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Ito T, Bai J, Ostry DJ. Contribution of sensory memory to
speech motor learning. J Neurophysiol 124: 1103–1109, 2020. First
published September 9, 2020; doi:10.1152/jn.00457.2020.—Speech
learning requires precise motor control, but it likewise requires
transient storage of information to enable the adjustment of upcoming movements based on the success or failure of previous attempts.
The contribution of somatic sensory memory for limb position has
been documented in work on arm movement; however, in speech,
the sensory support for speech production comes from both somatosensory and auditory inputs, and accordingly sensory memory for
either or both of sounds and somatic inputs might contribute to
learning. In the present study, adaptation to altered auditory feedback was used as an experimental model of speech motor learning.
Participants also underwent tests of both auditory and somatic sensory memory. We found that although auditory memory for speech
sounds is better than somatic memory for speechlike facial skin
deformations, somatic sensory memory predicts adaptation, whereas
auditory sensory memory does not. Thus even though speech relies
substantially on auditory inputs and in the present manipulation adaptation requires the minimization of auditory error, it is somatic
inputs that provide the memory support for learning.
NEW & NOTEWORTHY In speech production, almost everyone
achieves an exceptionally high level of proficiency. This is remarkable because speech involves some of the smallest and most carefully timed movements of which we are capable. The present paper
demonstrates that sensory memory contributes to speech motor learning. Moreover, we report the surprising result that somatic sensory
memory predicts speech motor learning, whereas auditory memory
does not.
altered auditory feedback; auditory memory; somatosensory memory; speech motor adaptation

INTRODUCTION

The need to briefly retain information about prior movements
and states is central to motor skill acquisition as it permits corrections and adjustments from one movement to the next, over
the course of learning. This need is particularly clear in speech
motor learning, which occurs without visual guidance and is
thus potentially reliant on both auditory and somatic sensory
memory. The involvement of sensory memory in motor learning
has been reported in the context of upper extremity movements
(Anguera et al. 2010; Bo et al. 2011; Bo and Seidler 2009;
Christou et al. 2016; Sidarta et al. 2018). However, little at all is
Correspondence: T. Ito (takayuki.ito@gipsa-lab.grenoble-inp.fr).
www.jn.org

known about the contribution of sensory memory storage in
relation to speech motor learning (Guo et al. 2017).
The transient retention of information, on the order of seconds or less, is required during motor learning to enable us to
repeat successful movements and avoid repeating errors.
Retention on this time scale has been reported for each of auditory, visual, and somatic sensory memory (Bliss et al. 1966;
Crowder 1982; Gilson and Baddeley 1969; Sperling 1960). This
brief retention of information can be distinguished from the
short-term retention of learning, which lasts on the order of
hours and precedes more durable storage of consolidated
motor memory (Brashers-Krug et al. 1996). A number of studies of upper-limb movement have focused on this transient
storage and its relationship to learning. Visuospatial memory
capacity was found to correlate with the rate of sequence learning and visuomotor adaptation (Bo et al. 2011; Bo and Seidler
2009). In adaptation learning, this relationship may be dependent on explicit strategies and cognitive factors since it was
found to be present when perturbations were introduced abruptly
but not with gradually introduced perturbations that reduce
awareness of the perturbation and the likelihood of using explicit
strategies (Christou et al. 2016). In work on reinforcement learning, in which participants’ memories were assessed for their own
previously produced movements, it was found that retention was
transient and effectively limited to about the single most recent
movement, but nevertheless individual differences in memory
capacity were correlated with the overall magnitude of learning
(Sidarta et al. 2018). Taken together, these studies indicate that
better sensory memory is associated with better learning and are
consistent with the idea the transient storage of sensory information contributes directly to motor learning.
Transient retention of either one or both of auditory and somatosensory information is necessary for speech motor adaptation in
which learning requires trial-to-trial adjustments to motor commands to deal with error. Auditory and somatic sensory memory
might both contribute to learning. Somatic memory may help
speakers tolerate somatic errors, which is necessary for adaptation
to altered auditory feedback. Auditory memory may contribute to
the repetition of utterances that sounded right on the previous
trial. In the present study, we tested the hypothesis that sensory
memory supports speech motor learning. Better memory performance should predict better learning, and accordingly the sensory dimensions on which a relationship is observed indicate the
sensory basis of learning. We assessed adaptation to altered auditory feedback in speech and in the same subjects obtained
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estimates of sensory memory for speech sounds and for orofacial
somatic inputs. As has been reported previously, we (Lametti et
al. 2012) found that speakers showed varying degrees of adaptation to altered auditory feedback. We also found that auditory
sensory memory was better than somatic sensory memory.
However, both kinds of memory were limited in capacity. The
key finding was that differences in somatic sensory memory predicted learning, whereas auditory sensory memory did not. This
is consistent with the idea that even though speech communication is auditory in nature, somatic inputs are central to speech
motor learning.
MATERIALS AND METHODS

Subjects and procedure. The protocol for this experiment was
approved by the local ethical committee of the Université Grenoble
Alpes [Comité d’Ethique pour la Recherche, Grenoble Alpes (CERGA:
Avis-2018-12-11-4)]. Twenty-one native speakers of French (nine
women, ages 18–35 yr) were tested. Subjects reported no impairment
of hearing or speech and signed the corresponding consent form.
We carried out three separate tests to examine performance in
speech motor adaptation and sensory memory. Separate tests of auditory and somatosensory memory were conducted. We examined the
correlation between speech motor adaptation and sensory memory
performance.
Task utterances. We focused on the vowels /é/-/ɛ/-/a/, which are
acoustically and articulatorily neighbors. In the acoustic domain, vowel
sounds are characterized by vocal tract resonances known as formants
that are peaks in the spectrum of speech sounds. The lowest two formants (F1 and F2) are most important in distinguishing different vowels. For the vowels in the present study, as we pass from /é/ to /ɛ/ to /a/,
the value of F1 is increased, and F2 is decreased in a nearly linear fashion. Articulatorily, those acoustic changes are achieved mainly by
changing the vertical position of the jaw and tongue. The production of
/é/ requires the highest position of the jaw and tongue (the narrowest
vocal tract constriction). The articulator positions gradually change in a
downward direction from /é/ to /ɛ/ and /a/. The experimental manipulations focused on the middle sound of /ɛ/ since this sound can be altered
acoustically and articulatorily in both directions (to /é/ or to /a/) in
speech production. In the speech motor adaptation task, we used the
French utterance /tɛ/, “taie” (pillow cover in English), for which the
vowel sound is similar to that used previous studies (Purcell and
Munhall 2006; Rochet-Capellan and Ostry 2011). In the auditory memory task, we tested four variants of the /tɛ/ sound on a synthesized

continuum between /é/ and /a/ as described below. In the somatosensory memory task, we tested four different amplitudes of facial skin deformation along a vertical axis. We chose this direction as it
corresponds to the vertical articulatory dimension that is dominant
across vowels used here, as noted above. As shown previously, this
manipulation provides articulatory information related to the direction
of skin deformation (Ito et al. 2009; Ito and Ostry 2010, 2012).
Speech motor adaptation task. We used altered auditory feedback to
assess adaptation to speech sounds altered in real time (Fig. 1A).
Subjects were instructed to produce the utterance /tɛ/ in response to a
visual cue. An intertrial interval was varied between 1 and 2 s to prevent anticipation of the start of each trial.
The altered auditory feedback manipulation used the Audapter software developed by Cai et al. (2011). Subjects wore a headset (AudioTechnica BPHS1) and spoke into a microphone on the headset. Audio
signals were digitally sampled at 44,100 Hz using a universal serial bus
audio interface (Steinberg UR22mkII) and then downsampled at
11,025 Hz to reduce processing time by the software. The software
extracts the first and second formants using linear predictive coding.
The sounds produced by the subject and those played back to subjects
were both recorded, as were the extracted formants. The extracted formats were used in the analysis described below. In the altered feedback
manipulation, we systematically decreased the frequency of the first
formant alone so as to change the sound played back to the subject to
something in the direction of /té/ (see an example of formant change in
Fig. 1A). Our expectation was that adaptation would result in utterances
that sound more like /ta/ and have associated increases in the formant
frequency of the produced sound. The maximum shift was set on a persubject basis to 15% relative to their first formant frequency. The sound
volume of the auditory feedback was increased to a fixed value that
was maintained over the adaptation trials and served to minimize the
contribution to the signal at the cochlea of unaltered airborne and boneconducted speech. A 70-dB masking noise was also added to the signal
at the headphones.
The initial 30 trials provided a baseline phase with no auditory feedback alteration. Over the next 50 trials, the first formant frequency in
the auditory feedback signal was gradually decreased (ramp phase).
The maximum frequency change was then maintained for the following
50 trials (hold phase). The auditory feedback signal was abruptly
returned to normal in the last 20 trials (aftereffect phase).
Sensory memory test. We carried out memory tests of audition and
somatosensation separately (Fig. 1B). Both tests involved the same procedure. The subject’s task was to identify whether a test stimulus was
included in a previously presented 2-item memory set. The test item
and memory set stimuli were chosen from a fixed set of 4 sensory
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stimuli. On each trial, 2 of the 4 were chosen as the memory set, and 1
of the 4 was chosen as the test stimulus. Stimulus sequence is represented at the bottom of Fig. 1B. All possible combinations of the 4 stimuli (48 combinations) were tested in random order and repeated 4 times
each. One hundred ninety-two trials were recorded in total. The interstimulus interval was set at 500 ms throughout.
For the auditory memory tests, we chose 4 stimuli from a 19-step
synthesized continuum extending from /té/ through /tɛ/ to /ta/. The continuum was generated by dividing the first and second formant frequencies between /té–tɛ/ and /tɛ–ta/ in equal parts. The continuum was
based on recordings of /té/, /tɛ/, and /ta/ spoken by a native male French
speaker. The stimuli were numbered from 1 to 19 (1 = té, 10 = tɛ, and
19 = ta). The average difference between any two sequential synthesized utterances was 16.5 Hz for the first formant (3.3% change relative
to F1 in /ɛ/: 506.5 Hz) and 35 Hz for the second formant (2.0% relative
to F2: 1,754.6 Hz). Since the speech utterance used in the adaptation
task was /tɛ/, we selected as auditory memory stimuli a set of four
auditory stimuli near to /ɛ/ (nos. 7, 9, 11, and 13). Previous work has
shown that discrimination thresholds are 14 Hz for F1 and 31 Hz for
F2 (Kewley-Port and Watson 1994). The difference between adjacent stimuli in the memory test (33 Hz in F1 and 70 Hz in F2) was
well above the threshold for vowel discrimination. In a separate control test, we verified that the memory test stimuli were readily discriminable (see RESULTS).
For the somatosensory memory test, we applied facial skin stretch
using a robotic device (Phantom 1.0; SensAble Technologies; see Fig.
1B.1 for an example view of setup). The details of somatosensory stimulation setup are described in a previous study (Ito et al. 2009). Briefly,
plastic tabs (2  3 cm) were attached on the skin lateral to the oral angle
on each side of the face. These tabs were connected to the robotic device through thin wires. The wires were supported by wire supports to
avoid contact with the facial skin. The skin was stretched when the
robotic device applied force to the wires. The temporal profile of the
applied force was a single cycle of a 3-Hz sinusoid. Since the vowels in
the auditory memory test can be distinguished by their vertical elevation (during production), we applied the skin stretch in an upward direction and varied the stretch magnitude. We chose four stimuli with
different peak amplitudes (0.55, 0.85, 1.15, and 1.45 N). The 0.3-N difference between adjacent skin stretch stimuli was selected to be readily
discriminable, based on a previous finding in which sequential skin
stretch stimuli separated by 0.2 N produced a 90% discrimination rate
(Ito and Ostry 2012).
Experimental procedure. We carried out the speech motor adaptation task at the beginning of the test session followed in order by the
somatosensory memory test and the auditory memory task. The fact
that auditory sensory memory was found to be better overall than somatic sensory memory (see below) suggests there was no fundamental decrement in memory processing that occurred as result of the
testing order (see RESULTS for additional control study). The same auditory setup was used both for the speech motor adaptation and auditory memory task, although masking noise was not used during the
memory test. In the adaptation task, subjects were instructed to
repeat aloud the French word taie. In the memory tests, following
stimulation, subjects were instructed to indicate whether the test
item was in the memory set.
Data analysis. Performance in altered auditory feedback training
was evaluated using changes in the first formant frequency of the produced vowel over the course of the training. The formants in each trial
were obtained by taking an average over a time window of 31.9 ms,
which was centered on the root-mean-square peak of the vowel. We
focused on the first formant since the frequency shift was applied in it.
The obtained formants were normalized by dividing by a baseline measure for which we used the mean value over the last 10 trials of unaltered feedback (21st to 30th trials). The amount of adaptation was
quantified by averaging the normalized amplitude at the end of the hold
phase (average of the last 10 trials) and at the beginning of the aftereffect phase (average of the first 10 trials).
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We assessed adaptation on a per-subject basis by conducting 1-tailed
t tests with a = 0.05 on the mean of the trials in the baseline phase and
those at the end of the adaptation phase. As in previous studies
(Lametti et al. 2012), we found that 30% of the subjects did not adapt
to the auditory feedback manipulation.
We quantified performance in the sensory memory task on a persubject basis using the sensitivity index, d 0 (Macmillan and Creelman
2004), which provides a composite performance measure that combines
the proportion of times that a subject correctly responds that the test
stimulus was in memory set (hit rate) and the proportion of cases in
which a nonmemory set item is incorrectly labeled as being part of the
memory set (false alarm rate).
Correlation analyses were carried out with Pearson product moment
correlation coefficient to examine the relationship between the amount
of the adaptation and performance in each of the auditory and somatosensory memory tests.
RESULTS

We will consider first speech motor learning performance in
the altered auditory feedback manipulation. To clarify the patterns of adaptive behavior, we divided subjects into 2 groups,
adapted and nonadapted, and averaged within each group.
Based on a per-subject analysis using t tests, 14 of 21 subjects
(66%) were categorized as adapting with performance at the
end of training reliably different from baseline. This percentage
is consistent with previous studies of adaptation in speech motor
learning in which 60–80% of subjects adapt (Lametti et al.
2012). Figure 2A shows the averaged change in the produced F1
frequency over the course of training. The amplitude of the
effect at the end of the training and aftereffect phases are summarized in Fig. 2B. As in previous studies, the averaged F1
changes in adapted group showed a gradual change over the
ramp phase, and the maximum change was maintained during
the hold phase. In contrast, the nonadapted group showed no
change in F1 over the course of the training trials. F1 at the end
of the training was significantly different between these two
groups by two-tailed Welch t test [t(18.9) = 6.60, P < 0.001].
The change in F1 was reliably different from the baseline value
of 1 in the adapted group [t(13) = 8.91, P < 0.001] but not in the
nonadapted group [t(6) = 1.10, P = 0.32]. In aftereffect phase,
although the mean F1 in adapted group slightly returned toward
the baseline value, the difference between the two groups
remained reliable [t(14.6) = 3.38, P < 0.01], and the change in
F1 was greater than the baseline value of 1 in the adapted group
[t(13) = 4.67, P < 0.001] but not in the nonadapted group [t
(6) = 0.422, P = 0.69]. These tests were also conducted across
all subjects together. The change in F1 was reliably different
from the baseline value of 1 following adaptation [t(20) = 5.76,
P < 0.001] and remained different from baseline in the aftereffect phase [t(20) = 3.18, P < 0.01].
Sensory memory was evaluated with a commonly used measure of sensitivity, d 0 . Mean d 0 across subjects for the auditory
memory task was 1.15 6 0.07 (SE), and d 0 for the somatosensory memory task was 0.91 6 0.06 (SE; Fig. 3B). A paired t test
showed significantly greater memory performance in the auditory memory task [t(20) = 2.64, P < 0.02]. Thus somatosensory
memory performance was worse than auditory memory performance in the current comparison.
In the correlation analyses, we found a reliable positive correlation between somatosensory memory and speech motor adaptation (r = 0.52, P < 0.02). Participants with better somatic
memory showed greater adaptation. The correlation between
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auditory memory and adaptation was not reliable (r = 0.08, P >
0.7). There was no correlation between auditory and somatosensory memory performance (r = 0.016, P > 0.9). Figure 3A
shows scatter plots, regression lines, and 95% confidence intervals for all comparisons. The results suggest a contribution of
somatosensory working memory to speech motor adaptation.
Although the difference in formant values between any two
adjacent auditory stimuli that were used in the memory test was
well above the discrimination threshold reported in the previous
studies (Kewley-Port and Watson 1994), the lack of a correlation between auditory memory and learning may be due to a
problem in discriminating the stimuli that we used for the memory test. To assess this possibility, we ran a control study in
which we examined whether our stimuli are discriminable by
testing discrimination performance using an ABX procedure.
The subjects tested using this procedure were asked to indicate

Aftereffect

whether stimulus X was the same as either stimulus A or stimulus
B. We tested all possible pairs of the 4 stimuli that we used in
the memory test. The correct performance rate for adjacent stimulus pairs averaged across 15 subjects was 0.75 6 0.019 (SE).
The average proportion correct was 0.96 6 0.010 (SE) for all
other pairs. The proportion of correct responses was clearly
above chance, although the rate for correct response with the adjacent stimulus pair was significantly smaller than the rate
obtained in all other pairs [t(14) = 13.2, P < 0.001]. We thus
concluded that the auditory stimulus pairs used in the memory
test were discriminable, and this was not the cause of the lack of
correlation between auditory memory and learning.
As a further control, to rule out the possibility that the order
of perceptual testing affected measures of auditory sensory
memory, we repeated the auditory memory test on its own. Ten
native French speakers were tested. The obtained d 0 was
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1.20 6 0.12 (SE). This was not significantly different from the
value of 1.15 6 0.07 (SE) in the main test described above [t
(15.3) = 0.37, P > 0.7]. This suggests that the auditory memory
score was not biased by the order in which the tests were
conducted.
DISCUSSION

The present study tested for the involvement of sensory memory in speech motor learning using adaptation to altered auditory
feedback as an experimental model of learning. We carried out
within-subject tests in which we obtained measures of adaptation along with both somatic and auditory sensory memory with
the goal of assessing their relative contributions to learning. The
stimuli used in the memory task were discriminable, but the task
was intentionally difficult, to simulate the often subtle differences between correct and incorrect movements and sounds that
normally occur during speech motor learning. We found that
overall, subjects’ auditory sensory memory was better than their
somatic sensory memory. Sensory memory scores were uncorrelated. As has been reported previously, the magnitude of adaptation to altered auditory feedback varied substantially (Lametti
et al. 2012). Somatic memory scores predicted the amount of
adaptation, whereas auditory memory scores did not.
The results are consistent with the substantial involvement of
the somatosensory system in speech motor learning, and this is
a main finding of the present study. The findings complement an
accumulating body of evidence that points to the contribution of
the somatosensory system to both speech learning and its control (Darainy et al. 2019; Feng et al. 2011; Ito et al. 2016; Ito
and Ostry 2010; Jones and Munhall 2003; Tourville et al. 2008;
Tremblay et al. 2003, 2008). It has been shown previously that
perturbations to the somatosensory system during speech movements result in online adjustments to movement (Abbs et al.
1984; Folkins and Abbs 1975; Honda et al. 2002; Ito et al.
2020). There is a somatic contribution to learning that is seen in
response to predictable somatosensory errors during adaptation
and occurs even in the absence of auditory feedback (Baum and
McFarland 1997; Brunner et al. 2011; Feng et al. 2011; Hamlet
et al. 1976; Ito and Ostry 2010; Jones and Munhall 2003; Nasir
and Ostry 2006, 2008; Savariaux et al. 1995; Tremblay et al.
2003, 2008). Individuals differ in their reliance on auditory versus somatosensory information for adaptation (Lametti et al.
2012). There are also speech-learning-related changes to somatosensory areas of the brain (Darainy et al. 2019; Ito et al.
2016). The dependence of speech, which is fundamentally
acoustic, on somatic information presumably arises over the
course of learning. Individual movements even in the absence
of perturbations result in correlated auditory and somatosensory
feedback. This presumably contributes to the acquisition and
retention of what can be termed somatic targets or goals or
expectations for movements in addition to expectations regarding the associated sounds. This would account for changes to
both somatic areas of the brain in the course of speech motor
learning and to movement during speech as a result of somatosensory perturbations.
The involvement demonstrated here of somatic sensory memory in speech motor learning does not rule out the potential participation of auditory sensory memory in other speech-learningrelated tasks. The adaptation task used here may be relatively
insensitive to the contribution of auditory memory. Adaptation
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to altered auditory feedback requires a speaker to tolerate somatic error to make the stimuli sound right. Accordingly, to
sound right, somatic error is generally large when auditory error
is small. Thus it could be expected that speakers with better somatic memory are better able to tolerate somatic error to produce movements that minimize the error in the target sounds.
An experimental model such as second-language learning may
be better able to equate somatic and auditory discrepancies that
occur over the course of learning.
A number of previous studies have assessed the relation
between sensory memory and aspects of movement production.
In the context of speech, Ranasinghe et al. (2019) examined the
relationship between reflex compensation for pitch perturbation
and measures working memory performance in patients with
Alzheimer’s disease and found that deficits in pitch compensation were related to those in memory performance. More information on this relation comes from work on upper-limb
movement, in which differences in sensory memory between
individuals have shown to be related to individual differences in
learning in adaptation, sequence learning, and reinforcement
learning tasks (Bo et al. 2011; Bo and Seidler 2009). In limbmovement studies, the extent to which the memory support for
learning engages cognitive mechanisms is unknown. One previous study showed a possible dependence of the relationship
between memory and motor learning situations in which explicit
strategies might play a role (Bo et al. 2011; Bo and Seidler
2009).
In the present study, the auditory shift was introduced gradually to minimize subject awareness of the perturbation with the
goal of assessing implicit learning processes. Abruptly introduced auditory perturbations have also been used in speech adaptation studies. These result in clearly detectable acoustic
changes and presumably tap into any cognitive strategies
(explicit learning) as well as implicit learning processes.
However, there are few differences in the magnitude of adaptation under these conditions, compared with adaptation observed
to gradually introduced shifts (Keough et al. 2013; MacDonald
et al. 2010). Moreover, even when subjects are instructed to
ignore altered auditory feedback, they are unable to do so
(Keough et al. 2013; Munhall et al. 2009). This suggests abrupt
perturbations are unable to engage learning processes other than
those involved in gradually introduced loads, and, in turn, this
suggests that the relationship observed here between learning
and sensory memory likely taps into implicit elements of the
learning process.
The present paper uses measures of overall sensory memory
capacity rather than memory as it relates to trial-to-trial learning.
This same approach has been taken in studies that have examined
the relationship between upper-extremity movement and human
motor learning (Anguera et al. 2010; Bo et al. 2011; Bo and
Seidler 2009; Christou et al. 2016). We know of only one study
(Sidarta et al. 2018) in which the relationship between self-produced movements and learning is examined. This study tested
memory by periodically doing it over the course of learning by
using a robot to passively play back candidate movements and
then asking subjects to judge whether the displacement produced
by the robot was to the right or the left of a movement they had
just produced. As in other reports, memory correlated positively
with learning performance. This same approach could be applied
in the context of speech motor learning, at least to test for memory for produced sounds, and would be a worthwhile undertaking
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in future studies. However, directly comparable tests for somatic
sensory memory in speech would be difficult if not impossible
because of the challenge of transducing the original movements
(in the case of the facial skin or tongue) and the inability to
mechanically displace structures such as the jaw. The present scientific question required measures of both auditory and somatic
memory, and accordingly we chose composite measures rather
than trial-by-trial assessments.
It is presently unknown whether the sensory memory support
for learning is within areas of the brain that are engaged in the
learning process itself. The idea that local, region-specific memory processes contribute to learning is consistent with work by
Romo and de Lafuente (2013), who have shown that somatic
memory and decision making occur over a wide range of areas
with parietal and frontal cortex, which include second somatosensory cortex, ventral premotor cortex, supplementary motor
area, and ventrolateral prefrontal cortex. However, the large literature on hippocampal involvement in memory and on dorsolateral prefrontal cortex in a variety of tasks involving retention
suggests a dissociation may be possible. Whether local sensory
memory or a separate sensory store enables speech learning is
currently unknown.
The sensory memory tasks reported in this study were both
run after adaptation to avoid possible effects on sensory memory
testing on learning. The somatic memory task was run first for
methodological reasons to provide subjects with a break during
the setup of the skin-stretch apparatus before the memory tests.
Although the order effect is a limitation and could have affected
the correlation, the fact that auditory memory is better than
somatosensory memory suggests that the order of testing has
not degraded auditory memory. As a control, we repeated auditory memory tests on their own. The obtained auditory sensory
memory magnitude was similar to that in the main study, which
suggests that the testing order did not introduce bias.
A test was conducted to evaluate the discriminability of the
auditory stimuli that were used in the sensory memory test. The
goal was to rule out the possibility that auditory sensory memory failed to correlate with adaptation because, on some dimension, the stimuli were not discriminable (even though auditory
memory was better). A control study was not run for the somatosensory condition because it was found be correlated with
learning (so there was no failure to explain). Moreover, in other
work, we (Ito and Ostry 2012) had already reported tests showing that skin-stretch magnitudes even less than those used in the
present study were readily discriminable.
GRANTS
This work was supported by the National Institute on Deafness and Other
Communication Disorders Grant R01-DC017439, the European Research Council
under the European Commission’s Seventh Framework Program (FP7/2007-2013
Grant Agreement no. 339152), and NeuroCoG Initiatives d’Excellence Université
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