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Abstract
Previous studies have shown that adults who stottetuce smaller corrective motor responses
to compensate for unexpected auditory perturbations in comparison to adults who dtarot st
suggesting that stuttering may be associated with deficits in intagitauditory feedback for
online speeeh,motaring. In this study, we examined whether stuttering is also associated with
deficiencies. in.integrating and using discrepancies between expected and received auditory
feedback to"adaptively update motor programs for accurate speech productigna Usi
sensorimotor-adaptation paradigm, we measured adaptive speech responses to audéoty form
frequency perturbations in adults and children who stutter and their matched edngtutt
controls.We found that the magnitude of the speech adaptive responseldoerc who stutter
did not differ from that of fluent children. However, the adaptation magnitude of adults who
stutter in response to auditory perturbation was significantly smaller than the adaptation
magnitude of adults who do not stutter. Togethesehesults indicate that stuttering is
associated,with deficits in integrating discrepancies between predicted and received auditory
feedback towealibrate the speech production system in adults but not childrernuditioig/a
motor integration deficit thuappears to be a compensatory effect that develops over years of

stuttering:

Keywords stuttering, speech, sensorimotor adaptation, feedback, feedforward
1.
Resear ch highlights
e We examinedensorimotor adaptation in children and adults who stutter.

e Themagnitude of the speech adaptive response for children who stutter did not differ from
that of.fluent children.

e The magnitude of adaptation of adults who stutter was significantly smaller thah that
adultsswho do not stutter.

Auditory-motor adaptation is reduced in adults who stutter but not in children who stutte
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Developmental stuttering is a disorder that disrupts the fluency of speech. da typi
onset of stuttering is between 2 and 3 years of age (Yairi & Ambrose, 2013). Stutteictg) affe
approxmately, 4-5% of preschool children, and the disorder persists into adulthood in
approximately 20—-30% of these children (e.g., Yairi & Ambrose, 1999). The prevalence of
stuttering is,elose to 1% in the general population (e.g., Yairi & Ambrose, 2013). Oyasthe
decades, many studies have examined neural mechanisms of stuttering in adultseviamdtut
have proposed-that stuttering may be associated with deficits in the sensorysiaior s
(Bloodstein'& BernstewiRatner, 2008). However, an importanegtion that has received little
attention is whether deficits in the sensorimotor system are present in children who stutter (i.e.,
whether the deficits are primary factors in the emergence of stuttering during childhood).

Many neuroimaging studies investigating underlying neural deficits of stuttering have
reported abnormal brain activation in auditory and motor regions of adults whes §Btang,
Kenney, Loucks, & Ludlow, 2009; Chang, Horwitz, Ostuni, Reynolds, & Ludlow, 2011; Fox et
al., 1996; Kell et al., 2009; Watkins, Smith, Davis, & Howell, 2008). Additionally, structural
neuroimagingrstudies have revealed abnormal connectivity between speech motor angd audit
regions (Cai et‘al., 2014; Chang et al., 2011; Cykowski, Fox, Ingham, Ingham, & Robin, 2010;
Sommer,*Koch, Paulus, Weiller, & Buchel, 2002; Watkins et al., 200@) extent of these
effects vary“across studies and individuals (Cykowski et al., 2010; Wymbs, Ingham, Jngham
Paolini, & Grafton, 2013); however, the preponderance of evidence has led to a suggestion that
abnormality in auditory and speech motor neural networks may result in deficitsgraiion of
auditory feedback for speech production (Beal et al., 2010; Cai et al., 2014; Chang et al., 2011,
Daliri & Max;2015a; Daliri & Max,2015b; Max, 2004; Max, Guenther, Gracco, Ghosh, &
Wallace, 2004).

Consistent with this view, many behavioral studies have investigated guuibbor
integration.of adults who stutter during speech production (Bloodstein & Berirs#ier,

2008). It is vell known that artificial changes in auditory feedback, such as delayed auditory
feedback, can induce fluency in people who stutter (Foundas, Mock, Corey, Golob, & Conture,
2013; Kalinewski, Stuart, Sark, & Armson, 1996; Lee, 1951; Wingate, 1969; Yates, 1963).
Furthermore, people with more severe stuttering benefit more from thesecyl enhancing”
conditions compared to those with less severe stuttering (Foundas et al., 2013; Lincoln,
Packman, & Onslow, 2006). These studies suggested that stutterirmg rmsgociated with
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deficits in auditorymotor integration. However, the coarse nature of these manipulations of the
auditory feedback may not have served as adequate probes for detailed investiga¢ioolef t
of the auditory feedback in speech production of people who stutter. Thus, subsequent behavioral
studies have examined this deficit in more detail using perturbation techniques to systematically
manipulate specific parameters of the auditory feedback (Bauer, Seery, LaBéatbnke,
2007; Cai, Beal, Ghosh, Guenther, & Perkell, 2014, Cai et al., 2012; Loucks, Chon, & Han,
2012; Nudelman, Herbrich, Hess, Hoyt, & Rosenfield, 1992). Both prior neuroimaging and
behavioral'studies, however, have generally examined neural mechanisms of stuttehittg in a
who stutter, leaving open the possibility that deficits in auditory-motor giegrare secondary
compensatory-behaviors developed over years of stuttering, rather than core dsbciested
with stuttering:

Auditoryjperturbation has been employed in two diffeexuterimental designs, each
investigating distinct aspects of auditory-motor integration: unexpectedhitur and
sustained perturbation. In unexpected perturbation, the perturbation is applied omatraido
or at a randemytime durirgytrial (Burnett, Senner, & Larson, 1997; Cai, Ghosh, Guenther, &
Perkell, 2011;*Elman, 1981; Larson, Burnett, Bauer, Kiran, & Hain, 2001; Purcell & Munhall,
2006a; Tourville, Reilly, & Guenther, 2008). Typically, speakers produce a reflexive
compensatoryesponsedo the perturbation (usually in the opposite direction of the perturbation
and with 100-200 ms lag relative to the onset of the perturbation). According to doemTes
of speech production (Guenther, 2006; Hickok, 2012; Hickok, Houde, & Rong, 2011; Tourville
& Guenther;2011), the sensorimotor system uses nai@uditory mappings to predict auditory
consequenees‘of issued motor commands that generate articulatory movements. Tigen, duri
speech production, the sensorimotor system compares predicted auditory consegfubaces
issued mator commands with the received (i.e., actual) auditory feedback. Whenepaicg
between the predicted and received feedback exasdds the case during unexpected auditory
perturbations-the sensorimotor system generates a corrective motor response to compensate for
the effects.efperturbations. Thus, using such a paradigm, one can investigate tagantefy
auditory feedback for online monitoring and control of the speech production system (CGai et a
2011; Tourville et al., 2008).

In the second type of paradigm, the perturbation is applied on a set of successijve trial
participants gradually develop/learn astaptive responsg.e., longterm change in their
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production) to compensate for the perturbation (Houde & Jordan, 1998; Houde & Jordan, 2002;
Jones & Munhall, 2000; Jones & Munhall, 2002; Katseff, Houde, & Johnson, 2012; MacDonald,
Goldberg, & Munhall, 2010; Max & Maffett, 2015; Purcell & Munhall, 2006b; Rochet-Capellan,
Richer, & Ostry, 2012; Vaughn & Nasir, 2015; Villacorta, Perkell, & Guenther, 2007). The
adaptation_effect does not disappear immediately after the terminatioam éitturbation when
participants revert to hearing unperturbed auditory feedback; this indicatamed (rather than
reflexive) response in which stored motor programs have been updated to incorporate
compensatory‘adjustments. Using an adaptation paradigm, one can investigate thmutdgra
auditory feedback for calibration and maintenance of the speech production systeta &l

Jordan, 1998;*MacDonald et al., 2010; Purcell & Munhall, 2006b). The extent of the adaptive
response te‘auditory perturbations can vary widely across individuals, and fondiasiuials

the adaptation is not complete (i.e., the magmeitoidthe adaptive response is less than the extent
of perturbations). It has been suggested that the individual variability and incenesief the
adaptive response may be explained by the extent of reliance on auditory feedidask (th
perturbed)randomatosensory feedbaekndividuals who rely more on auditory feedback may
adapt more than those who rely more on somatosensory feedback (Feng, Gracco, & Max, 2011;
Katseff etal., 2012; Lametti, Nasir, & Ostry, 2012; Perkell, 2012)

In.asprevious study, Cai and colleagues (2012) examined the magnitude of compensatory
response to unexpected formant perturbation in adults who do and do not stutter. The results
showed that compensatory responses of adults who stutter were significantly rexopaced
to cortrolssSimilarly, this limited compensatory response in adults who stutter has been reported
in responsesterunexpected perturbation of other speech parameters such as fundamental
frequency (Bauer et al., 2007; Loucks et al., 2012; Nudelman et al., 1992) and temporal
parameters of articulation (Cai et al., 2014). Together, these studies suggest that adults who
stutter are inefficient in integrating auditory feedback for online monitoring andig@raed
appropriate.corrective motor responses to compensate for auditory pertuilbatsroeen
suggested.that the inefficiency in the auditorgtor integration (or sensemotor integration in
general) of‘adults who stutter may be a result of reduced reliance on auditory feedback (or
sensory feedback in general) (&diri, Prokopenko, & Max, 2013; Loucks & De Nil, 2006b;

Max, 2004). However, it remains unclear whether the possible reduced reliance ory auditor
feedback may also result in difficulties in using auditory feedback for catibrand
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maintenance of g&ch production in adults who stutter. In other words, adults who stutter may
have difficulties in using discrepanciegxperimentally generated by the auditory
perturbatior—between the predicted auditory consequences of the planned articulatory
movements and received auditory feedback to produce appropriate adaptive regpiieses t
perturbation«This is an especially intriguing question, as several regdigisshave reported that
both adults.and children who stutter are less efficient in integratingepdastcies between
sensory‘goals‘and sensory feedback during the production of new motor skills (i.e., improving
their performance with practice) and also less efficient in retaining the theavlyed motor

skills (Bauerly & De Nil, 2011; Olander, Smith, Zelaznik, 2010; Sasisekaran, Smith,
Sadagopan, &\Webdrox, 2010; Smits-Bandstra, De Nil, & Rochon, 2006; Sfasdstra, De

Nil, & SaintCyr, 2006; SmitdBandstra & De Nil, 2009). Together these studies suggest that
stuttering may he associated with deficiencies in using and integrating discrepancies between
predicted and received feedback to adaptively update the speech motor system.

In the present study, an adaptation paradigm was used to experimentally generate a
discrepangy:between predicted auditteydback and received auditory feedback in order to
examine whether stuttering is associated with deficits in integration dbgutéedback (i.e.,
using diserepancies in feedback) to adaptively update motor programs for speecbnAltigiti
an importatrquestion is whether the possible deficits in auditoptor integration shown in
adults who stutter are also evident in children who stutter. For the first time, this crucial
developmental question is examined by investigating auditory-motor integration in iciilloloe
stutter. Thus itis hypothesized that (a) if stuttering is associated with deficits in auclittmry
integrationradults who stutter would have a smaller adaptive response toexliataditory
perturbation compared to adults who do rotter, and (b) if a deficit in auditomotor
integration is a contributing factor in the emergence of stuttering during childhoateohiho
stutter would.have a smaller adaptive response to auditory perturbation in isompaichildren
who do not tutter.

M ethods
Participants

Four groups of participants were recruited: 20 children who do not stutter (CNS; 11
males; age: M = 8.63 years, SD = 1.42; range = 7.08-11.42), 20 children who stutter (CWS; 11
males; age: M = 8.49 years, SD = 1.51; range = 6.08-11.17), 14 adults whstidteo (ANS;
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8 males; age: M = 23.74 years, SD = 6.92; range = 18.75-43.75), and 14 adults who stutter
(AWS; 12 males; age: M = 30.63 years, SD = 12.44; range = 18.08-53.08).

Eligibility criteria for all participants included: (a) being a monolinguakjve speaker of
American English, (b) selleported (for adults) or parentsported (for children) absence of
developmental, psychological, neurological, or communication disorders (othetutianrsy in
the participants who stutter), (c) normal hirel hearing thresholds 0 dB HL for children, <
25 dB HL for-adulty at 1000, 2000, and 4000 Hz, (d) not taking any medications that affect the
central nervous'system, and (e) scoring at the 20th percentile or higher on staddgydech,
language, and cognitive tests (described below). All participants were ndieepiorpose of the
study, andsthey, signed informed consents prior to participation (all children signed sonsent
along withtheir parents). The study was approved by the Michigan Stiaersity Institutional
Review Board.

To ensure that all participants demonstratedaggeopriate speech and language
abilities, we used a battery of standardized speech, language, and cognitiveaesis pri
participationgimithe study. The battery indad (a)the Peabody Picture Vocabulary test (PPVT-
4; Dunn & Dunn, 2007)(b) the Goldman Fristoe Test of Articulation (GFRAGoldman &
Fristoe My»2000), (cdhe Expressive Vocabulary Test (EAZT Williams, 2007), (d) receptive
language.tests for children only (subtests within the Test of Language DevelopmebtPT&)L
ages 4;8;11; TOLD4, ages 9;0-12;0; or Test for Auditory Comprehension of Language,
TACL-3, ages 4,0 to 8;11 (Carrow-Woolfolk, 1999; Hammill & Newcomer, 1988; Hammill,
Brown, Larsen;, & \iederholt, 1994; Newcomer & Hammill, 1977)), and (e) the Wechsler
Abbreviated:Scale of Intelligence for children only (WASI; Wechsler, 1999). dfgianally
used the Edinburgh handedness inventory (Oldfield, 1971) to determine the handedness of
participants.

Video-recorded samples of speech taskenversational speech (conversations with a
clinician), monalogue (storytelling narrative elicited via a wordless picture book for children;
Mayer, 1969); and reading taskvere reviewed offine by an American SgehLanguage-
Hearing Associatiomtertified speechianguage pathologist (SLP) to confirm diagnosis and
severity of stuttering. Th8tuttering Severity Instrument, Fourth Editi@5}4; Riley, 2008)
was used to determine stuttering severity for both AWS and CWS, based on a minimum 500-
syllable speech sample recorded during the speech tasks described above. In odfeldfty a
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be considered in the stuttering group, the child needed to (a) exhibit at least 3%gdikeer
disfluencies, (b) score at ledsery mild” based on the composite SSI-4 score, and (c) be
considered stuttering based on both parent report and clinician impressions. Baged on t
independent SLPs’ SSI ratings, we calculated an ol&rss correlation as a measure of
coefficient reliability of the SSI score ratings. There was a high agreement between the two
independent SLP<fonbach’s alpha = 0.9)7 Information regarding age, sex, total SSI score,
and SSFstuttering severity classification for CWS and AWS are listedbli® 1 and 2,
respectively.

Apparatus

Thesexperiment was conducted in a quiet room with participants seated iaffeo®8 in
computer monitor. The monitor was used to present pictures that elicitedyeétenards
“head”, “Ted”, or “bed” (Figure 1A), and also to provide visual feedbackiathe participant’s
speech intensity and duration after completion of each trial.

Figure 1A depicts the apparatus of the experiment. During the experiment, patsicipa
were wearingrheadphones (HD 380 PRO, Sennheiser Electronic Corporation, Old Lyme, CT
with a heaemounted microphone (AT-803, Audio-Technica, Stow, OH) that was placed
approximately 10 cm away from the corner of participant’s mouth. The signal from the
microphone“was amplified, digitized, and transferred to a Lenovo Thinkpad laptop (Intel®
Core™ i5 CPU) via an external audio interface (MOTU MicroBook, MOTU, Cambridge, MA).
Audapter (Cai, 2015), a publicly available software, was used for speech processing a
manipulationin neareal time (~ 14 ms delay). Detailed descriptions of Auddpee been
reported inyprevious publications (Cai, Ghosh, Guenther, & Perkell, 2010; Cai et al., 2011).
Briefly, the microphone signal was down-sampled to 12000 Hz for real-time processing (t
decrease computational loads and thus decrease theoutput delay) Formant frequencies
were estimated.every 2 ms usingambination of an autoregressive linear predictive coding
algorithm and.a dynamigrogramming tracking algorithm, implemented in Microsoft Visual
C++. In a given trial, the estimated formangfuencies were then shifted based on the
magnitude of perturbations in that trial (e.g., 25% upward shift in the first fornTdr)shifted
formant frequencies were used to synthesize the output signal (i.e., auditorckgetba
output signal of the Audapter was transferred via the audio interface, achpXiéayx502,
BehringerBraintree, MA), and binaurally played back to the participant through headphones.
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Procedure

The experiment was presented in the form of a game presented on a computeAscreen.
blue bird landed on a picture associated with one of the three target words conlteniogé|
Il (i.e., “head”, “bed”, or “Ted”) and participants were instructed to say the nathatgdicture
(Figure 1 A)=-The order of selected target words (pictures) was randomiiga @ath block of
3 trials. First, participants completed 5 blocks of practice trials (1S)tridpon completion of
each practicetrial, participants received visual feedback regardingehsiiptand duration of
their production'Specifically, visual feedback to participant was presented as a loudspeaker that
varied in color (corresponding to whether or not participant’s voice intensitynvtfas range of
72—-88 dB SPk), and as a ruler that varied in length (corresponding to whether or not iba durat
of participant’s‘speech was in the range of-3@WD ms). Immediately after the practice trials,
participants completed 25 blocks of 3 trials for which visual feedback about theityind
duration of speech were only provided if they were outside the expected range.

The,experiment consisted of four phases: Start, Ramp, Hold, and End (FigurelD). The
Start phaseseonsisted of six blocks during which participants heard their owntfmodvithout
auditory perturbation while producing the words. In the first 5 blocks of the Start phase
participants,always received visual feedback regarding the length andtintéribeir produced
speech whereas for the rest of trials they only received feedback if they perfoutsile the
acceptable range. The Ramp phase consistsiat bfocks during which auditory perturbations
were applied. The magnitude of the perturbations was gradually increasetreathed the
maximum amount of perturbation at the end of this phase. The perturbation consisted of 25%
increase intthefirst fonant (F1) and 12.5% decrease in the second formant (F2) of the wbwel /
(Figure 1B). The perturbations of vowel vesulted in a signal with formant frequencies that
were closer to formant frequencies of the vowel /ze/ in the vowel space (Figuiieh&Ejold
phase consisted of 12 blocks during which the perturbation was held at the maximum. The End
phase consisted of six blocks and during this phase no auditory perturbation was applied (simil
to the Startphase). Data from all triatgrcluding all trids from the Start phase and trials where
participant’siintensity or duration were outside the rargere entered into the analysis.
Data and statistical analysis

Prior to data analysis, all trials were inspected manually by raters blindedurdagon
condition (to avoid any bias and to enhance the reliability of the analyses), in orddutteexc
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trials that contained production errors or gross foratauking errors. A customwitten
MATLAB script (The MathWorks, Inc., Natick, MA) was used to extifat and F2 trajectories
from data output of Audapter. Measurement reliability of Audapter has beernstsdbh
previous studies (Cai et al., 2010; Cai et al., 2011). The formant trajectoriesmaothed using
locally weighted linear regression. Thire average formant frequency was calculated from a
window placed/over the center of the vowel (40-60% into the length of the vblitePances
that contained production errors and/or outlier formant frequencies—outside thefamnge
standard deviations—were excluded from further analysea.result, approximately 7% of all
experimental utterances were excluded from analyses (RINS7.951%,SD =3.733;CWS:M
=8.163%,SD=3.426;ANS: M = 6.569%,SD=2.872;AWS: M=6.204%,SD=3.026. There
were no significant differences between the groups who do and do not stutter in the sfumber
excluded trialsf > .135. The extracted formant frequencies for the three trials within each
block (i.e., three target words) were then averaged. We did not find between-grogndder
for children.and adults for both the first formants and the second formants of unpertaised tri
in the Startphase (> .52in all cases). Table 3 presents the average formant values for all the
four groups. Fermant values in all blocks were divided by the average of formants of the last 9
trials in the.Start phase, and the formants were expressed as percentages (hereafter is called
normalizedF1 for the first formanand normalized-F2 for the second formant). This procedure
eliminated the general effect of individual differences in formant frequedarasy the Start
phase—especially differences between children and adults (see Table 3). Additionally,
presentingsthendata in the unit of percentage would allow us to directly comparegtiitudeaof
perturbationsywhich is applied in the unit of percentage, and the magnitude of adaptive
responses in each participant. Independantples-tests (twetailed) showed thatowel
duration was nat statistically significantly different between the groups whodddanot stutter
(p = .842for.adultsp = .458for children). One should note that this lack of difference was
expected as participants were trained to produce uttesamith duration in the range of 300-700
ms (see Precedure).

Statistical analyses were conducted using IBM SPSS Statistics 20 (IBM, Armonk, NY).
As dependent measures, the average normafizexhd normalized-F2 were calculated during
the Start phase (btks 4, 5, 6), the Hold phase (blocks 22, 23, 24), and the End phase (blocks 28,
29, 30). Separate repeaterasures analysis of variance (ANOVA) were conducted for the
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children and adults, with Group (stuttering, nonstuttering) as a betsubgects variale, and

Phase (Start, Hold, End) as a witlsmbjects variable. Degrees of freedom were corrected using
Huynh-Feldt procedure to adjust for potential violations of sphericity assumption&Ma

Onghena, 1999). To examine homogeneity of variance across groups (CNS vs. CWS and ANS
vs. AWS), we.used Levene's test for equality of variances. Our results showed that the variance
of our dependent variables did not differ significantly across grqups105in all cases).

To 'ensure that participants actually ched their production in response to the
perturbations;'we carried oatpriori planned comparisons (uncorrected paired santelgts) to
examine whether significant differences existed between Hold and Start phase for each group
(Max & Maifetty, 2015; Quinn & Keough, 2002; Ruxton & Beauchamp, 208&itistically
significantinteractions were followed up with po&ic analyses, usingésts with Bonferroni
corrections for multiple comparisons. In addition, we calculated Pearsatatiom coefficients
to examine _possible relationships between dependent variables and participant characteristics
(e.g.,speecHanguage teststuttering severity).

Results
Sensorimotor-adaptation in adults

Figure 2 (A) shows the group averaged normalized-F1 for adultse$hkts ofa priori
tests that.were conducted to examine adaptation (defined as the magnitude of change in
normalizedF1 or normalized=2 in the Hold phase relative to those in the Start phase; see Figure
2B) in the ' Hold phase showed that ANS successhadigpted to the perturbation in the first
formant p <7001 but not to the perturbation in the second formpnt (426. However, AWS
did not adapt:to perturbations in the first formgmt(.277) or the second formanp & .408.
Furthermarestatistichanalysis of the normalizel data revealed statistically significant main
effects of ConditionF(2, 52) = 12.636, p < .0Qland Groupk(1, 26) = 11.667, p = .002as
well as a significant interaction of Condition by GroEf2, 52) = 6.232, p = .004This
interaction indicated that (a) on average, the magnitude of adaptation for AN®yniisantly
greater thanthat for AWS = .009, and (b) in contrast to AN  .001), however, AWS did
not adapt torthe perturbation in Hold phase in comparisthet8tart phase (= .381]) (see
Figure 2 B). It should be noted that both AWS and ANS performed similarly in the Erel(phas
= .058). No statistically significant main effects of Condition, or Group, or Group by Condition
interaction (in all casgs > .367) were found for normalized-F2.
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Correlational analyses did not find any significant relationships betweelepeandent
variables and any of the spedahguage tests or stuttering severity measures.
Sensorimotor adaptation in children

The group averagenormalizedF1 for children is shown in Figure 2C. The resulta of
priori tests_showed that both CNS and CWS successfully adapted to the perturb&eoirsh t
formant < .001) but not to the perturbation in the second formpnt (167). Furthermoe, a
statistically'significant main effect of Condition was found for normalz&d-(1.547, 58.791)
=52.082, p'<"001with similar pattern of response for the two groups (see Figure 2 C and D).
However, our results did not reveal a significant main effect of Group or Group by Gonditi
interactiony(insboth casgs> .220. Similar to the results farormalizedF1, we found
statistically=significant main effect of Condition feormalizedF2,F(1.433,54.462) = 5.930, p
=.010, and no significant main effect of Group or Group by Condition interaction (in both cases
p>.126.

Correlational analyses did not reveal significant relationships betlweatependent
variables and-any of the spedahguage tests or measures of stuttering severity.
Sensorimotor-adaptation across groups

Comparing the extent of adaptation (change in normakZedr normalized-2 in the
Hold phase'relative to those in the Start phase; see Figure 2 B and D) for adults who do not
stutter with that for children who do not stutter, fwend no statistically significant differences
between the extent of adaptation for both normalizédnd normalize@#2 (p > .134).

However, gomparing the groups who stutter revealed that children adapted more ttsafp adul
.00]) in respoense to the garbation of the first formant, but not to the perturbation of the second
formant o = .237).

Discussion

Previous, studies have shown that adults who stutter produce smaller corrective motor
responseto.compensate for unexpected auditory perturbations in comparison to adults who do
not stutter,.suggesting that stuttering may be associated with deficiencies inimgeyrditory
feedback for enlinéeedbackmonitoring (Cai et al., 2014; Cai et al., 2012; Loucks et al., 2012;
Nudelman et al., 1992). Howavét remained unclear whether #egleficiencies also result in
difficulties in using and integrating discrepancies between predicted gui@igniback and

received auditory feedback to adaptively update motor programs for accurate [s@ekction.
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Therefore, in the present study an adaptation paradigm was used to examine whethegstutteri
associated with deficits in integnagjdiscrepancies in auditory feedback for adaptive calibration
of the speech motor system. Moreover, for the first time, \aenaed whether children who
stutter also have similar auditenyotor integration deficitd/Ve found that children who stutter
did not differ.from fluent children in adapting to the perturbation (25% upward slfift and
12.5% downward shift in F2). However, we found that the magnitude of the adaptive response of
adults who'stutter in response to F1 perturbation was significantly smaller than the adaptive
response of‘adults who do not stutter, whereas no difference was found between adaptive
responses ohe two groups for F2 perturbation.

Togetherthese results suggest that persistent stuttering in adults who stutter may be
associatedwith reduced reliance on auditory feedbrasklting in deficits in using and
integrating discrepancies between prediaad received auditory feedback to calibrate the
speech production system (evidenced by a significant difference between adults whaldo a
not stutter, and the lack of adaptation in adults who stutter). Our results did ndepomdence
for similardimitations in the auditorynotor integration of children who stutter (evidenced by a
lack of significant difference between children who do and do not stuttéakctirthe suggestion
of reduced.reliance on auditory feedback is consistent with the rbas#td on primarily adults
who stutter;including(a) behavioral studies that have reported reduced compensatory responses
to unexpected perturbations of auditory feedback (Cai et al., 2014; Cai et al., 2012; Lalgks et
2012; Nudelman et al., 1992), (b) neuroimaging studies that have reported reduced activation of
the auditory*cortex in adults who stutter (Belyk, Kraft, & Brown, 2015; Brown, Ingham, Ingham,
Laird, & FOx;2005; Budde, Barron, & Fox, 2014), and (c) electrophysiological studies that have
reported reduced preparation of the auditory system during speech planning as indicated by
reduced modulation of auditory evoked potentials (Daliri & Max, 2015a; Daliri & Max, 2015b;
Mock, Foundas, & Golob, 2015).

Given the significant difference between adults who stutter and those who do nat stutte
ard given thatthe stuttering children in the study are less likely to recovegrjastynof them
were more‘than 7 years old and thus are more likely to have persistent stutteradpithood),
one may ask why children who stutter performed similarly to children who do not sturtéer. O
testable explanation for these results is that, over the years of sgjtegtults who stutter may

develop a strategy in which auditory feedback is given less weight during speech production,
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which results in smaller agave responses. In other words, the reduced reliance on auditory
feedback in adults who stutter may represent a secondary consequence of stuttaring (or
compensatory mechanism that adults who stutter develop to cope with stuttering symgtdms
not a ore deficit that leads to stuttering. Another testable explanation is related to the paradigm
that we used.in our study: we used a very specific and constrained paradigm with static
perturbation (the perturbation was constant during a trial), which exa@iwnery small part of
the sensorimotor system (Perkell, 2012). A recent study—examining compeneapmyse and
not adaptive'response—showed that adults who stutter performed substantiallptdififzne
nonstuttering adults in response to dynamic perturbations (i.e., time-varying auditory
perturbations)whereas the between group difference was less prominent in response to a static
perturbation (similar to the one used in this study) (Cai et al., 2014). Thus, & eaguad that
the paradigm used in the current study was not sensitive enough to detect the $eigreds
between the children who stutter and children who do not stutter. Furthermore, altiugh t
children ineluded in this study were 7 years and older and thus arexthoseere considered
likely to haverpersistent stutterinigis neverthelespossible thasome of the childremay
eventually‘recovein later yearslf this is the case, the difference between the control and
stuttering'groups would have befemtherattenuatedTo test these explanations, future studies
need to_examine auditory-motor integration of children, adolescents, and adults using dynamic
perturbations such as tirvarying auditory perturbations.

The.question remains as to what deficient neural substratedietiese behavioral
results. A growing body of evidence suggests that stuttering is associated wittkdetuwgbr
deficits in bethrcorticecortical loops and cortico-subcortical loops rather than an isolated deficit
in one specific brain region (Cai et,&014; Lu et al., 2012; Neef, Anwander, & Friederici,
2015). Studies on neurotypical adults have shown that cortico-subcortical loops are heavily
involved in.sensorimotor integration (Doyon, Penhune, & Ungerleider, 2003; Doyon et al., 2009;
Hardwick, Rottschy, Miall, & Eickhoff, 2013). In addition, several studies have reported
abnormalities'in corticesubcortical loops of adults who stutter (Cieslak, Ingham, Ingham, &
Grafton, 2015; Giraud et al., 2008; Lu et al., 2010). Thus, we speculate that limsiiatio
sensorimotor adaptation of adults who stutter may result from deficits in esutioortical
loops. In other words, deficits in cortico-subcortical loops may affect how auditometad

structures interconnect in adults who stutter, and limit their ability in using discrepancies
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between predicted and received auditory feedback to adaptively calibrate thHerspémc

system. However, as suggested previously, the reported limitations in ilcle@feuditory

feedback for online monitoring and corrective motor response in adults who stutter aiay res

from deficits in corticecortical loops (Cai et al., 2014). It should be noted that, similar to studies
on adults whe,stutter (Cai et al., 2014; Lu et al., 2012; Cieslak, Ingham, Ingham, & Grafton,
2015; Giraud et al., 2008; Lu et al., 2010), studies on children who stutter (Chang, Zhu, Choo, &
Angstadt, 2015; Chang & Zhu, 2013; Chang et al., 2011; Chang et al., 2015) have also reported
structural andfunctional abnormalities in cortgdcortical netwrks involved in sensorimotor
processes. However, the characteristics of these abnormalities (e.g., direction and spatial location
of abnormalities relative to controls) are not the same for children and atioltstutter. For

example, adults who stuttipically have ovesctivation in the right frontal and cerebellum

areas whereas this may not be case for children who stutter (for a review, see Neef et al., 2015).
In addition, it has been suggested that the developmental trajectory of straictlioa functional
characteristics of sensorimotor regions in individuals who stutter may differ from that of
nonstuttering=individuals (e.g., Beal et al. 2015). Therefore, it is possibledréti@nt cortico-
subcortical'subtetwork that is a part of a largeetwork underlying stuttering may lead to the

lack of adaptation in adults who stutter, whereas the sameedulork is intact in children who
stutter.Future studies will need to test these speculations by examining neural activation of
people who stutter during sensorimotor adaptation and during speaking under unexpected
perturbations.

In the"present study, auditory feedback was experimentally manipulated but
somatosensery feedback remained unaltered. We interpreted the smaller adaptive responses of
adults who stutter as evidence for possible deficits in integration of audiéallyaiek for
calibration, of the speech motor system. One alternative explanation iduttatveho stutter rely
more on somatosensory feedback than auditory feedback, and thelistwepancies in the
auditory feedback argivenlower weights in comparison to discrepancies in somatosensory
feedbacklnseontrast to the suggestion of increased reliance on somatosensory feedbacok, Carus
Gracco, and Abbs (1987) reported that the motor compensatpgnse to somatosensory
perturbationsn adults who stuttas smaller tharhat of nonstuttering adults, suggestihgt
adults who stutter have difficultiés integratng somatosensory feedbatk addition to
difficulties in integrating auditory feedbackphis is consistent with large body of researthat
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suggests stuttering is a generalized sensorimotor disorder associated with deficits in sensory
motor (both auditory and somatosensory) integration (e.g., Daliri, Prokopenko, & Max, 2013;
Daliri, Prokopenko, Flanagan, & Max, 2014; De Nil & Abbs, 1991; Loucks & De Nil, 2012;
Loucks & De Nil, 2006a; Namasivayam, van Lieshout, & De Nil, 2008). Therdfwe,
interpretatiomf increased reliance on somatosensory feedlmaakluls who stutters less
plausibleto.explain our results. However, we cannot rule out the possibility of differential
weights‘toward 'somatosensory and auditory feedbattieispeech motor system of adults who
stutter; future studies need to systematicaligrdgify and examine the extent of reliance on
auditory feedback versus somatosensory feedback in people who stutter.

Auditory-motor learning—or more generally sensorimotor learning-heavily
dependentionsensory feedback (for a reviewsSseelmehr et g12010) Thus, if stuttering is
associated withireduced reliance on auditory feedback, it is reasonable to specdatidtdhat
who stutter may have deficiencies in auditargtor learningas a consequencetbiereduced
reliance on auditory feedback)eficiencies in auditoymotor learning in adults who stutter are
supporteddyesults of many motor learning studies of stutte(fogreview, see Namasivayam
& van Lieshout, 2011)Generallythesestudies have reported that adults who stutter are slower
than adults.who do not stutter in learning speech and nonspeech movement sequences (as
measured-by change in reaction time and number of inaccuracies in production of a sequence)
More studies are needed to further test the relationship between releaaditory feedback
and auditory-motor learning in people who stutter.

Finally;seur results showed that the adaptation magnitudes observed for children and
adults whodemnot stutter were similar to each other; however, children who sthoieed
greater adaptation magnitude than that observed in adults who stutter. Oarfoesiliidren
and adults who do not stutter are consistent with several previous studiesarsfraetor
adaptation.in.the speech motor system of normally fluent speakers (MacDonald, Johnson,
Forsythe, Plante, & Munhal, 2012; Scheerer, Jacobson, & Jones, 2015; Shiller & Rochon, 2014;
Shiller, Graeeo, & Rvachew, 2010). These studies have investigated auditory-dagitat@&n
(a) in response. to perturbations in different parameters of speech, and (Imhalynduent
children in differentage groupgconpared to adults). The overall results of these studies and our
own results from nonstuttering children and adults suggest that, similar to neurotypical adults,
neurotypical children older than three years of age can integrate auditory fetatbaadibration
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of the speech motor system; however, this may not be the case for children younger ¢han thre
years of age. This conclusion is largely in agreement with previous suggesttaaftethtne
acquisition of speech around age of three, the role of auditory feedback may graddady sta
change in_comparison to its role during speech acquisition (Callan, Kent, Gué&ntoeperian,
2000; Guenther, 2006; Kuhl, 1994; Kuhl, 2004; Tourville & Guenther, 2011).

In summary, we used an adaptation paradigm to examine whether people who stutter
have difficulties'using and integrating auditory feedback for calibrating speagmments\We
found that*children who stutter did not differ from fluent children in integrating aydito
feedback for producing an adaptive response to the auditory perturbations; howeewylaolult
stutter were less efficient (i.e., smaller adaptation magnitude) than fluent adults in integrating
auditory feedback. Our results suggest that stuttering in adults may be adswithatieficits in
integratng auditory feedback for updating and calibrating the speech motor system; however, the
auditorymaotor integration of children who stutter may be intact. Thus, this auditory-motor
integration.deficit in adults who stutter appears to be a compensatory effect that develops over

years of stuttering.
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Tablel

Information.regarding age, sex, total SSI score, and SSI stuttering selasgification for
children who stutter (CWS)

ID Age Sex Total SSI Severity
(years) Score

Cws1 9.92 female 29 severe
CWS2 10.00 female 19 mild
CWS3 8.00 female 16 mild
CWS4 10.83 female 8 very mild
CWS5 8.75 female 13 mild
CWS6 6.08 female 22 moderate
CWS7 9.83 female 17 mild
CWsS8 7.33 female 16 mild
CWS9 9.67 female 24 moderate
CWS10 11.17 male 14 mild
CWs11 7.25 male 10 very mild
CWS12 10.25 male 11 mild
CWS13 7.00 male 23 moderate
Cws14 7.58 male 21 moderate
CWS15 7.08 male 13 mild
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CWS16 7.25 male 13 mild
CWS17 9.50 male 12 mild
CWS18 7.17 male 19 mild
CWS19 7.25 male 27 moderate
CWsS20 7.83 male 25 moderate

Table?2

Information-regarding age, sex, total SSI score, and SSI stuttering severity claesificat
adults whestutter (AWS)

ID Age Sex Total SSI Severity
(years) Score

AWS1 21.83 female 20 mild
AWS2 45.25 female 16 very mild
AWS3 21.50 male 35 moderate
AWS4 44.08 male 18 mild
AWS5 19.33 male 24 mild
AWS6 18.08 male 26 moderate
AWS7 21.75 male 35 severe
AWSS8 19.67 male 19 mild
AWS9 45.08 male 30 moderate
AWS10 53.08 male 37 severe
AWS11 22.83 male 14 very mild
AWS12 24.67 male 23 mild
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AWS13 28.50 male 36 severe

AWS14 43.25 male 34 severe

Table3

Average (Standard deviation inside gh@entheses) formant frequencies of trials in the Start
phase (the first 18 trials; unperturbed trials) for all the four groups. (CNS: children who do not
stutter, CWS: children who stutter, ANS: adults who do not stutter, AWS: adults who. stutter)
These dta indicate that during the Start phase (during which no perturbations were applied),
there were no betweeagroup differences for either children or adult groups in their first and

second formant productions.

Children Adults
CNS CWS ANS AWS
F1(H2) 802 780 t(38)=0.65, p 634 626 t(26)=-0.22,
y4
(92) (122) = .52 (106) (72) p=.83
364 (38)=0.02, F 1692 1686 t(26) =-0.08,

F2(H2) @geon) _ 99 (199)  (169)  p=.94
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Figure 1. Apparatus (A) and procedure (D) of the experiment. During the experiment, af

the Start'phase.(no perturbation), the magnitude of the perturbation was gradualigdnedif
increase in the first formant (F1) and decrease in the second formaniuiia)it reached the
maximumsperturbation (25% increase in F1 and 12.5% decrease in F2). Then, during the Hold
phase, the magnitude of perturbation was kept constant; during the End phase, no perturbati
was applied. The spectrogram of word “bed” is shown in panel B. Solid lines correspond to
unperturbed F1 and F2, and dashed lines correspond to the perturbed version of F1 and F2.
The perturbations of vowed//(presented as a red arrow in panel C) resulted in a signal with
formant frequencies that were closerdonfiant frequencies of the vowel /ae/ in the vowel

space.
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Figure 2. The average normalize€il over the successive trials of the experiment are shoy
panel A for adults and panel C for children (red for stuttering groups and blue for
nonstuttering groupsy.he average data in the shaded areas were entered into Biealati
analyses. Relative to their production in the Start phase, adults who do not stufieasttyn
changed theirproduction (i.e., adapted) in response to the first formant pertunb&tien i
Hold phase;*however, this was not the case for adultssivtiter (B). We also found that both
children who'do and do not stutter similarly adapted their production in the Hold phase
relative to their production in the Start phase (see panel C aiNbi2)that the scales of
panels A.andB (results for adults) are different from scales of panels C and D (results for
children).Comparing the extent of adaptation for adults who do not stutter with that for
children who do not stutter, we found no statistically significant differences éetive two
groups p >.134). However, comparing the groups who stutter revealed that children adapted
more than adultgp(< .007) in response to the perturbation of the first formant. Hreos
corresponditerstandard error of the mean. Asterisks reppesestl (two-tailed). n.s.”

stands forstatistically nonsignificant.
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