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Abstract

Our knowledge of human sensorimotor learning and memory is predominantly based on the visuospatial workspace and limb
movements. Humans also have a remarkable ability to produce and perceive speech sounds. We asked whether the human
speech-auditory system could serve as a model to characterize the retention of sensorimotor memory in a workspace that is
functionally independent of the visuospatial one. Using adaptation to altered auditory feedback, we investigated the durability of
a newly acquired speech-acoustical memory (8- and 24-h delay), its sensitivity to the manner of acquisition (abrupt vs. gradual
perturbation), and factors affecting memory retrieval. We observed extensive retention of learning (�70%) but found no evi-
dence for offline gains. The speech-acoustical memory was insensitive to the manner of its acquisition. To assess factors
affecting memory retrieval, tests were first done in the absence of auditory feedback (with masking noise). Under these condi-
tions, it appeared there was no memory for prior learning as if after an overnight delay, speakers had returned to their habit-
ual speech production modes. However, when speech was reintroduced, resulting in speech error feedback, speakers
returned immediately to their fully adapted state. This rapid switch shows that the two modes of speech production (adapted
and habitual) can coexist in parallel in sensorimotor memory. The findings demonstrate extensive persistence of speech-
acoustical memory and reveal context-specific memory retrieval processes in speech-motor learning. We conclude that the
human speech-auditory system can be used to characterize sensorimotor memory in a workspace that is distinct from the
visuospatial workspace.

NEW & NOTEWORTHY There is extensive retention of speech-motor learning. Two parallel modes exist in speech motor mem-
ory, one with access to everyday habitual speech and the other with access to newly learned speech-acoustical maps. The avail-
ability of speech error feedback triggers a switch between these two modes. Properties of sensorimotor memory in the human
speech-auditory system are behaviorally similar to, but functionally independent of, their visuospatial counterparts.

auditory perception; contextual memory retrieval; implicit adaptation; speech memory retention; speech motor learning

INTRODUCTION

The benefits of sensorimotor learning are seen in the stabili-
zation and retrieval of sensorimotor memories. Investigations
of the characteristics of these memories have been predomi-
nantly conducted using limb movement paradigms (1–3).
Although limb movement research has advanced our under-
standing of sensorimotor memories, much of this work has
focused on the investigation of the visuospatial workspace, of-
ten using human and animal models (4–7). One of the unique
characteristics of human behavior is our ability to learn, pro-
duce, and perceive sounds and form speech-acoustical memo-
ries (8–11). However, it remains unknown whether the human

speech-auditory system could also be used to assess sensori-
motor memory retention in the workspace that is functionally
independent of the visuospatial workspace.

The formation of new speech-acoustical memories can be
elicited by the introduction of auditory feedback shifts and
associated speech error processing (9). For instance, pertur-
bation of vowel formant frequency during word and sen-
tence utterances leads to systematic changes in vocal output
in directions opposite to the applied perturbation (12–15).
Similar patterns of speech-motor learning have been shown
to occur with perturbation of pitch, formant frequency,
vowel duration, and intensity (16–19). The limb movement
literature has found a dependence of visuospatial memory
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retention and retrieval on the nature of the task under investi-
gation, the adaptation schedule, and the time elapsed follow-
ing learning (20, 21). For instance, decay of motor memory
has been found to be greater following learning in an abruptly
changing environment compared with a gradually changing
environment (22), which is consistent with other studies (23,
24). On the other hand, retention in a locomotor adaptation
task was shown to be indifferent to the gradual or abrupt ac-
quisition of these memories (25), corroborating evidence from
other tasks involving reaching (26, 27).

Here, we used a vowel-formant-frequency perturbation
task to ask a number of related questions in the context of
speech, specifically, whether speech-acoustical memories
are transient versus durable, whether these memories are
sensitive to the manner of memory acquisition, whether
speech-acoustical memories undergo offline gains, and
whether the memory retrieval is dependent upon the avail-
ability of auditory feedback. Operationally, we assessed
whether newly acquired speech acoustical memories are
retained following a single session of acquisition and
whether the retention (if any) is dependent upon the time
elapsed since acquisition (8- vs. 24-h intervals) and/or the
nature of the acquisition schedule (abrupt vs. gradual learn-
ing). We observed that the retention of speech-acoustical
memory was robust and unaltered following either an 8- or
24-h delay and was no different for abrupt and gradual
learning. Indeed, the new speech-acoustical memory was
remarkably durable with little loss of information following
8- or 24-h delay, but there was little evidence of offline
gains. In tests of the retrieval of the newly acquired mem-
ory, we found that speech memory retrieval was substan-
tially degraded in the absence of speech-auditory feedback
but was enabled almost immediately following the avail-
ability of speech and resulting speech feedback errors. This
rapid switch shows that two modes of speech production
(adapted and habitual) can coexist in parallel in sensorimo-
tor memory. Overall, this study identifies properties of
speech acoustical memory—it is highly durable, unaffected
by the manner of memory acquisition, and its retrieval is
context-specific and dependent on the availability of
speech error feedback. This study establishes the human
speech-auditory system as a model to probe, characterize,
and compare speech-motor processing and memory with
that of the visuospatial workspace and limb movement.

MATERIALS AND METHODS

Participants

A total of 77 young adults of either sex participated in this
study. None of the participants reported speech or hearing
disorders. Participants provided written informed consent, in
accordance with the study procedures approved by the
Institutional Review Boards of McGill University and Yale
University. Data from four of these participants were excluded
due to their follower-like behavior in the learning task, and
one was removed due to technical issues during the session.
Collectively, data from 72 participants (21 males; mean age ±
SE: 23.94±0.57) was considered for subsequent analyses. The
proportion of female andmale participants was similar across
conditions.

Experimental Setup

Participants were comfortably seated and faced a com-
puter monitor placed on a table in front of them (Fig. 1A).
A unidirectional microphone (Sennheiser) was used to re-
cord their speech data on each trial. The speech signal was
fed back in real-time through headphones (Beyerdynamic
DT770M), either with no manipulation or following a spe-
cific experimental manipulation using Audapter (28) inte-
grated with MATLAB. The microphone and headphones
were interfaced with an audio mixer (MOTU/TASCAM)
that enabled the separate control of gain to the head-
phones and microphone. The same feedback gains were
used for all participants.

Speech Motor Learning Task

Vowels are acoustically organized in terms of vocal tract
resonances known as formants, with the first and the second
formant frequencies accounting for the most acoustical
energy (11, 19). The primary procedure involved the real-time
manipulation of the first formant frequency of spoken vow-
els in test words that were played back to participants
through headphones (Fig. 1B). Specifically, participants
read aloud consonant-vowel-consonant pseudowords (“bep,”
“dep,” or “gep”) displayed on a computer monitor, one at a
time. The study consisted of two visits, each involving a
combination of speech- and noise-feedback trials. During
the first study visit (visit 1), participants performed 30 base-
line trials with no formant perturbation (i.e., participants
heard their own voice through the headphones). Three addi-
tional trials were interspersed in the baseline block during
which speech-modulated noise feedback (referred to as noise
feedback trials hereafter) was played to the participants
through the headphones as they spoke and served to mask
their own acoustical output. Providing noise feedback that
was modulated by participants’ speech in real time mini-
mized the likelihood of a Lombard effect (speaking loudly
with a noise background) during the noise feedback trials
and provided a measure of vocal output with little opportu-
nity for online correction. The baseline sequence was fol-
lowed by a set of 210 trials during which the real-time first
formant frequency (F1) was increased either gradually over
30 trials or abruptly by 30%. The gradual introduction of the
F1 perturbation was uniform, starting with the first trial after
the baseline block and ending with the maximum perturba-
tion (i.e., 30% increase in F1) on the 30th trial of the learning
block. In the trials between 30 and 210, the F1 perturbation
was held at 30% throughout. Visit 1 concluded with three
noise feedback trials at the end of the learning block.
Participants returned either �8 or �24 h later for a second
visit (visit 2) which started with three noise feedback trials,
followed by a set of 210 trials with a constant 30% F1 pertur-
bation and concluded with three noise feedback trials at the
end of the block (Fig. 1C). We chose to use pseudowords as
opposed to real words to reduce the potential interference to
the newly learned speech-acoustical mapping from routine
speech outside of the laboratory between visit 1 and visit 2.
For all the participants, the auditory feedback level was
increased so that the participants did not hear their own
voice other than through the headphones. All participants
were also instructed to speak softly and consistently
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throughout the experimental sessions and maintain a dis-
tance�15 cm from themicrophone.

A control study was conducted to identify the region within
the vowel space in which speech-motor learning stabilizes.
The goal was to determine whether the response to a localized
acoustical perturbation, that is to F1 alone, resulted in a
change that was also in F1 alone, in effect producing a new
vowel versus a derivative of an existing vowel. The control
study used the vowel /Ɛ/ (as in “dep”), which was manipu-
lated in the primary study, with respect to unperturbed neigh-
boring vowels /I/ (as in “dip”) and /æ/ (“dap”). The control
study involved reading aloud words displayed on a computer
monitor, one at a time. The words were consonant-vowel-con-
sonant sequences, “dap,” “dep,” or “dip,” which were pre-
sented 50 times each in a pseudorandomized order during
baseline. There was no perturbation during a baseline block.
Trials following the baseline block only involved presentation
and manipulation of the vowel /Ɛ/ in “dep”; the first formant
frequency was gradually increased over 75 trials and then
held constant for a further 150 trials (Fig. 1C). As in the pri-
mary study, the alteration involved changes only to the first
formant frequency up to amaximum of 30%.

Data Analysis

Speech data were sampled at 48 kHz and then down-
sampled to 16 kHz to reduce processing time. Vowel bounda-
ries were first identified using Montreal Forced Aligner (29)
followed by manual inspection and correction when needed.
First and second formant frequencies (F1 and F2) were
extracted from the speech data on each trial using the Burg
algorithm in Praat (30, 31).

A 40-ms sample was taken from the center of the vowel
(20 ms before and after the vowel midpoint). To assess
whether this window was early enough to tap into a

feedforward component of vowel production, we conducted
an analysis of vowel duration. The vowel duration values
averaged 154 ms ± 3 ms (mean ± SE). There were no differen-
ces in duration across experimental conditions. Means ± SE
were 156±4 for abrupt and 153±4 for gradual introduction of
the perturbation. For 8- and 24-h retention intervals, values
were 153± 5 and 156±4 respectively. We also assessed vowel
duration on a word-specific basis. On average the duration
was 158±5 for “bep,” 153 ±5 for “dep,” and 150±5 ms
for “gep.” Consequently, our formant assessment window
ranged on average from 57 to 97ms, which may limit any au-
ditory feedback-based adjustments to vocal output (32, 33).

Following formant extraction, F1 and F2 values were aver-
aged over the baseline trials with speech feedback, and per-
centage change from baseline was computed for all trials.
We verified that there were no differences in baseline values
across experimental conditions (abrupt vs. gradual, 8- vs. 24-
h) nor for noise versus speech feedback trials. Subsequently,
for visualization purposes, trials were binned over three con-
secutive trials without overlap to assess the time course of
learning on each visit. A computation of retention as a per-
centage of learning was conducted by calculating the per-
centage change in F1 from baseline in the second bin after
providing speech feedback on visit 2, normalized by percent-
age change in F1 in the last 10 bins with speech feedback on
visit 1 (learning asymptote). We focused specifically on the
second bin for this test, as it provides a stable measure
of retention, without transient effects attributable to the
first bin immediately after reintroducing speech feedback.
However, even when the first bin was used, reliable retention
was observed. Data from participants whose asymptote in
visit 1 was in the direction of applied perturbation (so-called
followers) were not considered specifically for this analysis
(three individuals).

Figure 1. Experimental design. A: experimental setup with a participant seated in front of a computer monitor, which displayed the stimulus to be read
aloud. The microphone and associated audio setup recorded the participant’s speech and played it back through headphones. B: schematic of formant
perturbation of a speech signal (time domain on top, spectrogram on the bottom). C: study design. Vertical gray stripes indicate noise feedback trials,
the numbers in parentheses indicate number of trials for that condition.
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An analysis of context dependency compared data for
utterances with masking noise feedback with that of speech
acoustical feedback. The effect of speech feedback on learn-
ing and retention was assessed by the percentage change in
F1 from baseline at the end of learning (last bin with speech
feedback vs. last bin with noise feedback on visit 1), and at
the start of visit 2 (first bin with noise feedback vs. first bin
with speech feedback on visit 2). It should be noted that for
this analysis we used a common baseline for normalization
rather than separately normalizing speech and noise feed-
back trials with their respective baseline. We did so because
the difference in F1 frequency between speech and noise
feedback trials at baseline was not significantly different
(F1,114 ¼ 0.127, P ¼ 0.722). Moreover, there were only three
noise feedback trials at baseline. Hence, normalizing noise
trials throughout their own baseline may well add unneces-
sary variation to the data.

In all cases, ANOVA was used to test for differences
between experimental conditions. Repeated-measures t tests
were used to compare performance between noise feedback
and speech feedback trials. One-sample t tests were used to
assess whether the extent of learning and retention as
assessed in noise and speech feedback was different from
zero. Bonferroni corrections were used where applicable.

Control Study

Data sampling, scoring, and extraction of F1 and F2 values
were conducted as in the primary study aforementioned.
Following the formant extraction, F1 values were averaged
over the baseline trials (“dep”) and the percentage change in
F1 from baseline was computed for the learning trials (also
for “dep”). We removed trials beyond 2.5 standard deviation
of the mean for each word (such trials constituted <3% of
the total trials). F1 and F2 frequencies were transformed into
z-scores on a per subject basis using values for all vowels (50
trials each for “dap,” “dep,” and “dip” during baseline and
the 50 trials at the end of learning for “dep”). A subsequent
vector analysis was conducted to assess the magnitude and
direction of the acoustical change following learning from
each of the utterances under baseline conditions. This
involved subtracting z-scores of “dep (baseline)” from “dap”
and “dip,” and of “dep (end of learning)” from “dap” and
“dip” for each participant. Also, the z-score of “dep (base-
line)” was subtracted from that of “dep (end of learning)” to
obtain the resultant shift for that vowel after learning for
each participant.

RESULTS
The primary goal of this study was to assess the durability

and robustness of newly acquired speech-acoustical memo-
ries in the context of speech-motor learning. The experimen-
tal conditions probed the retention of new learning. Separate
conditions involved participants learning to compensate for
a real-time 30% increase in their first formant (F1) frequency
following either abrupt or gradual introduction of the audi-
tory feedback alteration and returning for a second visit ei-
ther 8- or 24-h later. Speech-modulated noise feedback trials
were introduced during both visits to determine whether
access to the newly acquired memory was contextually de-
pendent on the presence of speech error feedback.

Robust Adaptation and Retention following
Perturbation of First Formant Frequency

The results of the primary experiment are shown in Figs. 2
and 3. Figure 2A shows visit 1 and visit 2 data in terms of F1
values that were separated either by 8 h (Fig. 2A, top, n ¼ 28)
or 24 h (Fig. 2A, bottom, n¼ 30). Solid circles indicate binned
data averaged over three consecutive utterances without
overlap. Colors differentiate the introduction of the formant
perturbation during the first visit as either abrupt (red; n ¼
13 for 8-h and n ¼ 15 for 24-h conditions) or gradual (blue;
n ¼ 15 for 8-h and n ¼ 15 for 24-h conditions). The vertical
gray bars indicate trials with speech-shaped noise feedback
(referred to as noise feedback subsequently). It is seen that
participants showed consistent learning and retention fol-
lowing perturbation of the first formant frequency. The
retention was unaltered by the passage of time or the man-
ner of introduction of the perturbation. Moreover, asymp-
totic performance did not differ between the two visits
(mean change in F1 from baseline ± SE was �12.46±0.87%
and�12.19±0.94% for visit 1 and visit 2, respectively).

Retention was assessed both in the presence of noise feed-
back and when acoustical feedback was reintroduced. We
computed retention when acoustical feedback was present
by normalizing percentage change in F1 from baseline at the
start of visit 2 (second bin after receiving speech feedback)
by the asymptotic value at the end of learning. The results
are shown in Fig. 2B. As can be seen, there was extensive
retention of the newly learned speech-acoustical map and
little difference in retention with the passage of time or the
perturbation schedule.

A statistical analysis of retention in the presence of acous-
tical feedback was conducted to assess the effect of the inter-
val following learning (8- and 24-h) and the perturbation
pattern (abrupt and gradual). The extent of retention was
reliably different than zero with abrupt perturbation in both
8- and 24-h conditions (t11 ¼ 4.782, adjusted P ¼ 0.001, and
t14 ¼ 5.804, adjusted P < 0.001, respectively). Similarly,
retention was reliably different than zero with gradual per-
turbation in 8- and 24-h conditions (t14 ¼ 6.939, adjusted P <
0.001, and t12 ¼ 11.378, adjusted P < 0.001, respectively).
Moreover, the observed retention was unaltered with the
interval postlearning or the perturbation pattern (Fig. 2B,
Retention interval: F1,51 ¼ 0.427, P ¼ 0.516; Perturbation pat-
tern: F1,51 ¼ 0.155, P ¼ 0.694; Retention interval �
Perturbation pattern: F1,51 ¼ 0.039, P¼ 0.843).

Figure 2C shows a comparison of learning and retention as
assessed with noise feedback versus speech feedback. It is
seen that there is evidence of learning both with noise feed-
back and with speech feedback. Although the measure of
learning is less with noise feedback, learning differed little
for the 8- and 24-h conditions, or in the abrupt and gradual
perturbation conditions. In contrast, there was little evi-
dence of retention with noise feedback in visit 2, whereas
retention was clearly evident when speech feedback, leading
to speech errors, was made available (indicated by differen-
ces in the lighter vs. darker shades of the same color).

To assess differences in learning and retention with audi-
tory and noise feedback (Fig. 2C), we compared last bin of
noise feedback with last bin of auditory feedback during visit 1,
and the first bin of noise feedback and the first bin of speech
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feedback during the visit 2. For purposes of this analysis, we
pooled over retention interval and the perturbation pattern
and conducted the analysis of noise feedback versus auditory
feedback using ANOVA. Percentage change in F1 from baseline
was found to be different for noise and speech feedback condi-
tions during learning (Feedback type: F1,114 ¼ 5.678, P ¼ 0.018).
Similarly, the percentage change in F1 from baseline also dif-
fered for speech versus noise feedback during retention
(Feedback type: F1,114¼ 22.065, P< 0.001).

Within the noise feedback condition, we assessed whether
learning and retention were reliably different than zero. We
found that the percentage change in F1 from baseline for noise
feedback trials was reliably different than zero only after learn-
ing (t12 ¼ �1.770, adjusted P ¼ 0.305; t14 ¼ �9.919, adjusted
P < 0.001 for 8- and 24-h retention with abrupt training; t14 ¼
�5.625, adjusted P < 0.001; t12 ¼ �4.574, adjusted P ¼ 0.001,
for gradual training). The change relative to zero was not reli-
able in the noise feedback trials at the beginning of visit 2 for
8- and 24-h with abrupt perturbation (t12 ¼ 0.282, adjusted P¼
1.000; t14 ¼ �1.303, adjusted P ¼ 0.640, respectively) or with
gradual perturbation (t14¼ �1.036, adjusted P¼ 0.952; gradual
24 h: t14¼�2.281, adjusted P¼ 0.116, respectively).

Similarly, in the speech feedback conditions, we also
assessed whether learning and retention were reliably differ-
ent than zero. Participants showed learning that was reliably
different than zero with abrupt perturbation in the 8-h and
24-h conditions (t12 ¼ �5.072, adjusted P ¼ 0.002; t14 ¼
�8.437, adjusted P < 0.001, respectively), and with gradual
perturbation in the 8- and 24-h conditions (t14 ¼ �5.878,

adjusted P < 0.001; t14 ¼ �5.765, adjusted P < 0.001, respec-
tively). Likewise, participants showed retention that was reli-
ably different than zero with abrupt perturbation in the 8-
and 24-h conditions (t12 ¼ �5.542, adjusted P ¼ 0.001; t14 ¼
�3.566, adjusted P ¼ 0.024, respectively). Retention was also
observed with gradual perturbation in both the 8- and 24-h
conditions (t14 ¼ �3.709, adjusted P ¼ 0.018; t12 ¼ �6.616,
adjusted P < 0.001, respectively). Overall, this analysis
showed that while learning was evident both with speech
and with noise feedback, retention was evident only with
speech feedback, and associated speech errors. When speech
was reintroduced during tests of retention, performance
switched abruptly to show adaptation, which indicates con-
textual access to sensorimotor memory.

We also conducted a fine-grained analysis of retention
that focused specifically on the very first bin following the
reintroduction of speech feedback. Specifically, retention
was computed using the average of last two trials of that bin,
that is, the very first two trials following the first speech feed-
back trial. Data beyond 2.5 standard deviations from the
mean were excluded from this analysis (<2% of the total tri-
als across conditions). When analyzed in this way, mean
retention ± SE was 65± 11% and 71± 10% of the asymptote for
abrupt and gradual conditions, respectively. Values were
similar for an analysis of 8- versus 24-h retention (means ±
SE: 71± 11% and 65± 10% of the asymptote respectively).
Statistically, there were no differences in retention across ex-
perimental conditions (no main effect of abrupt vs. gradual
perturbation: F1,54 ¼ 0.157, P ¼ 0.693; no main effect of 8- vs.

Figure 2. Extensive retention and context-based retrieval following speech motor learning. A: percentage change in the first formant (F1) from baseline
during learning and retention. The horizontal dashed line indicates zero percentage change in F1 from baseline. Each solid circle gives the average over
three consecutive trials (1 bin), the shaded region indicates standard error. Vertical gray bars indicate bins with speech-modulated noise feedback.
During the baseline block, these trials were interspersed with nonperturbed trials, but are combined and shown at the end of baseline block for visual-
ization purposes. Insets show initial trialwise data for visit 1 and visit 2. B: retention as a percentage of learning (second bin after reintroducing speech
feedback on visit 2 normalized by average of last 10 bins with speech feedback on visit 1). C: comparison of learning (last bins) and retention (first bins)
with speech feedback (darker shades) and those with speech-modulated noise feedback (lighter shades). �P values less than 0.05.
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24-h retention interval: F1,54 ¼ 0.195, P ¼ 0.660; no interac-
tion effect of perturbation � retention interval: F1,54 ¼ 2.769,
P¼ 0.101).

Since noise feedback typically results in an increase in
speech volume, we conducted an analysis of speech ampli-
tude in noise feedback trials using area under the curve
between voice start and end. We assessed amplitude at four
time points within the experiment during which noise feed-
back trials were used: baseline, end of visit 1, retention test-
ing, end of visit 2. In general, we observed greater amplitude
with noise feedback (mean change from baseline ± SE:
12.43±4.88%). However, there were no consistent differen-
ces in speech amplitude between conditions. Differences in
speech amplitude that could affect the interpretation of the
results would relate to differences between end of learning
on visit 1 and retention. We found that while first formant
frequency values changed during these noise feedback trials
(Fig. 2), speech amplitude values did not (t114 ¼ 1.81, P ¼
0.07, a corrected for multiple comparisons ¼ 0.008). This
argues against the possibility that the formant frequency
patterns related to retention arise as a result of changes in
speech volume.

Changes in the Second Formant during Learning and
Retention

Although the perturbation altered auditory feedback by
changing only the first formant, it is possible that learning to
compensate for the perturbation could lead to changes in
the second formant as well. Consequently, we assessed

whether changes in the second formant occurred in associa-
tion with the applied perturbation. Figure 3A shows percent-
age change in F2 from baseline during both visits, with
passage of time (8- and 24-h conditions) and manner of
introducing the perturbations (abrupt and gradual condi-
tions). The vertical gray bars indicate noise feedback bins.
Although there appear to be differences in F2 for gradual ver-
sus abrupt training regimes in the 24 h condition, overall,
there were no consistent changes in F2 during the two visits.

We assessed statistically whether changes in F2 associ-
ated with learning and retention were reliably different
than zero. Participants showed an increase in F2 at the end
of learning, but only with a gradual perturbation in the 8-h
condition (t14 ¼ 3.214, adjusted P ¼ 0.049). We observed no
change in F2 relative to zero at the end of learning a gradual
perturbation in the 24-h condition, nor with an abrupt per-
turbation in the 8- or 24-h conditions (all jtj < 3.156, all
adjusted P > 0.056). We observed no retention in F2, mean-
ing F2 was no different than baseline, with either an abrupt
or gradual perturbation or in the 8- or 24-h conditions (all
jtj < 2.07, all adjusted P > 0.478). The changes in F2 during
learning relative to baseline were assessed using ANOVA. It
was found that there were no systematic differences in
F2 in the 8- versus 24-h conditions, nor for abrupt versus
gradual introduction of the perturbation (Retention interval:
F1,54 ¼ 0.072, P ¼ 0.788; and Perturbation pattern: F1,54 ¼
0.561, P ¼ 0.457; Retention interval � Perturbation pattern:
F1,54 ¼ 3.850, P ¼ 0.054). Similarly, changes in F2 from the
start to the end of visit 2 did not vary with the retention

Figure 3. Changes in second formant (F2) do not contribute
to first formant (F1) retention. A: percentage change in the
second formant (F2) from baseline during learning and
retention. The horizontal dashed line indicates zero per-
centage change in F2 from baseline. Each solid circle
shows the average value over three consecutive trials
(1 bin) and the shaded region gives the standard error.
Vertical gray bars indicate bins with speech-modulated
noise feedback. During the baseline block, these trials
were interspersed with nonperturbed trials, but are
combined and shown at the end of baseline block for
visualization purposes. B: scatter plots showing correla-
tions between retention of F1 and learning of F1 (bottom
left) or learning of F2 (bottom right). Each solid circle
indicates data from one participant.
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interval nor with the manner of introduction of the pertur-
bation (Retention interval: F1,54 ¼ 0.466, P ¼ 0.497; and
Perturbation pattern: F1,54 ¼ 1.289, P ¼ 0.261; Retention
interval � Perturbation pattern: F1,54 ¼ 0.494, P ¼ 0.485).

The observation of changes in first formant and marginal
changes in second formant frequencies led us to probe the
association of these changes and their potential contribution
to learning and retention. Figure 3B shows scatterplots of the
relation between retention as measured in F1, with learning
observed in F1 (Fig. 3B, top) or learning observed in F2 (Fig. 3B,
bottom). It can be seen that only learning related changes in
F1, but not in F2, account for the observed retention in F1.

These relationships were assessed quantitatively by comput-
ing correlation coefficients. Given that each of our learning and
retention measures were normalized by the same baseline val-
ues (to homogenize the comparisons), we instead computed
learning by subtracting last bin value from the first bin value of
the learning block (speech feedback trials), and retention by sub-
tracting first bin value of visit 2 from the average value of the
baseline block (speech feedback trials). We assessed correlations
involving changes in F1 and F2 during learning and retention
(F1 learning and F1 retention: Pearson r ¼ 0.380, P ¼ 0.003; F1
learning and F2 learning: Pearson r ¼ �0.345, P ¼ 0.007; F2
learning and F1 retention: Pearson r ¼ �0.172, P ¼ 0.196;
F2 retention and F1 retention: Pearson r ¼ �0.02, P ¼ 0.875; F2
learning and F2 retention: Pearson r¼ 0.056,P¼ 0.671; F1 learn-
ing and F2 retention: Pearson r ¼ 0.004, P ¼ 0.973). Among
these, only the relationships between F1 learning and F1 reten-
tion, and between F1 learning and F2 learningwere reliable.

Next, to assess the contribution of changes in the first and
second formants to retention, we used a multiple linear
regression analysis with one dependent variable (retention
in F1), and three predictors (learning in F1, learning in F2,
and retention in F2). The model, overall, accounted for a sig-
nificant amount of the variance in F1 retention (F3,54 ¼ 3.100,
P ¼ 0.034). However, only F1 learning was a significant pre-
dictor of F1 retention (P ¼ 0.009), and not the changes in F2
(during learning: P ¼ 0.739, or during retention: P ¼ 0.874).
Our regressionmodel and correlation analysis thus indicated
that there was no contribution of changes in F2 during learn-
ing and retention to the observed retention in F1.

Speech Motor Learning Leads to an Acoustical Shift into
a Novel Part of the Vowel Space

To understand where in the vowel space the newly learned
movements stabilize, we conducted a control study using
the vowel /Ɛ/ (the same vowel that we tested for in primary
studies), with respect to already well-learned vowels (/æ/
and /I/). In this control study, data were recorded for a base-
line block involving three stimuli (dep, dap, and dip in pseu-
dorandom order) with no perturbation. This block was
followed by a learning block in which the first formant fre-
quency of each repetition of dep was gradually increased to
30%. The question was whether the new learning overlaps
with neighboring vowel or occupies a novel position within
the vowel space.

Figure 4A shows baseline and learning block data for the
vowel /Ɛ/ (dep). The percentage change in F1 relative to base-
line is shown with no perturbation trials to the left of the ver-
tical dotted line and learning trials to the right. Figure 4B

shows mean values for each participant, for vowels /Ɛ/, /æ/,
and /I/ (dep, dap, dip, respectively) during baseline and for
the vowel /Ɛ/ (dep) at the end of learning. The ellipses show
the 95 percentile values for each vowel cluster. The arrows
in Fig. 4, B and C provide a schematic representation of
vector differences between these clusters. Shifts relative to
the vowel /Ɛ/ under baseline conditions are subscripted
BASELINE in the figure and shifts relative to the /Ɛ/ at the
end are learning are subscripted LEARN. Fig. 4, D–F, quanti-
fies the mean direction and magnitude of the individual
acoustical changes. It is seen that the vowel /Ɛ/ (dep) at the
end of learning shifted both in direction and magnitude
from the same vowel during baseline (Fig. 4D). This change
in /Ɛ/ following learning resulted in a vectorial shift of
the vowel /æ/ from /Ɛ/ at the end of learning compared with
that from /Ɛ/ at baseline (Fig. 4E). Similarly, the change in
/Ɛ/ resulted in a vectorial shift of the vowel /I/ from /Ɛ/ at the
end of learning compared with that from /Ɛ/ at baseline
(Fig. 4F). Overall, it can be seen that at the end of learning,
the vowel /Ɛ/ shifts to a region of the vowel space which is
not overlapping with that of previously well-learned vowels
/Ɛ/, /æ/, and /I/.

The acoustical differences in this control study were
tested statistically. The analysis showed that learning a new
speech-acoustical map indeed resulted in an acoustical shift
in /Ɛ/ compared with its baseline (Fig. 4D, vector from /Ɛ/
baseline to /Ɛ/ learning was different in magnitude: t13 ¼
11.889, P < 0.001; and direction: t13 ¼ 15.088, P < 0.001).
Further evidence of this shift, as assessed by vectors from /Ɛ/
to /æ/ at the end of learning versus /Ɛ/ to /æ/ at baseline, was
observed in terms of a shift in vector magnitude (Fig. 4E,
t13 ¼ �5.200, P < 0.001) but not direction (t13 ¼ �1.293, P ¼
0.218). In addition, vectors from /Ɛ/ to /I/ (end of learning vs.
baseline) showed a shift in magnitude (Fig. 4F, t13 ¼ 2.933,
P¼ 0.011) and in direction (t13¼ 4.568, P< 0.001).

Directional analyses of the data shown in Fig. 4, B and C
were repeated using circular statistics via the CircStat
MATLAB toolbox (34). The direction from baseline to end of
learning for /Ɛ/ was different than zero (mean ± SE:
3.12±0.19 radians). The direction from baseline /Ɛ/ to base-
line /æ/ (5.77±0.12) was not different than that from the end
of learning /Ɛ/ to baseline /æ/ (5.92±0.07). However, the
direction from baseline /Ɛ/ to baseline /I/ (2.34±0.02) was
different than that from end of learning /Ɛ/ to baseline /I/
(2.03±0.05 radians). There were no differences in outcome
between the analysis reported earlier and that conducted
using circular statistical methods. Taken together, these
analyses are consistent with the idea that speech motor ad-
aptation leads to a consistent shift in speech acoustics into a
novel space different than that occupied by already learned
neighboring vowels.

Tests with circular statistics were repeated using the adap-
tation data from the main experimental manipulation. The
focus was on the direction of the speech acoustical shift from
baseline to end of learning for /Ɛ/, as this vowel was tested
both in the main experiment and the control study. In an
overall comparison, which pooled data over all experimental
conditions, it was found that there was no difference in
the direction of shift between the two studies (F1,70 ¼ 2.55,
P ¼ 0.11). The observed direction of shift was 3.12±0.19 radi-
ans, for the control study (mean ± SE), and 2.83±0.05 radians
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in the main study. Additional tests were conducted between
the control condition and the individual directions observed
in each of the gradual versus abrupt perturbation, and 8- ver-
sus 24-h retention interval conditions. None of these differen-
ces reached statistical significance (P > 0.05 in all cases).
Thus, the angle of change in F1/F2 space was not found to dif-
fer between themain study and the control. This suggests that
the findings from the control study, a shift toward a novel part
of the vowel space following speech motor learning, likewise
apply to themain experimental manipulation.

DISCUSSION
The primary goal of this study was to investigate whether

the human speech-auditory system could serve as a model
to probe sensorimotor memory retention and retrieval.
Specifically, we assessed the durability, and memory access
characteristics of newly acquired speech-acoustical memories
in the context of speech-motor learning. Separate experimen-
tal conditions involved participants learning to compensate
for a 30% increase in their first formant (F1) frequency

following either an abruptly or gradually introduced perturba-
tion and then returning for a test of retention either 8- or 24-h
later. We observed that there was extensive retention of the
new learning after both 8- and 24-h (�70% retention) (Fig. 2).
The speech memories were insensitive to the manner of ac-
quisition (gradual vs. abrupt shifts in auditory feedback)
(Fig. 2). Furthermore, by introducing speech-modulated noise
feedback trials, we observed degraded retention in the pres-
ence of noise followed by an abrupt switch to an adapted state
when speech error feedback was made available. This indi-
cates that two modes of speech processing exist in parallel,
one corresponding to habitual speech and the other to
adapted speech. The availability of speech auditory feedback
acts as a switch to change from the habitual to the adapted
state (Fig. 2). Moreover, the changes that we observe from one
trial to the next are an order of magnitude greater than the
single-trial learning estimates reported in previous work (33).
This extremely rapid transition toward asymptotic values af-
ter speech was reintroduced is consistent with the idea that
these trials capture retention of learning as opposed to
relearning (see Fig. 2A, insets). In addition, as seen in a control

Figure 4. New learning stabilizes within a novel region of the vowel space. A: percentage change in first formant frequency during learning. Each bin
consists of an average over three consecutive trials. Baseline data (16 bins) until the vertical dashed line, followed by a learning block (75 bins) in which
the first formant frequency is shifted up. All utterances here are for the stimulus “dep.” The horizontal dashed line indicates 0% change relative to base-
line. B: map of the vowel space for /Ɛ/ (dep), /æ/ (dap), /I/ (dip) during baseline and for /Ɛ/ (dep) at the end of learning. Each solid circle represents aver-
aged data for 50 trials of that vowel for one participant; each ellipse marks the 95-percentile boundary for a given vowel. Arrows represent changes
relative to /Ɛ/ with the convention that the arrow points to the vowel which is represented by the letter. The subscript indicates the experimental condi-
tion (e.g., ABASELINE or ALEARN). C: polar plot showing vectors from baseline of /Ɛ/ (dep) to each vowel and from /Ɛ/ following learning to /æ/ and /I/.
Numbers around the circle indicate direction in degrees and the magnitude is indicated by smaller to larger circles. D: comparison of direction and mag-
nitude of vectors from /Ɛ/ (dep baseline) to /Ɛ/ (dep at the end of learning). E: comparison of vectorial direction and magnitude from /Ɛ/ (dep baseline) to
/æ/ (dap baseline) vs. /Ɛ/ (dep following learning) to /æ/ (dap baseline). F: comparison of direction and magnitude of vectors from /Ɛ/ (dep baseline) to /I/
(dip baseline) vs. /Ɛ/ (dep following learning) to /I/ (dip baseline). For plots D–F, each solid circle of similar color indicates the value for each participant
and �P values less than 0.05.
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study, the new learning stabilized in a novel part of the sound
space that did not overlap with the acoustical placement of
neighboring vowels (Fig. 4). In summary, this study shows
that just a single session of speech acoustical learning results
in extensive retention, which is unaltered following an over-
night delay, and reveals the contextual dependence of these
memories on speech acoustical feedback.

Retention and Contextual Retrieval of Speech-
Acoustical Memories

Speech motor learning through perturbation of various
speech parameters has been shown previously. For instance,
perturbation of vowel frequency, pitch, vowel duration, and in-
tensity has been shown to elicit corrective learning responses
(13, 14, 16–18). However, the durability of the learned responses
was unknown. Since washout of the new learning might occur
outside of laboratory settings as participants engage in conversa-
tions, it is possible that speech-motor learning following a single
session could be a transitory phenomenon such that no record
of learning may exist later. Findings from the current study
argue against this possibility, establishing the durability of the
new learning after a single session. The new speech-acoustical
memory was durable when assessed 8 h following learning.
Retention following 24 hwas equivalent to that observed follow-
ing 8 h, indicating no offline sleep-dependent gains.

The present findings of incomplete learning yet near com-
plete retention in the case of speech stand in contrast to find-
ings in the work on limb movement, in which adaptation is
complete, as is retention when tested following a delay (35–
37). Incomplete learning in speech adaptation may be attrib-
utable to imprecise speech-acoustical targets and the lack of
explicit processes for error compensation (38, 39). Speech
and limb movement differ in the extent of retention when
probed without feedback. In the present study, we observed
almost no retention whatsoever when speech feedback was
masked with noise, whereas in limb movement, substantial
retention is observed even in the absence of visual feedback
(40). This suggests that speechmemory is heavily dependent
upon auditory feedback while memory for upper limbmove-
ment is significantly somatic.

A notable aspect of the current findings is the dependence
of speech-acoustical memory retrieval on the availability of
error information in auditory feedback. The role of feedback
was assessed in the present study by introducing noise feed-
back trials at different points in the experimental sequence.
Noise feedback trials have been considered essential for the
assessment of the extent of adaptation in the speech-motor
learning literature as they provide a measure of feed-forward
control, that is, a measure of performance in the absence of
online corrections (13, 41, 42). Consistent with these studies,
our findings show adaptation by introducing noise feedback
trials at the end of learning. However, noise feedback substan-
tially underestimated the extent of retention when introduced
at the very beginning of visit 2 either 8- or 24-h later. Thus,
the new speech-acoustical memories were accessible in
conjunction with noise feedback only when tested imme-
diately after learning, but not 8-h later. Nevertheless, these
memories were present and retrievable one trial after the
reintroduction of speech feedback and resulting speech
errors at the very start of visit 2, indicating the contextual

dependence of memory retrieval on the availability of
speech error feedback.

The finding that a context cue enables access to the speech
acoustical memory is consistent with findings in the limb
motor literature (43). In the present study, limited retention
was observed in the presence of noise feedback trials, whereas
near complete retention of prior learning was evident imme-
diately upon the reintroduction of speech auditory feedback.
In work on upper limb movement, in tests of after-effects fol-
lowing force field adaptation, retention was observed when
participants held the robotic handle, whereas there was no
evidence of retention when participants performed after-
effect movements without the robotic handle. Thus, in both
cases, evidence of retention is context-specific. In speech,
with the passage of time after initial learning, speech sounds
return to their habitual state, as observed with noise feedback
trials at the beginning of the retention test. However, with the
introduction of speech-auditory feedback, it is evident that
there is near-complete retention of prior learning. Thus, the
adapted learning exists in parallel with the habitual state and
is accessible with the appropriate context.

It is possible that the stabilization of the new learning in a
novel region within the vowel space could provide the dis-
tinctiveness needed to separate the adapted state from the
vowel space of habitual speech. This separation could, in
turn, provide a reference that, in conjunction with speech
feedback, enables a rapid switch back to the adapted state.

Retention of newly acquired sensorimotor memory has
been consistently observed in studies involving limb move-
ment (25, 35, 36, 44). The dependence of retention of sensori-
motor memory on time elapsed since acquisition and upon
sleep has been considered in several limb motor studies (20,
21). In particular, the role of sleep in enhancing consolida-
tion of sensorimotor memory has been proposed to be de-
pendent on the amount of practice and the task under
investigation (20, 21). For instance, sleep-dependent gains in
motor performance were greater in a visual search task hav-
ing fewer trials during practice when compared with that
with more trials (45). Although sleep is known to enhance
retention in a sequential finger-tapping task (46), sleep-de-
pendent consolidation was shown to occur only for a sequen-
tial finger-tapping task but not for a visuomotor adaptation
task (47). In contrast, a wakeful resting interval of only
10 min following learning was shown to enhance motor per-
formance to a level that was at par with performance
observed following uninterrupted and fragmented sleep epi-
sodes for a finger-tapping task (47). In the case of force field
adaptation, participants deprived of sleep for 24 h following
learning of a force field showed retention similar to those
who underwent routine sleep following the learning task
(48), all of which indicate that the consolidation of proce-
dural memory is highly task dependent. Findings from our
study further extend support to the notion that consolida-
tion in the context of new speech-acoustical memories is de-
pendent on passage of time but not necessarily sleep.

Speech Motor Learning May Stabilize in a Novel Region
of the Acoustical Space

The control study showed that the speech motor learning
paradigm in the present article led participants to produce a
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new vowel that did not overlap with well-learned vowels in
the acoustical neighborhood. This finding is in contrast with
that observed by Daliri et al. (49) who reported a response to
perturbation along an axis defined by well-learned neighbor-
ing vowels rather than directly opposite to the perturbation.
Differences in experimental design may account for this. In
particular, Daliri et al. (49) focused on assessing the compen-
satory response by examining formant data toward the end of
a prolonged vowel production (�400ms), which they show to
be influenced by online auditory feedback-driven processes.
The use of online feedback presumably underlies the align-
ment of vowel production with the perceptual targets of the
existing neighboring vowels. This could be observed in that
report by changes in both F1 and F2 frequencies in the later
phase of a prolonged vowel. In contrast, the present study was
primarily designed to probe the feedforward component
within the early phase of vowel generation to assess speech-
motor learning. This process presumably taps into a low-level
sensorimotor correction opposite in direction to the applied
perturbation. In an experimental design comparable with the
one in this study, Lametti et al. (50) showed changes in F1 and
F2 frequencies quite similar to our findings. That is, the dis-
tance decreased between the newly learned vowel production
and neighboring vowels, apparently suggesting the alignment
of newly learned vowel with nearby vowels. However, the
direction of this change, both in our data and in Lametti et
al.’s, is altered such that the new production does not overlap
with existing vowels. This supports the idea that following a
similar speech-motor learning paradigm, participants are led
to produce new vowel sounds.

One methodological issue was the use of pseudowords as
opposed to real words in the present study. This was done in
part to reduce interference with new learning from routine
speech outside of the laboratory. It was also done to restrict
possible semantic involvement during learning and to
ensure that the participants learned novel speech motor
plans rather than altering pre-existing ones in the process.
Although it is unclear whether this degree of retention would
be observed had we chosen to use real words, the present
findings show that almost complete retention of prior learn-
ing is possible in the context of audio-motor adaptation.

To conclude, we establish that a single session of speech
motor adaptation involving formant perturbation leads to reten-
tion of learning 8 h later that is unaltered 24-h following acquisi-
tion. At both delays, the retention is almost entirely complete,
and no offline gains in retention are observed. Speech acoustical
memories are found to be insensitive to the manner of their ac-
quisition (abrupt vs. gradual). In addition, the retrieval of these
memories is context-specific and dependent upon the availabil-
ity of speech error feedback. These findings open avenues for
the investigation of retention of speech-motor learning that
may be used to probe speech-acoustical memories in intact and
neurologically compromised nervous systems.
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