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1. Introduction

Developmental stuttering is a fluency disorder character-
ized by frequent word or part-word repetition, prolongation,
and silent blocks that disrupt the rhythmic flow of speech [1].
Classically, the characteristic breakdowns in speech fluency
can be attributed to sensorimotor speech deficits in adults who
stutter (AWS) [2-6]. This notion is supported by neuro-
imaging [7], behavioral [4-6], and modeling [2] approaches.

One behavioral method to investigate sensorimotor
integration is the adaptation paradigm. Adaptation is the
process of adjusting one’s perception or actions into new
situations [8], such as visuo-motor, auditory-motor [6], or
auditory-perception [4]. In a previous study using simulta-
neous judgment of adaptation of delayed auditory feedback
(DAF), we found that perception in AWS was more strongly
influenced by DAF compared to that in adults who do not
stutter (ANS) [4]. We also investigated the relationship
between the degree of perceptual influence by DAF and the
degree of consistency of simultaneous judgment that was
presumed to be a source of overreliance on auditory feedback.
Results showed that the more imprecise the simultaneous
judgment, the more AWS relied on auditory feedback.
These findings suggested overreliance on the timing process
of auditory feedback information in AWS, and that such
overreliance was due, in part, to reduced internal reliability
(i.e., inconsistent simultaneous judgment) [4].

However, it remains unclear whether this atypical
sensorimotor integration is specific to timing processes (i.e.,
DAF). As Tsakiris et al. [9] proposed that the internal
prediction signals that anticipate the sensory consequences
of a motor command could be separated by timing and other
information, timing and other properties of the voice could
be processed independently. While experiments using funda-
mental frequency-altered feedback (FAF) were focused on
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AWS [10], to date, no study has been conducted using the
perceptual adaptation paradigm. The aim of the present
study was to elucidate whether the previous findings of DAF
adaptation [4] are applicable to processing of adaptation of
fundamental frequency (Fo). We used a behavioral experi-
ment using FAF of Fo adaptation in both AWS and ANS.

2. Methods
2.1. Ethics statement

The ethics committee to which the first author belonged
approved the experimental procedures in advance.
2.2. Participants

The AWS group consisted of 20 adults (two women) aged
19-33 years (mean age and standard deviation, 22.9 £ 3.8
years); the ANS group consisted of 20 adults (two women)
aged 20-25 years (22.1 £ 1.5 years). No participant had a
history of neurological problems or speech or language
problems, except for stuttering in the AWS group.
2.3. Experimental settings

The experiment was conducted in a closed, soundproof
room individually. The participants were seated in a chair and
look at a display monitor. The experimental setting and design
were similar to those in a previous study [4]. The display
monitor (LL-T174-B, SHARP, Osaka, Japan) was placed on
a desk in front of the participant. Participants were required
to look at the display wearing headphones (HP-RX500, JVC,
Kanagawa, Japan). Their voices were recorded by a micro-
phone (ECM-G5M, SONY, Tokyo, Japan) and fed back on
the headphones through an auditory effector (MX300,
LEXICON, Waltham, MA) and audio mixer in real-time
(802VLZ4, MACKIE, Woodinville, WA). The auditory
effector was connected to the microphone to produce
frequency changes (FCs) of Fo between their produced
voice and their voice perception via auditory feedback. FCs
were manipulated using MATLAB (2012a, MathWorks,
Natick, MA) on a Windows PC (PRECISION T1600, DELL,
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Fig.1 Sequence of visual cues presented on the display
in one block.

Tokyo, Japan). A MIDI controller connected between the
PC and the effecter, and this sent a command signal to the
effector.

Pink noise (Lspr, =90dB) was constantly presented
through the headphones during each block to mask the
participants’ voice via air duct sound and disrupt any potential
additional auditory cues. The auditory feedback of the
participants’ voice and masking noise were composed through
the audio mixer before being presented through the head-
phones. To induce perceptual adaptation, we did not set a
particular sound level for their voice; instead, we confirmed
with each participant that they could distinguish their own
voice from the masking noise.

2.4. Procedures

We show the sequence of one block in Fig. 1. A visual
cue with a blue, green, yellow, or red circle was successively
presented at the center of the display for 1s. Numbers on
the colored circles were presented as a form of countdown
(e.g., 3,2, 1)

One block contained an “Adaptation phase” of inducing
adaptation and a “Top-up & Test phase” of maintaining
adaptation and judging. In the “Adaptation phase,” three blue
cues and 10 green cues were successively presented. This
cycle was repeated 18 times. Blue cues denoted rest. When
the green cue was presented, participants were required to say
“ah.” Since 10 green cues were presented, the participants
said “ah” 10 times at intervals of 1s per cycle. A pure tone
(125 Hz for male participants and 240 Hz for female partic-
ipants) was presented for 500 ms for each blue, yellow, and
green cue through the headphone, and participants were asked
to match their voice pitch to this model tone. Participants’
voices were presented via the headphones with a constant FC
during one block (the adapted FC: —4, 40, or +4 x 100 cents
compared to their Fo), inducing the frequency adaptation. In
the “Top-up & Test phase,” three blue cues, five yellow cues,
a blue cue, and a red cue were successively presented, and this
cycle was repeated 70 times. The yellow cues played the
role of the green cues (the adapted FC was also the same).
With the red cue, the participants were instructed to say “ah”
and judge the difference between their voice expectation and
actual auditory feedback at each FC (test FC of —3, —2, —1,
40, +1, 42 or +3 x100 cents). The test FCs in the 35 trials
were in random order; every FC occurred five times in each
block. The judgment was performed by pressing a keyboard

key (left arrow: high; up arrow: same; right arrow: low)
located in front of the participants’ right hand.

Every participant completed six blocks, with two blocks
in each condition (adapted FC: —4, £0, or +4 x 100 cents).
Thus, there were 140 judgment trials in one condition and
each of the seven FCs was repeated 20 times. The order of six
blocks was counterbalanced across participants. There was a
5 min break for rest between blocks.

2.5. Analysis

The individual proportions of “high,” and “high” and
“same” responses in each test FC (-3, —2, —1, £0, +1, +2
or +3 x 100 cents) were calculated as a function of the FCs
for each condition (adapted FC: —4, 40, or +4 x 100 cents).
In total, each participant completed six blocks (three
conditions), and as a result, there were 20 judgments in each
test FC in each adapted FC condition. A cumulative Gaussian
psychometric function was then fitted by Probit analysis.
Fitted psychometric functions have two parameters; mean (j:
the interpolated 50% crossover point) and standard deviation
(o: represents the slope of the psychometric function). The
wn represents the point of subjective equivalence (PSE) and
adaptation-effect degree, and the o represents the precision
of judgment. We then calculated the average pu and o of
two functions (“high” proportion and “high” and “same”
proportion) in order to examine the PSE.

The p and o were calculated in each condition for all
participants and separately analyzed by a 2 (Group: AWS vs.
ANS) x 3 (Adapted FC: —4 vs. +0 vs. +4) mixed-design
analysis of variance with Shaffer’s multiple comparisons. The
u in the adapted condition (FC: —4 or +4) denotes the
susceptibility of disruption by FAF. The o denotes participant
judgment consistency. We regarded the 40 condition as the
control condition for comparisons as there should be no
adaptation effect.

In addition, to examine the relationship between the
adaptation effect (i.e., Ax) and consistency of judgment (i.e.,
0), Pearson’s correlation analysis was performed between the
Ap (difference between adapted condition —4 or +4 and
control condition +0) and ¢ within each group. The difference
of 1 between adapted and control conditions denotes the
degree of the adaptation effect (i.e., a small difference
between e.g., the —4 and =+0 conditions denotes that
adaptation was minor and thus that adaptation of FAF had
limited influence, and vice versa). We used o but not Ao,
because we assumed that the parameter that frequency
adaptation changes was their perception of voice pitch
(upward or downward; w).

3. Results

We show the results of i, o, and the correlation between
Ap and o of the calculated psychometric functions in Figs. 2,
3, and 4.

The p (Fig. 2) showed a significant main effect of
condition (F(2,76) = 117.70, p < 0.001, ng> = 0.580) but
not of group (F(1,38) = 0.51, p = 0.480, n02 = 0.007), and
an interaction between FC and group (F(2,76) = 4.13, p =
0.020, ng” = 0.046). In post-hoc analysis, in both groups,
+0 was significantly higher than the —4 condition (AWS:
1(19) =9.63, p < 0.001, d = 2.08; ANS: #19)=7.92, p <
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Fig.2 Comparison of the mean p of the psychometric
function. Error bars represent standard errors (SEs).
**p < 0.001, *p < 0.05.
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Fig.3 Comparison of the mean o of the psychometric
function. Error bars represent standard errors (SEs).
**p < 0.001.

0.001, d =2.00), +4 was significantly higher than the +0
condition (AWS: #(19) =4.44, p < 0.001, d = 1.20; ANS:
t(19) = 2.75, p = 0.013, d = 0.73), and +4 was significantly
higher than the —4 condition (AWS: #(19) = 9.84, p < 0.001,
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d =2.58; ANS: #(19) = 8.87, p < 0.001, d = 2.31). How-
ever, no difference was found between groups in any of the
FC conditions (—4: F(1,38) = 0.74, p = 0.395, ng> = 0.019,
0: F(1,38) = 0.06, p = 0.796, ng* = 0.002, +4: F(1,38) =
3.87, p = 0.056, ng? = 0.092).

The o (Fig. 3) showed a significant main effect of
condition (F(2,76) = 51.63, p < 0.001, ng* = 0.203) but
no significant main effect of group (F(1,38)=1.90, p =
0.18, ng?>=0.04) nor an interaction between them
(F(2,76) = 0.36, p = 0.70, ng> = 0.001). This signifies that
there was no difference in prediction precision in the group
comparison. In post-hoc analysis, the o in the 0 condition was
significantly higher than that in the —4 condition (#(38) =
8.83, p < 0.001, d = 1.05) and in the +4 condition (#(38) =
8.17, p < 0.001, d = 0.96) in the within-group comparison.

Analysis of the correlation coefficient between Ap and
o showed that while there was no significant correlation
between Ap and o (r = 0.025~0.292, p = 0.212~0.917) in
the ANS group, there was a significant correlation in the AWS
group (r = 0.446~0.495, p = 0.027~0.049) (Fig. 4 as an
example among the combinations of Au and o) (Pearson’s
correlation analysis, n = 20 in the AWS and ANS group).

4. Discussion

Our results were partly consistent with a previous study
using a DAF adaptation experiment [4]. We found a
significant positive correlation between Ap and o in the
AWS group, but not in the ANS group (Fig. 4). This suggests
that the reliability of internal prediction differed within AWS,
and AWS with reduced internal reliability appeared to
compensate by relying greatly on auditory feedback informa-
tion [4].

However, we did not find a group difference of  in any
of the adapted FC conditions (—4 or +4). This result is in
marked contrast with a DAF adaption [4] and suggests that
there is no difference in reliance on auditory feedback of
frequency-information between AWS and ANS. This, in
turn, suggests that the sensorimotor deficit in AWS may be
timing-specific but may not be directly related to frequency
(Fo) processing. This idea is consistent with the proposal that
the internal prediction of sensory feedback after a motor
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Fig.4 Pearson’s correlation between the Ay and o. (A) Distribution of AWS (B) Distribution of ANS. **p < 0.01.
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command could be separated into timing and other informa-
tion [9]. Thus the results of our present and previous studies
[4] could be reconciled if we assume that the brain separately
encodes timing and frequency (Fo) information.

Stuttering is a disorder involving abnormal timing-
processing [11] and this is supported by the fact that some
AWS enhance their fluency under DAF conditions [12]. Our
finding could add to the literature that stuttering is associated
with sensorimotor processing deficits of timing information.

A further implication of the findings is that there is no
group difference in w. The sample size was relatively small
but the effect size was medium to high in the present study.
Thus, we are not willing to conclude that there is no difference
and this should be addressed in future studies. We also did
not take into consideration delays of a few milliseconds that
could occur when participants’ voices were fed back through
the auditory effector.
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