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Summary

Speech production is dependent on both auditory and
somatosensory feedback [1-3]. Although audition
may appear to be the dominant sensory modality in
speech production, somatosensory information plays
a role that extends from brainstem responses to corti-
cal control [4-6]. Accordingly, the motor commands
that underlie speech movements may have somato-
sensory as well as auditory goals [7]. Here we provide
evidence that, independent of the acoustics, somato-
sensory information is central to achieving the preci-
sion requirements of speech movements. We were
able to dissociate auditory and somatosensory feed-
back by using a robotic device that altered the jaw’s
motion path, and hence proprioception, without affect-
ing speech acoustics. The loads were designed to tar-
get either the consonant- or vowel-related portion of
an utterance because these are the major sound cate-
gories in speech. We found that, even in the absence
of any effect on the acoustics, with learning subjects
corrected to an equal extent for both kinds of loads.
This finding suggests that there are comparable so-
matosensory precision requirements for both kinds
of speech sounds. We provide experimental evidence
that the neural control of stiffness or impedance—the
resistance to displacement—provides for somatosen-
sory precision in speech production [8-10].

Results and Discussion

The subject’s task was to repeatedly produce a test
word (either row or straw) while a robotic device applied
a lateral load to the jaw. The loads were applied to coin-
cide with vowel or consonant production and to thus
alter somatosensory feedback during these phases of
movement (Figures 1A and 1B). The loads were de-
signed to have a destabilizing effect on the movement
end points and were greatest at the two extremes. In
this way, we were able to affect positioning accuracy
in speech movement. Sensorimotor learning was evalu-
ated over the course of a training period that involved
several hundred utterances. Adaptation was quantified
with a measure of movement curvature.

Similar Adaptation for Vowels and Consonants
Figure 1C shows a frontal plane view of jaw movement.
Movements are initially straight (null field, blue); the path
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is deflected laterally at the beginning of training (initial
exposure, red); curvature decreases with training (end-
training, black); there is no after-effect following unex-
pected removal of the load (after-effect, green). Sub-
jects differ in their degree of adaptation. Figure 1C
shows an example of complete adaptation. Figure 1D
is more typical; there is a significant decrease of curva-
ture relative to the beginning of training, but perfor-
mance never retumns to the baseline level.

Adaptation was observed for both vowel- and conso-
nant-related loads (Figure 2). For vowel-related loads,
six out of seven subjects showed adaptation with the
test word straw (Figure 2A), as indicated by a significant
decrease in curvature over the course of training (p <
0.01). For row, all five subjects showed adaptation
(Figure 2D). For consonant-related loads, four out of
five subjects showed adaptation for row (Figure 2E).
For straw, only two out of six subjects adapted to
a 3 N maximum load (Figure 2B), however when the
load was increased to 4.5 N maximum, four new sub-
jects all showed significant adaptation (Figure 2C).

We assessed the amount of adaptation on a per-sub-
ject basis by computing the reduction in curvature over
the course of training as a proportion of the curvature
due to the introduction of a load. A value of 1.0 indicates
complete adaptation. For vowel-related loads, the
amount of adaptation averaged across subjects and
test words was 0.46 = 0.09 (mean = 1 SEM). For conso-
nants, the mean adaptation was 0.35 = 0.05. Thus, there
was comparable adaptation when loads coincided with
both vowel and consonant production (p > 0.33). This
suggests that somatosensory precision requirements
are similar for both kinds of movements.

Adaptation Is Achieved through Impedance Control
We assessed the neural control strategy employed by
subjects in achieving adaptation to these destabilizing
force fields that had maximum effect at movement
ends. We will provide three lines of evidence to suggest
that subjects used impedance control to achieve adap-
tation.

One signature of impedance control is the absence of
after-effects when the load is switched off unexpect-
edly. Figures 1C and 1D show examples of after-effect
trials recorded at the end of training. In neither case is
the movement path different from that observed under
null-field conditions. A quantitative examination of af-
ter-effects shows that movement curvature during af-
ter-effect trials does not differ significantly from that ob-
served during null-field trials (p > 0.05 for each of the
conditions shown in Figure 3A). The curvature of after-
effect trials did, however, differ from that obtained for
initial-exposure trials (p < 0.01 in all cases). Had adapta-
tion involved a precise remapping of neural commands
to offset the external load, one would have expected
a negative after-effect with a curvature comparable to
that of initial-exposure trials, as is typically observed in
studies of arm movement [11].
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Figure 1. Forces Applied to the Jaw and Typical Patterns of Adaptation

(A) An example of force application during consonant production. The top panel shows the vertical position of the jaw during repetitions of the
utterance straw. The second and third panels show the raw speech waveform and the corresponding sound spectrogram. The shaded area in the
bottom panel shows the commanded force to the jaw. The load scales linearly with vertical jaw position and reaches a maximum when the jaw is

fully closed.

(B) Frontal-plane schematic showing position dependence of the load. The load is greatest during either consonant or vowel production.

(C) Frontal view of the movement path of the jaw during the utterance straw. The force was applied to the jaw during vowel production. In the no-
load condition, movements are straight (biue). When the load is introduced, the jaw path deviates to the right (red). With training, adaptation is
achieved (black). When the load is switched off unexpectedly at the end of training, the movement paths do not show an after-effect (green).
(D) An example of imperfect adaptation. Black arrows indicate the direction of the applied load.

We directly tested the idea that subjects use imped-
ance control to achieve adaptation. We tested four
new subjects for whom, after adaptation, the direction
of the force field was reversed unexpectedly rather
than switched off completely. We reasoned that if an im-
pedance based control strategy was being employed to
achieve adaptation, then subjects’ performance after
force-field reversal would not differ from that observed
at the end of training. Figure 3B shows a frontal view
of performance under these conditions. The test word
was straw, and the load was applied during the vowel.
Null-field conditions are in blue. A large lateral deflection
is observed with the introduction of load (red); substan-
tial adaptation occurs after training (black). When the
direction of the load is unexpectedly reversed, the

movement path is a mirror image of that observed at
the end of training (cyan).

Performance in this reversal test was assessed with
ANOVA. Figure 3C shows significant adaptation to load
by all but one subject (p < 0.01). Consistent with the
idea that adaptation under these conditions is based on
impedance control, movement curvature during the
force-field reversal trials did not differ from that ob-
served at the end of training (p > 0.05 for all subjects).

We quantified impedance over the course of learning
for each of our subjects and for both test words (see Ex-
perimental Procedures). Figure 3D shows patterns of
impedance and associated movement curvature pooled
over subjects, test words, and vowel- versus conso-
nant-related loads. Movement curvature is low under
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Figure 2. Comparable Adaptation Patterns
Are Observed for Consonants and Vowels

Curvature increases with the introduction of
a load (red) relative to no-load conditions
(blue). Adaptation is observed after training
(black). Stars designate significant adapta-
tion (p < 0.01). Error bars show =+ 1 standard
error.

(A) Six out of seven subjects showed adapta-
tion when the test utterance was straw and
the load was applied during vowel produc-
tion.

(B) Two out of six subjects showed adapta-
tion for straw with a consonant load.

(C) When the load was increased by 50%
(load application during consonant in straw),
four out of four subjects adapted.

(D) All five subjects adapted when the load
was applied during the vowel in row.

(E) Four out of five subjects adapted when
consonant-related loads were used with row.
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null-field conditions, increases after the introduction of
a load, and decreases significantly with adaptation (p <
0.01). In contrast, jaw impedance shows a steadily in-
creasing pattem such that impedance is low initially and
progressively increases with leaming to result in signifi-
cantly higher impedance (p < 0.01). This suggests that
subjects achieved adaptation by increasing impedance
in order to reduce movement curvature.

The relationship between impedance and movement
curvature was assessed quantitatively by computation
ofimpedance change and curvature change on a per-sub-
ject basis over the course of leaming. Figure 3E shows
data for all participants. The abscissa shows the ratio be-
tween curvature during initial force-field exposure and
curvature at the end of training. Values greater than 1.0 in-
dicate adaptation, whereas values less than 1.0 denote
lack of adaptation. Larger values indicate greater curva-
ture reduction. The ordinate of the plot shows the ratio
of the impedance coefficient at the end of training to
that observed with the initial introduction of a load. As
can be seen, the impedance ratio correlates well with
the amount of adaptation (r = 0.8). The 99% confidencein-
terval for the slope of the linear-regression line is 0.63-
1.25, with a mean value of 0.94. Thus, subjects that had

greater impedance at the end of training showed greater
adaptation.

Loads Have Limited Effects on the Acoustics

The observed adaptation patterns could have been me-
diated by somatosensory or auditory feedback or the
two in combination. The load affects the movement
path of the jaw and thus directiy alters somatosensory
input. The load may also affect the acoustics by chang-
ing the shape of the vocal tract. Any acoustical changes
due to the load would suggest a role for auditory input in
mediating the observed adaptation.

The effect of the load on the acoustics was assessed
by computation of the first and second formant frequen-
cies for vowels, the centroid frequency (first spectral
moment) for the consonant s in straw, and the third for-
mant frequency for the consonant r in the utterance row
(Figure 4). Acoustical measures showed no differences
due to the introduction of a load (p > 0.05). Moreover,
there were no differences in the acoustics from the start
to the end of training (p > 0.05). The absence of any mea-
surable acoustical effect is suggestive of the primary
role of somatosensory input in mediating the adapta-
tion observed in these experiments. (For additional
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Figure 3. Adaptation Is Based upon the Neural Control of Jaw impedance

(A) After-effects across utterances and load conditions. The curvature of after-effect triais (green) is comparable to that of null-field trials (blue).
Error bars show =* 1 standard error.

(B) Frontal view of the movement path under conditions of force-field reversal. The movement is straight in the no-load condition (blue). There is
a prominent deflection with the introduction of the load (red); after training, curvature is reduced (black). When the direction of the load is re-
versed unexpectedly after training, the movement path (cyan) is the mirror image of the path at the end of training. The black arrow indicates
the direction of the training load.

(C) Analysis of curvature with force-field reversal. Three out of four subjects show adaptation. Red denotes curvature at the introduction of the
load, and black denotes curvature after training. When the load is reversed, curvature (cyan) does not differ from that observed at the end of
training. The baseline curvature is in blue.

(D) Mean impedance for null-field trials (blue), at the introduction of the load {red) and at the end of training (black). Note that impedance pro-
gressively increases over the course of training, whereas curvature decreases with adaptation.

(E) Alinear relation is observed between impedance and curvature. The ordinate gives the ratio of impedance at the end of training to impedance
at the beginning. Values are shown for all subjects, whether there was adaptation or not. The abscissa gives curvature ratios between the
beginning and end of training. A curvature ratio greater than 1 indicates an adaptive trend, and a value less than 1 denotes lack of adaptation.
The vertical line separates subjects that showed any adaptation from those that did not. Subjects with greater amounts of adaptation show
greater impedance. The dotted blue line is the regression line.
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Figure 4. Application of the Load Has No Effect on the Acoustics

0
~
~N

wy
p—y
[+

N
N

o ©
> @™
Third Formant, F3 (KHz)

Centroid Frequency (KHz)
- w

The first and second formants of vowels, the centroid frequency for s, and the third formant frequency for r were computed under no-load
conditions (blue), at the introduction of the load (red), and at the end of training (black).

(A) First-formant frequencies for vowel production in straw and row.

(B) Second-formant frequencies.

(C) Consonant production. Centroid frequencies are shown for straw, and third-formant frequencies are shown for row. Error bars show + 1 stan-

dard error.

acoustical analyses, see Supplemental Data, including
Figure $2, available online.)

Comparable Kinematic Variability for Vowels

and Consonants

A systematic examination of differences in variability in
jaw position during the production of vowels and con-
sonants is presented in the Supplemental Data. We
assessed whether differences in variability were any
greater than would be expected on the basis of differ-
ences in movement amplitude alone. Using the coeffi-
cient of variation, we found no reliable differences in var-
iability between vowels and consonants for either of the
test words, consistent with the idea that they have similar
kinematic precision (Figure $1 and supplemental text).

In summary, we studied sensorimotor adaptation in
speech production in response to mechanical loads
that were applied during consonant or vowel produc-
tion. The loads initially produced lateral deviation of
the jaw, but with training the deviation was reduced.
The extent of adaptation was comparable for vowel-
and consonant-related loads, as was the coefficient of
variation. This suggests that precision in jaw positioning
is similar for the two kinds of speech sounds. The loads
were small enough not to have measurable acoustical
effects. Thus, the adaptation observed here seems to
be based upon somatosensory change alone.

Subijects in the present study compensated for desta-
bilizing loads at the extremes of speech movements by
increasing impedance to reduce displacement of the
jaw. These results are consistent with a growing body
of evidence that impedance control plays a significant
role in speech production [9, 10]. Moreover, they are
consistent with observed changes inimpedance in com-
parable situations in human arm movement {12-14]. The
adaptations observed here should be distinguished

from those that arise, in both speech and limb move-
ments, when subjects learn dynamics that are stable
and predictable [2, 11]. In this latter situation, subjects
develop precise sensorimotor mappings, which are
reflected in mirror-image after-effects when the load is
removed. Movements under normal circumstances
presumably involve a combination of sensorimotor ad-
justments that compensate for the dynamics of the
limb or the vocal-tract apparatus and separately result
in systematic impedance changes that provide stability
and aid in achieving the precision requirements of
movements.

It is unknown whether the phenomena reported here
are restricted to speech movements or more generally
characterize orofacial motor learning. The presence of
compensation for loads in a lateral direction, which is
thought to play a limited role in speech production,
may indicate that impedance control applies broadly
to orofacial movement. Nevertheless, these compensa-
tions are observed here in the presence of speech
movements and suggest that the nervous system ac-
tively regulates the lateral position of the jaw in speech
production. Note that for both vowels and consonants,
the coefficient of variation is no different in the lateral di-
rection than in the sagittal plane. This implies that even
though movement amplitudes are small, they are no
less tightly regulated along a lateral axis.

Approximately 30% of subjects fail to show any sign
of adaptation, and indeed some get progressively worse
over the course of training. Subjects tested with altered
auditory feedback show a comparable trend where ap-
proximately 15% of subjects show no sign of adaptation
[15]. It would be worthwhile to determine whether these
failures are related. Indeed, individuals who fail to adapt
to altered mechanical environments may be more sensi-
tive to auditory than to somatosensory feedback, and
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those who fail with auditory perturbations may rely more
heavily on proprioception.
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mately 300 repetitions of the test word, the subject was trained
with the load on. After training, the load was unexpectedly turned
off, and one block of “catch” trials was recorded in the absence of
a load.

Subjects repeated one of two test words: straw or row. The test
words began with a consonant or consonant cluster and ended in
avowel. The consonant cluster in straw was chosen because its pro-
nunciation requires a level of movement complexity sufficient to
prompt adaptation. The consonant in row was used to restrict pala-
tal contact to limit the possibility that subjects would respond to the
perturbation by bracing the tongue against the palate. The vowel
sounds aw and ow were used to produce large-amplitude move-
ment of the jaw. Note that the consonant part of the test words cor-
responds to a jaw position near to closure. The vowel part of the
words corresponds to maximum jaw opening.

Lateral loads were applied to the jaw during either the closing or
the opening phase. For a jaw-closing-related load, the load came
on at the mid-point of jaw raising and stayed on until the mid-point
of jaw lowering. For jaw-opening-related loads, the load came on
mid-way through jaw opening and stayed on until mid-way through
jaw closing. The midpoints were determined on a trial-by-trial basis
by use of the amplitude of movement from the preceding cycle. The
load pushed the jaw laterally in proportion to jaw elevation such that
the ioad was at its peak when the jaw was either fully closed or fully
open (Figures 1A and 1B). When delivered in this fashion, a load was
applied during consonant production 88% of the time and during
vowel production 95% of the time.

Subjects participated in one of six experiments involving either
vowel- or consonant-related loads. The vowel group experienced
the load during jaw opening; the consonant group experienced the
load during closing. The maximum lateral load was 3 N except in
one consonant group where the maximum load was 4.5 N. in a con-
trol group the direction of load was unexpectedly altered by 180°
after training.

Kinematic and Acoustical Analyses

A measure of path curvature—maximum perpendicular distance
from the path to a straight line from movement start to end—was
computed for each repetition of the test utterance. The raising seg-
ment, which began with the jaw fully open and ended with the jaw
fully closed, was used for the analyses. The start and end of the
movement were scored at 20% of peak vertical velocity (empirical
patterns were similar when a 10% cut-off was used). The results
were qualitatively similar for the jaw-lowering movement.

Subjects showed two trends in response to the application of
a load. About 70% showed improvement (or at least no deteriora-
tion) in performance with training. The remainder got worse with
training, indicating that there was no attempt to compensate for
the load. These latter subjects were excluded from statistical analy-
sis of adaptation.

We assessed adaptation by computing the mean curvature for the
first 35% and the last 35% of the force-field training trials. This gave
approximately 100 movements in each case. Null-field performance
was based on curvature measured during the three familiarization
blocks. A measure of after-effect was based on the first five trials
after an unexpected removal of the load.

We computed a coefficient of impedance by subdividing each
movement into two parts, one in which commanded force was
zero and the other in which force arose as a result of displacement
of the jaw. We recorded a 3D sensed-force vector for each of the
two segments and took the magnitude of the vector difference as
the measure of force change. The curvature of the movement path
was taken as a measure of position change. Note that the

impedance coefficient as defined above is a coarse measure of im-
pedance. However, the measure provides ordinal impedance infor-
mation that is suitable for the assessment of impedance change

Supplemental Data

Supplemental Data include additional Results and Experimental
Procedures as well as two figures and are available online at
http://www.current-biology.com/cgi/content/fuil/16/19/1918/DC1/.
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