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Ohashi H, Ito T. Recalibration of auditory perception of speech
due to orofacial somatosensory inputs during speech motor adapta-
tion. J Neurophysiol 122: 2076-2084, 2019. First published Septem-
ber 11, 2019; doi:10.1152/jn.00028.2019.—Speech motor control and
learning rely on both somatosensory and auditory inputs. Somatosen-
sory inputs associated with speech production can also affect the
process of auditory perception of speech, and the somatosensory-
auditory interaction may play a fundamental role in auditory percep-
tion of speech. In this report, we show that the somatosensory system
contributes to perceptual recalibration, separate from its role in motor
function. Subjects participated in speech motor adaptation to altered
auditory feedback. Auditory perception of speech was assessed in
phonemic identification tests before and after speech adaptation. To
investigate a role of the somatosensory system in motor adaptation
and subsequent perceptual change, we applied orofacial skin stretch in
either a backward or forward direction during the auditory feedback
alteration as a somatosensory modulation. We found that the somato-
sensory modulation did not affect the amount of adaptation at the end
of training, although it changed the rate of adaptation. However, the
perception following speech adaptation was altered depending on the
direction of the somatosensory modulation. Somatosensory inflow
rather than motor outflow thus drives changes to auditory perception
of speech following speech adaptation, suggesting that somatosensory
inputs play an important role in tuning of perceptual system.

NEW & NOTEWORTHY This article reports that the somatosen-
sory system works not equally with the motor system, but predomi-
nantly in the calibration of auditory perception of speech by speech
production.

auditory-somatosensory integration; speech motor learning; speech
perception; speech production; speech sound acquisition

INTRODUCTION

The nature of the interaction between production and per-
ception mechanisms is a central question in speech science.
The mechanisms of production and perception are presumably
shaped not only individually by, but also through the interac-
tion between, sensory inflow and motor outflow. Alterations of
auditory and somatosensory feedback during speech training
result in a recalibration of sensorimotor mapping (Houde and
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Jordan 1998; Tremblay et al. 2003). Intriguingly, the recali-
bration associated with speech motor training induces changes
to the speaker’s auditory map for speech perception (Lametti et
al. 2014; Nasir and Ostry 2009; Schuerman et al. 2017; Shiller
et al. 2009). These results support the idea that the tuning of
sensory perception is integrated into the process of motor
learning and adaptation. Although the recalibration of sensory
perception occurs in the context of both sensory inflow and
motor outflow, it is not known whether these two work to-
gether or independently in the processing of recalibration.

The involvement of motor system in auditory perception of
speech has been examined extensively (Hickok et al. 2011;
Liberman et al. 1967; Liberman and Mattingly 1985). Disrup-
tion of premotor cortex and the lip representation in the motor
cortex by transcranial magnetic stimulation impairs speech
categorical perception (Meister et al. 2007; Mottonen and
Watkins 2009). Listening to speech sounds modulates human
motor cortical excitation (Fadiga et al. 2002; Pulvermiiller et
al. 2006). From this perspective, the audio-motor interaction
that originates from changes in motor outflow can be a source
of changes to auditory perception of speech in speech motor
adaptation.

As an alternate point of view, changes in somatosensory
inflow can be a potential source of the change of auditory
perception of speech induced by speech motor adaptation,
since the somatosensory system per se contributes to auditory
perception of speech. Psychophysical studies have found that
the identification of phonemic contrasts is altered by somato-
sensory inputs (Gick and Derrick 2009; Ito et al. 2009). This
idea is supported by evidence beyond the speech literature.
Somatosensory stimulation activates auditory cortex, and au-
ditory stimulation activates somatosensory cortex (Perez-Bel-
lido et al. 2018; Schiirmann et al. 2006). Transcranial magnetic
stimulation to somatosensory cortex modulates auditory fre-
quency discrimination (Convento et al. 2018). Anatomical
connections between primary auditory cortex and primary and
secondary somatosensory cortex have also been documented
(Ro et al. 2013). This link between the somatosensory and
auditory systems may contribute to the system of auditory
perception of speech on its own or in combination with the
mechanisms of motor outflow.

The present study examined how somatosensory inputs
affect the changes in auditory perception of speech that are
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induced by speech motor adaptation. As an experimental
model of speech motor adaptation and perceptual changes, a
procedure similar to that of Shiller et al. (2009) was carried out
in which auditory feedback of consonant sounds was altered.
Before and after adaptation training, consonant identification
tests were carried out. During the adaptation training, we
applied a somatosensory perturbation involving facial skin
deformation with the assumption that the facial skin deforma-
tion provides kinesthetic information normally associated with
speech articulatory movement (Ito and Gomi 2007; Ito and
Ostry 2010). This technique enables us to test a direct contri-
bution of somatosensory inflow during speech training to
auditory perception of speech by modifying somatosensory
inflow alone without changing motor outflow.

MATERIALS AND METHODS

Subjects and procedure. Eighty-nine native speakers of American
English aged 1835 yr old were tested, 65 in the main experiment (41
men and 24 women) and 24 in a follow-up study (13 men and 11
women). Subjects had no reported impairment of hearing or speech.
The Human Investigation Committee of Yale University approved the
experimental protocol. Subjects provided written, informed consent.

The main experiment aimed to examine how somatosensory inputs
can modulate perceptual shifts that occur in conjunction with speech
motor adaptation. The experiment consisted of three sessions. In the
first session, subjects performed a perceptual test to measure baseline
perception for a contrast between fricative consonants. The second
session involved speech adaptation training with altered auditory
feedback (Houde and Jordan 1998; Lametti et al. 2012, 2014; Purcell
and Munhall 2006; Schuerman et al. 2017; Shiller et al. 2009;
Villacorta et al. 2007). The third session was a perceptual test to
measure the aftereffects of speech motor adaptation on auditory
perception of speech. These three sessions were carried out in a row
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without breaks and took 25 min in total. To examine effects of
somatosensory inflow, we applied somatosensory perturbations using
facial skin deformation (Ito et al. 2009) during the speech adaptation
training. The perceptual shifts were assessed by comparing perceptual
thresholds before and after speech adaptation training.

We focused on the fricative contrast between /f/ and /s/, as in the
work by Shiller et al. (2009), for both production and perceptual
testing. This contrast is primarily characterized by a difference in
spectral centroid values, which is a frequency of the spectral center of
gravity (Maniwa et al. 2009). We manipulated the spectral centroid to
alter auditory feedback for adaptation training and to synthesize the
speech continuum between /f/ and /s/ for perceptual testing (see
below for detail). These consonants were embedded in the carrier
phrase “a _ed.” The carrier phrase stabilizes temporal variation of
target consonants across trials.

The direction of skin stretch was based on articulatory character-
istics of fricative production in which the production of /f/ involves
more lip protrusion than /s/ (see Fig. 1A). The direction of the
somatosensory perturbation was either backward or forward and was
only applied during the production of /f/. The backward skin stretch
was expected to attenuate somatosensation arising from the lip pro-
trusion for /f/, and the forward skin stretch is expected to increase it.

The 65 subjects were assigned to one of four groups. The first
group received altered auditory feedback and a backward skin stretch
perturbation during the production of /afed/ (ASg). The second group
received altered auditory feedback and a forward skin stretch pertur-
bation (ASg). The third group received altered auditory feedback
during the production of /afed/ without skin stretch (A). The fourth
group produced /afed/ without any perturbations (CTL). As in pre-
vious studies with altered auditory feedback (Houde and Jordan 1998;
Lametti et al. 2012, 2014; Nasir and Ostry 2009; Purcell and Munhall
2006; Shiller et al. 2009; Tremblay et al. 2003; Villacorta et al. 2007),
not all subjects can adapt. For purposes of the present study, to
examine the effects of somatosensory feedback manipulations on
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perceptual changes that are induced by auditory feedback adaption,
we excluded from analysis subjects that failed to adapt to altered
auditory feedback. Following removal of nonadapting subjects, there
were an equal number of subjects (n = 12; numbers of male subjects
were 7 in ASg, 6 in ASg, 8 in A, and 8 in CTL) across the four groups
for the subsequent analysis (see Data analysis). Table 1 shows the
total number of subjects we tested and the number of subjects who
adapted to auditory perturbation in each group.

The follow-up experiment examined whether or not the skin stretch
perturbation itself directly changes acoustical properties of the pro-
duced fricative sounds. Potential changes to speech sounds were
assessed during the production of /afed/ in two conditions: forward
and backward skin stretch, as in the main experiment. Twelve subjects
were tested in each of the skin stretch conditions.

Speech motor adaptation task. Subjects were instructed to produce
the phrase “a shed” at a comfortable volume level and to maintain a
consistent sound volume across trials by monitoring a volume level
presented on a display. Produced speech sounds were recorded using
a unidirectional microphone (Sennheiser MKH 416). An intertrial
interval was varied between 1 and 2 s to prevent anticipation. A total
of 160 utterances were produced over the course of the speech
training. Produced speech sounds were played back to subjects
through headphones (Sennheiser HD 25-SP). Sound volume of audi-
tory feedback was set large enough to hear played-back sounds
predominantly over airborne and bone-conducted sounds. Although
masking noise is often used to prevent subjects from hearing their own
voices, we did not use masking noise because of its potential impact
on the fricative sounds that were of primary interest (Shiller et al.
2009) and because perception of bone-conducted sounds would be
expected to be minimal for a voiceless fricative such as /f/.

For altered auditory feedback manipulation, the spectral centroid of
the target fricative sounds /f/ was shifted up to make the feedback
sound more like /s/ (Fig. 1C) using the pitch shift function of the
Audapter software (Cai et al. 2011). Over the course of the training,
the shift was gradually introduced as has been done previously
(Houde and Jordan 1998; Purcell and Munhall 2006; Schuerman et al.
2017; Shiller et al. 2009; Villacorta et al. 2007). The initial 30 trials
served as a baseline phase in which no auditory feedback alteration
was applied. Over the next 30 trials, a magnitude of auditory feedback
alteration was gradually increased (ramp phase). The final magnitude
at the end of the ramp phase was then maintained over the following
100 trials (hold phase). Given previous findings (Shiller et al. 2009),
adaptation to an upward shift of the spectral centroid is expected to
result in the spectral centroids of produced fricative sounds being
lower than that in the baseline.

In the altered auditory feedback system, audio signals were digi-
tally sampled at 48 kHz and then downsampled at 24 kHz to reduce
processing time. Fricative sounds were extracted on the basis of high
zero-crossing rate by our custom function implemented in the
Audapter software, and then an entire of spectral envelope of the
extracted sounds was skewed (Fig. 1C). This manipulation results in
a shift of the spectral centroid value in the fricative sound. A
magnitude of this shift was varied in each subject because of individ-
ual differences in the spectral envelope of speech sounds. The max-

Table 1.

altered auditory feedback in each experimental condition

Population of subjects who adapted or did not adapt to

Adapted Nonadapted Total
ASg 12 (52%) 11 23
ASg 12 (75%) 4 16
A 12 (86%) 2 14

Values are the number (%) of adapted, nonadapted, and total subjects in
each condition. ASg, altered auditory feedback with backward skin stretch;
ASp, altered auditory feedback with forward skin stretch; A, altered auditory
feedback alone.

SOMATOSENSORY BASIS OF SPEECH PERCEPTUAL CALIBRATION

imum shift was set at three semitones, which corresponds to a 7.21%
(SE: =0.69) change of the spectral centroid value of fricative sounds.
The resultant sounds at the hold phase of the shift were more similar
to the /s/ sound but still in the category of an /f/ sound. Note that the
acoustical characteristics of speech sounds other than the fricative part
remained unchanged. The onset of the vowel /a/ in “a shed” was
detected as an increase in the root mean square of speech signals to
trigger the somatosensory perturbation. A feedback delay due to
signal processing was ~20 ms.

For the somatosensory perturbation, the facial skin stretch was
applied using a robotic device (Phantom 1.0; SensAble Technologies).
Two plastic tabs (2 cm X 3 cm) were attached to the skin on both
sides, lateral to the oral angle (see Fig. 1A4). These tabs were connected
to a robotic device using thin wires. The wires were supported by
wire supports with pulleys to avoid contact with the facial skin and the
other body parts. The skin was stretched when the robotic device
applied a force to the wires. The temporal profile of the applied force
was a single cycle of a 4-Hz sinusoid (250-ms duration) that approx-
imates a duration of the lip protrusion in /f/ production (see Fig. 1C).
The peak force was 4 N, resulting in 10—15 mm of skin stretch. The
perturbation began at the onset of the first vowel in “a shed” on the
basis of our preliminary observation that lip protrusion during /[/
production begins approximately at the onset of a preceding vowel
sound. The somatosensory perturbation was presented on each trial
over the course of the training (160 trials). Note that whereas the
somatosensory stimulation was applied in all trials, the auditory
feedback perturbation was introduced in gradual manner to avoid
subjects’ being aware of an auditory change. This is because we
eliminated a possibility that simultaneous introduction of the somato-
sensory and auditory perturbations could give subjects a clue to be
aware of a change of auditory conditions and lead unexpected re-
sponses by attention or cognitive efforts.

Perceptual test. Identification tests were carried out using a syn-
thesized continuum between the fricative sounds /f/ and /s/ embedded
within the carrier phrase. The stimuli were presented through head-
phones at a comfortable volume. On each trial, subjects were asked to
identify whether the sound was “a said” or “a shed” by pressing keys
on a keyboard.

We applied an adaptive method, the maximum-likelihood proce-
dure, to select test stimulus on each trial (Shen and Richards 2012).
The benefit of this procedure is that it collects subjects’ responses
efficiently and thereby is able to estimate the psychometric function
with a relatively small number of responses compared with other
conventional methods such as the method of constant stimuli. In this
procedure, test stimulus on each trial was determined in an adaptive
fashion based on the stimulus that provides the most information
about the shape of the estimated psychometric function. Each of the
perceptual tests consisted of four 17-trial blocks (Fig. 1B).

The experimental continuum for the perceptual test was synthe-
sized as in a previous study (Lane et al. 2007). The reference sounds
“a said” and “a shed” were recorded from a male native speaker of
American English. We extracted fricative sounds by visual inspection
of the spectrum and estimated the lowest five spectral peaks for each
of /s/ and /f/ by linear predictive coding (Andersen 1974). By
interpolating the amplitudes of the spectral peaks between /s/ and /f/,
we synthesized a 300-step continuum using the Klatt formant synthe-
sizer (Klatt 1980). Fifty stimuli with linear steps between spectral
centroids (mean step size: 87.89 Hz) were picked from the 300-step
continuum. Finally, the fricative part /f/ of the reference “a shed”
sound was replaced with the synthesized fricatives to generate a
50-step continuum. The resultant spectral centroids at the end points
of continuum were 3,835.81 Hz for /f/ and 8,142.32 Hz for /s/.

Data analysis. Performance with altered auditory feedback was
evaluated in terms of changes to the spectral centroid of produced
fricative consonant /f/ over the course of the training. On each trial,
the fricative sound was extracted using Audapter (see Speech motor
adaptation task). Because of temporal fluctuations of fricative sounds
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within a single production, we computed spectral centroids at three
points (25, 50, and 75% of the total duration of the fricative) using a
20-ms Hamming window and then averaged these three values
(Maniwa et al. 2009). The obtained spectral centroids were normal-
ized by dividing by the mean value over the last 20 trials of the
baseline phase (11-30th trials).

We included subjects who adapted to auditory perturbation in the
following group-level analyses of speech production and perception.
Subjects were classified as adapted when the mean spectral centroid in
the hold phase (141-160th trials) was significantly lower than the
baseline value (11-30th trials) (uncorrected P < 0.005; one-tailed
two-sample 7 test) based on the expectation that the spectral centroid
value would be reduced as an adaptive behavior to auditory pertur-
bation. We applied a relatively strict level of significance by consid-
ering a matter of multiple comparisons.

In the group-level analyses of the speech training, we evaluated
three measurements: /) the amount of adaptation at the end of the
training, 2) the adaptation rate in the ramp phase, and 3) the propor-
tion of the total number of subjects who were found to adapt. The
amount of adaptation was quantified as the average of the normalized
spectral centroids over the last 20 trials at the end of the hold phase
(141-160th trials). One-way ANOVA was applied across the four
conditions (ASg, ASg, A, and CTL). Pairwise comparisons were
followed. We applied nonparametric bootstrap tests with Holm—
Bonferroni correction to avoid a potential impact on statistical results
caused by a bias of data distribution with extreme values (see actual
data distribution in Fig. 2B). For the adaptation rate in the ramp phase,
we tested differences in the spectral centroid in the ramp phase
(31-60th trials) across the three perturbation conditions (ASg, ASg, or
A) using a linear mixed-effect model with Holm—Bonferroni correc-
tion. The conditions and the trial numbers were the fixed effects, and
subjects was the random effect. A pattern of changes in the spectral
centroid value was tested as the random slope effect of the trial
numbers (Barr et al. 2013). For the proportion of the subjects who
were found to adapt, we tested differences in the proportion between
the altered auditory feedback alone and backward skin stretch condi-
tions (A vs. ASy) and between the altered auditory feedback alone and
forward skin stretch conditions (A vs. ASp) using x> tests with
Holm-Bonferroni correction.

In the analysis of the perceptual performance, psychometric func-
tions were estimated by fitting a logistic function to all responses for
each of the two perceptual tests in each condition. Residual deviation,
which is index of the goodness of the fit of psychometric function, was
56.7 £ 1.67, 51.7 = 1.85, 53.6 = 1.82, and 52.9 * 1.26 (means *=
SE) for CTL, A, ASg, and ASg, respectively. There was no reliable
difference in the goodness of the fit among the conditions [F(; 44, =

>

4 1 ASg—

ASpectral centroid (Hold-Base) [%]

-10 T T
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1.64, P = 0.193; one-way ANOVA]. The perceptual threshold be-
tween /s/ and /f/ was obtained as the 50% point of the estimated
psychometric function in the perceptual identification test (see Fig. 1B
for an example). Perceptual acuity was obtained as half of the distance
between 25% and 75% points of the psychometric function.

In the group-level analyses of the perceptual tests, we evaluated the
perceptual change due to speech training using two measurements: /)
changes in the perceptual threshold following adaptation and 2)
changes in the perceptual acuity following adaptation. These changes
were quantified as a difference in each measurement between before
and following training. We also evaluated differences in baseline
perceptual threshold and baseline perceptual acuity across groups.
These baseline threshold and acuity were obtained in the perceptual
test before the training. One-way ANOVA was applied to each of the
four measures. Post hoc tests were followed. We applied nonparamet-
ric bootstrap tests with Holm—Bonferroni correction based on the
assumption that the data may not be completely in normal distribution
due to extreme values (see actual data distribution in Fig. 3B).

A correlation analysis was conducted to test for a linear relation-
ship between adaptation related motor effects (the amount of adapta-
tion) and the perceptual effect following the speech adaptation (the
amplitude of the perceptual shift).

Follow-up experiment. Subjects in a follow-up experiment pro-
duced the phrase “a shed” 60 times as in the main experiment. The
skin stretch perturbation was applied in 15 randomly selected trials.
The temporal profile of skin stretch was the same as in the main
experiment (see Speech motor adaptation task). Note that there was
no altered auditory feedback in the follow-up experiment. Two skin
stretch directions were tested (backward and forward). Subjects were
tested in either the backward or forward condition. We compared the
spectral centroid of produced fricative sounds between the conditions
with and without the skin stretch perturbation. We also assessed
whether there were systematic acoustical effects depending on the
direction of skin stretch.

The spectral centroid of /f/ sounds was computed for each trial as
described in Data analysis. To avoid a possible aftereffect of the
perturbed trials, we excluded trials immediately after the perturbed
trials from a subsequent analysis. The spectral centroid values were
normalized with respect to the mean value of the unperturbed trials to
remove intersubject differences in baseline centroid value. The mean
value of the unperturbed trials was estimated using a nonparametric
bootstrap on a per-subject basis; we computed the mean value of 15
trials randomly selected from the unperturbed trials 10,000 times and
then obtained the representative mean value as the grand mean value.

A linear mixed-effect model was applied to the normalized spectral
centroid values of the 15 perturbed trials to test differences in the

w

A—— CTL—
0. ............
-2 4

-

-44 = v

_6.,§ £ .
-8 1 ’
-10 A
-124 °

ASpectral centroid (Hold-Base) [%]

Trial

. 4l
160 ASg ASe

A CTL

Fig. 2. Changes in the spectral centroid value relative to baseline over the course of speech training (Hold-Base). A: each line shows changes in the spectral
centroid value (ASpectral centroid) averaged over subjects for each condition. Shaded areas represent =SE. Each time point was obtained as the mean value over
5 trials. B: amount of adaptation at last 20 trials. Mean values and SE are represented by triangles and error bars. Each dot indicates an individual value. Blue,
cyan, red, and black represent altered auditory feedback with backward skin stretch (ASg), altered auditory feedback with forward skin stretch (ASg), altered

auditory feedback alone (A), and the control condition (CTL), respectively.
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spectral centroid between the perturbed trials and the unperturbed
trials and between the two directions of skin stretch. The direction of
the skin stretch (forward or backward) was the fixed effect, and
subjects was the random effect. A difference between the perturbed or
unperturbed trials was tested as the intercept.

RESULTS

Main experiment. We assessed perceptual thresholds before
and after speech training to examine how somatosensory inputs
affect the perceptual changes that occur in conjunction with
speech motor adaptation. In the main manipulation, we applied
somatosensory perturbations that involved facial skin deforma-
tion during speech training.

The amount of adaptation to altered auditory feedback at the
end of the training was assessed in terms of changes in the
spectral centroid of produced fricative consonant /f/. Figure 2
shows changes in the normalized spectral centroid in each
experimental condition. In all three conditions with altered
auditory feedback (ASg, ASg, and A), the spectral centroid of
produced sounds gradually decreased in the ramp phase (31—
60th trials) to compensate for the gradual increase of the
spectral centroids in feedback sounds. The changes at the end
of the ramp phase were maintained through the hold phase
(61-160th trials). On the other hand, in the CTL condition, the
spectral centroids of produced sounds did not change over the
course of the training. The amount of the change at the end of
the training (averaged over the last 20 trials) in each condition
is shown in Fig. 2B. In all of the four conditions, values of the
spectral centroids in the last 20 trials were significantly differ-
ent from baseline values [74,, = —8.753, P < 0.001 for ASg;
tan = —7.909, P < 0.001 for ASg; ¢y, = —7.725, P < 0.001
for A; tqy, = —2.349, P < 0.04 for CTL; P values are
corrected; one-sample ¢ test]. The change in the control con-
dition may be due to a variability in a short trial period caused
by repetition of speech production, because a fluctuation is
seen across trials in CTL in Fig. 2A. Indeed, a significant
change was not observed in a longer trial period (50 trials) in
the control condition [¢,;, = —1.435, P = 0.179; one-sample
t test]. One-way ANOVA showed a reliable difference among
the conditions [F 344y = 9.567, P < 0.001]. Post hoc tests
showed that the control condition was significantly different
from the other three conditions in which altered auditory
feedback was applied (P < 0.001 for ASg vs. CTL; P < 0.001

Spectral centroid [kHz] AS; AS, A CTL
for ASg vs. CTL; P < 0.001 for A vs. CTL; P values are
corrected). In addition, there was no significant difference
between each pair of the altered auditory feedback conditions
(P = 0.352 for ASg vs. ASg; P = 0.977 for ASg vs. A; P =
0.395 for ASg vs. A; P values are uncorrected). The results
indicate that the amount of adaptation at the end of the training
was similar across the three perturbation conditions regardless
of the difference in the somatosensory input during the
training.

We further examined the adaptation rate in the ramp phase.
As shown in Fig. 2A, the change of spectral centroid in the
ramp phase (31-60th trials) was faster in the backward skin
stretch condition than in the other two altered auditory feed-
back conditions. These patterns of changes in the ramp phase
were tested using a linear mixed-effect model as the slope
effect of the trial numbers. The results showed significant
differences among the conditions [F(, 3593 = 4478, P <
0.02] and the trial numbers [F; 35615 = 32.252, P < 0.001].
The interaction between these two was significant [F535611) =
3.855, P < 0.04]. Post hoc tests on the interaction effect showed
that a pattern of changes across the trial numbers was significantly
different between the backward and forward skin stretch condi-
tions and between the backward skin stretch and the altered
auditory feedback alone conditions (z = 2.513, P < 0.04 for ASg
vs. ASg; z=2.281, P < 0.05 for ASy vs. A; P values are
corrected). There was no reliable difference between forward skin
stretch and altered auditory feedback alone (z = 0.218, corrected
P = 0.828 for ASg vs. A). These results suggest that the direction
of the somatosensory perturbation modulated the rate of auditory
feedback adaptation in the ramp phase.

The proportion of the subjects that adapted to altered audi-
tory feedback depended on the direction of the skin stretch
(Table 1). The proportion in the backward stretch condition
(52%) was smaller than those in the altered auditory feedback
alone and forward stretch conditions (75% for ASy and 86%
for A). The x* tests with Holm—Bonferroni correction revealed
a significant difference between backward stretch and altered
auditory feedback alone [)(2(1) = 6.311, corrected P < 0.03
for ASy vs. A] and no reliable difference between forward
stretch and altered auditory feedback alone [XZ(I) = 0.857,
corrected P = 0.355 for ASg vs. A]. This indicates that the
backward skin stretch interfered with adaptation to altered
auditory feedback.
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We assessed the perceptual shift due to speech motor adap-
tation by comparing perceptual thresholds before and after
speech training. Figure 3A shows psychometric functions of
representative subjects in each condition, before and after
training. In the control condition (CTL in Fig. 3A), the percep-
tual threshold shifted in the /f/ direction after training, indi-
cating that the subjects perceived the sounds as more /s/-like.
This may be because repeated exposure to a specific phoneme
attenuated sensitivity to the phoneme, which is known as the
selective adaptation effect (Eimas and Corbit 1973; Shiller et
al. 2009). In contrast, the change in threshold following train-
ing was smaller in the altered auditory feedback condition (A
and CTL in Fig. 3A). This effect of the altered auditory
feedback training is consistent with previous studies (Lametti
et al. 2014; Shiller et al. 2009) showing that the perception of
speech sounds shifts in a direction opposite to the auditory
perturbation.

When facial skin stretch was applied together with altered
auditory feedback, the effect on auditory perception was mod-
ulated depending on the direction of the stretch. The perceptual
shift in the backward skin stretch condition was different from
that in the altered auditory feedback alone condition but similar
to that in the control condition (ASg in Fig. 3A). On the other
hand, the shift in the forward skin stretch condition was similar
to that in the altered auditory feedback alone condition (ASg in
Fig. 3A). The mean (= SE) perceptual shift in each condition is
summarized in Fig. 3B. One-way ANOVA showed that the
amount of the perceptual shift was significantly different across
the four conditions [F3 44y = 3.833, P < 0.02]. Post hoc tests
showed that the difference between the altered auditory feed-
back alone and the CTL condition was significant (corrected
P < 0.03). Similar to the condition with the altered auditory
feedback alone, the forward skin stretch condition was signif-
icantly different from the control (corrected P < 0.05). There
was no significant difference between the altered auditory
feedback alone condition and the forward skin stretch condi-
tion (corrected P = 0.818). No effect of the forward skin
stretch may be due to a saturation of the perceptual change
following adaptation. Because the difference in perceptual shift
between the control and the altered auditory feedback alone
condition (-325.21 * 65.43 Hz) was comparable to the just
noticeable difference (the perceptual acuity) between /s/ and /[/
(270.95 = 16.49 Hz), the perceptual change might be already
enough large. In contrast to the clear differences between the
CTL condition and each of ASy and A, the backward skin
stretch condition was not reliably different from the CTL or the
forward skin stretch conditions (P = 0.542 for ASg vs. CTL;
P = 0.167 for ASy vs. ASg; P values are corrected). A
difference between the backward skin stretch and the altered
auditory feedback alone conditions was marginally significant
(corrected P = 0.097 for ASg vs. A). This suggests that
backward skin stretch did not have the same effect on percep-
tion as the forward skin stretch condition, but rather the
perceptual shift in the backward skin stretch condition was
similar to that in the control condition.

We also assessed the changed in perceptual acuity following
adaptation. One-way ANOVA revealed that there was no
reliable changes of the acuity following adaptation across all
conditions [F(3 44y = 0.63, P = 0.602]. This suggests that
speech audio-motor adaptation adjusts perceptual boundary of
speech sounds rather than tunes sensitivity of the perception.
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Baseline perception of the fricative sounds was tested to
ensure no difference in abilities to perceive the fricative sounds
across the conditions. One-way ANOVAs were applied to the
perceptual threshold and acuity in the first perceptual test.
There was no significant difference in each measurement
across the conditions [F3 44y = 0.07, P = 0.974 for the per-
ceptual threshold; F5 44y = 1.61, P = 0.202 for the perceptual
acuity]. This suggests that the results in the speech training and
perceptual tests cannot be accounted for by intercondition
variabilities in baseline perception of the fricative sounds.

In correlation analyses, as observed in previous studies
(Lametti et al. 2014), we did not find reliable correlations
between the amounts of adaptation and the perceptual shift
following adaptation in any of the four conditions [r, =
0.503, P = 0.099 for ASg; r(yyy, = —0.105, P = 0.749 for ASg;
rap = 0.469, P = 0.127 for A; r(y, = —0.273, P = 0.391 for
CTL; Spearman’s correlation, P values are uncorrected]. This
suggests that the perceptual shift following adaptation is not
predictable by somatosensory-motor complex associated with
adaptation in each condition. Note that somatosensory inflow is
usually coupled with motor outflow, which was measured as
the amount of adaptation in this study. However, because of the
somatosensory modulations, the amount of adaptation does not
necessarily represent total somatosensory inflow during speech
production.

We further examined how the skin stretch manipulations
affected a relationship between the amount of adaptation and
the perceptual shift following adaptation by testing a correla-
tion between these two measures for data pooled from all
conditions. If a direction of the skin stretch systematically
modulates both adaptation and the perceptual change following
adaptation, then there is a relationship between the amount of
adaptation and the perceptual change. A correlation analysis
detected no significant relationship between the two measures
(747 = —0.116, P = 0.430; Spearman’s correlation]. This
supports our finding that the somatosensory stimulation mod-
ulated the perceptual shift following adaptation, but not the
adaptation in production at the end of the training.

In sum, despite a nonsignificant effect of somatosensory
modulation on the amount of adaptation in production at the
end of the training, there was a significant effect of somato-
sensory modulation on the perceptual changes that accompany
adaptation.

Follow-up experiment. The facial deformation due to skin
stretch may change articulatory configurations physically and
result in a change in the acoustics of produced sounds. This
effect, which is irrelevant to speech motor adaptation, may be
included in the acoustical data obtained in the main experi-
ment. To assess this possibility, we carried out the separate
follow-up experiment. We compared the spectral centroid of
produced sound between conditions with and without the skin
stretch and between the two stretch directions. Figure 4 shows
relative differences in the spectral centroid between the per-
turbed and unperturbed trials in each skin stretch direction. A
linear mixed-effect model showed no significant difference
between the two skin stretch conditions [F; 55 ¢67) = 1.26, P =
0.274]. The intercept in a linear mixed-effect model was not
reliably different from zero [F(j 5044y = 0.89, P = 0.357],
indicating no reliable difference in the spectral centroid value
between the perturbed and unperturbed trials. We concluded
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Fig. 4. Effects of unexpected skin stretch on the spectral centroid value of /[/
sounds. The effect was measured as the proportionate change in the spectral
centroid value (ASpectral centroid) of the perturbed trials relative to the
unperturbed trials (Perturb—Unperturb). Mean values and SE are represented
by triangles and error bars. Each dot represents an individual value.

that there is little or no effect of the skin stretch on the spectral
centroid value.

DISCUSSION

Speech motor adaptation to altered auditory feedback
changes the sensorimotor system and results in changes to the
perception of speech sounds (Lametti et al. 2014; Schuerman et
al. 2017; Shiller et al. 2009). This plastic change in perception
is associated with adapted speech production rather than
changes in auditory inflow (Lametti et al. 2014; Schuerman et
al. 2017). This suggests that motor outflow and/or somatosen-
sory inflow in production are key to the tuning of auditory
perception of speech. Although somatosensory inflow is usu-
ally coupled with motor outflow, the somatosensory perturba-
tion used in the present study modulates somatosensory inflow
in the absence of a large change in motor outflow and enabled
us to examine the somatosensory system separately from the
motor system. In this study, we assessed a role of somatosen-
sory inflow in the plastic changes in auditory perception of
speech that are associated with audio-motor adaptation. The
somatosensory perturbation produced by facial skin stretch was
expected to enhance and attenuate somatosensory inflow in the
production of a target fricative sound, depending on the direc-
tion of the perturbation. Our findings suggest that the attenu-
ation of somatosensory inflow produced by backward stretch
reduced the perceptual shift following adaptation, whereas the
enhancement produced by forward stretch did not alter the
shift. Given that motor outflow associated with adaptation was
not different at the end of the training in the two skin stretch
directions, it is somatosensory inflow rather than motor outflow
that serves to tune the processing of auditory perception of
speech.

Speech science has been extensively focused on the involve-
ment of the motor system in auditory perception of speech
(Liberman et al. 1967; Liberman and Mattingly 1985). In line
with this perspective, the perceptual change following adapta-
tion was thought to be associated with an audio-motor inter-
action (Lametti et al. 2014; Schuerman et al. 2017; Shiller et al.
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2009). In the present study, the amount of final adaptation was
not reliably different across the three somatosensory condi-
tions, indicating that the motor flow acquired throughout the
adaptation task was comparable across the three conditions.
Given that speech perceptual measures differed according to
the somatosensory condition, the adapted motor outflow may
not be the source of the perceptual shift.

A potential role of somatosensory input in auditory percep-
tion of speech has been previously demonstrated (Gick and
Derrick 2009; Ito et al. 2009). When the facial skin is deformed
during the identification of a vowel contrast in a manner similar
to that which occurs during speech articulation, perception is
systematically biased toward the vowel related to the orofacial
somatosensation (Ito et al. 2009). Considering this somatosen-
sory-auditory interaction in auditory perception of speech, a sim-
ilar perceptual bias could be caused by somatosensory inflow
during speech, and its aftereffect would appear in the percep-
tual tests following adaptation. Based on this idea, our findings
can be interpreted as follows. Speech motor adaptation was
expected to lead to greater lip protrusion for /f/ to compensate
for the auditory feedback alteration, and thereby evoked so-
matosensation during the production of the more salient /f/
than would be associated with unaltered auditory feedback. As
a result, the change in somatosensation for the more salient /[/
presumably biased subjects’ perception toward the /f/ cate-
gory. The somatosensory perturbation produced by skin stretch
was designed to attenuate somatosensory inflow during speech
motor adaptation in one case, resulting in reduction of the
perceptual shift observed in the altered auditory feedback alone
condition. In the other case, the enhancement of the somato-
sensory inflow was expected to cause a larger perceptual shift
following the adaptation. As shown in Fig. 3B, the attenuation
of the perceptual shift induced by altered auditory feedback
was observed when the skin was stretched in a backward
direction. However, we did not observe the predicted enhance-
ment effect presumably because the perceptual shift toward /[/
following the adaptation was already quite large and perception
could not be further biased toward /f/.

The perceptual change by speech motor training would be
local and mostly occur in the sounds that were in the speech
training. The previous study showed that the perceptual change
following speech audio-motor adaptation occurred only in the
category that subjects produced (Lametti et al. 2014). As was
observed in the control condition in the present study, the
perception could be also biased selectively toward the sound
that subjects repetitively heard, which is known as selective
adaptation effect (Eimas and Corbit 1973). We thus expect that
the perceptual change in the present study would not generalize
into the sounds that were not in the speech training.

In contrast to the perceptual changes observed following
adaptation, neither enhancement nor attenuation of somatosen-
sory inflow affected the amount of adaptation measured at the
end of the training. It should be noted that the absence of a
significant effect of the skin stretch perturbation at the end of
the training does not mean that somatosensory signals are not
incorporated into the process of adaptation to auditory feed-
back. Rather, somatosensory effect on speech production was
found in the adaptation rate. The backward skin stretch in-
creased the adaptation rate compared with the other two con-
ditions. With the assumption that the previously observed
somatosensory effect on auditory perception of speech (Ito et
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al. 2009) occurred in auditory processing during speech pro-
duction, auditory feedback might be perceived as less /[/-like
with backward skin stretch, which is expected to attenuate
somatosensory inflow, and hence augment auditory feedback
errors. This possible difference in error processing may be
reflected in faster adaptation rates. Although this interpretation
may also suggest that larger perceived errors that could be
caused by forward skin stretch would induce larger amounts of
adaptation, this was not the case, presumably because the
amount of adaptation is not determined simply by the amount
of auditory error, as seen in a partial compensation to auditory
perturbations (Houde and Jordan 1998; Lametti et al. 2012,
2014; Purcell and Munhall 2006; Shiller et al. 2009; Villacorta
et al. 2007). Speech production involves both auditory and
somatosensory feedback, and there is a trade-off between
errors in these two domains (Katseff et al. 2012; Lametti et al.
2012). A larger compensation for auditory perturbation leads to
a deviation from usual articulations, resulting in a larger error
in the somatosensory domain. This conflict can impede com-
plete compensation in individual modality. In addition, an
auditory target for the production of speech sound would not be
specific formant frequencies but a region representing the
phoneme in auditory perceptual domain (Niziolek et al. 2013;
Perkell 2012). In this sense, there is no need to correct auditory
errors as long as those errors are within a target category.

Proportions of the subjects that adapted to altered auditory
feedback varied across the three perturbation conditions. In
particular, the backward skin stretch interfered with adaptation
to altered auditory feedback. This may be due to differences in
sensory preference in sensorimotor adaptation as shown by
Lametti et al. (2012). They demonstrated that when subjects
received auditory and somatosensory perturbations together, a
large proportion of subjects adapted to one perturbation or the
other. Fifty-three percent of subjects adapted only to the
auditory feedback, 21% adapted only to the somatosensory
feedback, and 26% adapted to both perturbations. In the pres-
ent study, possibly as a result of sensory preference, subjects
who could potentially adapt to both audition and somatosen-
sation might have failed to adapt properly to auditory feedback
alteration when the somatosensory inflow was disturbed by
application of perturbations that opposed the normal movement
direction. The lower proportion may comprise only those
subjects who have a preference to audition. This would be
consistent with our finding that the proportion of adapted
subject in the backward skin stretch condition (52%) is similar
to the proportion of the subjects who adapted to auditory
perturbation alone in the Lametti et al. study (53%).

In the speech training, the skin stretch was applied through-
out the training, whereas auditory feedback was altered from
the ramp phase. A pattern of the amount of adaptation at the
end of the training is unlikely to be accounted for by the
different schedules of these two manipulations. The effect of
the skin stretch on the amount of adaptation was observed in
the ramp phase but disappeared in the hold phase. This implies
that the somatosensory modulation would affect an initial
phase of adaptation or adaptation to a small magnitude of
auditory feedback perturbation.

The observed perceptual shift might be due to perceptual
adaptation caused by repeated exposure to a specific auditory
feedback (selective adaptation effect; Eimas and Corbit 1973)
given that subjects produced the same phrase “a shed” through-
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out the speech training. Although the selective adaptation effect
was observed in the control condition, it does not fully account
for our results. In the speech training with altered auditory
feedback, there was no significant difference in the amount of
final adaptation among the three conditions (ASg, ASg, and A),
indicating that subjects in these conditions received similar
auditory feedback in the hold phase of the training. Neverthe-
less, a pattern of the perceptual shift relative to the shift in the
control condition was different among these conditions. This
suggests that somatosensory inputs during the speech motor
training recalibrate speech perception.

A cross-modal interaction between auditory and somatosen-
sory cortex has been found in previous studies other than those
involving speech. Somatosensory signals arising from the hand
propagate and coactivate auditory cortex (Foxe et al. 2002;
Nordmark et al. 2012; Perez-Bellido et al. 2018; Schiirmann et
al. 2006), possibly through the anatomical connectivity be-
tween the caudal belt auditory area and somatosensory cortex
(Fu et al. 2003; Ro et al. 2013). Although further investigations
are required to assess the relationship between speech and
nonspeech processing, this neural cross-modal interaction may
provide the neuroanatomical substrate through which changes
in auditory perception of speech are induced by somatosensory
inflow in sensorimotor learning.

Cross-modal interactions are highly feature specific; for
example, auditory and tactile signals can affect one another’s
perception in terms of frequency of tactile vibration and sound
stimulation (Convento et al. 2018; Crommett et al. 2017; Yau
et al. 2009). In speech, somatosensory inputs affect auditory
perception of speech systematically according to somatosen-
sory-auditory pairing (Gick and Derrick 2009; Ito et al. 2009).
This feature-specific audio-somatosensory association can be
built by co-occurrences of auditory and somatosensory signals
during speech production and learning. Once this association
has been established, auditory perception could be conditioned
and affected by somatosensory signals without motor outflow.
In the present study, this association can be modified by
sensorimotor adaptation training. Due to the modified associ-
ation, the same sound can be perceived in a different way even
in the absence of any additional somatosensory inputs.

In conclusion, the present study investigated a role of the
somatosensory system in the perceptual shift that follows
adaptation to auditory feedback. We found that somatosensory
inputs changed the perceptual shift following adaptation,
whereas its influence was limited in the adaptive behavior
finally acquired in the training. These findings suggest that the
somatosensory inflow, rather than the motor outflow, may play
an important role in tuning the processing of auditory percep-
tion of speech during speech motor adaptation.
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