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Limited Pre-Speech Auditory Modulation
in Individuals Who Stutter:

Data and Hypotheses

Ludo Maxa,b and Ayoub Daliric
Purpose: We review and interpret our recent series of studies
investigating motor-to-auditory influences during speech
movement planning in fluent speakers and speakers who
stutter. In those studies, we recorded auditory evoked
potentials in response to probe tones presented immediately
prior to speaking or at the equivalent time in no-speaking
control conditions. As a measure of pre-speech auditory
modulation (PSAM), we calculated changes in auditory
evoked potential amplitude in the speaking conditions
relative to the no-speaking conditions. Whereas adults
who do not stutter consistently showed PSAM, this
phenomenon was greatly reduced or absent in adults who
stutter. The same between-group difference was observed
in conditions where participants expected to hear their
prerecorded speech played back without actively producing
it, suggesting that the speakers who stutter use inefficient
forward modeling processes rather than inefficient motor
command generation processes. Compared with fluent
participants, adults who stutter showed both less PSAM
and less auditory–motor adaptation when producing speech
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while exposed to formant-shifted auditory feedback. Across
individual participants, however, PSAM and auditory–motor
adaptation did not correlate in the typically fluent group,
and they were negatively correlated in the stuttering group.
Interestingly, speaking with a consistent 100-ms delay
added to the auditory feedback signal–normalized PSAM
in speakers who stutter, and there no longer was a between-
group difference in this condition.
Conclusions: Combining our own data with human and
animal neurophysiological evidence from other laboratories,
we interpret the overall findings as suggesting that (a) speech
movement planning modulates auditory processing in a
manner that may optimize its tuning characteristics for
monitoring feedback during speech production and, (b) in
conditions with typical auditory feedback, adults who
stutter do not appropriately modulate the auditory system
prior to speech onset. Lack of modulation of speakers who
stutter may lead to maladaptive feedback-driven movement
corrections that manifest themselves as repetitive movements
or postural fixations.
Grounded in insights gained from studies on both
behavioral and neurological aspects of stuttering,
current hypotheses regarding this disorder of

speech fluency suggest that the characteristic breakdowns
in speech fluency can be attributed to fundamental sensori-
motor limitations (Bloodstein, Ratner, & Bernstein-Ratner,
2008; Civier, Bullock, Max, & Guenther, 2013; Max, 2004;
Max, Guenther, Gracco, Ghosh, & Wallace, 2004). A
primary theme in these contemporary hypotheses is that
the neural control of speech movements depends on dynamic
interactions between sensory and motor systems, including
the prediction of future sensory states based on planned and
ongoing motor commands. It is now widely believed that
the central nervous system (CNS) controls voluntary move-
ments by making use of internal forward models that are
acquired and updated during the process of motor learning
(Kawato et al., 2003; Shadmehr, Smith, & Krakauer, 2010;
Wolpert, Miall, & Kawato, 1998). Internal forward models
of the body’s own effector systems and environment are
stored neural representations of the mapping between mo-
tor commands and their sensory consequences. Conceptual
and computational models now generally assume that the
CNS predicts sensory consequences of the motor commands
using the forward model and an efference copy of the motor
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commands (Shadmehr et al., 2010; Wolpert, Diedrichsen,
& Flanagan, 2011). There is extensive evidence indicating
that, when a match is detected between predicted and actual
sensory consequences, the CNS modulates its response
to the sensory input (Bays, Wolpert, & Flanagan, 2005;
Blakemore, Wolpert, & Frith, 1998, 2000; Weiskrantz,
Elliott, & Darlington, 1971). For example, electrophysio-
logical studies have shown that cortical responses evoked
by self-produced speech sounds (i.e., while speaking) are
suppressed in comparison to responses evoked by hearing
a played-back version of the same speech sounds, that
is, speaking-induced suppression (Chang, Niziolek,
Knight, Nagarajan, & Houde, 2013; Houde & Chang,
2015; Houde, Nagarajan, Sekihara, & Merzenich, 2002;
Niziolek, Nagarajan, & Houde, 2013). This auditory sup-
pression during speaking is diminished when there is a
mismatch between the predicted and actual input, such as
when participants hear altered auditory feedback or when
the produced speech signals are replaced by those of a dif-
ferent speaker (Chang et al., 2013; Heinks-Maldonado,
Nagarajan, & Houde, 2006; Niziolek et al., 2013).

To date, less attention has been paid to a growing
body of literature—stemming in large part from animal neuro-
physiology (Eliades & Wang, 2017; Seki, Perlmutter, &
Fetz, 2003) but, recently, also human limb (Voss, Ingram,
Haggard, & Wolpert, 2006; Williams & Chapman, 2002) and
speech work (Daliri & Max, 2015b; Merrikhi, Ebrahimpour,
& Daliri, 2018; Mock, Foundas, & Golob, 2015)—indicating
a wholly separate, more direct influence of sensory predic-
tions during movement planning on task-relevant sensory
systems. Such a direct influence is reflected in findings dem-
onstrating that (a) the response to externally generated
inputs is also modulated during movement (Altenmüller,
Berger, Prokop, Trippel, & Dietz, 1995; Chapman, Jiang,
& Lamarre, 1988; Eliades & Wang, 2002; Numminen,
Salmelin, & Hari, 1999; Sowman, Brinkworth, & Türker,
2010), (b) sensory modulation occurs at levels as low as the
spinal cord (Chapman et al., 1988; Seki et al., 2003), and
(c) sensory modulation can already start hundreds of milli-
seconds before movement onset or when movement is pre-
vented altogether (Cohen & Starr, 1985; Voss et al., 2006;
Walsh & Haggard, 2008, 2010; Williams & Chapman, 2002).

Given that premovement sensory modulation mecha-
nisms had remained almost entirely unexplored in speech
production, we initiated a series of experiments to study
motor-to-sensory influences during speech movement plan-
ning in both typical speakers and individuals who stutter.
More specifically, we developed and fine-tuned a new ex-
perimental paradigm (first described in Max, Daniels, Curet,
& Cronin, 2008) in which auditory evoked potentials (AEPs)
are recorded in response to probe tones that are played
either immediately prior to speaking (i.e., during speech
planning in a delayed-response speaking task) or at the
equivalent time in no-speaking control conditions (i.e.,
silent reading or silently viewing nonlinguistic symbols).
All conditions are completed in separate blocks of trials;
thus, participants always know ahead of time whether or
not they should speak in a given trial. All conditions also
3072 Journal of Speech, Language, and Hearing Research • Vol. 62 •
include trials without probe tone so that a separate evoked
potential associated with time-locked nonauditory pro-
cesses (e.g., visual responses, word recognition, word reading)
can be subtracted from the AEP in order to obtain the best
possible estimate of the auditory response itself. As a measure
of pre-speech auditory modulation (PSAM), we then calcu-
late the change in amplitude of the long-latency AEP compo-
nents N1 and P2 during the planning phase prior to speech
initiation relative to the no-speaking control condition.

Our results from several studies convincingly showed
that the CNS already modulates the auditory system during
speech planning prior to movement onset. These PSAM
results were especially intriguing in the context of theoret-
ical models of stuttering: Based on our perspective formu-
lated within the broader theoretical context of control
systems theory (Max, 2004; Max et al., 2004), individuals
who stutter may have difficulties with the use of sensory
predictions to successfully prepare task-relevant sensory
systems for their subsequent role in feedback monitoring.
In the following sections, we briefly describe our studies
that have addressed questions regarding PSAM in both
adults who stutter and adults who do not stutter.

Do Adults Who Stutter Show Atypical PSAM?
The primary goal of our first PSAM study with both

participants who stutter and participants who do not stutter
(Daliri & Max, 2015b) was to investigate whether stuttering
is associated with abnormalities in pre-speech sensory mod-
ulation in the auditory system. To address this question,
we used our previously developed paradigm (schematically
illustrated in Figure 1) with a delayed-response speaking
task and no-speaking control conditions (Max et al., 2008).
We used AEP analyses to examine the modulation of audi-
tory cortical activity in response to probe stimuli presented
through insert earphones during speech movement plan-
ning and in control conditions without movement planning.
We tested adults who stutter (n = 12) and adults who do not
stutter (n = 12) who were native speakers of American
English and right-handed. They reported no history of
psychological, neurological, or communication disorders
(other than stuttering in the stuttering group), and all had
normal binaural hearing thresholds (≤ 20 dB HL at all
octave frequencies of 250–4000 Hz).

The participants completed nine blocks of trials (three
blocks for each of three conditions), with each block includ-
ing only speaking trials or no-speaking trials. Thus, even
though the order of blocks was counterbalanced, partici-
pants were aware at all times whether or not the task in-
volved producing speech. In each trial for the speaking
condition, a monosyllabic word (three to five letters long)
appeared in white characters on a computer monitor. After
600 ms, the color of the word changed to green as a “go”
signal for the participant to produce the word overtly. The
same procedure with the same sequence of visual events oc-
curred in a silent reading condition, except that participants
were instructed to not produce the words aloud. Thus, the
silent reading condition served as a direct control condition
3071–3084 • August 2019



Figure 1. Schematic of the experimental paradigm. The experiment
included three conditions: (A) speaking, (B) silent reading, and
(C) seeing. (D) An auditory stimulus (1 kHz, 50-ms duration, 75 dB SPL)
was presented 400 ms after initial appearance of the stimulus word
(in the speaking and silent reading conditions) or symbols (in the
seeing condition) in one third of the trials of each condition, whereas
no auditory stimulus was presented in the remaining trials. Adapted
from Daliri and Max (2015b): Brain and Language, Vol. 143, A. Daliri
and L. Max, “Modulation of Auditory Processing During Speech
Movement Planning is Limited in Adults Who Stutter,” pp. 59–68,
Copyright © 2015, with permission from Elsevier.
for the speaking condition as it was specifically designed to
eliminate speech movement planning. A seeing condition
served as a further control condition by also eliminating cog-
nitive–linguistic processes associated with reading, word rec-
ognition, and so forth. This seeing condition included the
same sequence of events as in the silent reading condition,
except that nonlinguistic symbols (“++++”) rather than
monosyllabic words were shown on the computer monitor.

To investigate adjustments in auditory processing
during speech movement planning, a probe stimulus (1 kHz,
75 dB SPL, 50-ms duration, 10-ms rise and fall times) was
presented during one third of the 270 trials per condition
(further referred to as tone trials, with the remaining trials
referred to as no-tone trials). The probe stimulus was deliv-
ered 400 ms after presentation onset of the word or sym-
bols in white characters (thus, 200 ms prior to the change
from white characters to green characters). Pilot testing
with auditory stimuli presented at various time points before
the color change (see Max et al., 2008) revealed that this
time point 400 ms after initial presentation of the visual
stimulus offered the best balance between avoiding visually
evoked potentials and movement-related artifacts.
We recorded high-density electroencephalography
(EEG) data from 128 electrode sites on the scalp (according
to an extension of the 10–10 electrode system) along with
electrooculograms, orofacial electromyograms, and speech
signals. Data preprocessing included rereferencing (relative
to offline reconstructed average mastoids), filtering (low-
pass filter with a cutoff frequency of 50 Hz), and epoching
(−100 to 400 ms relative to probe stimulus or equivalent
time in no-tone trials). Each epoch was baseline corrected
using the mean amplitude of the prestimulus period. Outlier
epochs containing EEG amplitudes greater than ± 70 μV,
eye movements, blinking, or muscle artifacts were excluded.
Artifact-free epochs were then averaged to derive evoked
potentials for each condition’s tone trials and no-tone trials
separately. Evoked potentials for the tone trials reflect
auditory and nonauditory processing (e.g., motor, linguis-
tic, cognitive, and visual processes), whereas evoked po-
tentials for the no-tone trials reflect only the nonauditory
processes. Thus, for each participant in each condition,
we subtracted the evoked potential for no-tone trials from
the evoked potential for tone trials in order to remove the
influence of nonauditory processes (note that the validity
of this approach is confirmed by achieving standard AEP
morphology after the subtraction).

Amplitudes and latencies of the N1 component (the
largest negative peak between 70 and 130 ms after stimulus
onset) and the P2 component (the largest positive peak
between 150 and 250 ms after stimulus onset) in the final
AEP were extracted from a subset of EEG electrodes over
central and lateral regions of the scalp. Replicating a result
also reported in Max et al. (2008), the absence of any AEP
difference between the entirely nonlinguistic seeing task and
the silent reading task confirmed that the latter can serve
as an appropriate reference for defining PSAM. Thus, we
quantified individual participant PSAM as the difference
in N1 or P2 amplitude in the silent reading condition versus
the speaking condition. Doing so on the basis of a within-
subject comparison is based on fundamental considerations
related to electrophysiological recordings. Between-subjects
comparisons of EEG data would reflect not only neuro-
physiological differences between the groups but also ana-
tomical intersubject variation in the effects of skin and bone
(including the thickness of different layers) on the extra-
cranially recorded electrical fields (Nunez & Srinivasan,
2006). For this reason, within-subject comparisons and
Group × Condition interactions are more meaningful
and generally recommended (Luck, 2014).

The main results from this study all related to N1
amplitude and are shown in Figure 2 (results for P2 ampli-
tude or P1 and P2 latencies showed no statistically significant
Group × Condition interactions). Panels a and b display
AEP waveforms for the stuttering and nonstuttering groups
in the speaking, silent reading, and seeing conditions;
Panel c summarizes the extracted amplitude values for N1
in a bar graph; and Panel d contains a boxplot depicting
each group’s amount of PSAM. Data obtained from the
typically fluent adults confirmed our hypothesis that, con-
sistent with a predictive modulation of auditory processing
Max & Daliri: Auditory Modulation During Speech Planning 3073



Figure 2. Grand-averaged auditory evoked potentials (across participants and across electrodes in three regions of
interest marked on the scalp maps) for (a) adults who do not stutter and (b) adults who stutter. The two groups differ
in modulation of the N1 component (gray box) in the speaking condition relative to the silent reading and seeing
control conditions. (c) Group-averaged amplitudes (with standard errors of the mean) of the N1 component in each
condition illustrate the Group × Condition interaction. N1 amplitude of the nonstuttering group was smaller in the
speaking condition relative to both control conditions; N1 amplitude of the stuttering group was similar across all
three conditions. (d) A boxplot illustrates the consistency of N1 modulation (N1 modulation = |N1Reading| − |N1Speaking|;
thus, positive values indicate an amplitude reduction in the speaking condition) among speakers who do not stutter
as compared with the absence of this phenomenon among speakers who stutter. Adapted from Daliri and Max (2015b)
Brain and Language, Vol. 143, A. Daliri and L. Max, “Modulation of Auditory Processing During Speech Movement
Planning is Limited in Adults Who Stutter,” pp. 59–68, Copyright © 2015, with permission from Elsevier.
before speech sound production, amplitude of the auditory
N1 (in Figures 2a and 2b highlighted with a gray-shaded
area) was statistically significantly reduced before speaking
as compared with both the silent reading and seeing condi-
tions (see Figure 2c). Data from the adults who stutter, on
the other hand, showed no difference in N1 amplitude be-
tween the speaking condition and either of the nonspeaking
conditions (see Figures 2a–2c). Consequently, the stutter-
ing group’s modulation of N1 amplitude (defined as N1
modulation = |N1Reading| − |N1Speaking|) during speech
planning was substantially smaller than that observed in
typically fluent adults (see Figure 2d). Thus, overall, our
study demonstrated that adults who stutter show atypical,
or even entirely absent, PSAM.
Does the Lack of PSAM in Adults Who Stutter
Reflect a General Auditory Prediction Deficit?

Findings from the first study suggested that adults
who stutter are less efficient in using auditory prediction
during speech movement planning. However, the study did
3074 Journal of Speech, Language, and Hearing Research • Vol. 62 •
not address whether the observed absence of PSAM in
speakers who stutter was due to an inefficient planning of
motor commands (which presumably have a modulating
influence) or due to inefficiencies in the forward modeling
process itself. Thus, in a follow-up study (Daliri & Max,
2015a), we investigated whether adults who stutter also
differ from adults who do not stutter when the forward
modeling of auditory input is not based on the simultaneous
preparation of motor commands.

To address this question, we tested 10 adults who
stutter and 10 adults who do not stutter (participant inclusion/
exclusion criteria were as described above) after adding
a new condition to the previous paradigm. We recorded
AEPs in response to probe auditory stimuli presented
through insert earphones in the following three conditions
(each condition consisting of three blocks of 90 trials):
during movement planning prior to speaking, prior to lis-
tening to one’s own speech playback, and during silent
reading. Each block contained only trials from one single
condition, and participants were instructed prior to the
beginning of the block whether they should speak, listen,
or read silently on each trial. The speaking condition was
3071–3084 • August 2019



identical to that used in the prior study; that is, auditory
prediction was based on speech movement planning. In the
listening condition, a monosyllabic word also appeared in
white characters on a black background, and after 600 ms,
the color of the word also changed to green. However, par-
ticipants did not read the words out aloud. Instead, after
the word appeared on the screen, we played back a record-
ing of the participant’s own production of that same word
at the same intensity and with the same onset latency as
produced by the participant in the speaking condition (one
block of trials for the speaking condition was always com-
pleted first in the total set of nine blocks such that a re-
cording of each word was available). Thus, in the listening
condition, auditory prediction was based on the expecta-
tion of hearing one’s own production of the displayed word,
but it occurred in the absence of speech movement plan-
ning. Surface electromyographic signals from several oro-
facial muscles were inspected to exclude any trials with
noticeable muscle activity, but we did not notice a trend
for undesirable muscle activity to occur during these pas-
sive listening trials. As the third condition, silent reading
again served as a control activity that did not involve any
type of auditory prediction. To measure auditory modula-
tion, we delivered a probe tone (1 kHz, 75 dB SPL, 40 ms)
at 400 ms after presentation of the word in 40% of the
trials in each condition. Processing and analysis steps (in-
cluding the subtraction of an evoked potential recorded
in no-tone trials from the AEP recorded in tone trials) were
as described above for the first study.

A first important finding was that we once again rep-
licated our previous result that adults who do not stutter
clearly modulate their auditory system during speech plan-
ning prior to movement onset (i.e., they show a reduction
in N1 amplitude in the speaking condition relative to the
silent reading condition). Second, we also replicated that
this mechanism is lacking in adults who stutter. Third, as a
novel finding, adults who do not stutter also showed a sim-
ilar auditory modulation when expecting to hear a played-
back version of their own speech (i.e., there is a reduction
in N1 amplitude in the listening condition relative to the
silent reading condition), and this modulation too was very
limited in adults who stutter. Overall, the results—summarized
in Figure 3—provided direct electrophysiological evidence
for a generalized auditory prediction deficit in adults who
stutter. In particular, the findings suggest that the lack of
PSAM in adults who stutter is likely not a result of ineffi-
cient or incorrect motor command planning but of ineffi-
ciencies in the forward modeling of future auditory inputs,
regardless of whether the prediction is based on self-generated
motor commands or other information.
Determining the Functional Relevance
of PSAM: Is the Effect Sound Specific?

When modulation occurs in a sensory response to
movement itself—such as reduced auditory cortex responses
in magnetoencephalographic recordings during self-generated
versus played-back speech—the data are typically inter-
preted as reflecting a partial suppression of self-generated
inputs (Heinks-Maldonado, Mathalon, Gray, & Ford,
2005; Heinks-Maldonado et al., 2006; Houde et al., 2002).
This phenomenon is considered critical for the ability to
differentiate between the consequences of one’s own ac-
tions and stimuli created by external sources (Blakemore,
Wolpert, & Frith, 1999; Blakemore et al., 2000). In the
context of the theoretical framework discussed in the in-
troduction, such sensory suppression operates at a level
where afferent inputs have already been sufficiently proc-
essed in the primary sensory cortex to allow a comparison
with an earlier prediction signal, and after this comparison
has been made, the response can be partially suppressed if a
match is indeed detected. It is not at all clear, however,
whether or not the PSAM phenomenon before movement
onset also reflects an actual suppression of afferent input.
In robotics, for example, it would be ill-advised to suppress
in a global manner the incoming signals from contact and
force sensors that feed back information about an actua-
tor’s movements. It is therefore helpful to be reminded
of the fact that a reduction in the amplitude of a given
evoked potential component (i.e., the scalp-recorded sum
of all electrical potentials from numerous intracranial di-
pole sources) does not necessarily indicate an actual sup-
pression of the specific cognitive process of interest. The
notion that the CNS would start applying a general sup-
pression of auditory pathways during the planning phase
prior to speech onset is also difficult to reconcile with stud-
ies demonstrating that auditory feedback is the primary
modality driving speech motor learning (e.g., Feng, Gracco,
& Max, 2011).

Of course, this raises the question of what the func-
tional relevance of the PSAM phenomenon might be.
Based on current theoretical models of speech motor con-
trol, when the CNS plans to produce a specific speech
sound or sequence of speech sounds, it accurately pre-
dicts the auditory consequences of the planned move-
ments, and it uses this prediction to inform the auditory
cortex about expected feedback input (Chang et al., 2013;
Houde & Nagarajan, 2011; Niziolek et al., 2013; Tourville &
Guenther, 2011). If an initial priming of sensory (in this
case auditory) systems does not serve to suppress afferent
inputs, then one might hypothesize that it does, in fact,
play a role in engaging or even enhancing processes involved
in sensory feedback monitoring. With the aim to start unra-
veling the functional relevance of PSAM, we conducted a
separate study with only individuals who do not stutter
(n = 9) in which we investigated whether PSAM varies de-
pending on the nature of the auditory stimulus that is
used to probe auditory processing immediately prior to
speech onset (Daliri & Max, 2016). The study included a
speaking condition and a silent reading condition identi-
cal to those used in our previous studies. However, rather
than using only one type of auditory stimulus to probe au-
ditory processing, this time, AEPs were elicited by either
pure tones or truncated speech syllables. Both stimuli were
40 ms in duration and presented at 75 dB SPL through
Max & Daliri: Auditory Modulation During Speech Planning 3075



Figure 3. Grand-averaged auditory evoked potentials (averaged over the colored electrodes in the scalp maps) for
(a) adults who do not stutter and (b) adults who stutter. We found that N1 amplitude of the participants who do not
stutter in both the speaking and listening conditions was smaller than that in the silent reading condition; however,
(c) N1 amplitude of the participants who stutter was similar in all three conditions (error bars indicate standard errors
of the mean). (d) The boxplot illustrates participant distribution in terms of N1 modulation in the speaking and
listening conditions for the two groups (i.e., modulation calculated such that positive values indicate an amplitude
reduction relative to the silent reading condition). Adapted from Daliri and Max (2015a), Brain and Language, Vol. 150,
A. Daliri and L. Max, “Electrophysiological Evidence for a General Auditory Prediction Deficit in Adults Who Stutter,”
pp. 33–44, Copyright © 2015, with permission from Elsevier.
insert earphones. They were again presented 200 ms be-
fore the “go” signal during the instructed delay period in
the speech condition or at the equivalent time point in the
silent reading control condition (i.e., 400 ms after appear-
ance of the word). Also, as in the procedures described
above, nonauditory contributions to the AEP were removed
by subtracting the evoked potential recorded during no-
tone trials during which no probe stimulus was presented
but the task was otherwise identical.

The obtained results showed no statistically signifi-
cant effect of stimulus type on modulation of the N1 com-
ponent that reflects early stages of auditory processing
approximately 100 ms after stimulus onset. For this N1
component, PSAM was observed regardless of the speech
versus nonspeech nature of the probe stimulus. However,
the P2 component that reflects later stages of auditory pro-
cessing approximately 200 ms after stimulus onset showed
significant PSAM only for the speech stimulus (see Figure 4).
Thus, the results indicate that PSAM during movement
planning has a global effect on early auditory processing
stages but a speech-specific effect on later auditory process-
ing stages. In other words, at least in terms of the amplitudes
of scalp-recorded AEP components, preparing to speak
3076 Journal of Speech, Language, and Hearing Research • Vol. 62 •
aloud affects the initial cortical processing of auditory input
in a global manner but subsequent higher level cortical pro-
cessing in a speech-specific manner. As a tentative work-
ing hypothesis, we propose that this finding is consistent
with a conceptual model in which different phases of audi-
tory modulation during speech planning may reflect ongoing
neural processes involved in priming and selectively biasing
the auditory system for its role in monitoring auditory
feedback during speech production (for more details, see
the General Discussion section below).
Determining the Functional Relevance
of PSAM: Does the Effect Relate
to Auditory–Motor Learning?

As a next step toward investigating both the func-
tional relevance of PSAM itself and the potential role of a
lack of PSAM in stuttered speech disfluencies, we specu-
lated that, if the phenomenon reflects processes involved in
priming the auditory cortex for the subsequent monitoring
of incoming feedback, then individuals with limited PSAM
may also show limited auditory–motor learning when speech
3071–3084 • August 2019



Figure 4. Nonstuttering speakers’ grand-averaged auditory evoked potentials in response to (a) nonspeech stimuli
(1-kHz tone) and (b) speech stimuli (/da/ syllable) that were presented either prior to vocalization in a speaking
condition (pink) or at the same time point in a silent reading condition (blue). We examined changes in amplitude of
the N1 and P2 components (highlighted by the gray-shaded areas in a and b) in the speaking condition versus the
reading condition to determine auditory modulation for each type of stimulus. N1 modulation occurred to a similar
extent in responses to speech and nonspeech auditory stimuli; (c) N1 amplitudes in the speaking and reading conditions;
error bars indicate standard errors of the mean and (d) Boxplot of auditory modulation calculated as |N1Reading| − |
N1Speaking|. P2 modulation occurred only in responses elicited by speech stimuli: (e) P2 amplitudes and (f ) P2 modulation.
All data averaged across the colored electrodes in three regions of interest. Adapted from Daliri and Max (2016),
Creative Commons Attribution License (CC BY), Copyright © 2016 Daliri and Max.
is produced with experimentally altered auditory feedback.
This rationale is based on the fact that such auditory–
motor learning is critically dependent on sensory prediction
errors (i.e., discrepancies between predicted and actual
feedback) and that the detection of these prediction errors
requires an accurate monitoring of the actual feedback
signal. In other words, we hypothesized a functional role
for PSAM in optimizing feedback monitoring without
implying that PSAM and auditory–motor learning share
the same neural mechanisms.

For this purpose, we designed a new study (Daliri &
Max, 2018) with both adults who stutter (n = 13) and
adults who do not stutter (n = 13) in which we examined the
relationship between PSAM and adjustments in speech ar-
ticulation based on experimental manipulations of auditory
feedback. Participant inclusion/exclusion criteria were as in
the prior studies. In one session, participants completed a
sensorimotor adaptation paradigm that allowed us to quan-
tify, on an individual basis, the extent of speech motor learn-
ing induced by altered auditory feedback. While producing
monosyllabic consonant–vowel–consonant (CVC) words,
participants heard auditory feedback that was digitally
altered in real time during a perturbation phase but unal-
tered during a preceding baseline phase and a following
Max & Daliri: Auditory Modulation During Speech Planning 3077



Figure 5. Relation between pre-speech modulation of the auditory
evoked potential N1 component and speech adaptation to altered
auditory feedback. Participants completed an auditory–motor
adaptation paradigm that allowed us to quantify each participant’s
adaptation to formant-shifted auditory feedback. The same participants
also completed our standard pre-speech auditory modulation (PSAM)
paradigm that allowed us to quantify each participant’s extent of
N1 and P2 modulation prior to speech onset. N1 PSAM was not
statistically significantly correlated with the amount of adaptation
for speakers who do not stutter (r = .05, p = .87), and it was negatively
correlated with the amount of adaptation for speakers who stutter
(r = −.65, p = .02). Neither group showed a significant correlation
between adaptation and P2 PSAM (p > .349). Adapted from Daliri
and Max (2018): Cortex, Vol. 99, A. Daliri and L. Max, “Stuttering
Adults’ Lack of Pre-Speech Auditory Modulation Normalizes When
Speaking With Delayed Auditory Feedback,” pp. 55–68, Copyright
© 2018, with permission from Elsevier.
postperturbation phase. Specifically, a professional-quality
vocal processor (VoiceOne, TC Helicon) shifted all formant
frequencies in the feedback signal 250 cents up (1 octave =
1200 cents) during all trials in the perturbation phase.
Offline, we measured each participant’s produced first
(F1) and second (F2) formant frequencies in the baseline,
perturbation, and postperturbation phases. Each individual’s
extent of auditory–motor learning was quantified as the
change in both F1 and F2 at the end of the perturbation
phase relative to baseline and by an overall adaptation in-
dex that combined the change in both formants. In a sec-
ond session, the same participants completed our PSAM
paradigm already described above. Pure tones were used as
the probe stimuli presented during speech movement plan-
ning or at the equivalent point in time during silent reading.
Processing of the EEG data and analysis of the AEPs were
as described above. The experiment also included an extra
speaking condition with delayed auditory feedback (DAF),
but that condition served to address a separate research
question (see the Is Stuttering Individuals’ Lack of PSAM
“Reversible”? section below). Thus, all PSAM results sum-
marized in this section relate to the speaking condition
with typical auditory feedback.

Results from the sensorimotor adaptation task showed
statistically significant F1 and F2 adaptation only in the
nonstuttering group and not in the stuttering group. Simi-
larly, results from the PSAM paradigm showed statistically
significant N1 modulation (speaking vs. silent reading)
only in the nonstuttering group and not in the stuttering
group. Most important for this section’s research question,
we asked whether there is a relation between auditory–
motor adaptation in the first session and PSAM in the
second session. Thus, we calculated the Pearson correlation
between the overall index of adaptation to formant-shifted
auditory feedback and the extent of auditory N1 modulation
prior to speaking (see Figure 5). Contrary to our hypothesis,
PSAM was not statistically significantly correlated with the
amount of adaptation for speakers who do not stutter (r = .05,
p = .87), and it was negatively correlated with the amount of
adaptation for speakers who stutter (r = −.65, p = .02). In
other words, participants who stutter and showed more
PSAM showed less auditory–motor adaptation. Neither
group showed a significant correlation between adaptation
and auditory P2 modulation prior to speaking.

In summary, our prior finding of limited N1 PSAM
in adults who stutter was again replicated. In addition, we
confirmed that the same adults who stutter also showed lim-
itations in auditory–motor speech learning. Thus, based on
the group-level comparisons, these data could be consid-
ered in agreement with the hypothesis that PSAM enhances
(rather than suppresses) feedback monitoring. However,
this relationship between the two variables did not hold up
within each group: At the participant level, the two vari-
ables were not correlated for speakers who do not stutter
and negatively correlated for speakers who stutter. The
stuttering group’s negative correlation between PSAM and
auditory–motor adaptation is difficult to interpret in light
of the fact that, as mentioned, speakers who do not stutter
3078 Journal of Speech, Language, and Hearing Research • Vol. 62 •
showed a greater extent of PSAM, yet they also showed a
greater, rather than smaller, extent of adaptation (indicat-
ing that more PSAM by itself is not associated with less
adaptation). Nevertheless, the overall pattern of results
suggests that limited PSAM is not directly related to lim-
ited auditory–motor adaptation at the level of individual
speakers. New studies are underway in our laboratory to
further explore the relationship, if any, between PSAM
and auditory feedback monitoring.
Is Stuttering Individuals’ Lack
of PSAM “Reversible”?

Another hypothesis derived from the notion that
PSAM may reflect neural changes associated with preparing
the auditory system for feedback monitoring is that expo-
sure to nonuseful auditory feedback would lead to changes
in the PSAM phenomenon. We speculated that adding a
consistent and noticeable delay to the auditory feedback
signal would reduce speakers’ ability to rely on this chan-
nel for online monitoring when producing short, monosyl-
labic words. We also speculated that this reduced ability
to rely on auditory feedback, in turn, would lead to reduced
activation of the mechanisms responsible for PSAM. We
therefore included in the study discussed in the Determining
the Functional Relevance of PSAM: Does the Effect Relate
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to Auditory–Motor Learning? section not only the described
speaking condition with typical, nonaltered auditory feed-
back (NAF) but also a speaking condition during which
DAF was predictably applied on each trial.

As has been the case in all our PSAM studies to date,
participants produced short CVC words after a “go” signal
that was presented 600 ms after initial presentation of the
word on a computer monitor. For each production, how-
ever, the auditory feedback signal presented through insert
earphones was experimentally delayed by 100 ms. Pure-
tone stimuli (1 kHz, 40 ms, 10-ms rise and fall times) were
presented through the insert earphones during the speech
planning phase prior to movement onset (400 ms after ini-
tial visual presentation of the target word). After again re-
moving nonauditory contributions to the AEP by means of
the no-tone trial subtraction procedures described above,
the AEP responses to these pure-tone stimuli during speech
planning in the DAF condition were compared to the AEP
responses obtained at the equivalent time point in the silent
reading condition. The amount of PSAM for this DAF con-
dition (change in N1 amplitude in the DAF speaking con-
dition vs. the silent reading control condition) was then
compared with the amount of PSAM in the NAF condition
discussed above in the Determining the Functional Rele-
vance of PSAM: Does the Effect Relate to Auditory–Motor
Learning? section (see Figure 6).

Overall, we found that the effect on PSAM of speak-
ing with DAF differed between the stuttering and nonstut-
tering groups. For eight of the 12 participants who do
not stutter, less PSAM was observed in the DAF condition
as compared with the NAF condition. Interestingly, how-
ever, nine of the 12 participants who stutter showed an
increase, rather than decrease, in PSAM in the DAF con-
dition versus the NAF condition. In fact, as a group, the
individuals who stutter showed a statistically significant
modulation of the auditory N1 response only before speak-
ing with DAF and not before speaking with NAF. This
increase in PSAM for the speakers who stutter was suffi-
ciently large for the between-group difference that we
had consistently observed in all our studies to be statisti-
cally nonexistent in this DAF condition.

For the group of participants who stutter, we also
determined the correlation between the amount of PSAM
in either the NAF condition (from the Determining the
Functional Relevance of PSAM: Does the Effect Relate to
Auditory-Motor Learning? section above) or the DAF
condition (this section) and stuttering frequency data from
a preceding clinical assessment. When speaking with NAF,
there was no statistically significant correlation between
either of the two PSAM values and stuttering frequency.
When speaking with DAF, however, PSAM in the DAF
condition was statistically significantly correlated with stut-
tering frequency (r = .66, p = .02). In other words, when
hearing auditory feedback with a 100-ms delay, those par-
ticipants with a higher frequency of stuttering moments
showed the most PSAM.

Thus, the replicated finding of a lack of PSAM
in adults who stutter (Daliri & Max, 2015a, 2015b, 2018)
applies only to speaking with typical NAF. PSAM mecha-
nisms are activated in this population when the task involves
speaking with DAF. It should be noted that, although the
probe auditory stimulus is always presented prior to pro-
ducing the word for each individual trial (and thus prior to
hearing the delayed feedback for that trial), participants
know after the first few trials in the DAF condition that
they will always hear their own speech with a delay. Thus,
it appears to be a general awareness or expectation of
DAF being “on” in this condition that leads to the activa-
tion of the processes responsible for PSAM of the indi-
viduals who stutter. We believe that this is a promising
experimental finding in the context of a large literature on
the fluency-enhancing effects of DAF for many individuals
who stutter (for a review, see Bloodstein et al., 2008).
Whether the DAF-based “normalization” of PSAM of
speakers who stutter as demonstrated in Daliri and Max
(2018) and such DAF-based fluency enhancements are di-
rectly or indirectly related remains to be determined in
future studies.

General Discussion
Numerous previous publications have suggested that

stuttering is associated with deficiencies in auditory feed-
back monitoring or auditory–motor integration (Cai, Beal,
Ghosh, Guenther, & Perkell, 2014; Cai et al., 2012; Civier,
Tasko, & Guenther, 2010; Daliri, Wieland, Cai, Guenther,
& Chang, 2017) or sensorimotor integration in general
(Daliri, Prokopenko, Flanagan, & Max, 2014; Daliri,
Prokopenko, & Max, 2013; Max, 2004; Namasivayam,
van Lieshout, McIlroy, & De Nil, 2009). However, it
remains unknown which specific aspects of sensorimotor
integration are deficient in individuals who stutter. Over
the past two decades, the neural control of movement litera-
ture has made it increasingly clear that sensorimotor integra-
tion involves, among other aspects, substantial involvement
of neural processes related to predicting the sensory outcomes
of planned motor commands (Shadmehr et al., 2010;
Wolpert & Flanagan, 2001; Yang, Wolpert, & Lengyel,
2016). Such predictions are used both to optimize motor
commands and to prepare task-relevant sensory systems
for their subsequent role in processing incoming feedback
signals during movement execution (Wolpert et al., 2011;
Wolpert & Flanagan, 2001). Given the many suggestions
that auditory–motor integration deficiencies play a role in
stuttering, the program of research reviewed here has inves-
tigated this latter role of sensory prediction by investigating
stuttering and nonstuttering speakers’ modulation of the au-
ditory system even before speech movement onset.

The results from this programmatic series of studies
can be summarized as follows. First, adults who do not
stutter show a clear modulation of auditory processing dur-
ing speech planning prior to movement onset—a finding that
we have replicated multiple times (Daliri & Max, 2015a,
2015b, 2016, 2018; Max et al., 2008). We refer to this phe-
nomenon as PSAM. Second, adults who stutter show very
limited, if any, PSAM, at least when speaking with typical,
Max & Daliri: Auditory Modulation During Speech Planning 3079



Figure 6. Grand-averaged auditory evoked potentials of (a) nonstuttering and (b) stuttering groups in response to
probe tones presented during speech planning in a condition with nonaltered auditory feedback (NAF), during speech
planning in a condition with delayed auditory feedback (DAF), and at the equivalent time points in a condition with only
silent reading. Group-averaged N1 amplitudes in each of the conditions are shown in (c) (error bars correspond to
standard errors of the mean). (d) Pre-speech modulation of the N1 component (|N1Reading| − |N1Speaking|) for the
nonstuttering group decreased in the DAF condition relative to the NAF condition, whereas for the stuttering group,
it increased for the same comparison. As a result, the between-groups difference in pre-speech modulation during
speaking with NAF disappeared when speaking with DAF. Adapted from Daliri and Max (2018): Cortex, Vol. 99, A. Daliri
and L. Max, “Stuttering Adults’ Lack of Pre-Speech Auditory Modulation Normalizes When Speaking With Delayed
Auditory Feedback,” pp. 55–68, Copyright © 2018, with permission from Elsevier.
unaltered auditory feedback—another finding that we
have replicated after the original report (Daliri & Max, 2015a,
2015b, 2018). Third, when participants know that they will
hear their own prerecorded speech played back to them
rather than actively producing it, a similar between-group
difference is observed with PSAM occurring in the speakers
who do not stutter but not in the speakers who stutter (Daliri
& Max, 2015a). Fourth, PSAM affects the auditory sys-
tem’s response to probe stimuli regardless of whether those
stimuli are pure tones or truncated speech syllables, but only
the response to speech stimuli shows a modulation also dur-
ing later processing stages (affecting P2 ~200 ms after probe
stimulus onset), in addition to the general modulation that
occurs during earlier processing stages (affecting N1 ~100 ms
after probe stimulus onset; Daliri & Max, 2016). Fifth, com-
pared with typically fluent control participants, adults who
stutter show both less PSAM when speaking with unaltered
auditory feedback and less auditory–motor adaptation in a
separate speaking task with formant-shifted auditory feed-
back; it remains unknown, however, why—at the individual
participant level—these two measures are not correlated
3080 Journal of Speech, Language, and Hearing Research • Vol. 62 •
for typically fluent speakers whereas they are negatively
correlated for speakers who stutter (Daliri & Max, 2018).
Sixth, when speaking in a condition in which a consistent
100-ms delay is added to the auditory feedback signal,
PSAM is reduced in most fluent speakers and increased in
most speakers who stutter; in fact, with such a delay pres-
ent, there is no longer a difference in PSAM between the
two participant groups (Daliri & Max, 2018).

Thus, taken together, the evidence is compelling in
indicating that the sensorimotor system typically uses pre-
dictive mechanisms to modulate auditory processing dur-
ing speech planning prior to movement onset, that these
mechanisms are not operating in the same manner in adults
who stutter, and that this lack of PSAM in adults who
stutter is eliminated when speaking with delayed feedback.
What remains unclear is (a) what exactly the functional
relevance is of the PSAM phenomenon and (b) whether
less active PSAM mechanisms do play a role in stuttered
speech disfluencies. In our studies, to date, participants
have produced only short, monosyllabic CVC words, and
as a result, participants who stutter have been able to
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produce almost all utterances fluently (note that, even for
a single participant, many disfluent productions would
be necessary to derive a separate AEP for probe stimuli
preceding such disfluent productions and, therefore, no
such analyses have been completed).

As a current working hypothesis, we speculate that
stuttering individuals’ limited use of auditory prediction to
prime the auditory system prior to movement onset may
result in an inefficient use of auditory feedback during speech
production. Given that we found no relation between PSAM
and auditory–motor learning for speakers who do not stutter,
we speculate that the affected monitoring mechanisms may
play a role primarily in online feedback-driven corrections
rather than in corrections over a longer timescale such as
those driving auditory–motor learning—an experiment di-
rectly testing this hypothesis is currently ongoing in the first
author’s laboratory (see also Eliades & Tsunada, 2018).
When producing individual monosyllabic words, feedforward
mechanisms may suffice for fluent movement execution
(Kim & Max, 2014). For the production of complex multi-
syllabic words and sequences of syllables combined into
complete utterances, however, feedback monitoring and
feedback-driven corrections may play a role of greater im-
portance. During such longer speech sequences, not ap-
propriately modulating the auditory system for its role in
feedback monitoring may lead to unnecessary and dis-
ruptive attempts at correcting ongoing movements, and
such repairs may contribute to the fluency breakdowns that
form the primary symptoms of stuttering. This hypothesis
overlaps with ideas proposed by Zimmermann, Smith, and
Hanley (1981), who suggested that stuttering moments can
be interpreted in the context of interactions between a pre-
movement “tuning of the reflex excitability” and movement-
initiating “triggering signals to these muscle groups” as
“a disorder of coordination may occur when either the
tuning or the triggering inputs are aberrant” (p. 26). We
currently interpret the combined empirical findings from
our own series of experiments reviewed in this article as
implicating the “tuning” component in stuttering. Of course,
our view does not rule out the possibility that deficiencies
in this component may themselves have developed as a
result of, or in parallel with, deficiencies in the “trigger-
ing” component (i.e., leading to imprecise internal for-
ward models—see the introduction). For example, other
research groups have reported that, prior to speech onset,
brain motor regions of individuals who stutter may show
atypical oscillatory activity (Mersov, Cheyne, Jobst, &
De Nil, 2018; Mersov, Jobst, Cheyne, & De Nil, 2016)
and atypical excitation patterns (Whillier et al., 2018).

Support for our current interpretation that PSAM
likely reflects processes involved in a complex optimization
of auditory cortical activity in preparation for feedback
monitoring after speech onset comes from multiple inde-
pendent sources. First, findings from our own series of ex-
periments strongly argue against a simple interpretation
whereby PSAM is considered to reflect a general reduction
of auditory input. We already mentioned above that a
general suppression of cortical auditory input immediately
prior to speech onset would be hard to reconcile with this
sensory modality’s dominant role in feedback-driven speech
motor learning (Feng et al., 2011). In addition, as com-
pared with speakers who stutter, speakers who do not stut-
ter showed more PSAM than speakers who stutter, but
they also relied more (rather than less) on auditory feed-
back in an auditory–motor adaptation task (Daliri & Max,
2018). Thus, at least at the level of group-based data, our
findings are inconsistent with the idea that PSAM sup-
presses auditory feedback. Second, others have shown in
human work with magnetoencephalography that the audi-
tory cortex shows a stronger response to very small (not
consciously detected) pitch shifts in the auditory input
when this input is the feedback signal of active vocalization
as opposed to a played-back prior vocalization (Franken
et al., 2018). This observation indicates that the auditory
system’s sensitivity for monitoring spectral aspects of the
speech signal is increased during vocalization. Third, and
perhaps most important in terms of understanding the
underlying mechanisms, similar conclusions follow from
direct neurophysiological recordings in animal models of
vocalization (Eliades & Tsunada, 2018; Eliades & Wang,
2008, 2017).

Studying self-initiated vocalization in marmoset mon-
keys, Eliades and colleagues (Eliades & Tsunada, 2018;
Eliades & Wang, 2008) demonstrated that the suppression
of cortical auditory neurons during self-initiated vocaliza-
tion in fact increases these neurons’ sensitivity to changes
in the auditory feedback of the vocalization. Specifically, a
large number of auditory neurons that were suppressed
during self-vocalization with typical feedback became strongly
excited when the animal heard feedback that was pitch-
shifted by two semitones. Thus, these neurons’ sensitivity
to error was actually enhanced, and the authors concluded
that “as a population, suppressed neurons were more sensi-
tive to auditory feedback during vocalization than excited
neurons, suggesting that they may have a greater role in
vocal self-monitoring” (Eliades & Wang, 2008, p. 1103). In
a separate study, the same authors showed that almost all
auditory cortical neurons that are excited during vocaliza-
tion are also excited by passive playback of vocalizations
(suggesting a general sensory-driven response), whereas only
a small proportion of neurons that are suppressed during
vocalization are also suppressed by passive playback of
vocalizations (Eliades & Wang, 2017). In other words,
the majority of auditory neurons suppressed during self-
vocalization are excited by played-back vocalization, sug-
gesting that, prior to active vocalization, the excitability/
inhibition of these neurons is modulated by auditory for-
ward modeling mechanisms. One possibility is that efference
copy signals bias the receptive fields of auditory cortical
neurons in order to optimize vocal feedback encoding
(Eliades & Wang, 2017). The net result during vocalization
then is an increased sensitivity to auditory error as demon-
strated in marmosets by Eliades and Wang (2008, 2017)
and in humans by Franken et al. (2018), and the level of
activation of at least some auditory neuronal populations
appears to represent an error signal representing the extent
Max & Daliri: Auditory Modulation During Speech Planning 3081



of mismatch between predicted and actual feedback (Houde
& Nagarajan, 2011; Niziolek et al., 2013).

It should be acknowledged that the studies described
here also have a few limitations that should be considered,
and possibly addressed, in future work. One limitation is
that our data are based on EEG recordings, and this does
not allow us to directly determine the neural substrates
underlying PSAM. Nevertheless, by combining information
regarding the known neural sources of the evoked N1 com-
ponent (Godey, Schwartz, De Graaf, Chauvel, & Liégeois-
Chauvel, 2001; Näätänen & Picton, 1987; Zouridakis,
Simos, & Papanicolaou, 1998), the neural circuitry involved
in the speech network (Dick, Bernal, & Tremblay, 2014;
Glasser & Rilling, 2008; Hickok, 2012a, 2012b; Tremblay
& Dick, 2016), and contemporary theoretical models of
speech production (Guenther, 2016; Hickok, 2012b, 2013;
Houde & Nagarajan, 2011), one can speculate that PSAM
depends strongly on the pathway connecting ventral pre-
motor and motor regions to primary and secondary audi-
tory cortices. Structural neuroimaging studies of stuttering
indeed have shown atypical findings in these pathways
(Chang, Garnett, Etchell, & Chow, 2018; Chang, Zhu,
Choo, & Angstadt, 2015; Sommer, Koch, Paulus, Weiller,
& Büchel, 2002; Watkins, Smith, Davis, & Howell, 2008).
It may be feasible in future studies to examine the possible
relationship between PSAM (measured by means of EEG)
and the integrity of these implicated pathways (measured
by means of structural neuroimaging).

Another aspect of our work that potentially could be
considered a limitation is the blocking of trials within condi-
tions. That is, the total set of trials (typically 90) for each
condition was split up into blocks (typically three), and
then the total set of blocks (typically nine) from all condi-
tions was presented in counterbalanced order across partic-
ipants. Our rationale for this design has been that it allows
participants to unambiguously know at all times whether
speech should be produced on a given trial. The alternative
option of randomizing all individual trials would (a) increase
cognitive processing demands as participants would need
to make a “speak” versus “do-not-speak” decision on each
trial, (b) contaminate the EEG data with this decision-
related activity, and (c) add an additional confounding
variable as trials from the different conditions would also
differ in the presence or absence of a separate response
cue. However, it cannot be ruled out that this blocked de-
sign may introduce differences in other variables (e.g.,
attentional demand) across the conditions.

In conclusion, we discovered in a series of experiments
that typically fluent adult speakers already modulate audi-
tory processing mechanisms prior to the initiation of speech
movements, whereas this PSAM mechanism is very limited
or absent in adults who stutter unless the speech task is
completed with DAF. In our prior publications on the in-
dividual experiments completed to date, we have described
how the between-group difference in PSAM is consistently
associated with large effect sizes, and in our most recent
study, PSAM differentiated 100% between participants who
stutter and participants who do not stutter (Daliri & Max,
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2018). Consequently, PSAM is a particularly powerful phe-
nomenon with potentially great promise for elucidating
the mechanisms underlying speech motor breakdowns in
stuttering. In currently ongoing work, we have therefore
started investigating whether differences in PSAM are already
present at a young age close to the onset of stuttering. In
addition, we are initiating studies investigating whether the
between-group difference in adults is specific to motor-
to-auditory interactions or whether it is also observable
in pre-speech motor-to-somatosensory interactions. Finally,
we are designing new experimental paradigms that will
allow us to directly test the above formulated hypotheses
that PSAM actually enhances auditory sensitivity to produc-
tion errors and that a lack of PSAM may lead to inefficient
monitoring mechanisms and breakdowns in speech fluency.
We hope that, in the long term, the results from this line of
work will offer not only deeper insights into the physiologi-
cal basis of stuttering but also suggestions for novel treat-
ment approaches such as noninvasive brain stimulation of
neural pathways involved in premovement motor-to-sensory
signaling.
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