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Abstract

Sensory feedback is crucial for accurate motor control. One process of movement correction is sensorimotor adaptation, or
motor learning in response to perceived sensory errors. Recent studies demonstrate that people can adapt to opposing errors
on a single movement given a context that differentiates when each error occurs. In speech production, linguistic structure
(e.g., the same vowel in different words) can provide context for differential adaptation, but it is unclear whether this is
restricted to the same effectors (i.e., lips, tongue, jaw) or also includes movements of other speech effectors (i.e., the larynx).
Reaching studies show that contextual movements need not be produced with the same effector as the learning target, but
so far, they have only tested left-right pairs. We present three simultaneous adaptation experiments in speech that examine
whether laryngeal movements for pitch can provide context for oral articulator movements for vowels. In each experiment, the
resonances that correlate with vowel articulator position were perturbed in three directions that were predictable given a pitch
context. First, Mandarin speakers differentially adapted given pitch contexts that signal differences in word meaning, suggest-
ing that lexical pitch provides context for vowels. Second, English speakers differentially adapted given arbitrary pitch match-
ing contexts on the word “head,” suggesting that nonmeaningful pitch movements provide context for vowels. Third, English
speakers did not differentially adapt when listening to contextual pitch, indicating that mere auditory input of pitch is insuffi-
cient. Together, these results suggest that sensorimotor context for learning can be provided by effectors other than the
learning target.

NEW & NOTEWORTHY Previous work shows that sensorimotor learning can be specific to different motor contexts, but to date,
this research has only examined contexts provided by the same effector as the learning target or its contralateral pair. We show
that laryngeal movements for pitch enable differentiated learning of oral articulator movements for vowels, even when the pitch is
linguistically meaningless. This indicates that motor contexts that enable learning can be generated by effectors distinct from those
that undergo learning.

altered auditory feedback; contextual learning; sensorimotor adaptation; speech production

INTRODUCTION

Extensive research has shown that sensory feedback plays
a crucial role in maintaining accurate motor control, includ-
ing speech motor control (1-4). Motor behavior produces sen-
sory feedback (e.g., visual, somatosensory, auditory feedback)
that the central nervous system uses for both online control
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and to alter motor plans for future movement. External per-
turbations of this feedback have been used extensively to
examine these processes, with a particular focus on mecha-
nisms of feedback-driven updates to future movement plans,
generally referred to as sensorimotor adaptation. For exam-
ple, visual feedback of reaching movements can be altered
such that participants see their hand further to the right or
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left than reality (5-7); typical studies in speech apply pertur-
bations to the auditory feedback that speakers hear of their
own voice, e.g., lowering the first resonant frequency (F1) of
the vowel in head /hed/ to result in a token sounding more
like hid /hid/ (8, 9). Historically, a single perturbation has
been applied consistently to either a single movement, or
to all movements in a study. In such studies, motor learn-
ing observed on the target movements could reflect either
a generalized change to the entire repertoire for that effector
or a change limited to the trained movements themselves.
As such, the scope of sensorimotor adaptation is unclear.
That is, it is not known the extent to which people are learn-
ing about movement in general versus more specific learning
of the movements targeted by the experiment—and if it is
specific, what defines a specific movement.

A growing literature has begun to examine what conditions
allow for separate, context-dependent adaptation of one
movement (10-13). In these simultaneous adaptation experi-
ments, a single target movement is perturbed in two opposing
directions during a single experimental phase. The direction
of perturbation is consistently associated with a secondary
contextual cue. For example, a forward reach may be per-
turbed to the right when associated with a particular color
(e.g., green) or when followed by a rightward reach, and per-
turbed to the left when associated with a distinct color (e.g.,
white) or when followed by a leftward reach. These studies
have shown that only cues that involve the motor system
in some way (such as being paired with different reaches)
enable differential learning, whereas purely sensory cues
(such as different colored lights) do not (12-15). However,
studies that test pairs of movements have been limited in
that they have only tested context-target pairs that use
either the same effector (e.g., two reaches with one hand) or
contralateral effector pairs (e.g., a reach with the left hand
providing context for a reach with the right hand). Thus, it is
unclear whether movements from a different type of effector
can provide sensorimotor context for a target movement.

There have recently been a handful of studies on context-
dependent adaptation in speech, which established the use of
opposing auditory perturbations as a tool to investigate the
scope of learning in speech. The organization of language
poses a particularly interesting arena for investigation, as there
are many theoretical units that could be the target of sensori-
motor adaptation, such as a single word, a phoneme, or even
an entire class of speech sounds. However, similarly to manual
reaching studies, examination of specific learning thus far has
been limited to word contexts that recruit contextual move-
ments of the same articulators, such as simultaneous pertur-
bation of the same vowel in different words with different
preceding sounds (e.g., ‘head’ vs. “Ted,” 16), or simultaneous
perturbation of the same syllable in different words (e.g., ‘pedi-
gree’ vs. ‘pedicure,’ 17). Similar to the work in the reaching lit-
erature, both of these studies showed that speakers were able
to implement different adaptations to different words at the
same time, indicating that sensorimotor adaptation can apply
to a more specific target than one movement (i.e., a word
rather than a phoneme or syllable). However, in both of these
studies, either lexical information or the movements of supra-
laryngeal articulators could provide the context.

Here, we investigate the extent to which vocal pitch, i.e.,
the fundamental frequency (fy) of a spoken word, can serve
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as the context for differential sensorimotor adaptation of
speech segments (here, vowels). fo provides crucial insight
on the question of specific sensorimotor adaptation because
it creates different motor contexts in the larynx, without
directly involving the supralaryngeal articulators targeted by
the auditory perturbations. In experiment 1, we test the
hypothesis that f, as lexical tone in Mandarin can serve as a
context for differential adaptation of segments by perturbing
the vowel ei in minimal pairs that consist of identical seg-
ments and differ only in tone. We show that Mandarin
speakers can adapt F1 production to simultaneous opposing
perturbations that are cued by lexical tone, indicating that
differential adaptation is not reliant on differing kinematics
of the target articulator. We also conduct two follow-up stud-
ies to pinpoint the source of motor context from lexical tone
production. First, we examine whether these results are
unique to lexical tone, or whether nonlexical f, can similarly
facilitate simultaneous adaptation to opposing formant per-
turbations of a single target syllable by having English-
speaking participants imitate distinct auditory tones (experi-
ment 2). Second, we test a control condition that includes
the same auditory pitch cue as in experiment 2 but without
imitation in production (experiment 3), which we do not
expect to enable adaptation as it is a nonmotor cue. These
follow-up studies show that pitch imitation, but not auditory
pitch cues alone, facilitates adaptation to simultaneous
opposing formant perturbations, indicating that speech
motor learning can be specific to a vocal pitch context, even
when the pitch confers no linguistic meaning.

METHODS
Participants

Sixty-one people with no reported history of hearing,
speech, or neurological disorders participated in the study
(experiment 1: n = 20, 16/3/1 women/men/nonbinary, age
18-31 yr, median = 23, SD = 3.8; experiment 2: n = 20, 16/4
women/men, age 18-30 yr, median = 20, SD = 3.9; experi-
ment 3: n = 21, 14/7 women/men, age 18-43 yr, median = 23,
SD = 6.3). Data from two participants was excluded due to
an error in the procedure that led to pitch cues that were not
calibrated to their habitual pitch (for more information, see
Participant-Specific Pitch Cues). Participants in experiment 1
were native speakers of Mandarin Chinese; participants in
experiment 2 and experiment 3 were native speakers of
American English that did not speak any tonal languages.
All participants passed an automated Hughson-Westlake
hearing screening (pure-tone thresholds < 25 dB HL in
both ears at 250, 500, 1,000, 2,000, and 4,000 Hz). No par-
ticipant took part in multiple experiments. Participants
were compensated for their participation either monetar-
ily or through extra credit in a course in the University of
Wisconsin-Madison Communication Sciences and Disorders
Department. All participants provided written, informed
consent. All procedures were approved by the Institutional
Review Board at the University of Wisconsin-Madison.

A sample size of 20 participants per experiment provides
80% power to detect an effect size of d = 0.58, which is a
much smaller effect size than those reported in previous
simultaneous adaptation studies (16).
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Apparatus

The study was conducted in a quiet room with partici-
pants seated in front of a computer screen. Participants were
exposed to multiple real-time perturbations of F1 (first reso-
nant frequency of the vowel). Participants spoke words as
they appeared on the screen into a desk-mounted micro-
phone (Sennheiser MKE 600) and received auditory feedback
through over-ear headphones (Beyerdynamic DT 770 PRO)
at ~80 dB SPL mixed with masking noise at ~60 dB SPL
to limit potential bone- or air-conducted perception of
unperturbed speech. Speech was recorded, processed,
perturbed (on some trials), and played back to partici-
pants using a modified version of Audapter (18). Formant
frequency alterations were applied in mels, a logarithmic
transformation of frequency where equal differences
in mels are judged by listeners to correspond to equal
changes in pitch. The measured latency of this system
was ~19 ms.

Procedures

In experiment 1, there were three target words differing
only in lexical tone: ¥ féi “to fly” (tone 1; high tone); At féi
“fat” (tone 2; rising tone), and %% fei “cost” (tone 4; falling
tone) (Fig. 1A, left). Words were presented to the participant
on a computer monitor using simplified Chinese characters.
In each trial, the target word was on the screen for 1.5 s, and
there were 1.25 s between the end of one trial and the begin-
ning of the next trial, with a random jitter of up to 250 ms in
either direction (i.e., 1-1.5 s between stimuli). The target
words were pseudorandomly ordered within each phase (see
last paragraph in this section) such that no two sequential
trials had the same target. The vowel ei in each word
received one of three perturbations to F1, with a maximum
perturbation of 125 mels: F1 up, F1 down, or no perturbation.
For each participant, the F1 perturbation was consistent
within a word; the perturbation received by each word was

A Exp. 1: Mandarin

Exp. 2: English (match)

Q1 G

counterbalanced across participants to the extent possible
(each of the possible 6 permutations assigned to 3 or 4
participants).

In experiment 2, there was only one target word, “head”
(Fig. 1A, middle). In each trial during the main experiment,
participants heard a 300-ms pure tone (high, mid, or low; for
more information on how the frequencies of the pure tones
were determined, see Participant-Specific Pitch Cues), fol-
lowed by a 50-ms gap, and then the orthographic stimulus
“head” appeared on the screen; the timing of the rest of
the trial was identical to experiment 1. Participants were
instructed to match the pitch of their production of the word
“head” to the pure tone cue. Participants were instructed to
speak the word as normally as possible, rather than singing.
Pure tones were pseudorandomly presented such that no
two adjacent trials had the same target pitch, as in experi-
ment 1. The vowel /e/ in each pitch-match of “head” received
one of three perturbations, with a maximum perturbation of
125 mels: F1 up, F1 down, or no perturbation. The perturba-
tion received by each pitch match was counterbalanced
across participants to the extent possible (each of the possi-
ble 6 permutations was assigned to 3 or 4 participants).
After the experiment was complete, participants completed
an abbreviated version of the Edinburgh Lifetime Music
Experience Questionnaire (ELMEQ, 19) to collect informa-
tion on instrumental and voice training.

In experiment 3, a participant-specific high, mid, or low
auditory pitch cue preceded the orthographic stimulus
“head,” but participants were instructed to read the word
aloud normally and to not match the pitch they heard
(Fig. 1A, right). If participants started to anticipate the pre-
sentation of the word “head” and started speaking before the
tone was finished, they were reminded to wait until after the
tone was done. The experimenter also monitored the partici-
pants’ productions for influence from the preceding pitch
cue, using a visual tracker that displayed values from
MATLAB’s built-in pitch tracking function; no participants

Exp. 3: English (listen)

125 -
Oy F1 shift up
)
E no F1 shift
= 0
£
(2]
e F1 shift down

-125

baseline ramp hold washout
(trials 1-90) (trials 91-180) (trials 180-450) (trials 450-540)
Phase

Figure 1. Schematic of all three experiments. A: an illustration of the tasks for each experiment. B: an illustration of the phases and perturbations used in
this study; all experiments used this scheme. Yellow shaded areas indicate windows of analysis.
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demonstrated a tendency to inadvertently match the pitch.
The perturbation received by each word was counterbalanced
across participants to the extent possible (each of the possible
6 permutations was assigned to 3 or 4 participants).

All experiments had four phases (Fig. 1B): a baseline phase
with veridical feedback (30 trials each of 3 words; 90 total tri-
als); a ramp phase where the perturbations were gradually
introduced up to a maximum of 125 mels (30 trials each of 3
words; 90 total trials); a hold phase with constant perturba-
tion of 125 mels (90 trials each of 3 words; 270 total trials);
and a washout phase with veridical feedback (30 trials each
of 3 words; 90 total trials).

Participant-Specific Pitch Cues

In experiment 2 and experiment 3, the frequencies of the
pure tone targets were determined at the beginning of the
experiment, based on the participant’s habitual pitch. In a pre-
test phase, participants read the phrases “My lion is yellow.”
“Our llama ran away!” and “Does Mary owe you money?” three
times each, in random order. These phrases are highly sono-
rant and use a wide intonational range, thus providing an
approximation of their habitual pitch. f, tracks were automati-
cally extracted using wave_viewer, a MATLAB-based GUI (20).
To avoid undue influence from mistracked samples, f; values
were excluded 1) first if they were beyond minimum and maxi-
mum acceptable boundaries (lower than 50 Hz or higher than
500 Hz), and 2) then if they were more than three standard
deviations beyond the median pitch after the removal of val-
ues outside the acceptable boundaries.

The median f, value of the cleaned fj, tracks was then used
as the baseline for the low tone. The experimenter confirmed
that the baseline f, was a likely candidate (not based on mis-
tracked pitch) based on their impression of the participant’s
voice and gender-related differences, using a general guide-
line of ~100 Hz for male participants and ~200 Hz for
female participants. This value was then matched to the
closest canonical Western musical note to produce the low
tone. Canonical musical notes were used in case there were
participants with perfect pitch that might be bothered by f,
values that were slightly off from canonical notes. The mid
tone was three semitones higher than the low tone, and the
high tone was three semitones higher than the mid tone, for
an overall difference of six semitones between high and low,
where semitones are the smallest pitch interval that divides
the Western musical scale. This value was based on the range
of the Mandarin falling tone (tone 4) in pilot data from
experiment 1, such that speakers in both experiments used a
similar pitch range. Pilot testing showed that this range was
generally comfortable; three semitones is also well above
pitch discrimination thresholds for both typical listeners
and “tone-deaf” listeners (21).

Pure tones (sine waves) were then generated for each pitch,
with a duration of 300 ms. This duration was based on typical
durations of the vowel in “head” in previous experiments (22)
and was chosen to promote a spoken production of the word,
rather than a sung production. To ensure equal loudness per-
cepts between the tones, the amplitude of each tone was set
based on the 80-phon curve for each frequency (23, 24).

After the tone values were determined, participants com-
pleted a practice phase with nine trials (3 trials/pitch cue)

J Neurophysiol « doi:10.1152/jn.00605.2024 - www.jn.org

that were identical in procedure to the remainder of the
experiment, with no perturbation to the vowel formants. For
experiment 2, the experimenter assessed whether the partici-
pant was speaking the words (as opposed to ‘singing’ them),
and if they were reliably producing pitch differences. If either
of these criteria was not met, the practice phase was repeated.
For experiment 3, the experimenter visually inspected auto-
matically tracked f, to ensure that participants were not
matching the pitch inadvertently. If this criterion was not
met, the practice phase was repeated. Participants were able
to repeat practice on request.

Data Processing

Formant tracking was performed with wave_viewer (20)
using the Praat formant tracking algorithm (25). Vowel onset
and offset were set automatically using a participant-specific
amplitude threshold. Errors in vowel onset and offset were
corrected by hand-marking the location of the vowel using
the spectrogram and waveform of the speech sample. Vowel
onset was identified by the presence of F1 and F2 on the
spectrogram and periodicity on the waveform. Vowel offset
was identified when F1 and F2 were no longer visible on the
spectrogram. Within this marked time range, formant values
were tracked with a specific linear predictive coding (LPC)
order (the number of coefficients used to estimate the for-
mants) and pre-emphasis value (a filter to boost higher fre-
quencies and improve signal-to-noise ratio for formants) for
each participant. These parameters were adjusted on a per-
trial basis if there were formant tracking errors. Trials with
unresolvable formant tracking errors or with production
errors (such as saying the wrong word, yawning during pro-
duction, etc.) were excluded (1.4%, 0%-3.5% across partici-
pants). To focus on changes in F1 due to sensorimotor
adaptation and avoid effects of formant transitions and
online compensation resulting from the sensory feedback
control system, which is typically measurable ~100-150 ms
after the onset of F1 perturbation (3, 26, 27), a single mean F1
value for each trial was calculated from a window 25-100 ms
after vowel onset.

Statistical Analysis

Statistical analyses were conducted on the change in F1, in
mels, in each phase compared with baseline productions.
The baseline F1 value was calculated as the mean F1 value
of the last 10 productions in the baseline phase of each word.
The statistical model includes the last 10 trials of each word
from the baseline phase, the last 10 trials of each word from
the hold phase (as a measure of maximum adaptation, taken
when participants have the maximum exposure), and the
first 10 trials of each word from the washout phase (as a mea-
sure of persistence of adaptation, taken before learning is
washed out by the return to veridical feedback).

Linear mixed-effects models were performed in R using
the Ime4 package (28, 29). Models were built incrementally
with maximum likelihood comparisons using the anova
function in the ImerTest package (30) to determine which
fixed effects remain in the model. Potential fixed effects
included the formant shift applied (levels: F1 up, F1 down,
no shift), phase of the experiment (levels: baseline, hold,
washout), and the interaction between shift and phase.
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Models also included participants as a random effect. Post
hoc tests were performed with the emmeans package in R
(31), using the Tukey adjustment for multiple comparisons.
Reported means are estimated means, plus or minus stand-
ard error, in distance from baseline in mels. Effect sizes were
calculated using the function eff _size in the emmeans pack-
age, based on the final model.

IRB STATEMENT

All procedures were approved by the Institutional Review
Board at the University of Wisconsin-Madison.

RESULTS
Experiment 1

Mandarin Chinese (Mandarin) is a lexical tone language
with four lexical tones. Tone has a high functional load in
the language (32); minimal pairs where the tone is the sole
difference are common. In this experiment, we test whether
lexical tone can serve as motor context for sensorimotor
learning in vowels. The results from experiment 1 show that,
as a group, Mandarin speakers can learn simultaneous,

A Exp. 1 (Mandarin)
F1 down

25 :
m
T Of-pfi--e AL W B M
= _
e no shiftE
< 25 :

50 F1 up

baseline ramp hold washout
Trial (bins of 10, by word)

C Exp. 3 (English-Listen)

25
m
o© Of
=
4

-25

-50 : F1up

baseline ramp hold washout

Trial (bins of 10, by word)

opposing adaptations of the same segmental content using
tone as context (Fig. 2A). During the hold phase, participants
overall adapted their F1 up in opposition to a downward shift
(26.8 £9.3 mels compared with baseline, P < 0.0001), and
adapted their F1 down in opposition to an upward shift
(—41.9+9.2 mels, P < 0.0001), but did not change their pro-
duction of the unshifted word (3.8 +9.2 mels, P = 1.00).

The adaptive responses remained in early washout: partic-
ipants maintained higher F1 in the shift-down condition
(27.5+9.3 mels compared with baseline, P < 0.0001), lower
F1 in the shift-up condition (—44.7 £9.0 mels, P < 0.0001),
and showed no change in the no shift condition (-1.6 9.2
mels, P = 1.00). There was no significant change between
hold and early washout in any shift condition (P > 0.98 for
all shifts).

Crucially, all shift conditions were significantly different
from each other in the expected direction during both the
hold and washout phases (all P < 0.0005); the difference
between shift up and shift down was large in both the hold
(Cohen’s d = 1.33) and washout phases (Cohen’s d = 1.39).
These results indicate that Mandarin speakers learned three
different adaptations on three different words that were dif-
ferentiated by lexical tone alone, and support the hypothesis

B Exp. 2 (English-Match)
: F1 down 5
25 :
)
© Ot----C Wi AN, N w M- --
2
5
-25
F1 up
-50
baseliné ramp . hold Washout
Trial (bins of 10, by word)
D Hold Washout
m
)
=3
g_100
: | f ; ¥
< ¢
[
R - e s ) A
©
il
<

Exp. 1 Exp.2 Exp.3 Exp.1 Exp.2 Exp.3
Experiment

Figure 2. Main experimental results. A: change from baseline for experiment 1 (Mandarin). B: change from baseline for experiment 2 (English, pitch
matching). C: change from baseline for experiment 3 (English, listening only). D: difference in change from baseline between the shift down condition
and the shift up condition (AF1 down — AF1 up) for each experiment. The left three columns show the hold phase and the right three columns show the
washout phase.
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that the lexical tone in Mandarin can provide context for
sensorimotor learning of segments. (For additional analyses
of the interaction between lexical tone and adaptation mag-
nitude, see the Supplemental analysis and Supplemental
Fig. S1A.)

Experiment 2

Experiment 1 provides support for the idea that lexical f,
can serve as context to differentiate between segmentally
identical motor plans. However, it is unclear whether the
ability of f; to enable this learning is restricted to lexical
pitch, or whether f, universally provides sensorimotor con-
text for the segmental content of speech. In experiment 2, we
test this by extending the simultaneous adaptation paradigm
used in experiment 1 to English speakers producing the word
“head” with three different arbitrary (nonlexical) f, levels.
Results from experiment 2 show that, as a group, English
speakers learn simultaneous, opposing adaptations with
arbitrary produced f, as context (Fig. 2B). During the hold
phase, participants overall adapted their F1 up in opposition
to a downward shift (26.4 £11.6 mels compared with base-
line, P = 0.003); however, the change in F1 in opposition to
an upward shift, while numerically in the expected direc-
tion, did not reach statistical significance (-18.6 +11.6 mels,
P = 0.06). Participants also did not change their production
of the unshifted word (—4.3 +11.6 mels, P =1.00).

During the washout phase, participants retained the adap-
tation to the downward shift (27.2 + 11.6 mels compared with
baseline, P = 0.002); for the upward shift condition, change
in F1 was numerically in the expected direction but did not
reach statistical significance, similar to the hold phase
(—18.6 £11.6 mels, P = 0.14). Participants also did not change
their production of the unshifted word (8.5+11.6 mels, P =
0.95). There was no significant change between the hold and
washout phases in any shift condition (all P > 0.6).

Crucially, upward shift and downward shift significantly
differed from each other in the expected direction during
both the hold and washout phases (both P < 0.0001). The
difference between shift up and shift down was large in both
the hold (Cohen’s d = 1.01) and washout phases (Cohen’s d =
1.06), but less so than for Mandarin speakers. These results
suggest that speakers were able to learn simultaneous oppos-
ing adaptations when cued by matching different pitches,
but not as robustly as Mandarin speakers given the lack of
any significant change in the shift-up condition relative to
baseline. (For additional analyses of the interaction between
target pitch and adaptation magnitude, see the Supplemental
analysis and Supplemental Fig. S1B.)

Post hoc analysis: ability to produce distinct pitch
categories.

Although the pitch cues were three semitones apart, we
observed that some participants had difficulty matching
pitch. In particular, most participants had relatively clear
high and low categories that aligned with the f, of the pure
tone cue, but for several participants, the mid tone was not
distinct, with many trials produced identically to either high
or low tones (see Fig. 3A, bottom). This suggests that for these
speakers, the problem lay in the perception of the mid tone
as a distinct category, rather than difficulty in achieving
high or low f, values. That is, these speakers may have been
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perceiving the mid tone as “higher” or “lower” compared
with the previous tone that they heard and producing a high
or low pitch accordingly. As we hypothesized that distinct
motor plans are crucial to learn simultaneous opposing
adaptations, an inability to distinguish the mid tone as a dis-
tinct category might impair learning. To test this post hoc
hypothesis, we conducted a further analysis comparing
adaptation in participants who were able to consistently pro-
duce three distinct pitch categories and participants who
were not.

To determine which participants were able to produce dis-
tinct pitches, we first extracted the median f, from vowel
onset to vowel offset in each trial. We iterated a k-means
clustering algorithm 1,000 times for each participant, with a
target of three clusters (k = 3). On each run of the algorithm,
we compared the assigned cluster for each trial (low, middle,
or high fp) to the target tone for the trial. We then extracted
the mean percent correct classification overall, and the
mean percent correct for the mid tone (mid tone trials classi-
fied as the middle cluster). There was a large separation
between groups in percent mid tone correct (see Fig. 3B);
nonmatchers (n = 8) were defined as speakers who had less
than 60% of the mid tones classified correctly.

As musical training may have played a role in the ability
to match pitch (and potentially a role in the likelihood of
treating pitch and segmental plans as a cohesive unit), we
compared musical background between matchers and non-
matchers using results from the postexperiment musical
experience survey (ELMEQ). Pitch-matching ability was
related to experience with vocal music: of the 12 matchers,
eight had vocal training or experience singing in a choir (of
which five also had instrumental experience), and four had
experience with an instrument but no voice or choir experi-
ence. Of the eight nonmatchers, none had vocal training or
experience singing in a choir; five had experience with an
instrument.

To determine whether differential adaptation was contin-
gent on pitch-matching ability, we compared matchers and
nonmatchers in their magnitude of differential adaptation,
calculated for each participant as the mean difference
between the shift up and shift down conditions, for both the
hold and washout phases (Fig. 3C). Given the small data set,
one-tailed Welch’s t tests were used to assess differences
between the groups in each phase, where the predicted
direction is that matchers would have greater separation
between shift conditions than nonmatchers. Although the
mean difference between matchers and nonmatchers was
numerically different (hold: 49.92 mels for matchers, 42.37
for nonmatchers; washout: 52.67 mels for matchers, 34.53
mels for nonmatchers), there was no statistically significant
difference between matchers and nonmatchers in either
hold [£(14.544) = 0.26, P = 0.40] or in washout [£(12.647) =
0.66, P = 0.26].

Post hoc analysis: comparing magnitude of adaptation
to Mandarin speakers.

The less consistent results for adaptation seen in English
speakers in experiment 2 compared with Mandarin speakers
in experiment 1 suggest that lexical tone and arbitrary pitch
may differ in the extent to which they enable differential
sensorimotor adaptation to vowel formant perturbations. To
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Figure 3. Participants who could match pitch vs. participants who could not match pitch in experiment 2. A, top: histogram of the actual fo produced by a
participant who matched pitch successfully; received pitch cue is denoted by color; bottom, a histogram of the actual f, produced by a participant who
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directly compare the magnitude of simultaneous opposing
adaptation in these two contexts, we also conducted a one-
tailed t test comparing the two experiments on differential
adaptation, defined for each speaker as the mean difference
between the shift up and shift down conditions, for both the
hold and washout phases. Here, the predicted direction is
that Mandarin speakers in experiment 1 would adapt more
than English speakers in experiment 2 given that pitch has
lexical value in the former task and is entirely arbitrary in
the latter.

Mean differential adaptation (Fig. 2D) was numerically larger
in Mandarin than in English in both the hold (Mandarin: M =
69.02 mels, SD = 68.3 mels; English: M = 46.90 mels, SD =
61.98 mels) and washout phases (Mandarin: M = 72.01
mels, SD = 55.78 mels; English: M = 45.41 mels, SD = 56.29
mels). However, this difference was not statistically signif-
icant in either phase [hold: £(37.65) = —1.07, P = 0.15; wash-
out: £(37.997) = —-1.50, P = 0.07].

Experiment 3

The results from experiment 2 indicate that even arbitrary fo
can provide context for sensorimotor adaptation of segments,
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suggesting that lexical relevance is not a necessary condi-
tion for context-dependent adaptation in speech. However,
unlike in experiment 1, the speakers in experiment 2 also
heard a pitch cue before the trial, in addition to producing a
different pitch. In this experiment, we test whether merely
hearing a distinct pitch cue, without subsequent planning
and production, provides sufficient context to anchor simul-
taneous opposing adaptation in English speakers. In studies
of upper limb control, there is a large body of evidence show-
ing that arbitrary cues unrelated to motor planning are insuf-
ficient for motor learning (11, 12, 14, 15). Thus, we predict that
participants will not be able to adapt their speech according
to external pitch cues.

The results from experiment 3 show that English speakers
cannot learn simultaneous, opposing adaptations of the
same segmental content when they only receive an auditory
cue (Fig. 2C). During the hold phase, participants overall pro-
duced a lower F1 than in baseline for all shifts (no shift:
—34.3+7.8 mels; shift down: —37.7+7.8 mels; shift up:
—39.6 7.8 mels; all shifts significantly different from base-
line, P < 0.0001). There were no significant differences
between shifts (all P > 0.86).

J Neurophysiol « doi:10.1152/jn.00605.2024 - www.jn.org
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In the washout phase, F1 remained lower than in the base-
line phase for all shifts (no shift: —38.8 + 7.8 mels; shift down:
—37.3+7.8 mels; shift up: —43.3 £7.8 mels; all shifts signifi-
cantly different from baseline, P < 0.0001). As during the
hold phase, there were no significant differences between
shifts (all P > 0.92). Thus, although participants overall
changed their produced F1, participants did not change to
oppose the perturbations tied to the different pitch cues that
they heard.

DISCUSSION

In this study, we tested the efficacy of f; as a contextual cue
for simultaneous adaptation to opposing vowel formant per-
turbations. In experiment 1, we showed that Mandarin speak-
ers can learn simultaneous, opposing adaptations to the same
segmental content when the direction of the perturbation is
consistently cued by a lexical tone. In experiment 2, we
showed that English speakers who heard and then matched
an arbitrary pitch that carried no linguistic meaning were
similarly able to adapt to the opposing perturbations tied to
the separate pitches. Together, these experiments indicate
that f, in general provides sufficient sensorimotor context for
simultaneous, opposing adaptation of vowels, regardless of
the presence or absence of lexical information. Finally, in
experiment 3, we showed that English speakers who simply
listened to a pitch cue before producing a word could not
learn simultaneous opposing adaptations, even though this
cue perfectly predicted the upcoming perturbation. This
result reinforces findings from reaching that cues that are
unrelated to the movement cannot serve as a context for
simultaneous adaptation to opposing sensory perturbation
(12-14), expanding this finding to speech articulation.

Due to the arbitrary nature of the pitch matching, experi-
ment 2 is particularly informative because it isolates f, as the
context for adaptation. In experiment 1, there were multiple
possible paths to learning simultaneous opposing adapta-
tions. First, the three words used in experiment 1 are three
distinct, yet segmentally identical lexical entries in Mandarin:
it is possible that different lexical entries simply have dif-
ferent motor plans, as opposed to one shared plan for seg-
mental articulation (33). Second, although the segments
are phonologically the same, there are consistent pho-
netic differences between the words (e.g., shorter duration
in tone 4 words; 34) that could also suggest the segmental
parts of these words have distinct motor plans. In either of
these scenarios, this experiment would not involve simul-
taneous adaptation of the “same” movement, since the ei
in each word would be a distinct unit. However, in experi-
ment 2, participants were saying the same word (head) on
every trial, with no differences in lexical status or intrinsic
duration, isolating f, planning as the motor context for sen-
sorimotor adaptation. Furthermore, the success of arbitrary f,
in enabling contextual learning suggests that all speech-related
fo can provide context for segments, specifically including
intonation. However, it is unclear whether the same pattern
would hold for naturally planned, nonlexical intonation con-
tours, which often stretch over many segments or even
many words. Additional studies that examine intonation as
a motor context would provide valuable insight on this issue.

J Neurophysiol « doi:10.1152/jn.00605.2024 - www.jn.org

It is possible that the aforementioned additional distinc-
tive characteristics of Mandarin words contributed to the
numerically larger adaptation response in Mandarin speak-
ers. Although the difference in adaptation magnitude
between Mandarin speakers in experiment 1 and English
speakers in experiment 2 did not reach statistical signifi-
cance, there was a fairly substantial numerical difference
between experiment 1 (69 mels during hold, 72 mels dur-
ing washout) and experiment 2 (47 mels during hold, 45
mels during washout), and a difference in effect size
(Mandarin Cohen’s d = 1.33, English Cohen’s d = 1.01,
both during hold). One possible reason for the lack of sta-
tistical difference is that our sample sizes were too small
to adequately power an analysis of adaptation magnitude
between the two groups; this seems like a plausible path
given the difference in effect sizes. It may also be the case
that differential adaptation in Mandarin was somewhat
hindered by overlap between the contextual movements:
the three Mandarin tones used in this study are tradition-
ally analyzed as H (tone 1), LH (tone 2), and HL (tone 4).
Although the overall contour of each tone is quite distinct
from the others, they all contain some movement toward
high tone. This contrasts with English pitch matching,
which was essentially three level tones at H, M, and L, and
thus did not have phonetic or phonological overlap. Further
studies with larger sample sizes or that examine the effects
of contextual overlap may shed light on this issue.

Another possible explanation is that similar learning did
occur for English and Mandarin speakers, but context-
dependent learning in English was slower than in Mandarin.
The model in the study by Avraham et al. (35) proposes that
context-dependent sensorimotor adaptation is a motor
instantiation of associative learning, linking together two
well-studied functions of the cerebellum. Although the
motor control system is able to learn in highly specific con-
texts, the separate contexts (i.e., associations between con-
text as conditioned stimulus and target movement as
conditioned response) have to be established first. In this,
Mandarin likely has an advantage in that the three target
sequences are different words, and are thus more likely to
already have three separate forward models. The English
speakers, on the other hand, may have had to establish the
association between arbitrary f, differences and the oral
articulators first. However, the English speakers in the match
group did reach a plateau in their adaptation, with little
change over the last 30 trials, suggesting that it is unlikely
that the need to form novel associative contexts alone drove
the (numerical) difference in adaptation magnitude between
English and Mandarin. Longer time to plateau has been
observed in context-dependent adaptation in reaching and
in speech (12, 17), though Howard et al. (12) note that partici-
pants ultimately achieved similar magnitudes of learning.
Studies that isolate the availability of previously established
contexts or that continue the training phase for longer may
provide further insight.

Finally, although these experiments have demonstrated
that neither linguistic information nor movement of the
same anatomical structure is required for contextual differ-
entiation of speech sounds, it is still unclear exactly what
permits differential adaptation. Previous studies in reaching
have shown that simultaneous adaptation is also possible
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when the contextual movement is merely planned alongside
the target movement—ultimately even without the actual
execution of the contextual movement (11-13). This indicates
that planning alone can generate distinct sensorimotor neu-
ral states. As a result, Sheahan et al. (13) proposed that differ-
ential adaptation is licensed not by contextual movement(s)
per se, but by the generation of separate sensorimotor neural
states at the moment of executing the target movement. It
has been hypothesized that different sensorimotor states
could engage separate predictive models, possibly in the cer-
ebellum, a critical structure for motor learning (12, 35-38).
Sensorimotor neural states do not need to be generated pre-
cisely simultaneously with the target movement to license
contextual learning, but the impact of contextual cues on the
sensorimotor state appears to decay after ~500 ms, possibly
driven by the cellular architecture of the cerebellum (12, 39).
Given the timescales of speech, a separation of greater than
500 ms between segmental and tone planning is unlikely.
Thus, under this framing, one could conclude that f, is
planned either before or simultaneously with segments, such
that distinct sensorimotor states are available during segmen-
tal planning. This runs contrary to models that posit that tone
planning occurs after segmental planning (40-42), and lends
some support to models that posit that segments and f, are
planned in parallel streams (43-47).

However, it could be the case that mere simultaneous exe-
cution, with no need for simultaneous planning whatsoever,
also generates different sensorimotor states. That is, although
the differential adaptation of segments with distinct f; could
reflect the relative time course of segmental versus f, plan-
ning, it could also simply reflect the fact that f, and segments
are executed at the same time. A key question, then, is how
task-relevant the contextual cue has to be to affect the rele-
vant sensorimotor state. More concretely: is context-specific
adaptation only possible when the contextual cue is suffi-
ciently relevant to the target movement, or is the sensorimo-
tor state of the entire body taken into consideration? The
current study expands on previous work that has shown that
the contextual movement does not need to use the same
effector as the target movement: Reaching studies have found
that the movement of one hand can provide context for the
movement of the other hand, both when the hands are mov-
ing at the same time (11) and when the contextual hand pre-
cedes the target hand (10). However, humans frequently use
both hands in concert for a single task, which may promote
any manual task as relevant to another manual task.
Similarly, although arbitrary fj is not relevant to language
in the same way that lexical tone is, speakers constantly plan
and control f, alongside segments when they are speaking.
Thus, fo control in general may be more likely to be regarded
as relevant for articulatory control, and thus be included in
the sensorimotor context for speech segments. A recent
study found that adaptation in upper limb control can be
modulated by different speech contexts (48), which may
suggest that a similar relationship exists between speech
and manual control due to the frequency of co-speech ges-
ture. Studies that test pairings of contextual and target
movements that vary on a spectrum of relevance, e.g.,
pairing speech with other speech movements, hand move-
ments, and foot tapping, could shed light on this question.
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Conclusions

In sum, this series of three studies provides evidence that
fo movements can be used as motor context for the move-
ments for segments, even though they are not produced by
the same set of articulators. This is the case for both lexical
tone and for arbitrary pitch matching, suggesting that lin-
guistic content is not necessary for f, to inform segmental
control. Future work examining other uses of f,, such as into-
nation, would provide additional insight on the generality of
fo as a motor context.
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