002) with the
MarsBAR toolbox (Brett et al., 2002). The AAL atlas, based on a normalized brain in MNI
space, has been used in numerous other studies of aphasia (Behroozmand et al., 2022; Billot
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et al., 2022; Shah-Basak et al., 2020; Yourganov et al., 2015). In this atlas, the superior tem-
poral gyrus is bounded by the Sylvian fissure and the superior temporal sulcus. It excludes the
transverse (Heschl’s) gyrus but includes the planum temporale. The inferior frontal gyrus is
bounded by the inferior frontal sulcus and the precentral sulcus. Its pars opercularis is
bounded rostrally by the anterior ascending Sylvian ramus and caudally by the precentral sul-
cus (Tzourio-Mazoyer et al., 2002). For a post-hoc analysis in which we attempted to explain
neural amplitudes in terms of primary auditory cortical tissue and hearing ability, we addition-
ally used Heschl’s gyrus as an ROI.

As in previous studies (Johnson et al., 2019; Sims et al., 2016), calculations were performed
on normalized lesion maps and brain volumes. Overlap between the patient’s lesion map and
the left-hemisphere anatomical ROI was deleted and the resulting difference volume was
divided by the total volume of the ROI per the AAL atlas, yielding the percent spared of each
ROI. The total lesion volume, in mm3, was also used as a predictor of speech, language, and
neural responses.

MEG analysis

The key neural metric was the peak amplitude of the M100 auditory-evoked response. Owing
to the diversity of individual profiles in this study, identification of the M100 was performed
manually for each participant. First, the sensor average of all listen trials and its scalp topog-
raphy was examined to identify the latency of the peak auditory response. We looked for the
characteristic three-peak complex of the M50, M100, and M200 (analogous to the P1, N1, and
P2 event-related potentials measured using electroencephalography) in combination with the
dipolar scalp topography of the auditory response. At the time of the M100 peak, we selected
the highest-amplitude vertex on the lateral surface of the brain as the seed for a functional ROI
in source space. We grew this seed to a size of 10 adjacent vertices (approximately 1 to 2 cm2),
restricted to vertices whose amplitude was at least 33% of the maximum amplitude across the
cortex at that latency. When necessary, this amplitude threshold was reduced by one percent-
age point until 10 adjacent above-threshold vertices could be captured. This procedure was
repeated in the left and right hemispheres, producing two functional ROIs per participant. The
locations of these ROIs are shown as projections on the ICBM cortical surface template (see
Figure 3B in Results). All seeds in intact hemispheres fell within perisylvian and/or temporal
cortex. In lesioned hemispheres, careful efforts were made to identify the M100 in spared peri-
sylvian and/or temporal cortex depending on the individual’s lesion profile; therefore, once
projected onto the intact template brain, the left-hemisphere functional ROIs for the PWA
show less spatial clustering. (For further discussion, see Piastra et al., 2022.)

To obtain one time series per participant per hemisphere, we took the root mean square of
the 10 vertices’ time series for the average response to all trials in the speak and listen condi-
tions separately. Following Niziolek and colleagues (2013), we z-scored each time series with
respect to the baseline interval of –700 to –400 ms. The M100 peak of these waveforms was
then confirmed by visual inspection and established the peak latency and peak amplitude of
each response. The difference in amplitude between the two conditions (listen − speak)
yielded the metric of SIS, expressed as a z-score.

To examine the effect of acoustic typicality on neural responses, these procedures were
repeated for center and peripheral subsets of speak and listen trials. Specifically, from among
the trials with usable MEG data, the 125 speak trials with formants closest to the F1–F2 median,
sampling the three vowels equally, were defined as the speakcenter trials, and the 125 corre-
sponding listen trials were defined as the listencenter trials. The speakperiph and listenperiph trial
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types were defined in the same way, using the 125 trials with formants farthest from the
F1–F2 median. The previously reported reduction in SIS for peripheral trials (listenperiph −
speakperiph) as compared to center trials (listencenter − speakcenter) is termed SIS fall-off and
can be interpreted as cortical sensitivity to acoustic typicality within a vowel’s formant distri-
bution. The number 125 was chosen so that the number of center and peripheral trials
analyzed would be consistent across participants; this was limited by the participant with
the fewest trials remaining after error and artifact rejection (n = 257). However, analysis of
SIS fall-off was ultimately limited by the signal quality obtained during MEG recording. We
could not perform the intended analysis because we could not reliably identify the M100 peak
in each participant’s waveform with only 125 trials contributing to the average. Instead, we
report a comparison of the center-most half and the peripheral-most half of trials. (The tradeoff
for more trial data is that this median split compares trials that abut one another in acoustic
vowel space, decreasing the acoustic difference and therefore the hypothesized neural differ-
ence between them. And, paradoxically, including more trials potentially exacerbates the
issue of data loss in PWA who made many speech errors: these individuals had fewer trials
in their center half and peripheral half, making their average evoked response less reliable than
that of a participant with all 600 trials available.)

Lateralization of neural responses was evaluated using laterality indices, ranging from −1
(fully left-lateralized) to +1 (fully right-lateralized), and calculated as (right − left) / (right + left).
The latency laterality index indicated the degree to which an individual’s peak latency of the
listen-evoked M100 was imbalanced between their left and right hemispheres. The amplitude
laterality index indicated the degree to which their listen-evoked M100 peak amplitude was
imbalanced, and the SIS laterality index indicated the degree to which their magnitude of SIS
was imbalanced. To prevent extreme values (Jansen et al., 2006), and consistent with our
interest in neural suppression specifically, negative SIS values (i.e., speaking-induced enhance-
ment) were replaced with 0 (zero suppression) for the purposes of computing laterality. It was
necessary to exclude the n = 2 controls who showed enhancement in both hemispheres from
the SIS laterality analysis because the denominator of the index was 0.

Hearing thresholds

We analyzed the contribution of hearing thresholds to neural responses evoked by speech
using the pure-tone average (PTA), computed as the mean of each participant’s 500-, 1000-,
and 2000-Hz thresholds (dB HL) obtained from the pure-tone audiometry in the left and right
ears separately.

Statistical analysis

Neural responses were tested via type III sum-of-squares ANOVA. Peak latencies and peak
amplitudes of the M100 were analyzed with fixed factors of Group (control, aphasia),
Hemisphere (left, right), and Condition (speak, listen) and—because of the repeated mea-
sures of Hemisphere and Condition within each participant—with a random factor of sub-
ject nested within Group. The magnitude of suppression (SIS) across all experimental trials
was analyzed with fixed factors of Group and Hemisphere and with a random factor of
subject nested within Group. In order to determine the presence of SIS fall-off from center
to periphery, we analyzed each hemisphere separately, including only the participants who
had shown SIS in that hemisphere (as these were the only participants in which we could
evaluate our hypothesis) across all experimental trials. Therefore, the left-hemisphere test
included n = 11 controls and n = 14 PWA, and the right-hemisphere test included n =
11 controls and n = 13 PWA. These two ANOVAs had fixed factors of Group and Trial
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Type (center, periphery) and a random factor of subject nested within Group. For complete-
ness, this analysis was followed up with an ANOVA including all participants (even those
without SIS), with fixed factors of Group, Hemisphere, and Trial Type and a random factor
of subject nested within Group. For each ANOVA described above, the significance level
was 0.05 and the full model (all main-effect and interaction terms) was specified. The effect
of subject was significant in all models; these random effects were omitted from the results
for brevity.

Associations among variables were computed with Spearman correlation when the rela-
tionship involved one or more bounded variables (e.g., percent of tissue spared in an anatom-
ical ROI). In all other cases, Pearson correlation was used. We assessed whether the control
and aphasia groups differed on measures of variability, centering, hearing thresholds, and
laterality indices by conducting two-tailed, two-sample t tests. All reported p values are
uncorrected.

RESULTS

PWA and Controls Center Their Peripheral Vowels to Reduce Variability

We measured formant variability across all correct productions of “eat,” “Ed,” and “add”
during the MEG experiment (e.g., Figure 2A) and found that, in contrast with prior findings
(Niziolek & Kiran, 2018), PWA did not have greater initial variability than controls, neither
for all trials in the experiment (t(28) = –1.59, p = 0.12) nor for the peripheral subset of trials
(t(28) = –1.11, p = 0.28).

Every participant in the study demonstrated centering of peripheral trials, decreasing their
average deviance over the course of the syllable (e.g., Figure 2B–C). Across participants,
peripheral trials began, on average, 62 mels from the median vowel, a distance which dropped
to 42 mels at mid-utterance. As in Niziolek and Kiran’s (2018) study, we confirmed that the
movement of these peripheral trials over time was greater than would be expected by chance
(main effect of time direction [see Materials and Methods]: F(1,29) = 34.76, p < 0.01). The
magnitude of this centering did not differ between control and aphasia groups (t(28) =
–0.74, p = 0.47;M = 20 mels, SD = 7, range = 8–35). On average, centering reduced the initial
dispersion of peripheral productions by 32% (SD = 9%, range = 14–55%).

In line with prior reports (Niziolek et al., 2013; Niziolek & Kiran, 2018), the magnitude of
centering was positively correlated with the initial variability of peripheral trials (all partici-
pants: r = 0.65, p < 0.001; Figure 2D). In other words, the greater the initial spread of formant
values, the greater the corrective movement. This relationship held in the control and aphasia
groups separately, as well (r = 0.67, p = 0.01 and r = 0.62, p = 0.01, respectively). In
Figure 2D, note that the n = 3 PWA with apraxia of speech fall in the middle of the group
in terms of initial variability but are relatively low in terms of centering behavior.

Latencies of Neural Responses to Speaking and Listening

In order to evaluate the modulatory effect of an efferent prediction on auditory cortex, we first
identified the peak cortical response to self-produced speech in the speak and listen condi-
tions. An M100 evoked response was identified in the left and right hemispheres of each par-
ticipant, both control and PWA. In Figure 3A, the locations of these individual peak responses
(functional ROIs) are shown projected onto template brains showing the mean auditory-
evoked cortical activity for each group and hemisphere, captured at the mean peak latency
for that group and hemisphere in the listen condition. Response latencies were faster overall in
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Figure 2. Formant variability and vowel centering. (A) Formant variability at vowel onset across repeated utterances of the stimulus words
“eat,” “Ed,” and “add” by a representative person with aphasia (PWA) (s09). Green dots indicate center trials (n = 125 closest to the median
vowel) and red circles indicate peripheral trials (n = 125 farthest from the median vowel). (B) Centering of the vowel /i/ in peripheral trials by a
representative PWA (s09). Formants tend to move toward the median F1 and F2 values, here normalized to (0,0), from the first 50 ms (open red
circles) to the middle 50% of the utterance (red arrows), thereby reducing variability. The circle radii represent the mean distance to the median
in these two time windows (dashed: first 50 ms; solid: middle 50%); the difference between the radii is the amount of centering. (C) Schematic of
vowel centering analysis. At left, a spectrogram of a single trial with formants F1 and F2 tracked. At center, these formants are compared with the
median for this speaker and vowel, with the distance between them, measured within an initial and a mid-utterance time window, highlighted
in gold. At right, the distance from the median is plotted in 2D formant space. The median for both time windows is normalized to (0,0). The
open circle and arrowhead indicate formant values in initial and mid-utterance time windows, respectively. Centering is calculated as the
difference between the initial and mid-utterance distances. (D) Correlation between initial variability and centering. Participants with greater
initial variability in peripheral trials made greater within-vowel corrective movements in those trials. The least-squares line is computed across
all participants. Orange diamonds indicate control participants and purple circles indicate PWAs. Error bars represent 95% confidence intervals.
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the right hemisphere (main effect of hemisphere: F(1,28) = 4.91, p = 0.03). By definition, the
M100 should peak close to 100 ms after sound onset in each hemisphere, but there was a
Hemisphere × Subject interaction (F(1,28) = 4.48, p < 0.01), indicating that the effect of hemi-
sphere on M100 latency differed among participants. As Figure 3B shows, this was driven by
substantially longer latencies (above the unity line) in the lesioned left hemispheres of some
PWA. Overall, however, latencies did not significantly differ by group (F(1,28) = 2.67, p =
0.11). The latencies of listen- and speak-evoked responses were not significantly different
(F(1,28) = 0.02, p = 0.90), and there was no hemisphere × condition interaction (F(1,28) =
1.41, p = 0.25).

SIS of M100 Amplitude

Suppression of the M100 peak amplitude in the speak condition relative to the listen condition
was the primary neural metric in this study. SIS was identified to a similar degree in both con-
trol and aphasia groups and in both left and right hemispheres (main effect of condition:
F(1,28) = 15.3, p < 0.01; Figure 4). Overall, amplitudes were lower in PWA (main effect of
group: F(1,28) = 6.77, p = 0.01), but surprisingly, this was not specific to the lesioned hemi-
sphere. The effects of hemisphere and condition on amplitude varied across participants
(F(1,28) = 5.98, p < 0.01 and F(1,28) = 7.5, p < 0.01, respectively).

Figure 3. M100 neural responses identified in space and time in intact and lesioned hemispheres.
(A) Location of functional regions of interest (ROIs) from which M100 source space data were
extracted, projected onto a common cortical-surface template. Each color represents an individual
participant. In intact hemispheres, source locations cluster around canonical auditory cortex in the
superior temporal lobe. (In both control hemispheres, n = 13 ROIs fall in temporal cortex and n = 2
in parietal cortex. In both aphasic hemispheres, n = 10 ROIs fall in temporal cortex and n = 5 in
parietal cortex.) In lesioned hemispheres, apparent dispersion of source locations reflects lesion het-
erogeneity across PWA as well as the unreliability of cortical projections not designed to account for
lesion topology (Piastra et al., 2022). The cortical surface shows the average listen-evoked M100
activity at the mean peak latency for that group and hemisphere. (B) M100 peak latencies by con-
dition and hemisphere. Lines connect the speak (red) and listen (blue) latencies for each participant.
Dark markers indicate the group mean. Data points above the diagonal indicate longer M100 laten-
cies in the left hemisphere, which characterizes some PWA.
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Despite group differences in amplitude, the magnitude of SIS, calculated as the difference
between listen- and speak-evoked peak amplitudes, did not differ by group (F(1,28) = 0.84, p =
0.37; Figure 4) or by hemisphere (F(1,28) = 0.08, p = 0.78), nor was there an interaction
(F(1,28) = 0.19, p = 0.66). The lack of a group effect on SIS was evident even when we
excluded individuals who showed amplitude enhancement (SIS < 0) rather than suppression
in the speak condition (in both hemispheres: n = 2 control; in the left only: n = 2 control, n = 1
PWA; in the right only: n = 2 control, n = 2 PWA): with these exclusions, SIS trended larger but
was not significantly different in control versus aphasia (left hemisphere: F(1,23) = 3.75, p =
0.07; right hemisphere: F(1,22) = 2.47, p = 0.13).

Spared left IFO predicts left SIS

We took advantage of the variation in lesion profiles among PWA to ask whether the sparing of
the left IFO and/or the left STG, representing a putative source and target, respectively, of effer-
ent suppression, was related to ipsilateral SIS. Because the sparing of an anatomical ROI pre-
dictor could be confounded with a smaller lesion overall (and therefore less severe aphasia:
the smaller the lesion, the higher the WAB Aphasia Quotient, r = –0.70, p < 0.01), we addi-
tionally controlled for total lesion volume in these correlations.

Figure 4. Speaking-induced suppression (SIS). (A) Group mean ± standard error of left-hemisphere magnetoencephalography (MEG) activity
in listen (blue) and speak (red) conditions. Owing to the variation in M100 peak latencies across participants, individual traces have been
aligned to acoustic onset (t = 0) and linearly scaled so that the M100 peak falls at t = 100. The full M50-M100-M200 complex is evident in
intact hemispheres, but greatly diminished in the lesioned hemisphere. Note that the M50 may be obscured because of the variation in laten-
cies. Although M100 amplitudes are larger in the control group, the magnitude of SIS does not significantly differ between control and aphasia.
Error bars on the group-mean markers (dark orange, dark purple) represent 95% confidence intervals. (B) As in (A), right hemisphere. At far
right, SIS in each group and hemisphere was evaluated with a one-sample t test: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Results indicated that the percent of IFO spared, ranging in this sample from 14% to
100%, was associated with the magnitude of SIS in the left hemisphere (ρ = 0.60, p =
0.02): the greater the percent spared, the greater the suppression (Figure 5A). We confirmed
the specificity of the IFO–SIS relationship by controlling for total lesion volume; the corre-
lation remained significant (partial ρ = 0.54, p = 0.0486). In contrast, the percent of STG
spared, ranging in this sample from 4% to 94%, was not associated with the magnitude
of left SIS (ρ = 0.17, p = 0.55; when controlling for total lesion volume: partial ρ = –0.10,
p = 0.73).

Spared left IFO predicts vowel centering but not initial variability

We next asked whether the sparing of IFO and/or STG was related to acoustic measures of
motor control, namely, the formant variability measured at vowel onset and the degree to
which peripheral trials were centered.

Results indicated that neither the percent of IFO spared nor the percent of STG spared were
associated with initial variability, neither of peripheral trials nor of all trials (ps > 0.65).

Figure 5. Inferior frontal gyrus pars opercularis (IFO) predicts neural suppression and behavioral correction of vowels; correction is associated
with fewer overt errors. (A) Correlation of percent of IFO spared and magnitude of left-hemisphere speaking-induced suppression (SIS) in
persons with aphasia (PWA). Circular markers containing an “×” indicate PWAwith a comorbid diagnosis of apraxia of speech. (B) Correlation
of percent of IFO spared and magnitude of centering of peripheral trials in PWA. (C) Correlation of centering and number of speech errors
made by PWA. (D) Lesion profiles of representative PWA s08, s13, and s12.
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IFO spared was marginally associated with centering (ρ = 0.51, p = 0.0508): the greater the
percent spared, the greater the centering (Figure 5B). This relationship was significant (partial
ρ = 0.68, p = 0.01) when jointly controlling for total lesion volume and initial peripheral var-
iability, which we had found to predict centering (Figure 2D). In contrast, STG spared was not
associated with centering (ρ = 0.16, p = 0.57).

Vowel Centering (and Spared Left IFO) Predict Speech Accuracy in PWA

Centering has been advanced as an objective acoustic marker of successful feedback process-
ing, preventing deviant productions from veering across a phonetic boundary and being per-
ceived as an error (Niziolek & Kiran, 2018). As such, we explored the relationship between
centering and overt speech errors made by PWA. (The majority of control participants made
either 0 or 1 errors during the MEG task (median = 1, M = 3.73, SD = 8.37), so we did not
analyze speech errors in this group.)

We found that the greater the centering, the fewer the speech errors made during the MEG
speaking task (r = –0.62, p = 0.01; Table 1; Figure 5C). This relationship remained significant
when we did not include omissions (which could stem from attentional lapses or failure to
initiate movement within the recording window) in the count of PWA’s speech errors (r =
–0.57, p = 0.03).

Furthermore, there was a strong trend such that the number of speech errors was inversely
correlated with IFO integrity (ρ = –0.50, p = 0.0572), but not with STG integrity (p = 0.64). This
can be appreciated in Figure 5C, where larger marker sizes indicate more spared left IFO.

Centering was not, however, associated with speech accuracy as measured on standard-
ized assessments of repetition (PAL7, PALPA7, PALPA8, or their average; ps > 0.49). Lesion
profiles (IFO spared, STG spared, total lesion volume) also did not predict these standardized
scores in our aphasia sample (ps > 0.23).

Representative Individual Data

The key findings of this study can be appreciated by considering the profiles of three repre-
sentative participants with aphasia, illustrated in Figure 5D. In the full sample of PWA, lesions
affecting IFO and STG were largely dissociable: The percent spared in each region was not
correlated (ρ = 0.37, p = 0.18). Two participants clearly illustrate the dissociation: s08’s lesion
is relatively inferior, leaving IFO 100% spared and STG 39% spared; in contrast, s12’s lesion is
relatively superior, with IFO 14% spared and STG 89% spared. In another participant, s13, IFO
is 44% spared and STG is 91% spared. The left-hemisphere SIS, centering, and number of
speech errors for each of these three representative participants are labeled in Figure 5A–C,
respectively. For example, s08 has substantial left-hemisphere SIS, a large amount of centering,
and few speech errors in the MEG task.

Left SIS falls off from center to periphery of the vowel distribution

Previous research using the same paradigm in typical speakers identified greater SIS in the
center versus periphery of their formant distributions. This differential SIS was suggested to
reflect neural sensitivity to natural variation in speech, such that peripheral trials showed a
greater release from suppression—an effect that was specific to the left hemisphere (Niziolek
et al., 2013). In our planned analyses, we intended to replicate and extend this finding by
comparing SIS between center (n = 125) and peripheral (n = 125) trials in intact and lesioned
hemispheres. However, we were limited by signal quality and in many participants could not
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reliably identify the M100 peak among low-level noise in the average waveforms for center
and peripheral trial subsets. Instead, we took a median split and compared the magnitude of
SIS in the center half of trials to that in the peripheral half, focusing on participants who, over-
all, showed suppression rather than enhancement in each hemisphere, and therefore in whom
we could evaluate our hypothesis of differential SIS (left: n = 25 of 30; right: n = 24 of 30).

In the left hemisphere, there was significant SIS fall-off from the center half to the peripheral
half (main effect of Trial Type: F(1,23) = 5.35, p = 0.03; SIS-center M = 5.70, SD = 7.25;
SIS-peripheral M = 3.28, SD = 5.09). There was no interaction with nor main effect of
Group (ps > 0.13), indicating that comparable left-hemisphere modulation by prototypi-
cality was observed in both control and aphasia (Figure 6). In contrast, the corresponding anal-
ysis in the right hemisphere found no such modulation of SIS (F(1,22) = 0.48, p = 0.49). This
relationship was dependent on the participants having SIS: that is, across all 30 participants,
including those with enhancement rather than suppression in one or both hemispheres, an
ANOVA testing SIS (with factors of Group, Hemisphere, Trial Type, and Subject) revealed only
a Hemisphere × Subject interaction (F(1,28) = 1.95, p = 0.04), no effect of Group (F(1,28) =
2.53, p = 0.36), no effect of Hemisphere (F(1,28) = 0.05, p = 0.86), and no significant effect of
Trial Type (F(1,28) = 0.33, p = 0.63).

Although there was no group difference in the magnitude of SIS fall-off, we investigated
whether, in the full aphasia group, it was related to lesion profiles. However, neither IFO
spared nor STG spared were significantly associated with the magnitude of SIS fall-off, neither
in the left (preserved) nor the right (potentially reorganized) hemisphere (ps > 0.28).

Our final planned analysis concerned the hypothesized link between reduced SIS in periph-
eral trials, indicating detection of deviant acoustics via prediction error, and centering, a cor-
rective action. Niziolek and colleagues (2013) found that, in healthy speakers, the smaller a
participant’s left SIS in peripheral trials, the greater their centering behavior, suggesting that the
activity in sensory regions drives the corrective action. However, this relationship was not rep-
licated in our full control sample (r = 0.19, p = 0.50). Across all PWA, centering was not related
to peripheral SIS in either left (r = 0.40, p = 0.14) or right (r = 0.02, p = 0.94) hemispheres.

Figure 6. SIS is modulated by vowel typicality. Across all participants who showed suppression
rather than enhancement, SIS measured in the center half of trials was greater than SIS measured
in the peripheral half of trials. Error bars represent 95% confidence intervals for each group mean.
* p < 0.05.
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Unexplained variation in listen-evoked amplitudes

In this study, there was notably large variation in M100 amplitudes, even though they were
measured as z scores with respect to participant-specific baseline (intertrial) intervals, when
little cognitive, perceptual, or motor activity was expected. Listen-evoked peak amplitudes
ranged from 1.82 to 45.06, with the median across groups and hemispheres falling at 7.80
(M = 11.61, SD = 10.81). As the listen-evoked M100 was the reference from which SIS was
measured, we attempted to account for this variation. We considered the possibility that it
could be explained by individuals’ numbers of usable MEG trials (where more trials should
yield a stronger neural signal) and/or hearing thresholds (where lower thresholds at speech-
related frequencies, i.e., the PTA) should yield a stronger neural signal, especially given the
possibility of age-related hearing loss in our participants [M age = 56 years]). However, across
all participants, the number of usable trials was not related to left or right amplitudes (ps >
0.64). Moreover, across all participants, PTAs in left and right ears were not related to peak
amplitudes, neither ipsilateral nor contralateral (ps > 0.07).

Although PTAs did not differ between the control and aphasia groups in either ear (ps >
0.2206; Figure S1), we paid special attention to the right-ear PTA in the aphasia group, con-
tralateral to the lesioned hemisphere, asking whether low auditory-evoked responses here
could be attributed to peripheral hearing loss and/or cortical damage. We found that the higher
the PTA, the lower the listen-evoked amplitude (without the outlier who had profound hearing
loss in that ear: r = –0.74, p < 0.01; with all n = 15: r = –0.18, p = 0.52), suggesting that
peripheral hearing loss could be contributing to attenuated responses in PWA. The sparing
of canonical left auditory cortex (Heschl’s gyrus and STG) was not related to the right-ear
PTA (ps > 0.60), so the measured thresholds likely reflected the integrity of the peripheral audi-
tory system in these PWA. In fact, these auditory-cortex lesion profiles did not even predict the
listen-evoked M100 amplitudes supposedly generated there (ps > 0.38).

Laterality of Neural Responses in PWA Compared to Controls

Although it was not the primary aim of our study, we took the opportunity to compute the
lateralization of neural responses in the aphasia group and compare it to that obtained in
an age-matched control sample. While we cannot infer a causal effect of left-hemisphere
stroke on laterality given only a single, post-stroke time point, these data offer a snapshot of
normative and patient populations. We explored whether lesion profiles were associated with
the lateralization of responses, for example, spared tissue supporting typical lateralization or
lesioned tissue driving atypical lateralization.

Latency

We found that listen-evoked M100 latencies did not differ by hemisphere in controls (t(14) =
–0.87, p = 0.40), but they did in PWA (t(14) = 2.36, p = 0.03); relatedly, the latency laterality
index, indicating a participant’s (im)balance between the hemispheres, significantly differed
between the groups (t(28) = 2.60, p = 0.01), with longer latencies measured in the left hemi-
spheres of PWA (Figure S2). In PWA, the latency laterality index was associated with IFO
spared (ρ = 0.66, p = 0.01) and total lesion volume (ρ = –0.72, p < 0.01), but not with STG
spared or Heschl’s gyrus spared (ps > 0.20). Consistent with disruption of left-hemisphere affer-
ent pathways, more IFO spared was associated with a skew toward longer right-hemisphere
latencies, and a greater total lesion volume was associated with a skew toward longer left-
hemisphere latencies.
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Amplitude

We found that listen-evoked M100 amplitudes did not differ by hemisphere, neither in controls
(t(14) = –0.79, p = 0.44) nor in PWA (t(14) = –1.22, p = 0.24); relatedly, the amplitude laterality
index did not differ between the groups (t(28) = –0.60, p = 0.55; Figure S2). Perhaps surpris-
ingly, the amplitude laterality index in PWA was not associated with any lesion profile (IFO
spared, STG spared, Heschl spared, total lesion volume; ps > 0.12), so it was not the case that
(right-)lateralization of evoked amplitudes was explained by left-hemisphere damage.

SIS

We found that SIS magnitude did not differ by hemisphere, neither in all controls (t(14) =
–0.52, p = 0.61) nor in all PWA (t(14) = 0.11, p = 0.92). The SIS laterality index did not differ
between the groups (t(26) = –0.32, p = 0.75; Figure S2), and thus there was no evidence that
left-hemisphere stroke had altered how SIS manifested by hemisphere. The SIS laterality index
(favoring the left hemisphere) was associated with IFO spared (ρ = –0.55, p = 0.03) but not
with the other lesion profiles (ps > 0.25).

Finally, for completeness, we noted that there were no significant correlations between any
of the left-hemisphere lesion profiles (IFO spared, STG spared, Heschl spared, total lesion
volume) and any of the right-hemisphere neural measures (latency, amplitude, SIS, SIS fall-
off ) (ps > 0.17) that could be related to functional reorganization after stroke.

DISCUSSION

Summary of Results

Suppression of the auditory-evoked neural response to one’s own speech is a hallmark of feed-
back processing. In participants with chronic aphasia and matched controls, we found that SIS
was, at the group level, robust to damage to the left hemisphere. Moreover, despite overall low
neural signal in the aphasia group, which we could not fully explain in terms of data quantity,
hearing ability, or even lesioned tissue, we found that the magnitude of suppression in the left
hemisphere was modulated by the acoustic typicality of the utterance, with less suppression
measured in trials at the periphery of speakers’ vowel-formant distributions. This finding is
consistent with a framework in which the efferent prediction reflects the sensory goal—the
prototypical vowel—such that an atypical production generates a prediction error that is
reflected in reduced suppression.

Within the aphasia group, we found that the left IFO was an important part of the feedback-
processing circuit. PWA with more spared tissue in this region had greater neural suppression
and greater within-syllable behavioral correction of atypical formants (vowel centering). Spar-
ing of the left STG, conversely, was not related to either of these metrics. In turn, PWA who
made greater corrective movements had fewer overt speech errors. These findings suggest that
IFO is a source of the efferent signal and that its predictions underlie successful, feedback-
based corrections of ongoing speech.

IFO Participates in SIS

The suppression of auditory reafference by frontal motor planning regions is consistent with a
vast animal literature on corollary discharge (Crapse & Sommer, 2008). In particular, a direct
motor-auditory connection is a structural feature of mammalian brains (Budinger & Scheich,
2009; Frey et al., 2008; Nelson et al., 2013; Reep et al., 1987), and, in the mouse, it is the
secondary motor neurons that drive the suppression of auditory cortex before and during
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movement (Schneider et al., 2014). Human studies confirm that the source of the suppressive
signal is upstream of primary motor cortex (Haggard & Whitford, 2004; Voss et al., 2006), thus
linking the efferent signal to the motor plan rather than to the muscle command itself. Corre-
spondingly, the putative plan-related signal precedes action onset in time: Source-localized
EEG has revealed a correlate of the efference copy such that that activity in both left and right
inferior frontal gyrus in the 300 ms prior to speaking is associated with suppression of the N1
response subsequently evoked in STG (Wang et al., 2014).

The ubiquitous phenomenon of motor-induced suppression has both general and plan-
specific components. In the auditory system, general components attenuate response magni-
tudes within the central nervous system as well as at the auditory periphery, as early as the
tympanic membrane (Carmel & Starr, 1963). Studies across mammalian species have reported
auditory suppression related to general preparation and/or engagement (Li et al., 2020; Otazu
et al., 2009; Zheng et al., 2022), and therefore, the SIS measured in our study likely encom-
passes a nonspecific suppressive phenomenon independent of forward prediction of linguistic
content. However, an additional line of evidence suggests that another component of SIS is
specific to the intended speech sound, above and beyond general attenuation during move-
ment, and instantiates a prediction of specific acoustic consequences (Houde et al., 2002;
Rummell et al., 2016; Schneider et al., 2018). First, the fact that some neurons shift their tuning
in order to monitor for deviations from expected feedback (Eliades & Wang, 2008) indicates
that the vocal content, not merely the act of vocalizing, is represented neurally. Second, sup-
pression is reduced if feedback is artificially altered to create a mismatch between predicted
and actual sensation (Behroozmand & Larson, 2011; Chang et al., 2013; Heinks-Maldonado
et al., 2006; Whitford et al., 2017). We found that PWAwith more spared tissue in IFO showed
greater SIS, suggesting that regions involved in motor planning are critically involved in
sending predictions of the sensory consequences of those plans and that this operation can
be disrupted by left-hemisphere stroke.

We extend this framework—in which the specific prediction derives from the motor
plan—to one in which the specific prediction is the speaker’s acoustic prototype for that
speech sound. In this view, speakers’ peripheral productions are likened to errors and conse-
quently show smaller suppression. We observed this effect across controls and PWA, and in
the left but not the right hemisphere, replicating the pattern identified by Niziolek and col-
leagues (2013) and Tang and colleagues (2023) in younger typical speakers. This phenomenon
of differential SIS therefore makes a strong case that the efferent prediction is specific, suitable
for comparison with sensory reafference in auditory cortex as part of the detection–correction
circuit.

It is notable that we did not find a relationship between the magnitude of SIS and the spar-
ing of STG, given that the M100—the auditory-evoked field component by which we define
SIS—is typically localized to this region in both hemispheres (Gage et al., 1998). One likely
explanation is that the STG is heterogeneous, with only a subset of sites exhibiting SIS (Chang
et al., 2013; Flinker et al., 2010); a lesion in part of the gyrus does not necessarily damage the
specific neural populations that are suppressed during speaking.

IFO Participates in Vowel Centering

We found that PWAwith more spared tissue in IFO showed greater vowel centering, bringing
vowel formants from the periphery of the speaker-specific distribution toward the median,
thereby reducing variability. This relationship held even when controlling for the amount of
initial formant variability across their productions. In fact, our findings suggest that damage to
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IFO impairs the online control of speech variability without substantially increasing feedfor-
ward variability itself.

A relationship between IFO and corrective action is consistent with prominent models of
speech production that include a cortical mechanism for incorporating feedback into online
control. In the state feedback control model, this takes the form of processing state estimate
corrections after sensory error in frontal premotor areas (Houde & Nagarajan, 2011). In the
DIVA model, the feedback control map, also localized to premotor planning regions, trans-
forms error into updated articulatory trajectories (Tourville & Guenther, 2011). These models
are informed by neuroimaging results in which, for example, activity in superior temporal and
inferior frontal areas during formant perturbations correlates with participants’ compensatory
actions (Niziolek & Guenther, 2013). However, as noted above, the sparing of specific neural
populations that encode auditory error (Chang et al., 2013) may help to explain why damage
to STG was not associated with the magnitude of centering in our aphasia sample.

In the non-speaking mouse, homologous higher-order motor regions are recognized for
their causal role in the flexible updating of motor plans subsequent to sensory feedback
(Barthas & Kwan, 2017; Gremel & Costa, 2013). Causal evidence in humans is rare, but a
recent study identified greater behavioral compensation and enhanced neural responses to
artificially-altered pitch feedback as an after-effect of transcranial alternating current stimula-
tion over the left inferior frontal gyrus (Li et al., 2023). Together, these lines of evidence suggest
that the motor-planning regions that create the efferent prediction are integral to performing
the correction when that prediction is violated.

It is important to note that several studies implicate ventral precentral gyrus more strongly
than its rostral neighbor IFO in driving suppression and causing compensatory movements
during speech. Specifically, connectivity analyses of human electrocorticography (ECoG) iden-
tified the ventral precentral gyrus as a source of the corollary-discharge signal, peaking prior to
articulation and targeting STG (Khalilian-Gourtani et al., 2022). In that study, activity in inferior
frontal gyrus preceded activity in precentral gyrus, but the stronger correlate of a motor-to-
auditory discharge arose from precentral gyrus. In another ECoG study, compensation for
vocal pitch perturbation was correlated with the activity of electrodes in posterior STG as well
as ventral precentral gyrus, suggesting that corrective movements have premotor origins
(Chang et al., 2013). In that study, most electrodes in IFO did not show enhanced activity
in response to speech perturbation. However, IFO rather than precentral gyrus was our a priori
frontal ROI in the present study not only because of its role in speech motor planning (Long
et al., 2016; Mugler et al., 2018; Papoutsi et al., 2009; Rong et al., 2018), but also because of
its anatomical specificity. In the aphasia-standard AAL parcellation used for calculating the
percent spared of ROIs, precentral gyrus contains primary motor as well as premotor cortex
and is therefore not suitable for interrogating specific contributions of motor planning regions
to the detection–correction circuit. Given the reciprocal functional connections among frontal
motor- and speech-related areas (Greenlee et al., 2004), we expect that IFO and ventral pre-
central gyrus both participate in updating speech trajectories during online control.

Finally, it is also worth underscoring that at the group level, PWA—a majority of whom had
damage to left IFO—exhibited a significant degree of vowel centering, comparable to that of
controls. One potential explanation for this result is that right-hemisphere premotor regions,
which were fully spared in our sample of PWA, also support corrective behavior. Whereas
speech motor programs tend to be left-lateralized (Ghosh et al., 2008) and error detection
tends to be bilateral (Tourville et al., 2019), there is evidence that compensation for altered
feedback is related to premotor activity in the right hemisphere, especially that which is driven
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by right posterior temporal cortex (Floegel et al., 2020; Liu et al., 2023; Tourville et al., 2008;
Toyomura et al., 2007). Findings such as these ultimately led the developers of the DIVA model
to place the feedback control map in the right hemisphere (Tourville & Guenther, 2011). Our
study was designed to examine the left-hemisphere circuit because of the aphasic population
we were working with, but future studies could evaluate whether right-hemisphere stroke is
associated with greater impairment in the online control of speech, as the DIVA model might
predict.

Vowel Centering Relates to Speech Accuracy

Vowel centering is one of a number of ways to measure speech motor control. This analysis
quantifies speakers’ responses to their own natural variability and treats peripheral productions
as error-like. We found that, in PWA, greater centering was associated with fewer overt speech
errors, suggesting that it has functional consequences for successful production. Centering
potentially prevents acoustic deviations from becoming full-blown speech errors, crossing a
perceptual boundary and being perceived by listeners as a vowel misselection. This is the first
demonstration of a relationship between centering, a subclinical variable, and speech accu-
racy, a highly salient variable. We therefore propose that centering may be a manifestation of
successful feedback processing in natural speech.

Another way to assay feedback processing is to manipulate auditory feedback in real time
as it is played back to the speaker. Behroozmand and colleagues (2018) found that PWA
respond to external alterations of vowel pitch as controls do—by altering their true pitch to
oppose the shift—but to a lesser degree. Diminished compensation was predicted by damage
to left superior temporal, middle temporal, inferior frontal, and supramarginal gyri. The inferior
frontal gyrus was implicated in the time window of the steepest slope of compensation, which
the authors linked to the greatest need for corrective motor precision. Thus, left inferior frontal
cortex has now been linked to corrective responses to both artificial pitch perturbations and
naturally occuring peripheral vowels.

Like compensation for altered auditory feedback, centering theoretically relies upon the
inverse model—the sensory-to-motor transformation that establishes how to move the artic-
ulators to produce the desired correction. However, there is an important distinction between
the two metrics. (Indeed, in typical speakers, compensation and centering have not been
shown to correlate; Niziolek & Parrell, 2021.) Altered auditory feedback paradigms (e.g.,
Houde & Jordan, 1998; Purcell & Munhall, 2006) manipulate auditory but not somatosensory
feedback, such that speakers encounter a conflict between the two sensory modalities as well
as the intended auditory prediction error. The centering analysis in the present study is used
to characterize natural speech in which speakers receive veridical feedback, both auditory
and somatosensory. A typical speaker might prefer to rely on one or the other (Lametti et al.,
2012); a PWA might be limited by their surviving neural architecture. Whereas altered
auditory feedback is very likely to drive an STG-dependent auditory error response, natural
variability could be detected and corrected by means of somatosensory error. This may be
one reason we did not observe a relationship between STG integrity and centering in natural
speech.

Speech repetition tasks have also been used to tap the inverse model in aphasia. The ability
to perceive and repeat a word, particularly a pseudoword, has been associated with larger
compensation for altered feedback (Sangtian et al., 2021). We did not find a correlation
between centering and standardized measures of speech repetition, which may reflect low
power in our study. On the other hand, because the magnitude of centering did not differ
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between control and aphasia groups, it is reasonable that there would be no relationship
between centering and aphasia-specific clinical assessments.

Apraxia of Speech

We paid special attention to the n = 3 PWAwho had a diagnosis of apraxia of speech comor-
bid with aphasia because apraxia is, specifically, a motor speech disorder. Generalizability
here is limited, but these individuals did not seem to drive or disrupt the relationships we
found in the larger aphasia group in terms of neural suppression, motor control, or speech
accuracy. Since this population tends to have lesions in left inferior frontal gyrus (Ballard et al.,
2014), we might predict low neural suppression and low centering due to IFO damage. Empir-
ical findings regarding feedforward and feedback control systems in apraxia of speech are, to
date, relatively limited and somewhat inconclusive (Ballard et al., 2018; Maas et al., 2015). Yet
it is commonly said that persons with apraxia “know what they want to say and how it should
sound” (Ziegler, 2008, p. 276), leading them to make multiple attempts to produce intended
words. This behavioral profile hints at preserved feedback-monitoring capabilities in the face
of impaired motor programming. Such a dissociation—an ability to detect error but not to cor-
rect it—was not observed in the current small-scale study of a diverse aphasic population but
is theoretically possible. It also underscores the important distinction between speech errors
consciously perceived—or not perceived—by the affected individual (e.g., semantic errors,
phonemic paraphasias) and subphonemic “errors” in vowel pronunciation that are corrected,
preconsciously, by speech motor circuitry—the focus of the present study. As proposed by
Niziolek and Kiran (2018), centering analysis may complement other techniques used by
speech-language pathologists to evaluate disordered speech because it reveals ongoing,
feedback-guided correction that is below the perceptual threshold.

Neural response profiles do not easily distinguish control and aphasic populations

Although PWA had lower auditory-evoked response magnitudes than controls, these low
amplitudes were not confined to the damaged hemisphere, nor did they result in significantly
smaller average magnitudes of suppression when comparing speak and listen conditions. This
underscores a general pattern of nonsignificant differences at the group level, with greater var-
iability within than across groups, and within than across hemispheres in the aphasia group.
For example, we expected that listen-evoked responses would be delayed and weaker in the
left versus the right hemispheres of PWA; however, while left-hemisphere responses were
slower, they were not smaller in amplitude. This bilateral pattern of responsiveness ultimately
made the PWA look much like controls, whose latencies, amplitudes, and SIS magnitudes, at
the group level, did not differ by hemisphere (Figure S2). This contrasts with previous reports,
in younger, typical speakers, of greater SIS in the left versus the right hemisphere (Curio et al.,
2000; Houde et al., 2002; Niziolek et al., 2013). This heterogeneity in typical lateralization
precludes attributing any lateralization observed in PWA to their stroke and/or recovery. For
example, that the sparing of IFO predicted SIS laterality was interesting, but less so in light of
having found no group difference in SIS laterality. All in all, there was very limited evidence for
lesion effects on lateralization or right-hemisphere plasticity in these data.

Relatedly, lesioned tissue did not straightforwardly explain certain basic auditory response
profiles in PWA. For example, the integrity of left STG and left Heschl’s gyrus did not predict
hearing thresholds, confirming that tone detection survives substantial damage to these regions
(Masterton & Berkley, 1974; see Table 1). However, the sparing of auditory cortex also showed
no relationship with evoked amplitudes. While low neural signal in PWAwas potentially par-
tially explained by peripheral hearing loss, this relationship was less compelling in light of the
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fact that their hearing did not differ from controls’ (Figure S1). This unanticipated result could
be addressed in future work providing a more comprehensive picture of surviving neural archi-
tecture in auditory cortex. Specifically, it would be desirable to have measures of sensory and
perceptual acuity as a function of spared STG (e.g., Robson et al., 2012; Robson et al., 2013),
as impairments in these domains could limit the resolution of the comparison between the
efferent prediction and sensory reafference. In addition, tractography (e.g., Breier et al., 2008),
functional connectivity (e.g., Schofield et al., 2012), and a finer anatomical parcellation of STG
(e.g., the planum temporale; Hickok et al., 2009) would all help to elucidate the components
of the cortical feedback circuit for speech in individuals with and without brain damage.

Caveats

The significant structure–function predictive relationships within the aphasia group (IFO–SIS
and IFO–centering) are tempered by the fact that although PWA, as a group, had strictly less
tissue in IFO, they did not show statistically less SIS or centering than controls. Thus, one could
argue that the speech error detection–correction circuit is not necessarily impaired after
left-hemisphere stroke—at least for the simple monosyllables used in the current study. Even
with these simple stimuli, dysfunction relative to age-matched peers was evident in the num-
ber of errors made during a simple word-production task, but not in our subclinical acoustic
measures of speech motor control (initial formant variability, a proxy for feedforward control,
and centering, a proxy for feedback control), underscoring that profiles such as high speech
variability and low online correction ability are not indicative of an aphasia diagnosis.

On the other hand, the lack of group difference in the magnitude of SIS, and the relationship
between spared IFO and SIS, is complicated by the unexpected presence of speaking-induced
enhancement in our data (i.e., SIS < 0 in Figure 4). Despite overwhelming evidence across
species for neural suppression during self-vocalization (Creutzfeldt et al., 1989; Eliades &
Wang, 2003; Müller-Preuss & Ploog, 1981; Suga & Shimozawa, 1974), a subset of participants
in our study, both controls and PWA, demonstrated larger M100 amplitudes during speaking
relative to listening. (While we expected to find SIS in all controls and did not, all PWA did
show SIS in one or both hemispheres.) With only a single MEG session per participant, it is
unclear whether being an enhancer versus a suppresser is a stable individual trait. Speaking-
induced enhancement could potentially be attributed to individuals’ having particular cortical
topography and/or a particular position in the MEG helmet that led to the recording of neural
populations that are excited rather than suppressed by the act of vocalizing (Eliades & Wang,
2008). As MEG has limited spatial resolution in this regard, this is fully speculative. It is also
possible that enhancement was the result of a particular cognitive or attentional state during
speaking, as the M100 is obligatory but its amplitude does increase with attention (Woldorff
et al., 1993). At present, it is unclear whether amplitude enhancement is functionally relevant
for speaking.

CONCLUSIONS

We interrogated sensorimotor function in aphasia, focusing on efferent predictions of the
sound of one’s own speech and the detection and correction of natural variability in vowel
production. Post-stroke sparing of pars opercularis of the left inferior frontal gyrus was associ-
ated with greater speaking-induced neural suppression (an indicator of efferent prediction
delivery), greater vowel centering (an indicator of feedback-guided correction), and fewer
speech errors. These findings highlight the importance of pars opercularis, in speaking
humans, to the efferent prediction circuit that has, to date, largely been studied in non-
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speaking animals. Rather than initiating them, pars opercularis appears to underlie the updat-
ing of motor plans for speech; our findings suggest that it creates the efferent prediction and
also performs the correction when the prediction is violated.

ACKNOWLEDGMENTS

We thank the staff of the Athinoula A. Martinos Imaging Center at the McGovern Institute for
Brain Research (Massachusetts Institute of Technology) for technical support. We thank Isaac
Falconer for assistance with the lesion analysis pipeline. Dr. Tang's work for this paper was
conducted while the author was at the Waisman Center.

FUNDING INFORMATION

Caroline A. Niziolek, National Institute on Deafness and Other Communication Disorders
(https://dx.doi.org/10.13039/100000055), Award ID: K99/R00DC014520.

AUTHOR CONTRIBUTIONS

Sara D. Beach: Formal analysis: Lead; Investigation: Equal; Methodology: Lead; Software:
Equal; Visualization: Equal; Writing – original draft: Lead; Writing – review & editing: Equal.
Ding-lan Tang: Methodology: Supporting; Writing – review & editing: Equal. Swathi Kiran:
Conceptualization: Supporting; Resources: Equal; Supervision: Equal; Writing – review &
editing: Equal. Caroline A. Niziolek: Conceptualization: Lead; Funding acquisition: Lead;
Investigation: Equal; Project administration: Lead; Resources: Equal; Software: Equal; Supervi-
sion: Equal; Visualization: Equal; Writing – review & editing: Equal.

DATA AND CODE AVAILABILITY STATEMENT

The data and code supporting this study are openly available at https://osf.io/hjwsx/.

REFERENCES

Abur, D., Subaciute, A., Kapsner-Smith, M., Segina, R. K., Tracy,
L. F., Noordzij, J. P., & Stepp, C. E. (2021). Impaired auditory
discrimination and auditory-motor integration in hyperfunctional
voice disorders. Scientific Reports, 11(1), Article 13123. https://
doi.org/10.1038/s41598-021-92250-8, PubMed: 34162907

Ballard, K. J., Halaki, M., Sowman, P., Kha, A., Daliri, A., Robin,
D. A., Tourville, J. A., & Guenther, F. H. (2018). An investigation
of compensation and adaptation to auditory perturbations in
individuals with acquired apraxia of speech. Frontiers in Human
Neuroscience, 12, Article 510. https://doi.org/10.3389/fnhum
.2018.00510, PubMed: 30618687

Ballard, K. J., Tourville, J. A., & Robin, D. A. (2014). Behavioral,
computational, and neuroimaging studies of acquired apraxia
of speech. Frontiers in Human Neuroscience, 8, Article 892.
https://doi.org/10.3389/fnhum.2014.00892, PubMed: 25404911

Barthas, F., & Kwan, A. C. (2017). Secondary motor cortex: Where
“sensory” meets “motor” in the rodent frontal cortex. Trends in
Neurosciences, 40(3), 181–193. https://doi.org/10.1016/j.tins
.2016.11.006, PubMed: 28012708

Behroozmand, R., Bonilha, L., Rorden, C., Hickok, G., &
Fridriksson, J. (2022). Neural correlates of impaired vocal feed-
back control in post-stroke aphasia. NeuroImage, 250, Article
118938. https://doi.org/10.1016/j.neuroimage.2022.118938,
PubMed: 35092839

Behroozmand, R., & Larson, C. R. (2011). Error-dependent modu-
lation of speech-induced auditory suppression for pitch-shifted
voice feedback. BMC Neuroscience, 12, Article 54. https://doi
.org/10.1186/1471-2202-12-54, PubMed: 21645406

Behroozmand, R., Phillip, L., Johari, K., Bonilha, L., Rorden, C.,
Hickok, G., & Fridriksson, J. (2018). Sensorimotor impairment
of speech auditory feedback processing in aphasia. NeuroImage,
165, 102–111. https://doi.org/10.1016/j.neuroimage.2017.10
.014, PubMed: 29024793

Bhaya-Grossman, I., & Chang, E. F. (2022). Speech computations of
the human superior temporal gyrus. Annual Review of Psychol-
ogy, 73, 79–102. https://doi.org/10.1146/annurev-psych-022321
-035256, PubMed: 34672685

Billot, A., Lai, S., Varkanitsa, M., Braun, E. J., Rapp, B., Parrish, T. B.,
Higgins, J., Kurani, A. S., Caplan, D., Thompson, C. K., Ishwar, P.,
Betke, M., & Kiran, S. (2022). Multimodal neural and behavioral
data predict response to rehabilitation in chronic poststroke
aphasia. Stroke, 53(5), 1606–1614. https://doi.org/10.1161
/STROKEAHA.121.036749, PubMed: 35078348

Blank, S. C., Scott, S. K., Murphy, K., Warburton, E., & Wise, R. J. (2002).
Speech production: Wernicke, Broca and beyond. Brain, 125(8),
1829–1838. https://doi.org/10.1093/brain/awf191, PubMed: 12135973

Boersma, P., & Weenink, D. (2019). Praat: Doing phonetics by com-
puter. https://www.praat.org

Neurobiology of Language 479

Pars opercularis underlies feedback control of speech

https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://dx.doi.org/10.13039/100000055
https://osf.io/hjwsx/
https://osf.io/hjwsx/
https://osf.io/hjwsx/
https://osf.io/hjwsx/
https://osf.io/hjwsx/
https://osf.io/hjwsx/
https://osf.io/hjwsx/
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://doi.org/10.1038/s41598-021-92250-8
https://pubmed.ncbi.nlm.nih.gov/34162907
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://doi.org/10.3389/fnhum.2018.00510
https://pubmed.ncbi.nlm.nih.gov/30618687
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://doi.org/10.3389/fnhum.2014.00892
https://pubmed.ncbi.nlm.nih.gov/25404911
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://doi.org/10.1016/j.tins.2016.11.006
https://pubmed.ncbi.nlm.nih.gov/28012708
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://doi.org/10.1016/j.neuroimage.2022.118938
https://pubmed.ncbi.nlm.nih.gov/35092839
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://doi.org/10.1186/1471-2202-12-54
https://pubmed.ncbi.nlm.nih.gov/21645406
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://doi.org/10.1016/j.neuroimage.2017.10.014
https://pubmed.ncbi.nlm.nih.gov/29024793
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://doi.org/10.1146/annurev-psych-022321-035256
https://pubmed.ncbi.nlm.nih.gov/34672685
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://doi.org/10.1161/STROKEAHA.121.036749
https://pubmed.ncbi.nlm.nih.gov/35078348
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://doi.org/10.1093/brain/awf191
https://pubmed.ncbi.nlm.nih.gov/12135973
http://www.praat.org
http://www.praat.org
http://www.praat.org
http://www.praat.org
http://www.praat.org


Bradshaw, A. R., Lametti, D. R., & McGettigan, C. (2021). The role
of sensory feedback in developmental stuttering: A review. Neu-
robiology of Language, 2(2), 308–334. https://doi.org/10.1162
/nol_a_00036, PubMed: 37216145

Breier, J. I., Hasan, K. M., Zhang, W., Men, D., & Papanicolaou,
A. C. (2008). Language dysfunction after stroke and damage to
white matter tracts evaluated using diffusion tensor imaging.
American Journal of Neuroradiology, 29(3), 483–487. https://
doi.org/10.3174/ajnr.A0846, PubMed: 18039757

Brett, M., Anton, J. L., Valabregue, R., & Poline, J. B. (2002). Region
of interest analysis using the MarsBar toolbox for SPM 99. Neuro-
Image, 16(2), S497.

Buckingham, H. W., & Yule, G. (1987). Phonemic false evaluation:
Theoretical and clinical aspects. Clinical Linguistics & Phonetics,
1(2), 113–125. https://doi.org/10.3109/02699208708985007

Budinger, E., & Scheich, H. (2009). Anatomical connections suit-
able for the direct processing of neuronal information of different
modalities via the rodent primary auditory cortex. Hearing
Research, 258(1–2), 16–27. https://doi.org/10.1016/j.heares
.2009.04.021, PubMed: 19446016

Cai, S., Beal, D. S., Ghosh, S. S., Tiede, M. K., Guenther, F. H., &
Perkell, J. S. (2012). Weak responses to auditory feedback pertur-
bation during articulation in persons who stutter: Evidence for
abnormal auditory-motor transformation. PLOS ONE, 7(7),
Article e41830. https://doi.org/10.1371/journal.pone.0041830,
PubMed: 22911857

Carmel, P. W., & Starr, A. (1963). Acoustic and nonacoustic factors
modifying middle-ear muscle activity in waking cats. Journal of
Neurophysiology, 26(4), 598–616. https://doi.org/10.1152/jn
.1963.26.4.598, PubMed: 14018722

Caudrelier, T., & Rochet-Capellan, A. (2019). Changes in speech
production in response to formant perturbations: An overview
of two decades of research. In S. Fuchs, J. Cleland, & A.
Rochet-Capellan (Eds.), Speech production and perception:
Learning and memory (pp. 15–75). Peter Lang.

Chang, E. F., Niziolek, C. A., Knight, R. T., Nagarajan, S. S., &
Houde, J. F. (2013). Human cortical sensorimotor network under-
lying feedback control of vocal pitch. Proceedings of the
National Academy of Sciences, 110(7), 2653–2658. https://doi
.org/10.1073/pnas.1216827110, PubMed: 23345447

Crapse, T. B., & Sommer, M. A. (2008). Corollary discharge circuits
in the primate brain. Current Opinion in Neurobiology, 18(6),
552–557. https://doi.org/10.1016/j.conb.2008.09.017, PubMed:
18848626

Creutzfeldt, O., Ojemann, G., & Lettich, E. (1989). Neuronal activ-
ity in the human lateral temporal lobe: II. Responses to the sub-
jects own voice. Experimental Brain Research, 77, 476–489.
https://doi.org/10.1007/BF00249601, PubMed: 2806442

Curio, G., Neuloh, G., Numminen, J., Jousmäki, V., & Hari, R.
(2000). Speaking modifies voice-evoked activity in the human
auditory cortex. Human Brain Mapping, 9(4), 183–191. https://
doi.org/10.1002/(SICI )1097-0193(200004)9:4<183::AID
-HBM1>3.0.CO;2-Z, PubMed: 10770228

Daliri, A., & Max, L. (2015). Modulation of auditory processing dur-
ing speech movement planning is limited in adults who stutter.
Brain and Language, 143, 59–68. https://doi.org/10.1016/j
.bandl.2015.03.002, PubMed: 25796060

Eliades, S. J., & Wang, X. (2003). Sensory-motor interaction in the
primate auditory cortex during self-initiated vocalizations. Jour-
nal of Neurophysiology, 89(4), 2194–2207. https://doi.org/10
.1152/jn.00627.2002, PubMed: 12612021

Eliades, S. J., & Wang, X. (2008). Neural substrates of vocalization
feedback monitoring in primate auditory cortex. Nature,

453(7198), 1102–1106. https://doi.org/10.1038/nature06910,
PubMed: 18454135

Eliades, S. J., & Wang, X. (2019). Corollary discharge mechanisms
during vocal production in marmoset monkeys. Biological
Psychiatry: Cognitive Neuroscience and Neuroimaging, 4(9),
805–812. https://doi.org/10.1016/j.bpsc.2019.06.008, PubMed:
31420219

Fischl, B. (2012). FreeSurfer. NeuroImage, 62(2), 774–781. https://
doi.org/10.1016/j .neuroimage.2012.01.021, PubMed:
22248573

Flinker, A., Chang, E. F., Kirsch, H. E., Barbaro, N. M., Crone, N. E.,
& Knight, R. T. (2010). Single-trial speech suppression of auditory
cortex activity in humans. Journal of Neuroscience, 30(49),
16643–16650. https://doi.org/10.1523/ JNEUROSCI.1809-10
.2010, PubMed: 21148003

Floegel, M., Fuchs, S., & Kell, C. A. (2020). Differential contribu-
tions of the two cerebral hemispheres to temporal and spectral
speech feedback control. Nature Communications, 11(1), Article
2839. https://doi.org/10.1038/s41467-020-16743-2, PubMed:
32503986

Frey, S., Campbell, J. S., Pike, G. B., & Petrides, M. (2008). Disso-
ciating the human language pathways with high angular resolu-
tion diffusion fiber tractography. Journal of Neuroscience, 28(45),
11435–11444. https://doi.org/10.1523/JNEUROSCI.2388-08
.2008, PubMed: 18987180

Fridriksson, J., Yourganov, G., Bonilha, L., Basilakos, A., Den
Ouden, D. B., & Rorden, C. (2016). Revealing the dual streams
of speech processing. Proceedings of the National Academy of
Sciences, 113(52), 15108–15113. https://doi.org/10.1073/pnas
.1614038114, PubMed: 27956600

Gage, N., Poeppel, D., Roberts, T. P., & Hickok, G. (1998). Auditory
evoked M100 reflects onset acoustics of speech sounds. Brain
Research, 814(1–2), 236–239. https://doi.org/10.1016/S0006
-8993(98)01058-0, PubMed: 9838140

Ghosh, S. S., Tourville, J. A., & Guenther, F. H. (2008). A neuroim-
aging study of premotor lateralization and cerebellar involve-
ment in the production of phonemes and syllables. Journal of
Speech, Language, and Hearing Research, 51(5), 1183–1202.
https://doi.org/10.1044/1092-4388(2008/07-0119), PubMed:
18664692

Greenlee, J. D., Oya, H., Kawasaki, H., Volkov, I. O., Kaufman, O. P.,
Kovach, C., Howard, M. A., & Brugge, J. F. (2004). A functional
connection between inferior frontal gyrus and orofacial motor cor-
tex in human. Journal of Neurophysiology, 92(2), 1153–1164.
https://doi.org/10.1152/jn.00609.2003, PubMed: 15056683

Gremel, C. M., & Costa, R. M. (2013). Premotor cortex is critical for
goal-directed actions. Frontiers in Computational Neuroscience,
7, Article 110. https://doi.org/10.3389/fncom.2013.00110,
PubMed: 23964233

Guenther, F. H. (2006). Cortical interactions underlying the produc-
tion of speech sounds. Journal of Communication Disorders,
39(5), 350–365. https://doi.org/10.1016/j.jcomdis.2006.06.013,
PubMed: 16887139

Guenther, F. H., & Vladusich, T. (2012). A neural theory of speech
acquisition and production. Journal of Neurolinguistics, 25(5),
408–422. https://doi.org/10.1016/j.jneuroling.2009.08.006,
PubMed: 22711978

Haggard, P., & Whitford, B. (2004). Supplementary motor area pro-
vides an efferent signal for sensory suppression. Cognitive Brain
Research, 19(1), 52–58. https://doi.org/10.1016/j.cogbrainres
.2003.10.018, PubMed: 14972358

Haley, K. L., Ohde, R. N., & Wertz, R. T. (2001). Vowel quality in
aphasia and apraxia of speech: Phonetic transcription and

Neurobiology of Language 480

Pars opercularis underlies feedback control of speech

https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://doi.org/10.1162/nol_a_00036
https://pubmed.ncbi.nlm.nih.gov/37216145
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://doi.org/10.3174/ajnr.A0846
https://pubmed.ncbi.nlm.nih.gov/18039757
https://doi.org/10.3109/02699208708985007
https://doi.org/10.3109/02699208708985007
https://doi.org/10.3109/02699208708985007
https://doi.org/10.3109/02699208708985007
https://doi.org/10.3109/02699208708985007
https://doi.org/10.3109/02699208708985007
https://doi.org/10.3109/02699208708985007
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://pubmed.ncbi.nlm.nih.gov/19446016
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://doi.org/10.1371/journal.pone.0041830
https://pubmed.ncbi.nlm.nih.gov/22911857
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://doi.org/10.1152/jn.1963.26.4.598
https://pubmed.ncbi.nlm.nih.gov/14018722
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://doi.org/10.1073/pnas.1216827110
https://pubmed.ncbi.nlm.nih.gov/23345447
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://doi.org/10.1016/j.conb.2008.09.017
https://pubmed.ncbi.nlm.nih.gov/18848626
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://doi.org/10.1007/BF00249601
https://pubmed.ncbi.nlm.nih.gov/2806442
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0193(200004)9:4%3c183::AID-HBM1%3e3.0.CO;2-Z
https://pubmed.ncbi.nlm.nih.gov/10770228
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://doi.org/10.1016/j.bandl.2015.03.002
https://pubmed.ncbi.nlm.nih.gov/25796060
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://doi.org/10.1152/jn.00627.2002
https://pubmed.ncbi.nlm.nih.gov/12612021
https://doi.org/10.1038/nature06910
https://doi.org/10.1038/nature06910
https://doi.org/10.1038/nature06910
https://doi.org/10.1038/nature06910
https://doi.org/10.1038/nature06910
https://doi.org/10.1038/nature06910
https://doi.org/10.1038/nature06910
https://pubmed.ncbi.nlm.nih.gov/18454135
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://doi.org/10.1016/j.bpsc.2019.06.008
https://pubmed.ncbi.nlm.nih.gov/31420219
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://pubmed.ncbi.nlm.nih.gov/22248573
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://doi.org/10.1523/JNEUROSCI.1809-10.2010
https://pubmed.ncbi.nlm.nih.gov/21148003
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://doi.org/10.1038/s41467-020-16743-2
https://pubmed.ncbi.nlm.nih.gov/32503986
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://pubmed.ncbi.nlm.nih.gov/18987180
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://doi.org/10.1073/pnas.1614038114
https://pubmed.ncbi.nlm.nih.gov/27956600
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://doi.org/10.1016/S0006-8993(98)01058-0
https://pubmed.ncbi.nlm.nih.gov/9838140
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://doi.org/10.1044/1092-4388(2008/07-0119)
https://pubmed.ncbi.nlm.nih.gov/18664692
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://doi.org/10.1152/jn.00609.2003
https://pubmed.ncbi.nlm.nih.gov/15056683
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://doi.org/10.3389/fncom.2013.00110
https://pubmed.ncbi.nlm.nih.gov/23964233
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://doi.org/10.1016/j.jcomdis.2006.06.013
https://pubmed.ncbi.nlm.nih.gov/16887139
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://pubmed.ncbi.nlm.nih.gov/22711978
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://doi.org/10.1016/j.cogbrainres.2003.10.018
https://pubmed.ncbi.nlm.nih.gov/14972358


formant analyses. Aphasiology, 15(12), 1107–1123. https://doi
.org/10.1080/02687040143000519

Heinks-Maldonado, T. H., Nagarajan, S. S., & Houde, J. F. (2006).
Magnetoencephalographic evidence for a precise forward model
in speech production. NeuroReport, 17(13), 1375–1379. https://
doi.org/10.1097/01.wnr.0000233102.43526.e9, PubMed:
16932142

Hickok, G. (2012). Computational neuroanatomy of speech pro-
duction. Nature Reviews Neuroscience, 13(2), 135–145. https://
doi.org/10.1038/nrn3158, PubMed: 22218206

Hickok, G., Okada, K., & Serences, J. T. (2009). Area Spt in the
human planum temporale supports sensory-motor integration
for speech processing. Journal of Neurophysiology, 101(5),
2725–2732. https://doi.org/10.1152/jn.91099.2008, PubMed:
19225172

Hickok, G., & Poeppel, D. (2004). Dorsal and ventral streams: A
framework for understanding aspects of the functional anatomy
of language. Cognition, 92(1–2), 67–99. https://doi.org/10.1016/j
.cognition.2003.10.011, PubMed: 15037127

Hickok, G., & Poeppel, D. (2007). The cortical organization of
speech processing. Nature Reviews Neuroscience, 8(5),
393–402. https://doi.org/10.1038/nrn2113, PubMed: 17431404

Houde, J. F., & Jordan, M. I. (1998). Sensorimotor adaptation in
speech production. Science, 279(5354), 1213–1216. https://doi
.org/10.1126/science.279.5354.1213, PubMed: 9469813

Houde, J. F., & Nagarajan, S. S. (2011). Speech production as state
feedback control. Frontiers in Human Neuroscience, 5, Article
82. https://doi.org/10.3389/fnhum.2011.00082, PubMed:
22046152

Houde, J. F., Nagarajan, S. S., Sekihara, K., & Merzenich, M. M.
(2002). Modulation of the auditory cortex during speech: An
MEG study. Journal of Cognitive Neuroscience , 14 (8),
1125–1138. https://doi.org/10.1162/089892902760807140,
PubMed: 12495520

Huang, X., Chen, X., Yan, N., Jones, J. A., Wang, E. Q., Chen, L.,
Guo, Z., Li, W., Liu, P., & Liu, H. (2016). The impact of Parkin-
son’s disease on the cortical mechanisms that support
auditory-motor integration for voice control. Human Brain Map-
ping, 37(12), 4248–4261. https://doi.org/10.1002/hbm.23306,
PubMed: 27400999

Jansen, A., Menke, R., Sommer, J., Förster, A. F., Bruchmann, S.,
Hempleman, J., Weber, B., & Knecht, S. (2006). The assessment
of hemispheric lateralization in functional MRI—Robustness and
reproducibility. NeuroImage, 33(1), 204–217. https://doi.org/10
.1016/j.neuroimage.2006.06.019, PubMed: 16904913

Johnson, J. P., Meier, E. L., Pan, Y., & Kiran, S. (2019). Treatment-
related changes in neural activation vary according to treatment
response and extent of spared tissue in patients with chronic
aphasia. Cortex, 121, 147–168. https://doi.org/10.1016/j.cortex
.2019.08.016, PubMed: 31627014

Johnson, L. P., Sangtian, S., Johari, K., Behroozmand, R., &
Fridriksson, J. (2020). Slowed compensation responses to altered
auditory feedback in post-stroke aphasia: Implications for speech
sensorimotor integration. Journal of Communication Disorders,
88, Article 106034. https://doi.org/10.1016/j.jcomdis.2020
.106034, PubMed: 32919232

Kay, J., Lesser, R., & Coltheart, M. (1992). PALPA: Psycholinguistic
assessments of language processing in aphasia. Lawrence
Erlbaum.

Kertesz, A. (2007). Western Aphasia Battery–Revised. Psych Corp.
https://doi.org/10.1037/t15168-000

Khalilian-Gourtani, A., Wang, R., Chen, X., Yu, L., Dugan, P.,
Friedman, D., Doyle, W., Devinsky, O., Wang, Y., & Flinker, A.

(2022). A corollary discharge circuit in human speech. BioRxiv.
https://doi.org/10.1101/2022.09.12.507590

Kim, K. S., Hinkley, L. B., Dale, C. L., Nagarajan, S. S., & Houde,
J. F. (2023). Neurophysiological evidence of sensory prediction
errors driving speech sensorimotor adaptation. BioRxiv. https://
doi.org/10.1101/2023.10.22.563504

Kurowski, K., & Blumstein, S. E. (2016). Phonetic basis of phonemic
paraphasias in aphasia: Evidence for cascading activation. Cor-
tex, 75, 193–203. https://doi.org/10.1016/j.cortex.2015.12.005,
PubMed: 26808838

Lametti, D. R., Nasir, S. M., & Ostry, D. J. (2012). Sensory prefer-
ence in speech production revealed by simultaneous alteration
of auditory and somatosensory feedback. Journal of Neurosci-
ence, 32(27), 9351–9358. https://doi.org/10.1523/JNEUROSCI
.0404-12.2012, PubMed: 22764242

Li, S., Zhu, H., & Tian, X. (2020). Corollary discharge versus effer-
ence copy: Distinct neural signals in speech preparation differen-
tially modulate auditory responses. Cerebral Cortex, 30(11),
5806–5820. https://doi.org/10.1093/cercor/bhaa154, PubMed:
32542347

Li, T., Chang, Y., Zhao, S., Jones, J. A., Chen, X., Gan, C., Wu, X.,
Dai, G., Li, J., Shen, Y., Liu, P., & Liu, H. (2023). The left inferior
frontal gyrus is causally linked to vocal feedback control: Evi-
dence from high-definition transcranial alternating current stimu-
lation. Cerebral Cortex, 33(9), 5625–5635. https://doi.org/10
.1093/cercor/bhac447, PubMed: 36376991

Liu, D., Chang, Y., Dai, G., Guo, Z., Jones, J. A., Li, T., Chen, X.,
Chen, M., Li, J., Wu, X., Liu, P., & Liu, H. (2023). Right, but not
left, posterior superior temporal gyrus is causally involved in
vocal feedback control. NeuroImage, 278, Article 120282.
https://doi.org/10.1016/j.neuroimage.2023.120282, PubMed:
37468021

Long, M. A., Katlowitz, K. A., Svirsky, M. A., Clary, R. C., Byun,
T. M., Majaj, N., Oya, H., Howard, M. A., & Greenlee, J. D.
(2016). Functional segregation of cortical regions underlying
speech timing and articulation. Neuron, 89(6), 1187–1193.
https://doi.org/10.1016/j.neuron.2016.01.032, PubMed:
26924439

Maas, E., Mailend, M. L., & Guenther, F. H. (2015). Feedforward
and feedback control in apraxia of speech: Effects of noise mask-
ing on vowel production. Journal of Speech, Language, and
Hearing Research, 58(2), 185–200. https://doi.org/10.1044/2014
_JSLHR-S-13-0300, PubMed: 25565143

Masterton, R. B., & Berkley, M. A. (1974). Brain function: Changing
ideas on the role of sensory, motor, and association cortex in
behavior. Annual Review of Psychology, 25, 277–312. https://
doi.org/10.1146/annurev.ps.25.020174.001425, PubMed:
4205693

Meekings, S., & Scott, S. K. (2021). Error in the superior temporal
gyrus? A systematic review and activation likelihood estimation
meta-analysis of speech production studies. Journal of Cognitive
Neuroscience, 33(3), 422–444. https://doi.org/10.1162/jocn_a
_01661, PubMed: 33326327

Meier, E. L., Johnson, J. P., Pan, Y., & Kiran, S. (2019). The utility of
lesion classification in predicting language and treatment out-
comes in chronic stroke-induced aphasia. Brain Imaging and
Behavior, 13(6), 1510–1525. https://doi.org/10.1007/s11682
-019-00118-3, PubMed: 31093842

Miller, H. E., & Guenther, F. H. (2021). Modelling speech motor
programming and apraxia of speech in the DIVA/GODIVA neu-
rocomputational framework. Aphasiology, 35(4), 424–441.
https://doi.org/10.1080/02687038.2020.1765307, PubMed:
34108793

Neurobiology of Language 481

Pars opercularis underlies feedback control of speech

https://doi.org/10.1080/02687040143000519
https://doi.org/10.1080/02687040143000519
https://doi.org/10.1080/02687040143000519
https://doi.org/10.1080/02687040143000519
https://doi.org/10.1080/02687040143000519
https://doi.org/10.1080/02687040143000519
https://doi.org/10.1080/02687040143000519
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://doi.org/10.1097/01.wnr.0000233102.43526.e9
https://pubmed.ncbi.nlm.nih.gov/16932142
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://doi.org/10.1038/nrn3158
https://pubmed.ncbi.nlm.nih.gov/22218206
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://doi.org/10.1152/jn.91099.2008
https://pubmed.ncbi.nlm.nih.gov/19225172
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.cognition.2003.10.011
https://pubmed.ncbi.nlm.nih.gov/15037127
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://pubmed.ncbi.nlm.nih.gov/17431404
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://doi.org/10.1126/science.279.5354.1213
https://pubmed.ncbi.nlm.nih.gov/9469813
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://doi.org/10.3389/fnhum.2011.00082
https://pubmed.ncbi.nlm.nih.gov/22046152
https://doi.org/10.1162/089892902760807140
https://doi.org/10.1162/089892902760807140
https://doi.org/10.1162/089892902760807140
https://doi.org/10.1162/089892902760807140
https://doi.org/10.1162/089892902760807140
https://doi.org/10.1162/089892902760807140
https://doi.org/10.1162/089892902760807140
https://pubmed.ncbi.nlm.nih.gov/12495520
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://doi.org/10.1002/hbm.23306
https://pubmed.ncbi.nlm.nih.gov/27400999
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://doi.org/10.1016/j.neuroimage.2006.06.019
https://pubmed.ncbi.nlm.nih.gov/16904913
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://doi.org/10.1016/j.cortex.2019.08.016
https://pubmed.ncbi.nlm.nih.gov/31627014
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://doi.org/10.1016/j.jcomdis.2020.106034
https://pubmed.ncbi.nlm.nih.gov/32919232
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1037/t15168-000
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2022.09.12.507590
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1101/2023.10.22.563504
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://doi.org/10.1016/j.cortex.2015.12.005
https://pubmed.ncbi.nlm.nih.gov/26808838
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://doi.org/10.1523/JNEUROSCI.0404-12.2012
https://pubmed.ncbi.nlm.nih.gov/22764242
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://doi.org/10.1093/cercor/bhaa154
https://pubmed.ncbi.nlm.nih.gov/32542347
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://doi.org/10.1093/cercor/bhac447
https://pubmed.ncbi.nlm.nih.gov/36376991
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://doi.org/10.1016/j.neuroimage.2023.120282
https://pubmed.ncbi.nlm.nih.gov/37468021
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://doi.org/10.1016/j.neuron.2016.01.032
https://pubmed.ncbi.nlm.nih.gov/26924439
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://doi.org/10.1044/2014_JSLHR-S-13-0300
https://pubmed.ncbi.nlm.nih.gov/25565143
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://doi.org/10.1146/annurev.ps.25.020174.001425
https://pubmed.ncbi.nlm.nih.gov/4205693
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://doi.org/10.1162/jocn_a_01661
https://pubmed.ncbi.nlm.nih.gov/33326327
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://doi.org/10.1007/s11682-019-00118-3
https://pubmed.ncbi.nlm.nih.gov/31093842
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://doi.org/10.1080/02687038.2020.1765307
https://pubmed.ncbi.nlm.nih.gov/34108793


Mollaei, F., Shiller, D. M., & Gracco, V. L. (2013). Sensorimotor
adaptation of speech in Parkinson’s disease. Movement Disor-
ders, 28(12), 1668–1674. https://doi.org/10.1002/mds.25588,
PubMed: 23861349

Mugler, E. M., Tate, M. C., Livescu, K., Templer, J. W., Goldrick,
M. A., & Slutzky, M. W. (2018). Differential representation of artic-
ulatory gestures and phonemes in precentral and inferior frontal
gyri. Journal of Neuroscience, 38(46), 9803–9813. https://doi.org
/10.1523/JNEUROSCI.1206-18.2018, PubMed: 30257858

Müller-Preuss, P., & Ploog, D. (1981). Inhibition of auditory cortical
neurons during phonation. Brain Research, 215(1–2), 61–76.
https://doi.org/10.1016/0006-8993(81)90491-1, PubMed: 7260601

Munhall, K. G., MacDonald, E. N., Byrne, S. K., & Johnsrude, I.
(2009). Talkers alter vowel production in response to real-time
formant perturbation even when instructed not to compensate.
Journal of the Acoustical Society of America, 125(1), 384–390.
https://doi.org/10.1121/1.3035829, PubMed: 19173425

Nelson, A., Schneider, D. M., Takatoh, J., Sakurai, K., Wang, F., &
Mooney, R. (2013). A circuit for motor cortical modulation of
auditory cortical activity. Journal of Neuroscience, 33(36),
14342–14353. https://doi.org/10.1523/ JNEUROSCI.2275-13
.2013, PubMed: 24005287

Niziolek, C. A., & Guenther, F. H. (2013). Vowel category bound-
aries enhance cortical and behavioral responses to speech feed-
back alterations. Journal of Neuroscience, 33(29), 12090–12098.
https://doi.org/10.1523/ JNEUROSCI.1008-13.2013, PubMed:
23864694

Niziolek, C. A., & Houde, J. F. (2015). wave_viewer: First release.
Zenodo. https://doi.org/10.5281/zenodo.13839

Niziolek, C. A., & Kiran, S. (2018). Assessing speech correction
abilities with acoustic analyses: Evidence of preserved online
correction in persons with aphasia. International Journal of
Speech-Language Pathology, 20(6), 659–668. https://doi.org/10
.1080/17549507.2018.1498920, PubMed: 30348017

Niziolek, C. A., Nagarajan, S. S., & Houde, J. F. (2013). What does
motor efference copy represent? Evidence from speech produc-
tion. Journal of Neuroscience, 33(41), 16110–16116. https://doi
.org/10.1523/JNEUROSCI.2137-13.2013, PubMed: 24107944

Niziolek, C. A., Nagarajan, S. S., & Houde, J. F. (2015). The contri-
bution of auditory feedback to corrective movements in vowel
formant trajectories. In Scottish Consortium for ICPhS 2015
(Ed.), Proceedings of the 18th International Congress of Phonetic
Sciences. University of Glasgow.

Niziolek, C. A., & Parrell, B. (2021). Responses to auditory feed-
back manipulations in speech may be affected by previous expo-
sure to auditory errors. Journal of Speech, Language, and Hearing
Research, 64(6S), 2169–2181. https://doi.org/10.1044/2020
_JSLHR-20-00263, PubMed: 33705674

Otazu, G. H., Tai, L. H., Yang, Y., & Zador, A. M. (2009). Engaging
in an auditory task suppresses responses in auditory cortex.
Nature Neuroscience, 12(5), 646–654. https://doi.org/10.1038
/nn.2306, PubMed: 19363491

Papoutsi, M., de Zwart, J. A., Jansma, J. M., Pickering, M. J., Bednar,
J. A., & Horwitz, B. (2009). From phonemes to articulatory codes:
An fMRI study of the role of Broca’s area in speech production.
Cerebral Cortex, 19(9), 2156–2165. https://doi.org/10.1093
/cercor/bhn239, PubMed: 19181696

Parrell, B., Ivry, R. B., Nagarajan, S. S., & Houde, J. F. (2021). Intact
correction for self-produced vowel formant variability in individ-
uals with cerebellar ataxia regardless of auditory feedback avail-
ability. Journal of Speech, Language, and Hearing Research,
64(6S), 2234–2247. https://doi.org/10.1044/2021_JSLHR-20
-00270, PubMed: 33900786

Parsons, C. L., Lambier, J. D., & Miller, A. (1988). Phonological pro-
cesses and phonemic paraphasias. Aphasiology, 2(1), 45–54.
https://doi.org/10.1080/02687038808248886

Perkell, J. S. (2012). Movement goals and feedback and feedfor-
ward control mechanisms in speech production. Journal of Neu-
rolinguistics, 25(5), 382–407. https://doi.org/10.1016/j.jneuroling
.2010.02.011, PubMed: 22661828

Piastra, M. C., Oostenveld, R., Schoffelen, J. M., & Piai, V. (2022).
Estimating the influence of stroke lesions on MEG source recon-
struction. NeuroImage, 260, Article 119422. https://doi.org/10
.1016/j.neuroimage.2022.119422, PubMed: 35781078

Purcell, D. W., & Munhall, K. G. (2006). Compensation following
real-time manipulation of formants in isolated vowels. Journal of
the Acoustical Society of America, 119(4), 2288–2297. https://doi
.org/10.1121/1.2173514, PubMed: 16642842

Railo, H., Nokelainen, N., Savolainen, S., & Kaasinen, V. (2020).
Deficits in monitoring self-produced speech in Parkinson’s dis-
ease. Clinical Neurophysiology, 131(9), 2140–2147. https://doi
.org/10.1016/j.clinph.2020.05.038, PubMed: 32682241

Rauschecker, J. P., & Scott, S. K. (2009). Maps and streams in the
auditory cortex: Nonhuman primates illuminate human speech
processing. Nature Neuroscience, 12(6), 718–724. https://doi
.org/10.1038/nn.2331, PubMed: 19471271

Reep, R. L., Corwin, J. V., Hashimoto, A., & Watson, R. T. (1987).
Efferent connections of the rostral portion of medial agranular
cortex in rats. Brain Research Bulletin, 19(2), 203–221. https://
doi.org/10.1016/0361-9230(87)90086-4, PubMed: 2822206

Robson, H., Grube, M., Lambon Ralph, M. A., Griffiths, T. D., &
Sage, K. (2013). Fundamental deficits of auditory perception in
Wernicke’s aphasia. Cortex, 49(7), 1808–1822. https://doi.org
/10.1016/j.cortex.2012.11.012, PubMed: 23351849

Robson, H., Keidel, J. L., Lambon Ralph, M. A., & Sage, K. (2012).
Revealing and quantifying the impaired phonological analysis
underpinning impaired comprehension in Wernicke’s aphasia.
Neuropsychologia, 50(2), 276–288. https://doi.org/10.1016/j
.neuropsychologia.2011.11.022, PubMed: 22172546

Rong, F., Isenberg, A. L., Sun, E., & Hickok, G. (2018). The neuro-
anatomy of speech sequencing at the syllable level. PLOS ONE,
13(10), Article e0196381. https://doi.org/10.1371/journal.pone
.0196381, PubMed: 30300341

Rummell, B. P., Klee, J. L., & Sigurdsson, T. (2016). Attenuation of
responses to self-generated sounds in auditory cortical neurons.
Journal of Neuroscience, 36(47), 12010–12026. https://doi.org
/10.1523/JNEUROSCI.1564-16.2016, PubMed: 27881785

Ryalls, J. H. (1986). An acoustic study of vowel production in apha-
sia. Brain and Language, 29(1), 48–67. https://doi.org/10.1016
/0093-934X(86)90033-7, PubMed: 3756461

Sangtian, S., Wang, Y., Fridriksson, J., & Behroozmand, R. (2021).
Impairment of speech auditory feedback error detection and
motor correction in post-stroke aphasia. Journal of Communica-
tion Disorders, 94, Article 106163. https://doi.org/10.1016/j
.jcomdis.2021.106163, PubMed: 34768093

Schneider, D. M., Nelson, A., & Mooney, R. (2014). A synaptic and
circuit basis for corollary discharge in the auditory cortex.
Nature , 513 (7517), 189–194. https: / /doi.org/10.1038
/nature13724, PubMed: 25162524

Schneider, D. M., Sundararajan, J., & Mooney, R. (2018). A cortical
filter that learns to suppress the acoustic consequences of move-
ment. Nature, 561, 391–395. https://doi.org/10.1038/s41586
-018-0520-5, PubMed: 30209396

Schofield, T. M., Penny, W. D., Stephan, K. E., Crinion, J. T.,
Thompson, A. J., Price, C. J., & Leff, A. P. (2012). Changes in
auditory feedback connections determine the severity of speech

Neurobiology of Language 482

Pars opercularis underlies feedback control of speech

https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://doi.org/10.1002/mds.25588
https://pubmed.ncbi.nlm.nih.gov/23861349
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://doi.org/10.1523/JNEUROSCI.1206-18.2018
https://pubmed.ncbi.nlm.nih.gov/30257858
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://doi.org/10.1016/0006-8993(81)90491-1
https://pubmed.ncbi.nlm.nih.gov/7260601
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://doi.org/10.1121/1.3035829
https://pubmed.ncbi.nlm.nih.gov/19173425
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://doi.org/10.1523/JNEUROSCI.2275-13.2013
https://pubmed.ncbi.nlm.nih.gov/24005287
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://doi.org/10.1523/JNEUROSCI.1008-13.2013
https://pubmed.ncbi.nlm.nih.gov/23864694
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.5281/zenodo.13839
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://doi.org/10.1080/17549507.2018.1498920
https://pubmed.ncbi.nlm.nih.gov/30348017
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://doi.org/10.1523/JNEUROSCI.2137-13.2013
https://pubmed.ncbi.nlm.nih.gov/24107944
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://doi.org/10.1044/2020_JSLHR-20-00263
https://pubmed.ncbi.nlm.nih.gov/33705674
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://doi.org/10.1038/nn.2306
https://pubmed.ncbi.nlm.nih.gov/19363491
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://doi.org/10.1093/cercor/bhn239
https://pubmed.ncbi.nlm.nih.gov/19181696
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://doi.org/10.1044/2021_JSLHR-20-00270
https://pubmed.ncbi.nlm.nih.gov/33900786
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1080/02687038808248886
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://doi.org/10.1016/j.jneuroling.2010.02.011
https://pubmed.ncbi.nlm.nih.gov/22661828
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://doi.org/10.1016/j.neuroimage.2022.119422
https://pubmed.ncbi.nlm.nih.gov/35781078
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://doi.org/10.1121/1.2173514
https://pubmed.ncbi.nlm.nih.gov/16642842
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://doi.org/10.1016/j.clinph.2020.05.038
https://pubmed.ncbi.nlm.nih.gov/32682241
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://pubmed.ncbi.nlm.nih.gov/19471271
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1016/0361-9230(87)90086-4
https://pubmed.ncbi.nlm.nih.gov/2822206
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://doi.org/10.1016/j.cortex.2012.11.012
https://pubmed.ncbi.nlm.nih.gov/23351849
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://doi.org/10.1016/j.neuropsychologia.2011.11.022
https://pubmed.ncbi.nlm.nih.gov/22172546
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://doi.org/10.1371/journal.pone.0196381
https://pubmed.ncbi.nlm.nih.gov/30300341
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://doi.org/10.1523/JNEUROSCI.1564-16.2016
https://pubmed.ncbi.nlm.nih.gov/27881785
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://doi.org/10.1016/0093-934X(86)90033-7
https://pubmed.ncbi.nlm.nih.gov/3756461
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://doi.org/10.1016/j.jcomdis.2021.106163
https://pubmed.ncbi.nlm.nih.gov/34768093
https://doi.org/10.1038/nature13724
https://doi.org/10.1038/nature13724
https://doi.org/10.1038/nature13724
https://doi.org/10.1038/nature13724
https://doi.org/10.1038/nature13724
https://doi.org/10.1038/nature13724
https://doi.org/10.1038/nature13724
https://pubmed.ncbi.nlm.nih.gov/25162524
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://doi.org/10.1038/s41586-018-0520-5
https://pubmed.ncbi.nlm.nih.gov/30209396


processing deficits after stroke. Journal of Neuroscience, 32(12),
4260–4270. https://doi.org/10.1523/JNEUROSCI.4670-11.2012,
PubMed: 22442088

Shah-Basak, P. P., Sivaratnam, G., Teti, S., Francois-Nienaber, A.,
Yossofzai, M., Armstrong, S., Nayar, S., Jokel, R., & Meltzer, J.
(2020). High definition transcranial direct current stimulation
modulates abnormal neurophysiological activity in post-stroke
aphasia. Scientific Reports, 10(1), Article 19625. https://doi.org
/10.1038/s41598-020-76533-0, PubMed: 33184382

Simonyan, K., Ackermann, H., Chang, E. F., & Greenlee, J. D.
(2016). New developments in understanding the complexity of
human speech production. Journal of Neuroscience, 36(45),
11440–11448. https://doi.org/10.1523/ JNEUROSCI.2424-16
.2016, PubMed: 27911747

Sims, J. A., Kapse, K., Glynn, P., Sandberg, C., Tripodis, Y., & Kiran,
S. (2016). The relationships between the amount of spared tissue,
percent signal change, and accuracy in semantic processing in
aphasia. Neuropsychologia, 84, 113–126. https://doi.org/10
.1016/j.neuropsychologia.2015.10.019, PubMed: 26775192

Sperry, R. W. (1950). Neural basis of the spontaneous optokinetic
response produced by visual inversion. Journal of Comparative
and Physiological Psychology, 43(6), 482–489. https://doi.org
/10.1037/h0055479, PubMed: 14794830

Suga, N., & Shimozawa, T. (1974). Site of neural attenuation of
responses to self-vocalized sounds in echolocating bats. Science,
183(4130), 1211–1213. https://doi.org/10.1126/science.183
.4130.1211, PubMed: 4812353

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., & Leahy, R. M.
(2011). Brainstorm: A user-friendly application for MEG/EEG
analysis. Computational Intelligence and Neuroscience, 2011,
1–13. https://doi.org/10.1155/2011/879716, PubMed: 21584256

Tang, D.-L., Parrell, B., Beach, S. D., & Niziolek, C. A. (2023). The
brain’s sensitivity to sensory error can be modulated by altering
perceived variability. BioRxiv. https://doi.org/10.1101/2023.06
.26.546615

Tatu, L., Moulin, T., Bogousslavsky, J., & Duvernoy, H. (1998). Arte-
rial territories of the human brain: Cerebral hemispheres. Neurol-
ogy, 50(6), 1699–1708. https://doi.org/10.1212/WNL.50.6.1699,
PubMed: 9633714

Tourville, J. A., & Guenther, F. H. (2011). The DIVA model: A neural
theory of speech acquisition and production. Language and Cog-
nitive Processes, 26(7), 952–981. https://doi.org/10.1080
/01690960903498424, PubMed: 23667281

Tourville, J. A., Nieto-Castañón, A., Heyne, M., & Guenther, F. H.
(2019). Functional parcellation of the speech production cortex.
Journal of Speech, Language, and Hearing Research, 62(8S),
3055–3070. https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18
-0442, PubMed: 31465713

Tourville, J. A., Reilly, K. J., & Guenther, F. H. (2008). Neural mech-
anisms underlying auditory feedback control of speech. Neuro-
Image, 39(3), 1429–1443. https://doi.org/10.1016/j.neuroimage
.2007.09.054, PubMed: 18035557

Toyomura, A., Koyama, S., Miyamaoto, T., Terao, A., Omori, T.,
Murohashi, H., & Kuriki, S. (2007). Neural correlates of auditory feed-
back control in human. Neuroscience, 146(2), 499–503. https://doi
.org/10.1016/j.neuroscience.2007.02.023, PubMed: 17395381

Tremblay, P., Deschamps, I., & Gracco, V. L. (2016). Neurobiology
of speech production: A motor control perspective. In Neurobi-
ology of language (pp. 741–750). Academic Press. https://doi.org
/10.1016/B978-0-12-407794-2.00059-6

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F.,
Etard, O., Delcroix, N., Mazoyer, B., & Joliot, M. (2002). Auto-
mated anatomical labeling of activations in SPM using a macro-
scopic anatomical parcellation of the MNI MRI single-subject
brain. NeuroImage, 15(1), 273–289. https://doi.org/10.1006/nimg
.2001.0978, PubMed: 11771995

von Holst, E., & Mittelstaedt, H. (1950). Das reafferenzprinzip:
Wechselwirkungen zwischen zentralnervensystem und periph-
erie. Naturwissenschaften, 37(20), 464–476. https://doi.org/10
.1007/BF00622503

Voss, M., Ingram, J. N., Haggard, P., & Wolpert, D. M. (2006). Sen-
sorimotor attenuation by central motor command signals in the
absence of movement. Nature Neuroscience, 9(1), 26–27. https://
doi.org/10.1038/nn1592, PubMed: 16311591

Wang, J., Mathalon, D. H., Roach, B. J., Reilly, J., Keedy, S. K.,
Sweeney, J. A., & Ford, J. M. (2014). Action planning and predic-
tive coding when speaking. NeuroImage, 91, 91–98. https://doi
.org/10.1016/j.neuroimage.2014.01.003, PubMed: 24423729

Waters, G., & Caplan, D. (1995). The psycholinguistic assessment
of language battery: Preliminary data. Presented at The British
Aphasiological Society, York, England.

Whitford, T. J., Jack, B. N., Pearson, D., Griffiths, O., Luque, D.,
Harris, A. W., Spencer, K. M., & Le Pelley, M. E. (2017). Neuro-
physiological evidence of efference copies to inner speech. Elife,
6, Article e28197. https://doi.org/10.7554/eLife.28197, PubMed:
29199947

Woldorff, M. G., Gallen, C. C., Hampson, S. A., Hillyard, S. A.,
Pantev, C., Sobel, D., & Bloom, F. E. (1993). Modulation of early
sensory processing in human auditory cortex during auditory
selective attention. Proceedings of the National Academy of Sci-
ences, 90(18), 8722–8726. https://doi.org/10.1073/pnas.90.18
.8722, PubMed: 8378354

Yourganov, G., Smith, K. G., Fridriksson, J., & Rorden, C. (2015).
Predicting aphasia type from brain damage measured with struc-
tural MRI. Cortex, 73, 203–215. https://doi.org/10.1016/j.cortex
.2015.09.005, PubMed: 26465238

Yushkevich, P. A., Gao, Y., & Gerig, G. (2016). ITK-SNAP: An inter-
active tool for semi-automatic segmentation of multi-modality
biomedical images. In 2016 38th annual international confer-
ence of the IEEE Engineering in Medicine and Biology Society
(EMBC) (pp. 3342–3345). IEEE. https://doi.org/10.1109/EMBC
.2016.7591443

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G., Ho, S.,
Gee, J. C., & Gerig, G. (2006). User-guided 3D active contour
segmentation of anatomical structures: Significantly improved
efficiency and reliability. NeuroImage, 31(3), 1116–1128. https://
doi.org/10.1016/j.neuroimage.2006.01.015, PubMed: 16545965

Zhang, W., Yang, F., & Tian, X. (2023). Functional connectivity
between parietal and temporal lobes mediates internal forward
models during speech production. Brain and Language, 240,
Article 105266. https://doi.org/10.1016/j.bandl.2023.105266,
PubMed: 37105004

Zheng, X., Zhu, H., Li, S., & Tian, X. (2022). The generic inhibitory
function of corollary discharge in motor intention: Evidence from
the modulation effects of speech preparation on the late compo-
nents of auditory neural responses. eNeuro, 9(6). https://doi.org
/10.1523/ENEURO.0309-22.2022. PubMed: 36443007

Ziegler, W. (2008). Apraxia of speech. In G. Goldenberg & B. L.
Miller (Eds.), Handbook of clinical neurology (Vol. 88, 3rd ser.,
pp. 269–285). Scribd. https://doi.org/10.1016/S0072-9752(07)88013-4

Neurobiology of Language 483

Pars opercularis underlies feedback control of speech

https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://doi.org/10.1523/JNEUROSCI.4670-11.2012
https://pubmed.ncbi.nlm.nih.gov/22442088
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://doi.org/10.1038/s41598-020-76533-0
https://pubmed.ncbi.nlm.nih.gov/33184382
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://doi.org/10.1523/JNEUROSCI.2424-16.2016
https://pubmed.ncbi.nlm.nih.gov/27911747
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://doi.org/10.1016/j.neuropsychologia.2015.10.019
https://pubmed.ncbi.nlm.nih.gov/26775192
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://doi.org/10.1037/h0055479
https://pubmed.ncbi.nlm.nih.gov/14794830
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://doi.org/10.1126/science.183.4130.1211
https://pubmed.ncbi.nlm.nih.gov/4812353
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
https://pubmed.ncbi.nlm.nih.gov/21584256
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1101/2023.06.26.546615
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1212/WNL.50.6.1699
https://pubmed.ncbi.nlm.nih.gov/9633714
https://doi.org/10.1080/01690960903498424
https://doi.org/10.1080/01690960903498424
https://doi.org/10.1080/01690960903498424
https://doi.org/10.1080/01690960903498424
https://doi.org/10.1080/01690960903498424
https://doi.org/10.1080/01690960903498424
https://doi.org/10.1080/01690960903498424
https://pubmed.ncbi.nlm.nih.gov/23667281
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://doi.org/10.1044/2019_JSLHR-S-CSMC7-18-0442
https://pubmed.ncbi.nlm.nih.gov/31465713
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://doi.org/10.1016/j.neuroimage.2007.09.054
https://pubmed.ncbi.nlm.nih.gov/18035557
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://doi.org/10.1016/j.neuroscience.2007.02.023
https://pubmed.ncbi.nlm.nih.gov/17395381
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1016/B978-0-12-407794-2.00059-6
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1006/nimg.2001.0978
https://pubmed.ncbi.nlm.nih.gov/11771995
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1007/BF00622503
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://doi.org/10.1038/nn1592
https://pubmed.ncbi.nlm.nih.gov/16311591
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://doi.org/10.1016/j.neuroimage.2014.01.003
https://pubmed.ncbi.nlm.nih.gov/24423729
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://doi.org/10.7554/eLife.28197
https://pubmed.ncbi.nlm.nih.gov/29199947
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://doi.org/10.1073/pnas.90.18.8722
https://pubmed.ncbi.nlm.nih.gov/8378354
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://doi.org/10.1016/j.cortex.2015.09.005
https://pubmed.ncbi.nlm.nih.gov/26465238
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1109/EMBC.2016.7591443
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://pubmed.ncbi.nlm.nih.gov/16545965
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://doi.org/10.1016/j.bandl.2023.105266
https://pubmed.ncbi.nlm.nih.gov/37105004
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://doi.org/10.1523/ENEURO.0309-22.2022
https://pubmed.ncbi.nlm.nih.gov/36443007
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4
https://doi.org/10.1016/S0072-9752(07)88013-4

	Pars Opercularis Underlies Efferent Predictions and Successful Auditory Feedback Processing in .....

