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ABSTRACT:

Talkers have been shown to adapt the production of multiple vowel sounds simultaneously in response to altered
auditory feedback. The present study extends this work by exploring the adaptation of speech production to a physical
alteration of the vocal tract involving a palatal prosthesis that impacts both somatosensory and auditory feedback during
the production of a range of consonants and vowels. Acoustic and kinematic measures of the tongue were used to
examine the impact of the physical perturbation across the various speech sounds, and to assess learned changes
following 20 min of speech practice involving the production of complex, variable sentences. As in prior studies,
acoustic analyses showed perturbation and adaptation effects primarily for sounds directly involving interaction with the
palate. Analyses of tongue kinematics, however, revealed systematic, robust effects of the perturbation and subsequent
motor learning across the full range of speech sounds. The results indicate that speakers are able to reconfigure oral
motor patterns during the production of multiple speech sounds spanning the articulatory workspace following a
physical alteration of the vocal tract. © 2020 Acoustical Society of America. https://doi.org/10.1121/10.0000672

(Received 21 June 2019; revised 14 January 2020; accepted 15 January 2020; published online 19 February 2020)

[Editor: Susanne Fuchs]

I. INTRODUCTION

The speech of adult talkers is generally characterized
by a high degree of spatiotemporal precision in the control
of oral articulators such as the tongue, including the
achievement of precise spatial targets within very tight tem-
poral constraints (Smith and Zelaznik, 2004). Another key
characteristic of speech motor control in mature talkers, as
in other motor domains, is the capacity for adaptation to
novel conditions, i.e., sensorimotor plasticity. The capacity
for speech motor adaptation has been examined in numerous
experimental studies involving real-time alterations of sen-
sory feedback during speech production. Such manipula-
tions have included perturbations focusing on auditory
feedback (Houde and Jordan, 1998; Purcell and Munhall,
2006; Cai et al., 2011) and somatosensory feedback
(Tremblay et al., 2003; Nasir and Ostry, 2006) in relative
isolation, in addition to physical manipulations that impact
both auditory and somatosensory modalities simultaneously
(Kelso et al., 1984; Savariaux et al., 1995; Baum and
McFarland, 1997; Jones and Munhall, 2003). These studies
have consistently demonstrated that adult talkers are capable
of adapting their speech motor strategies to altered sensori-
motor conditions,' and have highlighted the role of auditory
and somatosensory feedback and prediction in speech motor
learning and control (see Perkell, 2012, for review).
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While studies of speech adaptation have played a cen-
tral role in the development and evaluation of current mod-
els of speech production (Tourville and Guenther, 2011;
Houde and Nagarajan, 2011; Ramanarayanan et al., 2016;
Parrell et al., 2019), the vast majority of these studies have
examined motor adaptation in very narrow contexts within
any given experiment (e.g., one vowel within a small set of
words, or a limited number of speech sounds sharing major
characteristics within a handful of phonetic contexts or
acoustically similar sentences). While providing carefully
controlled demonstrations of motor learning, these studies
have involved speech tasks that differ considerably from
speech production under natural conditions, where multiple
sounds spanning the articulatory workspace (i.e., covering
the range of high, low, anterior, and posterior tongue articu-
latory positions) are produced in the context of highly vari-
able, fluid sentences.

In contrast to these investigations, a recent study by
Lametti et al. (2018) investigated the capacity of talkers to
reorganize the control of speech motor patterns across the
entire articulatory vowel space following a perturbation of
auditory feedback affecting all vowel sounds during the pro-
duction of complex, variable sentences. In this study, a sys-
tematic shift in the first two vowel resonant (formant)
frequencies was introduced that systematically altered all
vowels during the production of 50 different English senten-
ces. Following a brief period of intensive speech practice
under altered feedback conditions (200 sentences, ~20 min),
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sounds across the workspace showed reliable adaptation
effects that countered the auditory perturbation, as well as
robust transfer to isolated words containing the same vowel
sounds. The result demonstrated that despite the consider-
able sensorimotor complexity of connected speech, auditory
feedback is continually used to adapt oral motor patterns
across speech sounds in response to perceived deviations
from auditory sensory targets.

While auditory input plays a central role in the learning
and control of speech motor behaviors, there is considerable
experimental work showing that speech production relies
critically on both auditory and somatosensory feedback in
order to achieve targets in both sensory domains (Tremblay
et al., 2003; Nasir and Ostry, 2006; Lametti et al., 2012). A
variety of structural and functional manipulations of the
vocal apparatus during speech production have been used to
explore this, including jaw fixation using a bite-block held
between the teeth (e.g., Gay et al., 1981), holding a tube
between the lips (e.g., Savariaux et al., 1995), and wearing
an intra-oral prosthesis that lengthens the upper incisors
(Jones and Munhall, 2003) or alters the shape of the hard
palate (e.g., Hamlet ez al., 1976). These studies have consis-
tently shown that talkers are capable of adapting to such
physical perturbations, leading to novel articulatory strate-
gies that improve the quality of the acoustic output. As in
studies focusing exclusively on altered auditory-feedback,
however, the vast majority of studies examining the effects
of physical perturbations have been somewhat narrow in
scope. For example, the majority of bite-block studies and
lip-tube studies have involved the production of a small
number of vowels, either in isolation or in a limited number
of word-like contexts (although, see McFarland et al.,
1996). Similarly, studies involving dental prostheses have
focused on sibilant consonants (/s/) practiced in a simple
monosyllabic word-like context (Jones and Munhall, 2003).

The majority of studies examining speech adaptation to
experimental changes in palatal shape have also been nar-
row in scope, typically focusing on consonants involving
direct contact with the physically altered alveolar region in
simple phonetic contexts (Hamlet et al., 1978; Baum and
McFarland, 1997; Baum and McFarland, 2000; Honda
et al., 2002; Aasland et al., 2006; Brunner et al., 2011).
However, a number of studies have examined the effects of
this structural modification beyond the palatal region,
including stop consonants (e.g., /k/; Brunner, 2009;
McFarland et al., 1996; Thibeault et al., 2011) and vowels
(Brunner et al., 2007; Brunner, 2009; Hamlet et al., 1976,
Garber et al., 1980; McFarland et al., 1996). These studies
have generally observed only limited acoustic effects of the
palatal perturbation beyond alveolar sounds (e.g., /s/ or /t/),
often noting little systematic acoustic change in the produc-
tion of vowels (Brunner, 2009; Garber et al., 1980;
McFarland et al., 1996; although see Hamlet et al., 1976),
and only negligible effects on non-alveolar stop consonants
(/k/ or /p/; McFarland et al., 1996; Thibeault et al., 2011).
While the acoustic effects of this manipulation have
appeared mostly restricted to sounds directly involving
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interactions with the palate, kinematic measures of tongue
movement patterns reported in studies by Brunner et al.
(2009) and Thibeault et al. (2011) have suggested that such
palatal perturbations may, in fact, impact articulatory speech
movements beyond the palatal region (e.g., low/back vow-
els, or the velar stop consonant /k/). This finding, coupled
with the large degree of inter-subject variability in the pat-
terns of oral perturbation and adaptation noted by many
authors (Baum and McFarland, 2000; Aasland et al., 2006,
Brunner, 2009; Thibeault et al., 2011), leaves open the ques-
tion of whether talkers are capable of systematically adapt-
ing speech motor patterns for sounds produced across the
articulatory workspace to a physical structural perturbation
of the vocal apparatus.

In the present study, we address this question by examin-
ing, through a combination of acoustic and tongue kinematic
measures, the manner in which talkers adapt oral motor pat-
terns to a physical alteration of palatal shape during the pro-
duction of multiple speech sounds across the articulatory
workspace, including a variety of consonants and vowels.
Specifically, we address the following questions:

(1) To what degree does an experimental alteration of pala-
tal shape impact the acoustic outcomes related to the
production of phonemes across the articulatory work-
space, and to what degree do talkers show compensatory
changes in speech acoustics across these different
sounds following 20 min of intensive speech practice
with the palate in place? Based on prior studies, we pre-
dict that acoustic changes related to the perturbation,
and in response to speech practice, will be observed
selectively in sounds that interact directly with the pala-
tal perturbation.

(2) To what degree does the palatal prosthesis perturb
tongue kinematic patterns related to a range of speech
sounds across the workspace, and to what extent do talk-
ers show sensorimotor adaptation in motor control of
the tongue for these sounds following an intensive 20-
min practice period? This is a question that, we feel, has
not been clearly answered in prior studies, owing to the
highly variable nature of the kinematic effects of the
perturbation and adaptation response among participants
and phonetic contexts. In the present study, we approach
this question in two steps: First, by examining the ampli-
tude of tongue kinematic changes associated with the
presence of the palate and following speech practice, it
is possible to determine whether or not the alteration in
palatal shape induces perturbation and training-related
changes in tongue position across the various speech
sounds. Second, by examining the directional nature of
these kinematic changes, it is possible to address the
question of whether the effects of practice reflect
learned changes in the feed-forward control of the
tongue (i.e., sensorimotor adaptation). Based upon the
recent demonstration of simultaneous adaptation in mul-
tiple vowels in response to a manipulation of auditory
feedback (Lametti et al., 2018), we predict that talkers
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in the present study will exhibit significant adaptation in
speech motor patterns to a physical change in palate
shape during the production of phonemes that span the
production workspace, as revealed by both the ampli-
tude and directions of the perturbation and training
effects.

The examination of the directional nature of kinematic
changes in the current study rests critically on a consider-
ation of the learning after-effect. In current models of the
sensorimotor control of speech production, oral movements
are controlled by a combination of feedback and feed-for-
ward mechanisms (see Parrell et al., 2019, for review). In
feedback control, sensory signals are compared with pre-
dicted sensory consequences in near-real-time, which results
in the generation of corrective changes in production when a
deviation is detected during a given movement. Feed-
forward control, on the other hand, involves the use of predic-
tive motor commands that are gradually established and
fine-tuned on the basis of practice (i.e., motor learning). In
studies of sensorimotor adaptation to alterations in sensory
feedback, the presence of motor learning following a period
of practice can be examined by suddenly removing the sen-
sory perturbation (hence, eliminating the source of feedback-
based error correction), and testing whether a systematic
change in motor output persists. Such a persistent change,
dubbed the learning after-effect, provides a window into the
altered feed-forward (planned) motor command, and would
be expected to show a systematic relationship with the
changes observed during training while under perturbed sen-
sory conditions. Numerous prior studies of sensorimotor
adaptation in speech involving changes in auditory or somato-
sensory feedback have examined, and found, such learning
after-effects (e.g., Houde and Jordan, 1998; Baum and
McFarland, 1997; Shiller et al., 2009; Villacorta et al., 2007).

In the current study, we apply this rationale to a consid-
eration of the directions of kinematic changes observed
immediately following a period of speech practice, and the
directions of the learning after-effects. We predict that irre-
spective of variation across subjects and phonemes in tongue
kinematic changes associated with speech training, the direc-
tions of observed learning after-effects will be coherent with
the directions of the preceding training effects, indicating that
the talkers had indeed acquired new feed-forward speech
motor commands in adapting to the palatal perturbation.

Il. METHODS

Nine adult native speakers of North-American English
(four female, five male, 19-30 years of age) with no history
of hearing, language or speech disorder were tested. All pro-
cedures were approved by the Institutional Review Board of
the Faculty of Medicine at McGill University.

A. Procedures

For each participant, a palatal prosthesis was custom-
made by taking an alginate impression of the upper teeth
and hard palate and producing a stone cast. A biocompatible
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thermoplastic material (Temp Tabs, All Dental PRODX,
Gig Harbor, WA) was molded to the alveolar region of the
cast (immediately behind the upper teeth) producing a rigid
prosthetic appliance with dimensions similar to those used
in prior palatal perturbation studies (Baum and McFarland,
1997; Thibeault et al., 2011), involving a 6 mm thickened
region behind the upper incisors, tapering off over a 2cm
distance (Fig. 1). The appliance was held firmly in place by
way of a thin layer of thermoplastic material that wrapped
around the upper incisors.

Participants engaged in a series of four speech tests,
each involving the production of eight different vowel-con-
sonant-vowel pseudo-words containing one of the conso-
nants /s/, /t/, /k/, and /p/ combined with either the high
vowel /i/ or the low vowel /®/ (e.g., /isi/, /@®te/). Each
pseudo-word was produced eight times in a randomized
order (64 productions in total per test). Four such tests of
speech production were conducted in sequence as follows:
(1) prior to palatal prosthesis insertion (Test-1), (2) immedi-
ately after prosthesis insertion but prior to the period of
speech practice with the palate in place (Test-2), (3) imme-
diately following speech production practice with the palatal
prosthesis in place (Test-3), and (4) immediately following
removal of the prosthesis (Test-4, see Fig. 2). A period of
speech practice with the prosthesis in place followed speech
Test-2, during which participants read aloud a randomized
sequence of sentences drawn from the Harvard Sentences
(IEEE, 1969). A set of 47 different sentences was used, con-
taining approximately balanced proportions of the four con-
sonants included in the speech test. The 47 sentences were

FIG. 1. Schematic showing the position of the palatal prosthesis (dark grey
region) in the mouth. Top: Mid-sagittal view; Bottom: View from below
the entire maxillary region, showing the palate and teeth. (Adapted from
Baum and McFarland, 1997).
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AFTER-EFFECT

INSERTION TRAINING REMOVAL

Test 1 Test 2 Test 3 Test 4

NO PALATE WITH PALATE NO PALATE

FIG. 2. (Color online) Schematic of the experimental sequence, showing
the different speech tasks (middle), the sequence of insertion and removal
of the palatal prosthesis (bottom), and the comparisons between tests that
comprise the four experimental effects of interest (top).

Practice

read four times in randomized order, totaling 188 sentences
(~20min) of speech practice.

B. Acoustic recording and analysis

The acoustic speech signal was digitally recorded (16-
bit, 22500kHz) using a cardioid microphone (MEG66,
Sennheiser, Germany) positioned at a distance of one meter
to reduce electromagnetic interference with the kinematic
measurement system. Following prior studies of adaptation
to palatal prostheses (Baum and McFarland, 1997; Aasland
et al., 2006; Thibeault et al., 2011), acoustic analyses of the
consonants focused on the first spectral moment (or centroid
frequency), a primary acoustic cue for /s/ (Maniwa et al.,
2009), as well as a key contrastive property of stop consonant
bursts (Forrest et al., 1988; Johnson et al., 2018). The cen-
troid frequency was estimated over a 20 ms analysis window
at the mid-point of production for the fricative /s/ and aligned
with the burst onset for the stop consonants /t/, /k/, and /p/.
For the vowels, the first and second formant frequency (F1
and F2) over a 40-ms window at the vowel mid-point was
estimated using a Linear Predictive Coding based spectral
analysis (MATLAB v.2018a, Mathworks, Natick, MA). For sim-
plicity, the analysis of vowel formants focused solely on the
syllable-initial position in each VCV production.

1. Statistical analyses

Statistical analyses were organized around four separate
experimental effects of interest: (1) the palate insertion
effect (Test-2 - Test-1), (2) speech training effect with the
palate in place (Test-3 - Test-2), (3) the palate removal
effect (Test-4 - Test-3), and (4) the learning after-effect
(Test-4 - Test-1; see Fig. 1, top), using a linear mixed-
effects modeling approach using R (R Core Team, 2019)
with Ime4 (Bates et al., 2019). For each of the four experi-
mental effects, the significance of differences in the acoustic
measures was tested by fitting the model

Acoustic.Measure ~ VCV x Test + (1 | Participant),

where Acoustic.Measure corresponds to formant frequency
(for vowels) or centroid frequency (for consonants), VCV
refers to the eight stimuli (/s/, /t/, /k/, and /p/ combined with
/i/ and /®/; with /isi/ as the reference level), Test corresponds
to the two speech production tests comprising the experi-
mental effect of interest (e.g., Test 2 vs Test 1 for the effect
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of insertion), and (1 | Participant) represents the inclusion of
random intercepts per participant. The statistical significance
of fixed effects (including the two-way interaction of VCV
and Test) was evaluated using the package /merTest (v.3.1) in
R, which provides analysis of variance (ANOVA)-style tables
for linear mixed effects model fits via Satterthwaite’s degrees
of freedom method, allowing for the reporting of readily inter-
pretable F-values, degrees-of-freedom, and p-values. Post hoc
pairwise tests between levels of the fixed effects were carried
out when necessary by computing estimated marginal means
using the emmeans (v.1.4.1) in R and applying Tukey’s correc-
tion for multiple comparisons.

C. Kinematic measurement and analysis

Kinematic measurements were carried out using an
electromagnetic articulograph (AG500, Carstens, Germany),
with two sensors placed along the mid-sagittal axis of the
tongue: one 1.5cm from the apex (labelled tongue blade)
and another located 4.5 cm from the apex (tongue dorsum).
An additional sensor was affixed to the mandible at the
lower incisors. Sensors affixed to the upper incisor, as well
as to the surface of the skin at the nasion, left mastoid, and
right mastoid, were used to establish a head-centered coordi-
nate frame, allowing for the transformation of raw three-
dimensional (3 D) tongue sensor positions into positions rel-
ative to an origin located at the upper incisors, and with the
horizontal axis registered to the occlusal plane. Positional
data were sampled at 200 Hz. The kinematic analyses car-
ried out in the current paper focused solely on positions of
the two tongue markers in the mid-sagittal plane.

For the purposes of kinematic analysis, the position of
the tongue sensors (horizontal, x, and vertical, y, position in
the midsagittal plane) associated with the production of the
vowels /i/ and /&/ was selected at the temporal mid-point of
production based on the acoustic signal. As the consonants
were embedded in a vowel context, it was possible to select
their positions based upon kinematic criteria. Following
Thibeault et al. (2011), the tongue position for /s/ and /t/
was measured at the first zero-crossing in velocity along the
vertical axis (i.e., peak tongue elevation) for the tongue
blade sensor during the gesture from the syllable-initial
vowel to the consonant. The position for /k/ in the low-
vowel context (/aka/) was based on the same criteria, but
using the tongue dorsum sensor. For /k/ in the high-vowel
context (/iki/), the position was measured at the first zero-
crossing in horizontal velocity (i.e., peak retraction) for the
tongue dorsum sensor. Finally, /p/ was measured at the
moment of maximal lip closure (minimum Euclidean dis-
tance between the upper and lower lip sensors).

As with the acoustic measures, statistical analyses were
organized around the change in tongue position associated
with each of the four key effects of interest: palate insertion
(Test 2 — Test 1), training (Test 3 — Test 2), palate removal
(Test 4 — Test 3), and the learning after-effect (Test 4 — Test 1).
The analyses separately examined the amplitude of changes
in tongue position and the direction of those changes
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associated with the different speech sounds and phonetic
contexts. In this way, it was possible to separately assess (1)
whether a change in tongue position has occurred in each
case (indicated by a significant change in position between a
given pair of test conditions), and (2) the directional nature
of any such positional changes, including whether those
directions varied systematically among VCV conditions,
experimental effects, and participants.

The direction of changes in tongue sensor position was
determined on the basis of the average two-dimensional
(2D) sensor position, within each participant, across the
eight repeated productions of each VCV within each of the
four speech tests. Specifically, a vector was computed for
each VCV and experimental effect within each participant,
characterizing the change in tongue position between the
pair of speech tests associated with the experimental effects
of interest (palate insertion, training, removal, and after-
effect). For example, the direction of the change in tongue
blade sensor position associated with the effect of palate
insertion for the production of the vowel /&/ would involve
computing the angle of the vector whose origin lies at the
mean (x, y) position for the production of that sound during
Speech Test 1 (pre-insertion), and whose direction points at
the mean (x, y) position for the production of that sound in
Speech Test 2 [post-insertion; see Fig. 3(A)]. Recall that the
horizontal (x) axis is aligned with the participant’s occlusal
plane, with 0-degrees (graphically to the right) correspond-
ing to a change towards the anterior of the mouth, and 90-
degrees (upwards) corresponding to an increase in elevation.
As such, the vectors are presented in a common coordinate
system that is normalized for differences among participants
and VCV contexts.

For the analysis of the amplitude of tongue position
change associated with each experimental effect, the 2D
spatial positions associated with individual productions
were transformed into a one-dimensional (1 D) positional
representation that greatly simplified statistical testing using
a univariate linear mixed-effects modelling approach. First,
for each subject, VCV and experimental effect, an axis was
defined on the basis of the mean direction vector character-
izing the experimental effect of interest (the same vector
computed in the directional analysis described above). The
2D (x, y) positions of the tongue sensors associated with the
participant’s individual productions were then orthogonally
projected onto this axis (dubbed the Principal Effect Axis),
transforming them into a 1D representation of position
along this axis of interest [see Figs. 3(B) and 3(C)].

1. Statistical analyses

The significance of differences in vector directions
(angles) was examined using circular (or directional) statis-
tics, a set of methods for evaluating observations represent-
ing vectors around a unit circle (Circular Statistics Toolbox
for maTLAB, v.1.21; Berens, 2009). Such directional data
necessitates an approach to mean and variance estimation
that accounts for the “wrapped” nature of angles distributed
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FIG. 3. (Color online) (A) Illustration of the procedure used to compute the
vector angle characterizing an experimental effect of interest. (B) Illustration
of the procedure for examining the amplitude of tongue position change asso-
ciated with a given experimental effect. The 2 D positions associated with indi-
vidual productions are projected orthogonally onto the principal axis defining
the experimental effect. (C) The resulting 1D positions along this axis can
then be evaluated statistically (e.g., testing for an effect of speech test).

around a circle (where 0° = 360°). Differences in vector
angles among phonemes and between experimental effects
were examined using circular 1-way ANOVA (Watson-
Williams test). Variation in vector angles among VCV con-
texts and participants was also evaluated using the Rayleigh
z test, which assesses whether a set of vectors is non-
uniformly distributed around a circle (i.e., characterized by
a common mean direction).

For the analysis of the amplitude of changes in tongue
position, differences in sensor position between the two
speech tests characterizing each experimental effect was
tested statistically by fitting a linear mixed-effects model of
the following form:
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Kinematic.Measure ~ VCV * Sound * Test
+ (1| Participant),

where Kinematic.Measure corresponds to sensor position
along the Principal Effect Axis, VCV refers to the eight dif-
ferent VCV contexts (with /isi/ as the reference level),
Sound refers to the sound within the syllable (syllable-initial
vowel or consonant), Test corresponds to the two speech
production tests associated with the experimental effect of
interest, and (1 | Participant) represents the inclusion of ran-
dom intercepts per participant. The statistical significance of
fixed effects (including the 2-way and 3-way interactions
between fixed factors) was evaluated using F-tests with
Satterthwaite estimates of degrees-of-freedom.

All data and code related to the statistical analyses
reported in the current manuscript are available for down-
load from the Open Science Framework repository.” Full
text output of the linear mixed effects regression models are
available as a supplement to this paper.’

lll. RESULTS
A. Acoustics — Consonants
1. Effects of palate insertion and removal

The average changes in centroid frequency during the
production of the four consonants observed following palate
insertion and removal are shown in Fig. 4(A). Immediately
after insertion of the palate (blue bars), the centroid fre-
quency can be seen to decrease for production of /s/, /t/, and
to a lesser degree /k/, in both vowel contexts. Following
removal of the palate (red bars), a change in centroid fre-
quency in the opposite direction (increasing) can be
observed for all sounds. The difference between the two

production tests associated with palate insertion (Test 1 vs
Test 2) and removal (Test 3 vs Test 4), as well as differences
among the eight VCV conditions, were examined by fitting
a linear mixed-effects model for each experimental effect.
For the effect of insertion, a significant fit of speech test was
found [F(1,1111)=202.89, p < 0.001), as well as for VCV
[F(7,1111]=277.24, p<0.001]. The two-way interaction
between VCV and speech test was also significant
[F(7,1111]=18.03, p <0.001]. Post hoc pairwise compari-
sons between the two speech tests were carried out sepa-
rately for each VCV stimulus, revealing a significant effect
of palate insertion for /s/, /t/, and /k/ in the /i/ context, and
for /s/ and /t/ in the /@&/ context (p <0.01). All remaining
comparisons were not significant (p > 0.05).

The effect of palate removal (Test 3 vs Test 4) showed
the same pattern of results, with highly significant fits for
the effect of speech test [F(1,1109) =155.85, p < 0.001], as
well as VCV [F(7,1109] =321.67, p <0.001], and a signifi-
cant interaction [F(7,1109)=16.75, p <0.001]. Post hoc
tests of the effect of speech test within each VCV showed a
significant difference for /s/, /t/, and /k/ in the /i/ context,
and for /s/ and /t/ in the /&/ context (p < 0.01). All remaining
comparisons were not significant (p > 0.05).

2. Effects of speech training and the learning
after-effect

Figure 4(B) shows the average change in centroid fre-
quency following 20-min of speech practice involving the
production of variable sentences (green bars), and the learn-
ing after-effect (yellow bars). These changes are relatively
small in amplitude compared to the effects of palate inser-
tion and removal (particularly for /s/ and /t/).

The differences between the two speech tests associated
with speech practice (Test 2 vs Test 3) and the learning
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FIG. 4. (Color online) (A) Changes in centroid frequency during the production of the four consonants associated with the effects of palate insertion (blue)
and removal (red), within the two vowel contexts. (B) Changes in centroid frequency during consonant production associated with the effects of training

(green) and the learning after-effect (yellow). Error bars show =1 standard error
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of the mean.
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after-effect (Test 1 vs Test 4) were examined in combination
with differences in VCV condition by fitting a linear mixed-
effects model for each experimental effect. For the model
testing the effect of speech practice, the fit of VCV was sig-
nificant [F(7,1102)=178.61, p <0.001], as was the effect
of speech test [F(1,1102)=6.41, p <0.05]; however, the
interaction was not [F(7,1102) =0.64, p =0.72]. Because of
the specific focus on the fricative /s/ in prior studies using
palatal perturbations, this sound was directly examined for
an effect of speech training. A post hoc comparison between
speech tests for /s/ in the two vowel contexts revealed a sig-
nificant difference in the /&/ context (p < 0.05), but not in
the /i/ context (p = 0.67).

For the learning after-effect (Test 1 vs Test 4), the fit of
VCV was significant [F(7,1118)=435.48, p <0.001], but
not the effect of speech test [F(1,1118)=0.090, p=0.76].
The interaction was also not statistically significant
[F(7,1118)=1.35, p=0.22].

In summary, as shown in prior studies, a reliable change
in centroid frequency was observed following palate inser-
tion and removal for the alveolar consonants /s/ and /t/.
Though smaller in amplitude, an effect was also observed
for the velar consonant /k/. Further consistent with prior
studies, a change in acoustics was observed following
speech training for /s/, though only in the low vowel con-
text. No other consonant showed a significant training effect
or learning after-effect.

B. Acoustics—Vowels

1. Effects of palate insertion and removal

The mean changes in first and second formant frequency
for the vowels associated with palate insertion and removal are
shown in Fig. 5(A). For both /i/ and /&/, a change can be
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observed principally in F2, which shows a systematic reduc-
tion following insertion and an increase following removal.

A linear mixed-effects model was used to test for differ-
ences between the two speech tests associated with the
experimental effects of palate insertion and removal, in con-
junction with the eight different VCV stimuli, separately for
F1 and F2.

For the effect of palate insertion (Test 1 vs Test 2) on F/
frequency, the effect of VCV was statistically significant
[F(7,1111) =1193.32, p < 0.001]; however, the fit of speech
test was not significant [F(1,1111)=2.01, p=0.16], nor was
the interaction between VCV and speech test [F(7,1111)=0.84,
p = 0.55]. The effect of palate removal (Test 3 vs Test 4) on F1
frequency followed the same pattern as insertion, with a signifi-
cant effect of VCV [F(7,1109) = 1228.10, p < 0.001], and no
significant effect of speech test [F(71,1109) = 0.45, p = 0.50] or
interaction [F(7,1109) = 1,24, p = 0.28].

In contrast with F1, the effect of palate insertion on F2
values revealed a significant effect of speech test [F(1,1102)
=25.81, p<0.001] and of VCV [F(7,1102)=2067.61,
p <0.001], as well as a significant interaction [F(7,1070)
=2.66, p <0.01]. Post hoc tests showed significant differ-
ences between the two speech tests for the vowel /i/ in the
contexts /s/ and /t/ (p < 0.001), and for the vowel /&/ in the
context /s/ (p <0.01). All remaining comparisons were not
significant (p > 0.05). The effect of palate removal on F2
values similarly revealed a significant effect of speech test
[F(1,1092) =32.46, p<0.001] and VCV [F(7,1092)
=1533.40, p <0.001] as well as a significant interaction
[F(7,1053) =4.19, p <0.001]. Post hoc tests showed a sig-
nificant difference between the two speech tests for the
vowel /i/ in all four consonant contexts (p < 0.001), and for
the vowel /&/ in the context /t/ (p <0.01). All remaining
comparisons were not significant (p > 0.05).
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FIG. 5. (Color online) (A) Acoustic changes in vowels (averaged across the four consonant contexts) associated with palate insertion (blue) and removal
(red). F1 and F2 are shown in the left and right half of the panel, respectively. (B) Acoustic changes in 1 and F2 associated with the training (green) and

after-effect (yellow). Error bars show *1 standard error of the mean.
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2. Effects of speech training and the learning
after-effect

The change in vowel F1 and F2 associated with speech
training and the learning after-effect are shown in Fig. 5(B).
Modest changes can be observed in F2, with smaller
changes in F1, mirroring the larger effects in F2 associated
with palate insertion and removal.

For the model testing the effect of training on F'1, the effect
of VCV was significant [F(7,1102) = 1227.85, p < 0.001]; how-
ever, the fit of speech test was not significant [F(1,1102) = 1.10,
p=0.30], nor was the interaction [F(7,1102)=1.60, p=0.13].
For the learning after-effect, the effect of VCV was significant
[F(7,1118) = 1206.41, p <0.001], while the effect of speech
test [F(1,1118)=0.11, p=0.73] and the interaction [F(7,1118)
=0.18, p = 0.99] were not.

For the model testing the effect of training on F2, the
principal effect of speech test was significant [F(1,1093)
=9.13, p<0.01], as was the effect of VCV [F(7,1093)
=1910.85, p <0.001]. The interaction was not significant
[F(7,1093) =0.37, p =0.92]. For the after-effect, the effect
of VCV was significant [F(7,1101)=1644.67, p < 0.001];
however, no significant effect of speech test [F(1,1101)
=1.67, p=0.20] and no interaction [F(7,1101)=0.78,
p=0.61] were found.

In summary, an effect of palate insertion and removal
was found to have an impact on the production of both the
high and low vowels, in particular in F2 frequency. In addi-
tion, a statistically reliable change in F2 frequency was
observed following speech training with the palatal prosthe-
sis in place; however, no significant learning after-effect
was found.

C. Kinematics—Amplitude

The average amplitude of changes in tongue sensor
position associated with the four experimental effects of
interest is shown for all consonants and vowels in Fig. 6. A
systematic change in tongue position can be observed in
both the blade and dorsum sensors across all sounds for
each of the four effects. Note that the analysis of amplitude
related to the training and after-effects omitted the data of a
single outlier participant (s7) who showed a magnitude of
training that was considerably larger than all other sub-
jects—by a factor of more than two—across nearly all
sounds and contexts. We chose to exclude this participant
from the analysis of amplitude in order to avoid exaggerat-
ing the group-average magnitude of the training effect, as
well as to avoid inflating the estimate of within-group vari-
ance. For the remaining analyses of changes in tongue kine-
matics, all nine participants were included.

The change in spatial position of each tongue sensor—
associated with each of the four experimental effects of
interest—was examined using a linear mixed-effects model
with speech test, VCV, and speech sound (vowel vs conso-
nant) as fixed factors (see Sec. II). For the tongue dorsum
sensor, the analysis revealed a statistically significant fit for
the effect of speech test associated with palate insertion
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[Test 1 vs Test 2; F(1,1933)=354.63, p <0.001], speech
training [Test 2 vs Test 3; F(1,1909) =232.37, p < 0.001],
palate removal (Test 3 vs Test 4, F(1,1933)=356.47,
p <0.001] and the learning after-effect [Test 1 vs Test 4;
F(1,1957)=400.98, p < 0.001]. All other principal effects,
two-way interaction and three-way interaction effects were
non-significant (p > 0.05). The same pattern was observed
for the tongue blade sensor, which showed a statistically sig-
nificant fit for the effect of speech test associated with palate
insertion [F(1,1933)=346.87, p <0.001], speech training
[F(1,1909) =281.97, p <0.001], palate removal
[F(1,1933)=201.09, p < 0.001] and the learning after-effect
[F(1,1957)=349.43, p < 0.001]. All other principal effects,
two-way interactions and three-way interaction effects were
non-significant (p > 0.05).

In summary, robust changes in tongue blade and dor-
sum position were observed in association with all four
experimental effects, across all speech sounds and in all
contexts.

D. Kinematics—Directional analyses
1. Effect of palate insertion and removal

The analyses of acoustic changes associated with palate
insertion and removal revealed opposing effects across the
two effects in both centroid frequency for consonants and
formant frequency (primarily F2) for vowels. The analysis
of the kinematic amplitudes of tongue positional changes
associated with palate insertion and removal further
revealed the presence of reliable changes among all conso-
nants and vowels. To further understand the nature of these
kinematic changes, the directions of these tongue positional
effects were examined. Figure 7(A) shows the mean direc-
tion (vector angle) of changes in tongue blade and dorsum
position associated with palate insertion (small solid vec-
tors) and removal (small dotted vectors), for each of the two
vowels and four consonants (averaged across contexts). The
grand mean direction of each effect is shown as a bold vec-
tor (insertion in blue, removal in red). Angles represent
directions in the mid-sagittal plane, with 0° corresponding
to the anterior direction (i.e., toward the subject’s incisors)
along the occlusal plane. The insertion effect shows an over-
all lowering of the tongue blade and advancement of the
tongue dorsum sensor, consistent with a clockwise rotation
of the tongue surface away from the palatal prosthesis.
Immediately upon removal of the palate, the opposite pat-
tern is observed on average: raising of the tongue blade and
retraction of the dorsum sensor.

As can be seen in Fig. 7(A), the direction of tongue
positional change associated with palate insertion and palate
removal are nearly opposite to each other. Indeed, for the
tongue blade sensor (left panel), the mean angular difference
between the insertion and removal effects ranged from
135.7 to 173.2 degrees across the different speech sounds,
with the grand average vectors differing by 157.9 degrees.
For the tongue dorsum sensor, the angle differences ranged
from 136.3 to 163.4 degrees across sounds, with the grand
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FIG. 6. (Color online) The mean change in position, associated with the four experimental effects of interest, of the tongue blade (top) and dorsum (bottom)
sensors for the production of the syllable-initial vowel (red) and consonant (blue) among the eight different VCV contexts. Error bars show *1 standard

error of the mean.

average vectors differing by 175.7 degrees. The reliability
of differences in vector angles among the six speech sounds
was examined using circular one-way ANOVA (Watson-
Williams test), carried out separately within each of the two
experimental effects. In both tongue sensors, no reliable dif-
ference was observed between speech sounds for the effect
of palate insertion [Blade: F(5,48)=0.97, p=0.45;
Dorsum: F(5,48) =0.86, p =0.51] or palate removal [Blade:
F(5,48)=0.05, p =0.99; Dorsum: F(5,48) =0.65, p =0.66].

Watson-Williams tests were also used to assess the reli-
ability of the difference in vector angle between the insertion
and removal effects separately for each of the six sounds. In

J. Acoust. Soc. Am. 147 (2), February 2020

the tongue blade sensor, with one exception, a statistically sig-
nificant difference in the direction of tongue positional change
between palate insertion and removal was observed for all
sounds, including the two vowels [F(1,16)=39.33 [i]; 23.53
[ae], p < 0.05 for all] and three consonants [F(1,16)=10.63
[s]; 68.18 [k]; 20.54 [p], p < 0.05 for all]. The difference for
the consonant /t/, however, was not significant [F(1,15) =2.99,
p=0.10]. For the tongue dorsum sensor, the difference was
significant for all sounds [F(1,16)=38.61 (i); 8.07 [ae]; 8.42
[s]; 9.85 [t]; 13.96 [Kk]; 10.53 [p], p < 0.05 for all].

While averaging tongue positional changes across partic-
ipants is useful to characterize overall trends, considerable
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FIG. 7. (Color online) (A) Mean direction of tongue position change associated with palate insertion (small solid vectors) and removal (small dotted vec-
tors), for each sound. The grand mean angle for each effect is shown as a large bold vector (insertion in blue, removal in red). Angles represent directions in
the mid-sagittal plane, with 0° corresponding to the anterior direction (i.e., toward the subject’s incisors) along the occlusal plane. The insertion effect shows
an overall lowering of the tongue blade and advancement of the tongue dorsum. Immediately upon removal of the palate, the opposite pattern is observed on
average. (B) Mean direction of tongue position change associated with speech training (small solid vectors) and the learning after-effect (small dotted vec-
tors), for each sound. The grand mean angle for each effect is shown as a large bold vector (training in blue, after-effect in red). Both effects show a similar
directional change in tongue position (for both sensors), characterized by an overall lowering and advancement of the tongue.

inter-speaker variation in oral kinematic patterns is a common
finding in studies of speech production, and has been specifi-
cally noted in prior studies involving adaptation to palatal
prostheses (e.g., Hamlet et al., 1978; Baum and McFarland,
2000; Thibeault et al., 2011). In the current study, therefore, a
key question remains whether different participants may have
responded to the palatal perturbation with varying directional
changes in tongue kinematics. In the case of circular (angular)
data, one approach to addressing such questions is through a
test of directional non-uniformity (e.g., the Raleigh z test)
testing the hypothesis that a set of vectors is not distributed
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evenly around a circle. For the effect of palate insertion, a
test of non-uniformity among the participants was carried out
separately for each target sound, including the two word-
initial vowels (averaged across consonant contexts) and the
four consonants (averaged across vowel contexts). For the
tongue blade sensor, the Rayleigh tests yielded a non-
significant result (i.e., not rejecting the null hypothesis of
directional uniformity) for the consonant /s/ (z=1.70,
p =10.18). In contrast, a significant departure from uniformity
was found for the consonants /t/ (z=3.56, p<0.05), /k/
(z=8.45, p<0.05) and /p/ (z=15.75, p <0.05), as well as the
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vowels /i/ (z=4.05, p<0.05) and /&/ (z=4.16, p <0.05).
For the tongue dorsum sensor, a similar pattern was observed
with a non-significant result for /s/ (z=0.69, p=0.52) and
significant departures from uniformity for /t/ (z=2.48,
p<0.05), /k/ (6.73, p<0.05), /p/ (z=4.01, p<0.05), /i/
(z=38.29, p <0.05) and /&/ (z=1.42, p < 0.05). These results
suggest that, following insertion of the palatal prosthesis,
sounds that strongly interact with the palate (e.g., /s/) may
show a wider range of directional patterns among partici-
pants, whereas for the remaining consonants and vowels, the
directions of tongue kinematic changes may be more system-
atic among talkers.

2. Effects of speech training and the learning after-
effect

The analysis of kinematic amplitude indicated robust
changes in tongue position for the production of all conso-
nants and vowels following 20 min of speech training, as
well as significant after-effects that persisted following
removal of the palatal prosthesis. As with the effects of pal-
ate insertion and removal, understanding the nature of these
training-related changes requires a further examination of
their directional patterns. Figure 7(B) shows the mean direc-
tion of tongue positional change associated with speech
training and learning after-effects for each vowel and conso-
nant, along with the grand average across all sounds. The
effect of training is generally characterized by an advance-
ment and lowering of the tongue, with the after-effect show-
ing a similar directional pattern.

The reliability of differences in vector angles across the
six speech sounds was examined using circular one-way
ANOVA. For the tongue blade sensor, no significant differ-
ence was observed across speech sounds for the effect of
speech training [F(5,48)=0.22, p=0.95] or for the after-
effect [F(5,48) =0.36, p = 0.87]. Similarly for the tongue dor-
sum sensor, no significant difference was observed across
speech sounds for the effect of training [F(5,48)=0.83,
p =0.54] or for the after-effect [F(5,48) = 1.01 p=0.42].

If changes in the positioning of the tongue observed fol-
lowing speech training are indeed a reflection of changes in
feed-forward speech motor planning (i.e., motor learning),
the directions of tongue kinematic changes associated with
the after-effect (following removal of the perturbation)
would be predicted to be consistent with those training-
related effects. The average patterns shown in Fig. 7(B) are
broadly consistent with this prediction (i.e., for each sound
considered individually, as well as for the grand average
directions for each sensor, the angular difference between
training and after-effects are near zero). For the tongue
blade sensor, the angular difference between training and
after-effects was close to zero for all speech sounds, ranging
from 0.4 to 25.1 degrees. The angle difference between
grand average vectors for the training and after-effect was
similarly small, at just 11.3 degrees. For the tongue dorsum
sensor, with a single exception (the vowel /i/), the change in
position associated with the training and after-effects were
similarly directionally aligned, with angular differences
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ranging from 17.8 to 49.0 degrees across the different
speech sounds (the sound /i/ showed a somewhat larger dif-
ference of 115.1 degrees), and the grand average vectors dif-
fering by 35.4 degrees.

Watson-Williams tests were used to assess the reliability
of the difference in vector angles between the training and
after-effects, separately for each of the six sounds. In the
tongue blade sensor, the difference in the direction of tongue
positional change was not statistically significant for all
sounds [F(1,16)=0.14 [i]; 0.02 [ae]; 0.01 [s]; 0.08 [t]; 0.03
[k]; 0.37 [p]l, p>0.05 for all]. The tongue dorsum sensor
similarly showed no significant differences in the direction
of tongue position change between the training and after-
effects in the case of all sounds [F(1,16)=2.03 [i]; 0.56
[ae]; 0.10 [s]; 0.18 [t]; 0.12 [k]; 0.13 [p], p > 0.05 for all].

The possibility of talker-specific differences in tongue
kinematic patterns remains highly relevant in the context of
the effects related to speech training (and their correspond-
ing after-effects), where different participants might reason-
ably be expected to use a range of articulatory strategies to
compensate for the individually varying effects of the pala-
tal perturbation. Figure 8 provides an illustration of such
variability in the current study, showing the directions of
tongue position change (tongue blade sensor) for all partici-
pants (different colored vectors) associated with the four
consonants in each vowel context. Widely varying direc-
tional patterns among the talkers are observed in each case.
Rayleigh z tests were used once again to examine the varia-
tion in directional changes among the participants during
production of each of the two word-initial vowels and each
of the four consonants. For the tongue blade sensor, no sig-
nificant departure from uniformity was found for any sound
[[i]: z=0.18, p=0.84; [ae]: z=0.03, p=0.97; [s]: z=1.72,
p=0.18; [t]: z=1.21, p=0.31; [k]: z=1, p=0.38; [pl:
z=0.16, p=0.86]. The same pattern was observed for the
tongue dorsum sensor [[i]: z=0.25, p=0.79; [ae]: z=0.51,
p=0.62; [s]: z=0.13, p=0.88; [t]: z=0.69, p =0.52; [K]:
z=0.06, p=0.94; [p]: z=0.16, p=0.86], confirming the
highly variable nature of the articulatory strategies associ-
ated with training among the different participants.

The above analyses reveal two important effects of
speech training on tongue kinematic patterns: (1) the overall
similarity in direction of tongue positional change associ-
ated with the training and after-effects [illustrated by the
convergent mean vector directions between the two effects
shown in Fig. 7(B)], and (2) the considerable variability
among individual talkers in the tongue kinematic strategies
used to adapt to the perturbation (illustrated by the divergent
directions of tongue positional change among participants
shown in Fig. 8). If the observed changes in tongue position
following speech training genuinely reflect learned changes
in articulatory planning (i.e., changes in feed-forward con-
trol), they should be related to the directions of the observed
after-effects regardless of inter-talker differences in the pre-
cise patterning of those training effects. To examine the
global directional relationship between the training and
after-effects, the angular difference between the training
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FIG. 8. (Color online) Directions of changes in tongue blade position for each participant (different colored vectors) associated with production of the conso-
nant in each of the eight VCV contexts. A wide range of directions can be observed among the participants.

and after-effects was calculated separately for each speech
sound, within each VCV context, and within each of the par-
ticipants, and then pooled together to consider the overall
trend among the group. Figure 9 shows polar histograms of
the distributions of angle differences related to the produc-
tion of vowels (left panel) and consonants (right panel)
across all VCV contexts and participants. The plots reveal
that even when all participants and contexts are considered
individually, the training effects and learning after-effects

remain characterized by an average directional difference
close to 0° for both the consonants (11.7° for tongue blade
and 14.9° for tongue dorsum) and vowels (1.88° for tongue
blade and —7.8° for tongue dorsum). Further, Rayleigh z
tests of non-uniformity on the sets of angular differences
were highly significant for the tongue blade sensor (vowels:
z=41.4, p <0.001; consonants: z=36.9, p <0.001) and the
tongue dorsum (vowels: z=20.2, p <0.001; consonants:
z=19.67, p <0.001).
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FIG. 9. (Color online) Polar histograms showing the distributions of angle differences between speech training and after-effects, related to the production of
vowels (left panel) and consonants (right panel) among all participants and VCV contexts. Data are shown for both the tongue blade (blue) and dorsum
(orange) sensors. Even when participants and contexts are considered on an individual basis, the training effects and learning after-effects remain character-

ized by an average directional difference close to 0°.
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IV. DISCUSSION

The present study examined the adaptation of speech
production to a prosthesis that altered the shape of the hard
palate during the production of a range of consonants and
vowels. Acoustically, as demonstrated in a number of prior
studies, a reliable perturbation and training effect was
observed for the production of sounds directly implicating
the altered alveolar region (/s/ and /t/). In addition, an acous-
tic effect of the perturbation (immediately following inser-
tion and removal of the palatal prosthesis) was observed
during the production of the velar consonant /k/, as well as
the vowels /i/ and /&/, with the production of the vowels
also showing a small but statistically reliable effect of
speech training in F2 frequency. The pattern of results illus-
trates the non-uniform impact of the palatal perturbation on
speech acoustic properties, while at the same time sugges-
ting that the effects related to the perturbation and subse-
quent training extend beyond those sounds directly
involving physical interaction with the palate (specifically,
the velar stop consonant /k/ and low vowel /&/). At the level
of tongue kinematics, the effects of the palatal perturbation
were found to be more pronounced, with a reliable change
in tongue position observed across all the tested sounds fol-
lowing palate insertion and removal. Subsequent speech
training—involving the production of complex, variable
sentences—was also associated with robust changes in
tongue position across all sounds and contexts. Strikingly, a
comparable amplitude of tongue positional change was
observed among the various speech sounds, despite differ-
ences in the degree of physical interaction with the palate.

At the level of kinematics, the analyses revealed the
global nature of the effects of the palatal perturbation, with
a reliable change in tongue position observed across all of
the tested sounds following palate insertion and removal.
Insertion of the palate induces immediate changes in tongue
position characterized by an overall lowering of the blade
and advancement of the dorsum sensor, with the opposite
pattern observed immediately upon removal of the palate.
Following 20 min of sentence production with the palate in
place, an overall advancement and lowering of the tongue is
observed across the different sounds, with a similar direc-
tional pattern observed for the after-effect. While these aver-
age tongue movement patterns are helpful for characterizing
the kinematic effects in broad terms, the directional patterns
associated with the perturbation, as well as the subsequent
adaptation and after-effects, were found to be, not surpris-
ingly, extremely variable among participants. Critically,
despite this directional variability, the vector angles associ-
ated with speech training among the varying sounds, con-
texts, and participants were found to be individually
consistent with the corresponding directions of each learn-
ing after-effect, providing a strong indication that those
kinematic changes were the result of adaptive changes in
feed-forward control (i.e., motor learning). The acoustic and
kinematic findings in the present study therefore support the
idea that talkers are able to simultaneously adapt multiple
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speech sounds (including vowels, fricatives, and stop conso-
nants) across the articulatory workspace to a physical pertur-
bation impacting both somatosensory and auditory
feedback. The results thus provide an important validation
and extension of the result of Lametti ez al. (2018), in which
speech adaptation across the workspace was observed for
vowels in response to a uniform, auditory-only spectral
shift.

In the present study, acoustic changes associated with
insertion of the palate were found to be non-uniform across
the workspace, with differing degrees of spectral changes
observed among the different consonant and vowel sounds.
The perturbation, however, induced a comparable magni-
tude of kinematic change in speech motor patterns across all
sounds. This discrepancy reflects, in part, the complex non-
linear relationship between physical vocal tract configura-
tions and acoustic outcomes. Following 20 min of speech
practice, small but reliable changes in speech acoustics were
observed related to the production of only a subset of sounds
(in particular, the fricative /s/). Robust adaptive changes in
tongue movement patterns measured kinematically, how-
ever, were observed once again across al/l speech sounds.
The finding of motor adaptation across the articulatory
workspace despite differences in acoustic consequences
among the different speech sounds suggests that the adapta-
tion of speech motor patterns was not driven exclusively by
auditory feedback, but rather was related, at least in part, to
perceived changes in somatosensory feedback. The role of
somatosensory feedback has been previously highlighted in
studies of speech adaptation (Tremblay et al., 2003; Nasir
and Ostry, 2006; Lametti et al., 2014); however, such stud-
ies have typically focused on a limited number of speech
sound targets within narrow phonetic contexts at any one
time. Here, robust speech adaptation was revealed across
multiple sounds following training that involved the produc-
tion of complex, variable sentences. As such, the current
results support a role for somatosensory feedback in speech
motor learning under conditions that more closely resemble
naturalistic, real-world speaking conditions.

A prior study by Honda et al. (2002; see also Honda and
Kaburagi, 2000) also highlighted the role of somatosensory
feedback in compensatory changes to a change in palatal shape,
using an inflatable device that dynamically altered the thickness
of an artificial palate during the repeated production of CV syl-
lables /fa/ or /tfa/ in two adult talkers. In addition to acoustic
and perceptual measures, mid-sagittal tongue position was
tracked using electromagnetic articulography (EMA). The per-
turbation was unexpectedly applied immediately prior to sylla-
ble onset, and then maintained for several additional repetitions
of the syllable, in order to assess immediate feedback-related
effects, as well as an effect of brief practice. Compensatory
changes were observed kinematically within the first syllable;
however, they were incomplete (resulting in positional over-
shoot), leading to acoustically and perceptually measurable
distortions during consonant production. Compensation con-
tinued through subsequent syllable productions, improving
the quality of the acoustic output. Critically, significant
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immediate and subsequent compensatory changes were
observed even in the presence of auditory masking, indicating
a key role for somatosensory feedback in the compensatory
response.

The kinematic analyses in the present study provide
potentially novel insights into the effects of a local structural
perturbation of the vocal tract on the control of oral articula-
tory movements during speech production. Past studies
examining palatal perturbations have typically focused on
sounds that interact directly with the palate (e.g., /s/, /t/),
reflecting the idea that such a perturbation was likely to be
local in nature (e.g., Hamlet er al., 1978; Baum and
McFarland, 1997, 2000; Aasland et al., 2006). This view is
certainly reasonable, given the results earlier studies noting
only limited acoustic perturbation and adaptation effects in
sounds that did not involve direct contact with the structural
modification (e.g., McFarland et al., 1996). The present
kinematic results, however, paint a different picture of the
perturbing effects of a local oral anatomical change on
speech production. Immediately following insertion of the
palatal prosthesis, changes in tongue position were observed
in the production of all speech sounds, characterized by a
global tongue lowering and retracting movement (though,
with considerable variability in kinematic patterns among
participants). Given the lack of physical contact between the
tongue and palate during the production of many of these
sounds (/k/, /p/, /&/), such relatively sudden changes appear
to reflect an active motor process that impacts tongue motor
patterns during the production of all sounds in response to
the altered palatal shape, rather than a simple physical inter-
action. It is interesting to consider how such a global mecha-
nism of motor adjustment relates to the more gradual and
fine-tuned process of adaptation that occurs with speech
practice under altered sensory conditions. Future studies,
combining different physical manipulations, kinematic mea-
sures of the oral articulators and neuroimaging, may help to
elucidate the nature of the sensory and motor neural pro-
cesses that underlie both types of speech motor adjustment.

While the majority of prior studies examining adapta-
tion to a palatal perturbation have focused on a narrow set
of sounds and contexts using acoustic measures, one study
by Brunner (2009; also published in Brunner et al., 2007,
2011) notably examined a wider range of phonemes includ-
ing fricatives, stop consonants and vowels in seven talkers
who adapted their speech to a palatal prosthesis over a
period of two weeks. Speech patterns were examined both
acoustically and kinematically (using EMA) immediately
following the initial insertion of the palate (with and without
masking noise), and then after one week and two weeks of
practice. The interpretation of the resulting changes was
complicated somewhat by the use of two different shapes of
prostheses among the participants, with three subjects wear-
ing one that flattened the central arch, and four subjects
wearing one that lowered the alveolar ridge. Acoustic and
kinematic data were analyzed separately for each subject,
providing a nuanced but complex picture of the resulting
perturbation and training effects. In general, for vowels,
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both acoustic (formants) and kinematic measures were
found to be influenced by the presence of the palate as well
as the period of speech practice, however the practice-
related changes were reported to be highly variable among
the subjects and did not systematically involve a return to
baseline values. Fricatives involving direct interactions with
the palate (notably, the alveolar fricative) appeared to show
more systematic acoustic and kinematic changes in response
to the perturbation and subsequent practice; however, no
systematic characterization of the kinematic changes for the
remaining fricatives or the stop consonants emerged. While
these observations of Brunner (2009) are broadly compatible
with the observed patterns in the current study, the ability to
precisely measure the changes in tongue kinematics across
key phases (e.g., to compare tongue positions before and
after practice with the palate in place, or to compare pre-
insertion baseline with post-training after-effect) was not
possible due to the fact that the EMA sensors had to be
removed and re-attached between recording sessions. While
this did not prevent the authors from exploring a number of
hypotheses concerning the control of acoustic/perceptual
contrast, higher derivatives of motion (e.g., tangential jerk),
and trading-relations in kinematic patterns, the question of
whether the practice-related kinematic changes reflected
learned changes in feedforward control across the range of
different speech sounds was never directly addressed.

An appeal of studying sensorimotor adaptation to a
physical manipulation of the vocal tract (compared to a
focused manipulation of auditory feedback, for example) is
its potentially closer link with real-world experiences. There
is evidence, for example, that talkers adjust their tongue
kinematics to accommodate naturally occurring differences
in palatal morphology. Lammert et al. (2014) examined the
production of the high-front vowel /i/ in five talkers using
real-time MRI, with the aim of relating naturally-occurring
differences in palate shape with variation in acoustic (for-
mants) and mid-sagittal tongue kinematic patterns. They
found that talkers indeed adapted their tongue shape during
vowel production to accommodate aspects of palatal mor-
phology (anteriority and concavity) that were predicted to
have a significant impact on vowel formants. Other studies
have similarly shown that for speech sounds typically pro-
duced with an elevated tongue body (such as high vowels,
or the consonant /s/), the positioning of the tongue shows
sensitivity to differences in the height of the palatal arch
(Grimm et al., 2017, Hasegawa Johnson et al., 2003;
Weirich and Fuchs, 2013), as well as the slope of the ante-
rior palate (Stone et al., 2019). It has also been demonstrated
that talkers with naturally flatter palates exhibit reduced
tongue kinematic variability, possibly reflecting the
increased sensitivity of vowel acoustics to small changes in
tongue position associated with that palatal shape (Brunner
et al., 2009, Mooshammer et al., 2004).

Parallels can also be made to the complex non-linear
growth of the vocal apparatus during childhood (Vorperian
et al., 2009; Barbier et al., 2015), or other oral structural
changes resulting from tooth loss, orthodontic implants or
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dentures, or maxillofacial surgery. Early clinical studies
suggested that talkers require weeks or months to adapt to
structural modifications of the oral cavity, such as dental
implants (Troffer and Beder, 1961; Bergman and Carlsson,
1972). Indeed, in the earliest experimental investigations of
adaptation to an artificial palate, talkers were exposed to the
manipulation for 1-2 weeks in order to examine compensa-
tory strategies over this expected period of adaptation
(Hamlet et al., 1976; Hamlet et al., 1978). Brunner et al.
(2009) also examined adaptation over a period of two
weeks. Other recent studies of adaptation to palatal pertur-
bations have shown reliable adaptation effects within the
much shorter time-frame of 15-20min (McFarland ef al.,
1996; Baum and McFarland, 1997). However, as noted ear-
lier, the observed training effects in these studies tended to
be limited in scope, with the effects restricted to sounds
involving direct interactions with the palate (e.g., /s/). The
kinematic measures in the present study extend these earlier
findings of speech adaptation within narrow contexts by
demonstrating that talkers are in fact capable of robust
speech motor adaptation across a wide range of sounds and
contexts following just 20 min of practice. Given the physi-
cal nature of the oral perturbation and the complex nature of
the practice task (highly variable, complex sentences), the
current results strongly suggest that talkers are likely to
be capable of speech motor adaptation within a similar
time-frame to a wide range of “real-world” structural modi-
fications, such as dental implants. Future studies using
kinematic measures to study speech adaptation in such clini-
cal contexts would be very helpful in gaining deeper insights
into such effects.

ACKNOWLEDGMENTS

This study was supported by grants from the Natural
Sciences and Engineering Council of Canada (NSERC-
Canada) and the Centre for Research on Brain, Language
and Music (CRBLM). We also thank Sabine Burfin for the
illustration in Fig. 1.

't is important to distinguish studies that have examined motor responses
to sudden, individual, unexpected sensory perturbations versus those that
have employed predictable sensory-feedback alterations that are main-
tained for a period of time (minutes, hours or even days). The former
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