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ABSTRACT

To maintain fluent speech production across time,
learned speech motor commands must be contin-
uously updated using auditory feedback to help
speakers match their articulations to intended speech
acoustics. However, the cortical mechanisms
responsible for sensorimotor adaptation during
speech remain unknown. Here, we investigated the
role of speech motor cortex in modifying stored
speech motor plans. In a within-subjects design,
participants underwent sham and anodal transcranial
direct current stimulation (tDCS) over speech mo-
tor cortex while speaking and receiving altered audi-
tory feedback of the first formant. Anodal tDCS in-
creased both the rate and magnitude of sensorimotor
compensation for feedback perturbation. Computa-
tional modeling of our results using the Directions
Into Velocities of Articulators (DIVA) framework
of speech production revealed that tDCS affected
speech motor cortex by increasing learning rate and
decreasing sensitivity to somatosensory feedback.
This study demonstrates a causal role for speech
motor cortex in integrating auditory feedback into
speech motor plans.

Keywords: speech production, tDCS, sensorimotor
adaptation, auditory feedback perturbation

1. INTRODUCTION

Rapid and fluent speech relies on learned motor
commands as well as the ability to adapt to chang-
ing conditions. Sensorimotor adaptation—learned
adjustments to motor commands due to sensory
feedback—serves an important role in preserving
the intelligibility of speech. The acoustics of con-
trastive speech categories depend on minuscule dif-
ferences in articulatory positions that must be up-
dated continuously during vocal tract ontogeny [12].
Auditory feedback provides the information neces-
sary for modifying feedforward speech motor com-
mands to counteract these physical changes.

Sensorimotor adaptation has been demonstrated
experimentally for several different auditory char-

acteristics of speech using artificially altered feed-
back [16, 17, 22, 24, 27]. Speakers often produce a
compensatory response by independently adjusting
their production of the perturbed feature [13, 27] to
oppose the acoustic perturbation, however, the cor-
tical mechanisms supporting the integration of au-
ditory feedback with motor planning are unknown.
Speech motor control models, such as the Direc-
tions Into Velocities of Articulators (DIVA) model
[9, 10, 11, 14], posit that stored motor programs
for common phoneme sequences are supported by
the left ventral premotor cortex (vPMC) and are in-
tegrated with compensatory responses in left ven-
tral motor cortex (vMC) [25]. Correlational support
for this model comes from neuroimaging studies in
which neural activation in these regions is found dur-
ing speech production [1, 8, 26], and is proportional
to speakers’ compensation for unexpected, intermit-
tent, auditory feedback perturbations [2, 21].

The first aim of our study was to determine the
causal role of left vPMC/vMC in sensorimotor adap-
tation to auditory perturbation of speech. Partici-
pants underwent an established speech production
task with perturbed auditory feedback while we
measured the magnitude and rate of sensorimotor
adaptation reflected by changing speech acoustics.
To modulate neural function of left vPMC/vMC dur-
ing the task, participants simultaneously received
transcranial direct current stimulation (tDCS)—a
noninvasive neurostimulation technique in which a
low current is applied over the scalp via electrodes
to induce small changes to the electric field in under-
lying cortex. The direction of current flow in tDCS
is believed to determine the effect of stimulation on
cortical function, with anodal stimulation increasing
neural excitability and cathodal stimulation decreas-
ing excitability [6, 7, 19]. Additionally, tDCS is be-
lieved to modulate cortical plasticity, as its neuro-
modulatory effects can be measured for some time
after stimulation has ceased [19, 20, 23].

The second aim of this study was to ascertain how
tDCS affected cortical function for speech motor
adaptation using computational simulations of cor-
tical functioning during speech production. Within
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the DIVA model, we identified several candidate
neurocomputational variables that could hypothet-
ically be altered by anodal tDCS in our experi-
ment. First, by increasing cortical excitation un-
der tDCS, the auditory feedback control system
could elicit greater automatic feedback-based cor-
rections, termed reflexive responses [3, 15]. Alter-
natively, tDCS could primarily act to increase plas-
ticity within premotor cortices, thereby increasing
adaptive responses to perturbed auditory feedback.
Because the mechanisms through which tDCS mod-
ulates cortical function and thereby behavior are
largely unknown, computational models help clarify
the potential mechanism by which such neurostimu-
lation affects cortical function.

2. METHODS

2.1. Participants

Right-handed, native speakers of American English
free from speech, language, or hearing deficits com-
pleted this study (N = 18; 4 male, 14 female; age
18-28 years, M = 20.4±2.1). Participants provided
written informed consent, approved and overseen by
the Institutional Review Board at Boston University,
and were paid for their participation.

2.2. Experimental Design and Procedures

Participants completed three separate sessions of the
experiment. Each session was separated from the
previous by at least 7 days to reduce the potential
for carry-over of learning across sessions. Because
not all speakers adapt to auditory perturbation [22],
participants completed an initial screening session
without tDCS to confirm the presence of sensorimo-
tor adaptation. Participants were assigned to receive
either anodal or sham stimulation during their sec-
ond session and the other during their third session.

2.2.1. Behavioral paradigm

Each session was conducted in a sound-attenuated
chamber. Stimulus delivery, recording, and real-
time resynthesis for auditory perturbation were con-
trolled via the Audapter software [4] implemented in
MATLAB vR2014b (The Mathworks, Natick, MA).
Participants were prompted by the Audapter soft-
ware to say aloud the words “bed,” “dead,” and
“head,” in a pseudorandom order. The paradigm
began with a brief training phase, in which partic-
ipants received feedback to insure they were pro-
ducing the words at a sufficient loudness (72-88
dB SPL) and duration (400-600 ms). Participants

continued to receive feedback about the intensity
and duration of their speech during the experiment.
The Audapter software performed real-time anal-
ysis, replay, resynthesis, and recording of partici-
pants’ speech acoustics (F1 and F2) (Fig.1A).

Figure 1: Schematic of the (A) equipment setup
and (B) behavioral paradigm.
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The behavioral paradigm consisted of four phases
(Fig.1B). The baseline phase consisted of 57 trials in
which participants spoke the target words and heard
their own, unperturbed speech as auditory feedback.
Next, during the ramp phase, real-time perturbation
of participants’ F1 was increased linearly from 10%
to 30% across three trials. During the shift phase,
which lasted for 60 trials, participants’ heard real-
time auditory feedback perturbation of their own
speech in which F1 was increased by 30%. Finally,
during the 60 trials of the return phase, participants
again heard their own unperturbed speech.

2.2.2. tDCS stimulation

Neurostimulation was controlled and delivered us-
ing a Soterix MxN high-definition (HD) tDCS sys-
tem. Stimulating electrodes (2 mA) were placed at
FC5 and C5, and return electrodes were placed at
AF7, FC1, C1, and P5, in a roughly center-surround
configuration [5, 18]. This montage was selected
to optimize field intensity and current flow over left
vPMC and vMC, though it is possible that adjacent
regions may have been stimulated due to variability
in subject anatomy and current spreading.

After insuring the resistance of each channel was
< 10 kΩ, anodal stimulation began with a 30-s lin-
ear ramp from 0 to 2 mA, with tonic 2 mA stim-
ulation continuing for the remainder of the session
(~20 min). The procedure for sham stimulation was
the same, but after the 30-s ramp to 2 mA, stimu-
lation was linearly decreased over 30 s back to 0
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mA, where it remained throughout the behavioral
paradigm. This procedure effectively blinded par-
ticipants to whether they were receiving anodal or
sham stimulation during the behavioral task, which
was begun 60 s after the onset of stimulation.

2.3. Statistical analysis

Vowel formant frequencies were isolated in record-
ings by analyzing 60% of the word’s duration begin-
ning 10% after the onset of voicing. Outlier trials, in
which F1 deviated by more than two standard devi-
ations from the mean value in the respective session
and phase, were excluded from the analysis (< 5%
of total trials). The number of F1 outliers did not
differ as function of condition. Participants’ F1 and
F2 measurements were then normalized proportion-
ally to the mean F1 and F2 values obtained during
the baseline phase of each session.

Frequency measurements from sets of three tri-
als (corresponding to one trial per stimulus word)
were averaged to form “blocks” for statistical anal-
ysis. We assessed whether participants’ motor com-
pensation to auditory F1 perturbation during speech
production was affected by tDCS in a series of lin-
ear mixed-effects analyses. Corresponding analy-
ses were run on F2 acoustics as a control, as au-
ditory feedback of F2 was not perturbed. Models
were comprised of fixed factors for condition (an-
odal vs. sham tDCS), time (block number), and
session, as well as random intercepts for partici-
pants. Significance of main effects and interactions
was determined by adopting significance criterion of
α = 0.05, with p-values based on the Satterthwaite
approximation of the degrees of freedom.

2.4. DIVA model simulations

Using a simplified version of the DIVA model [12,
14], we performed computer simulations to investi-
gate which aspects of motor learning were respon-
sible for changes in compensatory responses under
neurostimulation. Eq.1 defines F1 production on a
given trial (n) as:

(1) F1produced(n) = F1FF(n)+∆F1FB(n)

where F1FF(n) is the feedforward, or learned com-
ponent of the produced sound, and ∆F1FB(n) is
the feedback-based correction. This feedback-based
correction is composed of reflexive responses to un-
expected auditory or somatosensory feedback, the
sizes of which are given by gain factors αA and αS
respectively:

(2)
∆F1FB(n) = αA × (F1AT −F1perceived(n))

+αS × (F1ST −F1FF(n))

Here, F1AT and F1ST are the F1 values specified by
previously learned auditory and somatosensory tar-
gets, respectively, and F1perceived is the value of F1
heard by the subject before feedback control mech-
anisms become active. In the simulations, F1AT and
F1ST are set to the average F1 of the baseline phase,
corresponding to the assumption that the auditory
and somatosensory targets will not change substan-
tially over the course of the experiment. Eq.2 shows
that the feedback-based correction is proportional to
the perceived deviations from learned targets. Even
though it is only auditory feedback that is exper-
imentally manipulated, the feedforward command
(F1FF ) is modified as compensatory gestures are
learned, thus introducing a deviation from the orig-
inal somatosensory target. Eq.3 describes the trial-
by-trial updating of the feedforward command:

(3) F1FF(n+1) = F1FF(n)+λFF ×∆F1FB(n)

where λFF is a learning rate parameter for the feed-
forward command. In words, the feedforward com-
mand for the next trial is updated by adding a frac-
tion of the feedback-based corrective command.

To fit the model to the data from the sham and
anodal tDCS conditions, a particle swarm optimiza-
tion procedure was used to find optimized values of
the three free parameters of the model (αA, αS, and
λFF ) to fit the mean data for each block in each con-
dition. The parameter estimates resulting from this
procedure were highly robust to initial conditions,
indicative of reaching the global minimum of the
root mean square error (RMSE) measure.

3. RESULTS

3.1. Sensorimotor compensation under tDCS

In the first analysis, we tested the effect of condi-
tion (anodal vs. sham) to determine whether over-
all compensation magnitude differed under tDCS.
We observed an effect of condition, such that com-
pensation was significantly greater during anodal
tDCS than during sham across the entire perturba-
tion phase (Fig.2; β = 0.0122, t =−4.23, p = 2.7×
10−5). Speakers’ F1 during the latter half of the per-
turbation phase under anodal stimulation was 91.4%
± 4.5% that of the baseline, whereas under sham
stimulation it was 93.1± 5.0% of baseline. The cor-
responding analysis of F2 showed no effect of stim-
ulation on this unperturbed feature (β = −0.0017,
t = 0.76, p = 0.45; anodal: 100.0% ± 2.2% of base-
line; sham: 99.6% ± 2.0%).

In the second analysis, we tested the interaction
between time (block number) and condition (anodal
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Figure 2: Speech adaptation under perturbation
during anodal tDCS vs. sham. Shaded regions
indicate standard errors.

vs. sham) to determine whether there was a differ-
ence in the rate at which F1 compensatory responses
increased over the perturbation period as a function
of brain stimulation. A significant time× condition
interaction revealed that F1 compensatory responses
increased more rapidly under anodal stimulation
than sham (Fig.2; β = 0.0012, t =−2.49, p= 0.01).

We repeated our analyses to test the effect of ses-
sion (2 or 3) on the overall compensation magni-
tude during the auditory feedback perturbation. In
an analysis including only session, there was a sig-
nificant effect (β = 0.012, t = 4.09, p= 4.8×10−5),
showing less overall compensation in the third ses-
sion, however an analysis including both condition
and session did not reveal any interaction, indicating
that repeatedly undergoing the behavioral paradigm
had an impact on compensation independent of the
stimulation manipulation.

3.2. DIVA model fits

The DIVA model fits to the two experimental con-
ditions are provided in Fig.3. In both cases, the
model fit falls within the standard error of the sample
mean (sham: RMSE = 7.41 Hz, Pearson’s r = 0.94;
anodal tDCS: RMSE = 7.01 Hz; r = 0.96) for all
blocks except the ramp block and the block follow-
ing cessation of feedback perturbation.

Whereas the value for the auditory feedback con-
trol gain is nearly the same for the two conditions
(αA = 0.17 in both), the somatosensory feedback
control gain decreased by 15% from αS = 0.39 dur-
ing sham to 0.33 during anodal tDCS. The value of
the trial-to-trial feedforward command learning rate
increased by 13% under anodal tDCS (λFF = 0.71)
compared to sham (λFF = 0.63).

Figure 3: Model fits for anodal tDCS and sham.
Shaded regions indicate standard errors around the
mean behavioral data.

4. DISCUSSION

In the current study, we have demonstrated a causal
role for premotor/motor cortex in the integration
of sensory feedback and feedforward motor plans
during speech production. When applying non-
invasive neurostimulation to the left vPMC/vMC,
we observed both an increased magnitude and rate
of sensorimotor compensation in response to per-
turbed auditory feedback. Moreover, we found that
these effects were specific to F1—the perturbed
frequency—and did not generalize to F2, which fur-
ther indicates a learning-specific effect, and not a
global disruption to speech-motor control.

Because the mechanisms by which tDCS affects
cortical activity are uncertain, we modeled com-
pensatory responses under anodal tDCS and sham
stimulation using the DIVA model. We found that
the best-fit model indicated that the rate of feedfor-
ward learning was increased under anodal tDCS and
the somatosensory feedback gain was decreased.
Through computational modeling, we were able to
eliminate other possible cortical mechanisms that
may have been affected by tDCS, such as increased
sensitivity to auditory errors. This is not to say that
auditory acuity does not play a role in compensa-
tion, as has been shown in previous studies [27],
but that the areas we stimulated (left vPMC/vMC)
do not mediate auditory acuity and error detection,
and instead serve as a hub for the integration of
feedforward and feedback speech motor commands.
That the feedforward learning rate was modulated
during anodal stimulation suggests that these areas
must support, at some level, motor representations
of speech sounds that can be modified and stored for
later use.
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