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Abstract

Auditory feedback is crucial for accurate speech production. During speaking, the
brain continuously compares predicted auditory outcomes with incoming feedback,
and mismatches trigger corrective adjustments that support speech motor con-
trol. This thesis investigates speech adaptation using the altered auditory feedback
paradigm, in which speakers hear their own speech in near real time with a per-
turbation to vowel formant frequency. Across studies, adaptation is measured as
systematic changes in vowel production that offset the induced auditory error.

In Study 1, I tested the effects of transcranial direct-current stimulation over
left speech motor cortex and right cerebellum to speech adaptation using a pre-
registered, double-blind, sham-controlled design. Participants produced words
while the frequency of the first vowel formant was increased. Ninety participants
received 2-mA anodal tDCS over the left speech motor cortex, or right cerebellum,
or sham stimulation. All groups showed reliable adaptation, but tDCS did not
modulate adaptation contrary to the previous report. This result highlights a lack
of robustness in the effects of tDCS as well as the sensitivity of speech adaptation
outcomes to individual differences and the need for adequately powered samples
and replication when evaluating neuromodulation effects.

Study 2 adapted the altered auditory feedback paradigm for Mandarin Chinese



speakers and refined task parameters for implementation in a subsequent MRI
experiment in Study 3. In 76 participants, both up-shifts and down-shifts in the
frequency of the first vowel formant produced clear adaptation in speech production
in the direction opposite to the perturbation. These effects were limited to changes
in the first vowel formant unlike typical findings in English, Mandarin speakers
did not show additional systematic changes in the unshifted second vowel formant.
This finding is consistent with language-specific constraints on vowel production.

In Study 3, I used functional MRI to record brain activity in 48 native Mandarin
speakers producing syllables either under normal or altered feedback (increased fre-
quency of first vowel formant). Adaptation of speech production during altered
feedback was accompanied by increased activity in left posterior cerebellum and
decreased activity in sensorimotor cortex, consistent with cerebellar forward mod-
elling and refinement of feedforward motor commands, respectively. Resting-state
scans acquired before and after speech adaptation further revealed strengthened
functional connectivity within networks involving superior temporal cortex bilat-
erally and within a dorsomedial sensorimotor cortex network, reflecting the con-
solidation of a new sensorimotor mapping.

In summary, these studies advance our understanding of the neural correlates
of speech adaptation to formant perturbations. They highlight: (i) the importance
of understanding individual difference in speech adaptation for neuromodulation
studies; (ii) the robustness of this formant perturbation cross-linguistically; and
(iii) the neural network changes associated with speech motor learning. Together,
the results contribute to a clearer understanding of how the human brain maintains

flexible and stable speech production in the face of changing sensory input.
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Aims and Structure of Thesis

This thesis is structured into an introduction to speech motor control, an intro-
duction to speech adaptation paradigm used in the three studies presented next,
and a general discussion.

Chapter 1 introduces human speech production and how speech motor con-
trol plays an important part in maintaining the delivery of speech. I introduce
the history and models of speech motor control and discuss the function of audit-
ory feedback, somatosensory feedback, and feedforward control systems and their
neural correlates mainly based on the DIVA model of speech motor control.

Chapter 2 introduces the speech adaptation paradigm which uses altered aud-
itory feedback paradigm. I introduce the adaptive response in speech production
during altered auditory feedback tasks and focus on tasks in which the frequency
of vowel formants is shifted. I also review previous findings of studies examing the
neural correlates of speech adaptation using brain imaging and brain stimulation.

Chapter 3 (Study 1) is a pre-registered study investigating the role of the
corticocerebellar network in speech adaptation using transcranial direct current
stimulation (tDCS). This study aimed to replicate a previous study by Lametti
et al. (2018), which found different effects on speech adaptation following stimu-

lation over the left speech motor cortex and right cerebellum. The results of the



current study in a larger sample (90 participants in total) failed to replicate the
original findings. We found that speech adaptation was unaffected by anodal tDCS
over either left speech motor cortex or right cerebellum. This work demonstrates
the inconsistent effects of tDCS on behavioural tasks. Our findings indicate that
even larger samples are needed to avoid spurious results arising from individual
differences in task performance.

Chapter 4 (Study 2 and 3) includes a behavioural investigation of speech ad-
aptation in Mandarin Chinese speakers. We adapted the altered auditory feedback
task for the production of Chinese syllables. The feedback perturbation involved
shifting the frequency of the first vowel formant (F1) up or down by 110 Mel. Data
from 76 participants were collected. Both F1 up-shift and down-shift resulted in
adaptation in the direction opposite to the shift, as seen in English speakers. In
contrast with effects seen in English speakers, however, Mandarin speakers did not
alter their production of the unshifted second formant (F2). This different pattern
of results may be due to the different vowel space observed in Mandarin vowel
production compared with English. The results of this behavioural study helped
us refine our plans for the subsequent MRI study using this paradigm.

MRI study was used to investigate the task-evoked brain activity during altered
auditory feedback. We scanned 48 native Mandarin Chinese speakers while they
read the syllable “de” out loud. Speech was recorded and fed back to them either
normally (baseline) or with a 110-Mel increase in the frequency of the first vowel
formant (adaptation). Speech production and feedback occurred during short silent
intervals between echo-planar volumes. As participants adapted to the altered aud-

itory feedback by reducing the frequency of the first formant in their production,



activity increased in the left posterior cerebellum and decreased in sensorimotor
cortex. We interpret these changes to reflect the role of the cerebellum in forward
modelling and the establishment of refined feedforward motor commands in the
sensorimotor cortex.

Chapter 5 (Study 3) presents the findings from the second part of Study 3.
Two 10-minute resting-state (task-free) MRI scans were collected before and after
the speech adaptation. Participants were instructed to fixate on a cross at the
centre of the screen. We then compared the resting-state brain activity between
these two sessions to measure changes in functional connectivity due to acquisition
of the adapted state. Resting-state data obtained before and after the task, revealed
that the adapted state was characterised by strengthened functional connectivity
within the superior temporal (auditory) cortex bilaterally and dorsomedial sensor-
imotor cortex, consistent with consolidation of a new sensorimotor mapping.

Chapter 6 provides general discussion of the studies and highlights the func-
tional roles of auditory and sensorimotor areas in speech adaptation during altered

auditory feedback.
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Introduction to speech motor control

1.1 Speech production

Speech is created when air is pushed out from the lungs and passes through the
larynx. Inside the larynx are the vocal folds, which can vibrate very quickly as air
moves through them. This vibration produces voiced sounds, giving speech its basic
sound source. The sound then travels through the throat, mouth, and sometimes
the nose, where it is shaped into different speech sounds. By moving the tongue,
lips, and jaw, speakers change the shape of these spaces, which changes the quality
of the sound we hear. In this way, speech is not produced by a single organ, but by
a coordinated system that shapes airflow and vibration into meaningful sounds.

Speech is one of the most complex motor skills performed by the human brain. A



Chapter 1

fluent speaker can produce about two to three words per second and approximately
100 muscles in the respiratory, laryngeal and supralaryngeal vocal tract activate
to achieve this goal (Duffy, 1995). Each of these muscles is composed of multiple
motor units — a motor neuron together with the muscle fibres it innervates — with
the number per muscle varying widely across the respiratory, laryngeal and lingual
musculature, from a few dozen in the small intrinsic laryngeal muscles to several
hundred in the larger respiratory muscles (Kent, 2004). Even on conservative
assumptions, this means that producing a single utterance requires the coordinated,
time-locked recruitment of many thousands of motor units. Communication using
speech is unique to human primates even though the vocal tracts of other primates
are considered “speech ready” (Fitch et al., 2016). The lack of speech must reflect
differences in the neural control of articulators, which in the human brain involves
integration of a complex matrix of auditory and somatosensory information when
generating motor commands to the required muscles.

Much of our current understanding of the neural basis of speech production
is based on the seminal work of Broca, Wernicke, and Lichtheim (Broca, 1861}
Lichtheim, [1885; Wernicke, 1969). Informed by studies of patients with brain
damage, they determined a network of left hemisphere brain regions necessary for
fluent speech production. Geschwind’s model of “speaking a heard word” included
primary and secondary auditory areas in posterior temporal cortex, white matter
connecting to posterior inferior frontal areas and output via premotor and mo-
tor cortex where the articulators are represented (Goodglass & Geschwind, 1976).
More modern methods using functional imaging in intact brains confirm the involve-

ment of new regions but extend the early models to include connected subcortical
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areas such as the basal ganglia and cerebellum, and other cortical regions (e.g.
the medial and dorsolateral frontal cortex and premotor cortex) (Fedorenko et al.,

2024; Hickok et al., 2022; Price, 2012).

These early lesion based studies and more recent brain imaging ones focused on
the brain regions involved in language, including linguistic processes such as word
selection, phonological planning, the assembly of phonemes for final execution of
speech production via the movement of articulators. The focus of the work in this
thesis is on the final part of this sequence, in which speech movements are executed
while monitoring the sensory consequences within auditory or somatosensory cortex.
The study of speech motor control has been advanced by computational models
derived from a parallel set of studies of more general motor control. Below, I focus

on these models of speech motor control.

1.2 Speech motor control

As with other motor systems, speech motor control is a dynamic system consisting
of both feedback and feedforward components. The speech motor control system
can be divided into a feedback control system, which monitors the sensory output
of speech in order to determine the motor command to send, and a feedforward
control system, which generates motor commands for a syllable or phoneme from

memory without monitoring the ongoing acoustic signal or the somatosensory state.
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1.2.1 Models of speech motor control

The motor control approach to understanding speech production originates within
the question of how these motor speech organs are controlled to produce the target
sound. Several models have been proposed to explain the mechanism of speech
motor control (see Parrell et al. (2019a) for a review). Prominent examples include
the Directions Into Velocities of Articulators (DIVA) model (Golfinopoulos et al.,
2010; Guenther et al., 2006; Tourville & Guenther, 2011)), State Feedback Control
(SFC) model (Hickok et al., 2011; Houde & Nagarajan, 2011), the Task Dynam-
ics (TD) framework (Saltzman & Kelso, 1987; Saltzman & Munhall, 1989), and
the Feedback Control of Tasks in Speech (FACTS) model (Parrell et al., 2019b).
Collectively, these approaches share the idea that speech is controlled through the
interaction of predictive feedforward control and sensory feedback, but they differ
in (i) what is treated as the primary task variable of speech motor control (e.g.
acoustic pattern in DIVA vs. constrictions in vocal tract in TD), (ii) how the vocal
tract is represented and controlled, and (iii) the computational role assigned to
auditory and somatosensory feedback during ongoing production of speech.

The State Feedback Control (SFC) model formalises speech production as con-
trol of an internal estimate of the vocal tract state. Because sensory feedback is
delayed and noisy, the controller combines “efference copy”-based predictions (see
section 1.2.3) with incoming auditory and motor signals to infer the current state,
and uses this state estimate to generate corrective motor commands (Hickok et al.,
2011; Houde & Nagarajan, 2011).

The Task Dynamics (TD) framework focuses on how invariant linguistic targets
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can generate articulatory movements. It treats speech as the coordinated control
of articulatory gestures — goal-directed dynamical units defined in task space (e.g.
constrictions formed by the lips, tongue tip, or tongue body) (Saltzman & Kelso,
1987; Saltzman & Munbhall, [1989). Here, movement patterns arise from coupled
dynamical systems that specify both the desired task (such as achieving a constric-
tion degree at a vocal-tract location) and the temporal coordination among gestures.
This framework has been influential in explaining coarticulation and the stability
of speech movements despite variability at the level of individual articulators, since
multiple articulatory configurations can realise the same task-level goal.

The Feedback-Aware Control of Tasks in Speech (FACTS) model can be un-
derstood as a synthesis that embeds Task Dynamics (TD) within a state feedback
control (SFC) architecture (Kim et al., 2023b; Parrell et al., 2019b). In the FACTS
model, the task-level goals of Task Dynamics are maintained, but the system also
includes an explicit observer that estimates the current vocal tract state by integ-
rating predictions with auditory and somatosensory feedback to generate a sensory
error, enabling principled feedback-based corrections. This combination is particu-
larly useful for linking task-level representations (gestures and constrictions) with
control components (state estimation, feedback gains), and for accounting for both
compensatory responses to perturbation and longer-term adaptation. The FACTS
model is a relatively new model, which has been tested in studies where parti-
cipants compensate for perturbations to auditory feedback (Parrell et al., 2019b).

This work is reviewed here in detail in the next chapter.
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1.2.2 The DIVA model

Among these models, the DIVA model is the only one with an explicit, region-by-
region neuroanatomical implementation, assigning each computational component
to specific cortical, subcortical, and cerebellar substrates and generating falsifiable
predictions about where particular computations should occur. The DIVA model
was developed by Frank Guenther and colleagues (Golfinopoulos et al., 2010; Guen-
ther et al., 2006; Tourville & Guenther, 2011)). DIVA refers to the Directions Into
Velocities of Articulators — how the brain transforms desired movement direc-
tions in sensory space into the movement velocities of articulators. In the DIVA
model, the three subsystems of speech motor control are the (i) auditory feedback
control system; (ii) somatosensory feedback control system; and (iii) feedforward
control system (Figure El])

Specifically, the auditory feedback control system is responsible for detecting
and correcting discrepancies between the desired auditory signal for a speech sound
and the current auditory feedback. Likewise, the somatosensory control system de-
tects and corrects differences between the desired somatosensory signal of a speech
movement and the current somatosensory feedback. The feedforward control sys-
tem generates previously learned motor commands for production of a speech sound.
Before introducing these three control systems in greater detail, I will first intro-
duce a process which is critically involved in both feedback and feedforward control

referred to as “internal model”.
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1.2.3 Internal model

In brief, a forward model predicts the sensory consequences of an outgoing motor
command from a copy of that command (“efference copy”), while an inverse model
solves the opposite problem, mapping a desired sensory outcome back onto the
motor command needed to produce it. Motor control researchers use the umbrella
term “internal model” to refer to these transformations between motor commands
and sensory signals, which encompass both forward and inverse models. To make
this concrete in the context of speech: when you decide you want to sing a partic-
ular high-pitched note, an inverse model maps that desired sound onto the motor
commands needed to produce it — how much to tense the vocal folds, how much sub-
glottal pressure to generate, and how to shape the vocal tract — and a forward model
predicts the pitch you are about to hear, before the sound has actually reached your
ears. The actual source of that prediction varies among theories. One long-standing
idea is that the prediction comes from an “efference copy” of motor commands.
The term “efference copy” was first introduced by the German physiologists Erich
von Holst and Horst Mittelstaedt, and developed by others (Miall & Wolpert, 1996;
von Holst & Mittelstaedt, 1950). The term is sometimes used interchangeably with
“corollary discharge” referring to a signal sent from the motor system to sensory
areas that pre-announces the upcoming motor command (Paus et al., 1996; Sperry,
1950). Specifically, according to theory, when the motor command is generated
and sent to articulators, a prediction of its sensory outcome is simultaneously sent
to the sensory areas in the brain, in order to allow the upcoming comparison from

actual sensory input to this sensory prediction. In the SFC and FACTS models,
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sensory predictions generated from “efference copy” are integrated with the current
sensory state in order to update the predictions of sensory consequences of speech
movements. Although the recent version of the DIVA model proposed that the
predictions come directly from the sensory goal of the intended articulation, pre-
dictions and adjustment using internal models and the update of internal models
are clearly involved in both feedback and feedforward control systems.

The idea that the cerebellum computes internal models has a long history. Ito
first proposed that the cerebellar cortex operates as an adaptive ‘neuronal ma-
chine’ capable of learning internal models of the body and environment, in which
climbing-fibre input from the inferior olive carries an error, or teaching, signal
that adjusts the strength of parallel-fibre-to-Purkinje-cell synapses, gradually refin-
ing the mapping performed by a given cerebellar microzone (Ito, 1970). Wolpert,
Miall and Kawato later synthesised this idea within a general computational frame-
work for motor control, proposing that discrete cerebellar modules implement both
forward models and inverse models, and reviewed converging behavioural, lesion,
and imaging evidence consistent with this proposal (Wolpert et al., 1998).

The cerebellum is organised into functionally distinct territories. The anterior
lobe and adjoining lobule VIII form a  ‘motor cerebellum’ , receiving somato-
topically organised input relevant to limb and body movement, whereas posterior
lobule VI and the lateral hemispheres (Crus I and Crus II) form a largely non-
motor ‘cognitive cerebellum’ , preferentially connected with prefrontal, parietal,
and language-related association cortex rather than primary motor cortex (Buck-
ner et al., 2011; Stoodley & Schmahmann, 2009). Each territory receives cortical

input indirectly via the pontine nuclei (the cortico-ponto-cerebellar pathway) and
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returns output to the cerebral cortex via the deep cerebellar nuclei and thalamus
(the cerebello-thalamo-cortical pathway). Because these projections cross the mid-
line twice in series, the net corticocerebellar loop is functionally crossed, such that
the left cerebral hemisphere is preferentially connected with the right cerebellar

hemisphere (Buckner et al., 2011; Ramnani, 2006).

Below, I provide further detail on the three control systems: auditory feedback
control, somatosensory feedback control, and feedforward control, and I describe

these in the context of the DIVA model.

Auditory Feedback
. {
Auditory Auditory
target
Feedback
Controller
i
Motor
Speech Sound [ target |  Feedforward "II""'
Vocal Tract —
Map | Controller Audio output
A
[
Somatosensory
Feedback
Somatosensory Controller
target T

Somatosensory Feedback

Figure 1.1: Simplified control scheme used by DIVA model for speech pro-
duction.

Figure and caption are from Bradshaw et al. (2021) which was originally adapted from
Guenther (2016). Motor commands sent to the vocal tract are the result of the summed
output of the three control subsystems: the Feedforward controller, the Auditory
Feedback controller, and the Somatosensory Feedback controller. The feedback
controllers compare sensory feedback to their corresponding sensory targets for a speech
production, and, if needed, issue online corrective motor commands based on detected
errors. Dashed arrows indicate the use of these corrective commands to update the
feedforward commands offline.
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1.3 Auditory feedback control

The use of auditory feedback to refine motor commands for the speech articulat-
ors is crucial for achieving fluent speech. Auditory feedback control is especially
important in childhood, when children are learning to produce the correct sounds
of their language. When this control system is disrupted, speech can become in-
accurate or dysfluent. In normal operation, the auditory feedback control system
detects and corrects the difference between the desired auditory outcome and the
actual feedback. Clearly, this system relies on a forward model that transforms
motor commands into a predicted auditory outcome, which can then be compared

to the incoming auditory feedback to drive the intended error correction.

1.3.1 Auditory feedback perturbation

The role of auditory feedback in speech can be investigated experimentally by per-
turbing feedback and observing consequent changes in speech production. Lombard
(1911)) introduced the idea that the auditory environment affects ongoing speech
by demonstrating that speakers increase their loudness (sound level) in a noisy
environment. The phenomenon is often referred to as the Lombard Effect - an
unconscious and automatic process performed by the speakers, as they are usu-
ally unaware of changing the loudness of their speech. Lane and Tranel (1971)
discovered that speakers normally adapt by increasing or decreasing their sound
level by about half the amount of the change in noise level in order to maintain

an acceptable signal-to-noise ratio for the speech sound.
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A common perturbation explored previously in various experimental contexts is
delayed auditory feedback. Delayed auditory feedback can severely impair speech
fluency in fluent speakers. Little or no disruption occurs when the delay is shorter
than 50 ms, but when the delay is around 200 ms (approximate duration of a
syllable), speakers typically show a range of disruptions, such as sound repetitions,
prolongations, and an overall slowing of speech (Stuart et al., 2002). Interestingly,
delayed auditory feedback can temporarily enhance speech fluency in people who
stutter, but this enhancement typically fades as they adapt to the perturbation.

In recent years, researchers have used more subtle perturbations of auditory
feedback by spectrally altering auditory feedback of speech. These experiments
involve recording the sound signal from a speaker via a microphone using a digital
signal processing system to then perturb the spectral properties of the sound and
feeding it back to the speaker through headphones. Most spectral perturbation
studies have altered either the fundamental frequency (pitch) of the sound (Elman,
1981) or formant frequency of vowel sounds (Houde & Jordan, 1998). Perturbation
of the sound signal is either expected (sustained altered auditory feedback across
blocks of trials in an experiment), or unexpected (altered auditory feedback occurs
only on randomly chosen trials). I will introduce more detail about these types

of altered auditory feedback in Chapter E

1.4 Somatosensory feedback control

During speech, our brain receives a wealth of somatosensory information from the

vocal tract. This tactile input originates from mechanoreceptors in the skin, which

11
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send signals to the central nervous system whenever the skin is touched. The
tongue, the most intricate speech articulator, transmits the most somatosensory
information to the brain during speech. Its musculature is densely innervated with
muscle spindles — on the order of several hundred in the human tongue (Kubota et
al., [1975) — giving it a uniquely rich proprioceptive supply among the speech articu-
lators. For example, when producing the alveolar consonant /s/, the tongue tip con-
tacts the alveolar ridge, creating a vocal tract constriction. This area of constriction
must be precisely controlled. Mechanoreceptors in the tongue and palate provide
detailed information about its location and degree of constriction. Proprioception,
the sense of body position and movement, originates from multiple sources beyond
skin mechanoreceptors, notably muscle spindles which provide information about
the length of the vocal tract and shortening speeds (Proske & Gandevia, 2012).
Somatosensory information is crucial for both specifying the speech target and
activating the correct articulator movements to reach it. It is constantly monitored
during speech and if a mismatch is detected, our brain adjusts the upcoming speech
motor commands. This process, similar to auditory feedback control, involves fast
forward modelling: transforming motor commands into somatosensory signals for

comparison with the actual somatosensory signal perceived.

1.4.1 Somatosensory feedback perturbation

A number of experiments have demonstrated the critical role of somatosensory
feedback in speech production.
Similar to auditory feedback perturbation, the mechanism of somatosensory

feedback control is investigated by perturbing the feedback and observing the
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changes in subsequent speech movement. Perturbation of somatosensory feedback
is achieved by a block to impede mouth, tongue, or vocal tract movements. How-
ever, somatosensory perturbations do not disrupt speech completely as speakers
adapt to this change quickly. For example, if you put a pen between your teeth,
articulation is constrained and speech production is difficult. However, speakers
adapt to this constraint quickly and produce perceptible speech. This phenomenon
was first studied by Lindblom et al. (1979), who had participants produce Swedish
vowels while using a bite block between their teeth. The findings indicated that
even though the bite block resulted in physiologically unnatural jaw openings, all
subjects were able to produce vowels which fell within the ranges of variation ob-
served for a set of normally spoken vowels.

Somatosensory feedback control can also be tested by applying a short unexpec-
ted perturbation to the sensory input to articulators. These forms of short and un-
expected perturbations avoid the confounding effects of feedforward motor learning.
Folkins and Abbs (1975) applied a load resistance to the jaw during speech produc-
tion. Loads were applied during the jaw closing movement associated with produc-
tion of bilabial stops, creating a situation in which bilabial closure would be dis-
rupted if motor control were independent of somatosensory feedback. Despite the
unexpected load, participants produced rapid compensatory adjustments of the lips
and jaw that largely preserved bilabial closure, with corrective movements emerging
within the same syllable as the perturbation. This demonstrated that the speech
motor system can exploit short-latency somatosensory feedback to re-achieve a

task-level articulatory goal online, without relying on auditory information.

13



Chapter 1

1.4.2 Relative contributions of auditory and somatosensory

feedback

The response latency of somatosensory feedback control appears to be shorter than
the response latency of auditory feedback control. Abbs and Gracco (1984) applied
unanticipated loads to the lower lip during the generation of combined upper lip-
lower lip speech gestures. The latencies of compensatory responses were in the 22
to 75 ms range. This is considerably shorter than the latencies observed for aud-
itory feedback control (between 100 to 150 ms). It is worth noting that responses
with latencies of lower brain stem-mediated reflexes (i.e. 10-18 ms) were not seen
with inspection of individual records. This suggests that somatosensory feedback
control involves a higher level of cortical processing. The fact that both somato-
sensory and auditory feedback control can only achieve partial compensation for
the applied perturbations suggests that the compensation is not a simple reflexive
response and indicates that both somatosensory and auditory speech targets are
defined at higher cortical levels.

It is clear that somatosensory and auditory feedback control are necessary to
ensure the ongoing delivery of speech gesture and speech sound respectively. It is
interesting to consider whether speakers use auditory information to compensate
for the somatosensory perturbations to the articulators. It seems obvious that when
a speaker hears that the speech does not sound correct due to a somatosensory feed-
back perturbation they would use this auditory feedback to correct it. However,
evidence indicates that this viewpoint is incorrect. Lindblom et al. (1979) reported

that compensation to the somatosensory perturbation occurred before the speaker
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uttered the first glottal pulse of the vowel, that is before any auditory information
was available to the speaker. Nasir and Ostry (2008) extended this point by demon-
strating that postlingually deafened cochlear implant users still compensated for
small jaw-displacement perturbations when their implants were switched off, that
is, in the complete absence of auditory feedback. These results demonstrate that
the compensation to the somatosensory perturbation is at least in part driven by
somatosensory feedback control.

But, do auditory and somatosensory information interact at the cortical level?
Lametti et al. (2012) tested this idea by placing the auditory and somatosensory
systems in competition during a speech perturbation task. They perturbed the
somatosensory feedback by obstructing jaw movement and auditory feedback by
changing the frequency of the vowel formant. Speakers compensated to either
auditory (53%) or somatosensory (21%) perturbation alone or both (26%). The
result of this study indicates that there are significant individual differences in the

preference of speakers to use auditory or somatosensory feedback during speech.

1.5 Feedforward control

Fluent speakers produce speech sounds and movements quickly. However, conver-
sational speech is often too fast to rely solely on feedback control. This is because
neural processing delays in sensorimotor signals introduce time lags (Neilson &
Neilson, 1987). As mentioned earlier, the delay in auditory feedback is about 100
150 milliseconds and in somatosensory feedback it is roughly 22-75 milliseconds.

Articulatory movement patterns often need to be initiated and, in some cases,
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largely executed before auditory or somatosensory feedback is received and used
to adjust movements. This challenges the notion that speech motor control is
solely driven by auditory or somatosensory feedback. Instead, the brain develops a
central control and learning system that generates predicted preplanned movement
patterns for speech. We refer to this mechanism as a feedforward control system.
Feedforward control of speech is learned throughout childhood and allows us to
generate appropriate motor patterns for the phonemes and syllables of our native
languages. Through repeated practice and exposure, the nervous system builds
stable mappings between linguistic targets (e.g. intended sounds) and the articu-
latory commands required to achieve them, so that speech can be initiated quickly
and produced smoothly without waiting for slow sensory feedback. During fluent
production, these feedforward commands provide the primary drive for articulator
movements, while auditory and somatosensory feedback serve a secondary role:
they monitor the output, detect deviations from the intended target, and support
gradual recalibration of the feedforward commands over time. In this way, feedback
does not “run” speech moment-to-moment, but it remains essential for maintaining
accuracy, adapting to changes in the vocal tract (e.g. growth, fatigue, perturba-
tions), and refining the motor programmes that support stable speech production.
The DIVA model proposed a simple feedforward control scheme (Tourville &
Guenther, 2011). The feedforward control system uses signals from auditory and
somatosensory control systems to tune the motor signal. When producing a new
speech sound, the feedforward controller’s contribution to the overall motor com-

mand is imprecise because the motor target has not been tuned yet. Initially, the
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model relies more on feedback controllers. Over time, the motor target and feedfor-
ward controllers improve and eventually eliminate the need for auditory and soma-
tosensory feedback control unless these are perturbed. As speech articulators learn,
corrective motor commands from auditory and somatosensory feedback eventually

become part of the motor target, allowing the feedforward control to remain tuned.

1.6 Neural correlates of the DIVA model

Feedforward Control System Feedback Control System
S t y target
Speech Sound Map ]
Left vPMC Auditory target
r
Feedback Control Map
S| Initiation Map Right vPMC VPV
SMA
Somatosensory Target Map
vSC
I i Auditory Target Map
Putamen| pPAC 4
GP/SNr Somatosensory Error Map
—D vSC
L4 Auditory Error Map 40
Feedforward Feedback pAC
| commands d: Somatosensory State Map
4P vSC
Articulator Map Auditory State Map
vMC pAC VPM
From speech To articulatory Auditory feedback via
recognition system musculature @ /\> brain stem nuclei
(anterior auditory via brain
cortex) stem nuclei ﬁ “ﬁ"‘f' —
/ Somatosensory feedback via brain stem nuclei

Figure 1.2: Neural correlates of the DIVA model.

Figure and caption are from Guenther (2016). Cb-V/VI, superior paravermal
cerebellum (lobules V-VI); GP, globus pallidus; MG, medial geniculate nucleus of the
thalamus; pAC, posterior auditory cortex; SMA, supplementary motor area; SNr,
substantia nigra pars reticula; VA, ventral anterior nucleus of the thalamus; VL, ventral
lateral nucleus of the thalamus; vMC, ventral motor cortex; VPM, ventral posterior
medial nucleus of the thalamus; vPMC, ventral premotor cortex; vSC, ventral
somatosensory cortex.

A key feature of the DIVA model is the set of neural correlates developed along-
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side its cognitive schematics (Guenther et al., 2006; Tourville & Guenther, 2011).
Specifically, different components of the feedback and feedforward control systems
are linked to distinct neural substrates, as illustrated in Figure . Functions
of different brain regions and loops were primarily derived from human clinical,
neuroimaging, and microstimulation studies and non-human primate single cell
recording and anterograde and retrograde tracing studies (Guenther et al., 2006).

In the DIVA model, producing a speech sound begins when the neural repres-
entation of that sound is activated in a “speech sound map” (Ghosh et al., 2008;
Tourville et al., 2008). Each speech sound map unit is proposed to correspond to
a population of neurons located mainly in left ventral premotor cortex (vPMC),
spanning the rostral ventral precentral gyrus and adjacent areas of posterior in-
ferior frontal gyrus and anterior insula. Once this representation becomes active,
it drives motor commands that reach primary motor cortex through two interact-
ing pathways: a feedforward control system and a feedback control system. The
feedback control system is further divided into an auditory feedback controller and
a somatosensory feedback controller (Tourville & Guenther, 2011).

The feedforward system is responsible for issuing well-learned motor programmes
for speech sounds. It includes two main stages. First, the system must initiate the
appropriate motor programme at the correct time. This initiation is attributed to
a cortico—basal ganglia loop that includes an initiation map in the supplementary
motor area (SMA) on the medial frontal wall (Bohland & Guenther, 2006; Ghosh
et al., 2008). The loop is proposed to determine whether the current cognitive
and sensorimotor context is appropriate for launching the next speech sound. For

instance, during production of the word enter, initiating the motor programme for
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ter depends on (i) a cognitive state reflecting the intention to say enter and (ii)
a sensorimotor state indicating that articulation of en is nearing completion. In
this account, these contextual cues are monitored by basal ganglia structures, with
sensorimotor information associated with the putamen and cognitive information
associated with caudate nucleus (the caudate nucleus is not depicted in the refer-
enced figure and treated more fully in discussions of speech sequencing, see Bohland
et al. (2010) for detail). Once the appropriate context is detected, the correspond-
ing initiation unit is activated via basal ganglia output nuclei (globus pallidus and
substantia nigra pars reticulata) and thalamic relays (Bohland & Guenther, 2006;
Ghosh et al., 2008). Activation of the SMA initiation unit triggers the “readout”
of the learned motor programme for the current sound.

In the second stage, the feedforward commands are encoded in projections
from the speech sound map to an articulator map in ventral primary motor cortex
(vMC) in both hemispheres (Bohland & Guenther, 2006; Ghosh et al., 2008). These
connections from left vPMC to vMC are supplemented by a cerebellar contribution,
described as a loop through the pons, superior paravermal cerebellum (lobules V-
VI), and the ventral lateral thalamus, which supports the generation and refinement
of the feedforward motor drive.

The auditory feedback controller is designed to detect and correct discrepancies
between the intended auditory outcome of a speech sound and the auditory feedback
actually received. In DIVA, the speech sound map units send projections—both
directly and through a cortico—cerebellar pathway involving the pons, cerebellum,
and thalamic auditory relays—to an auditory target map in secondary posterior

auditory cortex (pAC), including regions such as planum temporale and posterior
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superior temporal gyrus/sulcus. Activity in this auditory target map represents
the expected sound of the utterance: it specifies what auditory feedback should
be heard while producing the current speech sound. Crucially, these targets are
not single-point values but time-varying “target regions” that define an acceptable
range of acoustic variation across the syllable. This target-region concept is a core
element of DIVA and is used to account for a broad set of phenomena, including
motor equivalence, contextual variability, coarticulation (both anticipatory and
carry-over), and speaking-rate effects (Tourville et al., 2008).

Incoming auditory information from the periphery is relayed to cortex via
thalamic auditory nuclei and represented as an auditory state map (Buchsbaum
et al., 2001). The model compares this auditory state with the auditory target
region. If the current feedback falls outside the allowable region, units in an aud-
itory error map (also hypothesised to lie within posterior auditory cortex) become
active. The resulting error activity is then converted into corrective motor com-
mands through projections from the auditory error map to a feedback control map
located primarily in right vPMC. This feedback control map, in turn, projects to
the articulator map in vMC—both directly and via a loop through pons, cerebel-
lum, and ventral lateral thalamus—thereby implementing rapid motor adjustments
that reduce the auditory error.

Alongside auditory feedback control, DIVA posits a somatosensory feedback
controller that monitors and corrects tactile and proprioceptive aspects of artic-
ulation. The main somatosensory components are proposed to lie in ventral so-
matosensory cortex (vSC), including ventral postcentral gyrus and supramarginal

gyrus (Ghosh et al., 2008; Guenther et al., 2004). Projections from the speech
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sound map to a somatosensory target map—via both corticocortical routes and
cortico—cerebellar loops involving thalamic relays such as ventral posterior medial
(VPM) nucleus—encode the expected tactile and proprioceptive feedback associ-
ated with producing the current sound (arising from mechanoreceptors and muscle
spindles in the vocal tract). Actual somatosensory input from the articulators is
represented in a somatosensory state map, receiving signals that travel from cra-
nial nerve nuclei in the brainstem through VPM. When the current somatosensory
state deviates from the target region, nodes in a somatosensory error map become
active. The output of this error map is then sent to the shared feedback control
map, where somatosensory errors—like auditory errors—are transformed into cor-
rective motor commands that adjust articulation and bring sensory feedback back

within the intended target ranges.

This neural account of the DIVA model has also been tested directly by Golfino-
poulos et al. (2010), in which they simulated functional MRI activation patterns
from DIVA model predictions and compared them with observed activation during
speech production. This provides an important form of model validation. The res-
ults showed a good correspondence between the simulated fMRI activation patterns
and observed brain activation during speech production. However, it is important
to note that the neural correlates of the DIVA model are derived from independent
studies of speech production, and therefore specific experimental tasks are needed

to test the feedforward and feedback control loops more directly and independently.
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1.7 Summary

In this chapter, I outlined the historical development of research on speech motor
control, before reviewing influential computational accounts of how speech move-
ments are planned, executed, monitored, and corrected. I then focused on the
DIVA model, describing how it conceptualises speech production as the interac-
tion of three complementary control systems: an auditory feedback controller that
detects and compensates for deviations between predicted and perceived acoustic
outcomes, a somatosensory feedback controller that monitors and stabilises ar-
ticulatory states using tactile and proprioceptive information, and a feedforward
controller that supports rapid, fluent production by generating well-learned motor
commands with minimal reliance on online sensory feedback. Finally, I summarised
the proposed neural correlates of these components in the DIVA model.

In the next chapter, I turn to speech adaptation (also known as sensorimo-
tor adaptation of speech) as a paradigm for investigating speech motor control.
By examining how speakers adjust their productions when auditory feedback is
systematically altered, speech adaptation experiments make it possible to charac-
terise the contributions of each control system and, crucially, determine how they
interact cortically. In this way, studying speech adaptation can help specify when
feedback-based correction dominates, when feedforward commands are recalibrated,
and how auditory and somatosensory signals jointly shape the learning processes

that maintain accurate and stable production of speech.
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This chapter reviews how experimental paradigms using altered auditory feedback
have been used to study speech adaptation, and what this work reveals about the
behavioural and neural mechanisms of speech motor control. The first half focuses
on behavioural findings from pitch and formant perturbation paradigms, including
their implications for feedforward and feedback control, perception, and individual
differences. The second half turns to the neural correlates of speech adaptation,
drawing on functional and structural neuroimaging, evidence from populations with
developmental disorders of speech and language, populations with other neurolo-
gical disorders, and noninvasive brain stimulation. The chapter closes by identify-

ing knowledge gaps that motivate studies of the thesis.
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2.1 Investigating speech adaptation using altered

auditory feedback

As I introduced in Chapter m, speech adaptation can be studied using altered audit-
ory feedback. Many studies exploring speech adaptation focused on the role of sens-
ory feedback and the mechanisms involved in speech motor control. These studies
often investigated the use of internal models in speech motor control and the func-
tion of the auditory feedback system (MacDonald et al., 2010) in speech production.

Auditory feedback can be altered unexpectedly with an upward or downward
shift applied randomly to utterances (Burnett et al., 1998) or sustained as the
same type of shift is applied continuously for a number of utterances (Houde &
Jordan, 1998). In both unexpected and sustained perturbation scenarios, speakers
typically adjust their speech in the direction opposite to the perturbation. This
phenomenon is often regarded as “compensation”. Specifically, in sustained altered
auditory feedback, speakers show increased magnitude of compensation and reach
a plateau after a number of utterances (see Figure @ B). This training-related
learning effect is often regarded as “adaptation”. Applying a sustained perturbation
to sensory feedback during speech leads to a sustained modification of the motor
commands used to produce speech sounds. This adaptability allows us to change
the way we speak according to the surrounding environment (e.g. the Lombard
effect) or to imitate another’s speech sound. This adaptability also enables us to
maintain intelligible speech as the geometry of our articulators changes naturally

(e.g. lengthening of vocal tract) throughout life. By perturbing the sound of
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speech in real time, researchers can investigate how auditory feedback control and
feedforward control interact to support rapid and accurate speech production.
Auditory feedback has most commonly been altered along two acoustic dimen-
sions: fundamental frequency, perceived primarily as pitch, and formant frequency,
which contributes to vowel identity. Although the present thesis focuses on form-
ant perturbation rather than pitch perturbation, pitch perturbation studies are
reviewed first for three reasons. First, pitch perturbation was introduced earlier in
the auditory feedback literature and has provided much of the foundational evid-
ence for speech adaptation. Second, the basic experimental logic of pitch perturba-
tion studies closely parallels that of formant perturbation studies. Third, because
Mandarin is a tonal language, pitch plays a linguistically contrastive role, and a
comparatively large body of work has examined how speakers of tonal languages
respond to pitch-shifted feedback. Reviewing this literature therefore provides a

useful conceptual bridge to the subsequent discussion of formant perturbation.

2.1.1 Pitch perturbation

Elman ([1981) first demonstrated the compensatory responses to real-time auditory
perturbation on fundamental frequency. Fundamental frequencies of voice were per-
turbed by using a device called Lexicon Varispeech IT Speech Time Compressor /Ex-
pander. Most subjects compensated for this perturbation by changing their pitch
in the opposite direction to the perturbation applied. This compensatory response
to pitch perturbation occurred without speakers being consciously aware of the
shift. Since then, a number of studies have been conducted to carefully address the

properties of compensatory responses to pitch perturbation. For example, Burnett
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et al. (1998) found that the magnitude of the compensatory response was not sys-
tematically affected by the intensity of the feedback and the averaged magnitude
of the compensatory response was smaller than the perturbation. The authors also
noticed that not all trials showed compensatory responses (response in the opposite
direction of perturbation). A few trials showed following responses (response in the
direction of perturbation). In addition, a short period of sustained pitch perturba-
tion led to after-effects in pitch production, i.e. the speaker still compensated when
the feedback was returned to normal (Jones & Munhall, 2000).

Mandarin is often chosen as a representative tonal language because pitch
patterns (lexical tones) are contrastive: relatively small changes in fundamental
frequency can shift a syllable from one tone category to another and therefore
change syllable meaning. This makes Mandarin a particularly informative test
case for models of auditory-motor control that were originally developed largely
from English and other non-tonal languages, where pitch is not directly tied to
segmental lexical contrasts.

Jones and Munhall (2002) investigated pitch control in Mandarin using a pitch
perturbation paradigm. In the experiment, Mandarin speakers exhibited a clear
compensatory response: when feedback pitch was increased or decreased, speak-
ers adjusted their produced pitch in the opposite direction, consistent with rapid
error correction based on auditory feedback. Crucially, speakers also showed an
after-effect once the perturbation was removed and feedback returned to normal.
That is, pitch production did not immediately revert to baseline; instead, it re-

mained biased for a time in a direction consistent with having adapted to the
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earlier perturbation. Together, results showed that pitch control in Mandarin in-
volves both immediate feedback-driven correction (compensation) and short-term
sensorimotor learning (adaptation).

Subsequent work has reproduced these findings, reinforcing the idea that Man-
darin speakers can adapt quickly to pitch perturbations (Xu et al., 2004). In these
studies, speakers typically produced Mandarin vowels, syllables, or words while the
fundamental frequency of their auditory feedback was shifted upward or downward.
The resulting mismatch between produced and heard pitch allowed researchers to
examine whether speakers corrected for the perturbation, how quickly they respon-
ded, and whether repeated exposure led to longer-term adaptation. Jones and
Munbhall (2002) reported that Mandarin speakers responded to pitch perturbation
with an average latency of 211 ms, considerably slower than the average latency of
about 100-120 ms reported in English speakers. This difference suggests that pitch-
feedback control in Mandarin may involve additional linguistic constraints, because
pitch is not only an acoustic property of the voice but also a cue to lexical tone.

Importantly, compensation and adaptation in a tonal language are therefore
not arbitrary changes in voice pitch. They are shaped by the functional demand to
maintain tone categories and preserve lexical contrasts. For example, if a perturb-
ation shifts the perceived pitch contour toward a neighbouring tone category, the
speaker’s corrective response may be constrained by the need to keep the intended
tone intelligible. Corrective movements can therefore interact with the tonal tar-
get being produced and with the surrounding tonal space relevant for intelligibility

(Feng et al., 2018). Consistent with this interpretation, several studies suggest that
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the magnitude and neural correlates of pitch-perturbation responses vary with lan-
guage experience and proficiency, implying that sensorimotor mappings for pitch
are modulated by long-term experience with tonal categories and their production
demands (Chen et al., 2012; Liu et al., 2010; Ning et al., 2014). Taken together,
this body of evidence indicates that compensatory responses and after-effects are
not specific to English or to non-tonal languages. Instead, they reflect more gen-
eral mechanisms of speech motor control that operate across languages, while also
being tuned by the linguistic role of pitch in the language.

For a broader discussion of how pitch perturbation paradigms have been used
with tonal-language speakers and what they reveal about tone production, auditory

feedback control, and sensorimotor learning, see the review by Tang (2024).

2.1.2 Vowel formants

Having reviewed pitch perturbation studies, the following section turns to form-
ant perturbation. Whereas pitch perturbation alters fundamental frequency, form-
ant perturbation alters the spectral cues that contribute to vowel identity. This
distinction is important because vowel production depends strongly on the con-
figuration of the vocal tract.

Formants are the resonance frequencies of the vocal tract, and the frequencies
of the first formant (F1) and second formant (F2) are major acoustic cues that
determine which vowel is perceived by the listener (Ladefoged & Broadbent, 1957;
Ladefoged & Johnson, 2014). The frequencies of F1 and F2 are related to the
tongue’s position in the vocal tract, with F1 being affected by the height of the

tongue and F2 reflecting its horizontal position when raised known as the degree
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Figure 2.1: Vowel formants.
Spectrogram showing the first and second formant frequencies. Red indicates F1 and
green indicates F2.

of “backness” of a vowel or “openness” of the vocal tract (Ladefoged & Johnson,
). See Figure Ell for a spectrogram showing the first and second formant
frequencies. See Figure @ A for an illustration of first and second frequencies of
vowel formants in English and see Figure @ B for a illustration of first and second

frequencies of vowel formants in Mandarin.

2.1.3 Formant perturbation

The experimental paradigm involving altered auditory feedback through formant
perturbation was first introduced by Houde and Jordan () In their experiment,
participants whispered consonant-vowel-consonant (CVC) words while their audit-
ory feedback was transformed in real time. The training words were bilabial CVC

words containing the vowel /¢/, namely “pep”, “peb”, “bep”, and “beb”. Dur-
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A. English vowel space
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B. Mandarin vowel space
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Figure 2.2: Vowel space in formant frequencies.

A. English vowel space: Figure and caption are from Tang et al. (2021)). Schematic
showing the relationship between tongue height and position in the vocal tract (left)
and the corresponding frequencies of the first and second formants of vowels (/i/, /¢/,
and /ae/) in vowel space from a single participant in the study (right). Data points
correspond to F1 and F2 values of single utterances during the vowel exploration phase
in a representative participant. The ellipses represent a 90% confidence interval around
the data points of the same colour.

B. Mandarin vowel space: Schematic showing the relationship between tongue
height and position in the vocal tract (left) and the corresponding frequencies of the
first and second formants of three Mandarin vowels (right) from a single participant in
the study presented in Chapter @. Right figure shows vowel production. F1 and F2
frequencies of each trial utterance are plotted in yellow for the vowel /e/, green for the

vowel /1/ and purple for the vowel /a/.

ing productions of these training words, the formant frequencies of participants’
feedback were shifted along an individually defined vowel path in F1-F2 space.
The perturbation was designed so that, when a participant produced /e/, they
heard a vowel closer to either /i/ or /a/, depending on the direction of the shift.

Participants compensated by changing their vowel productions in the direction op-
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Figure 2.3: Formant perturbation task.

A. Experimental setup. This image was generated with the assistance of ChatGPT. B.
Schematic illustration of the predicted change in produced F1 from baseline when F1
feedback is increased during the adaptation block. Blue dots indicate F1 frequency on

individual trials.
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Figure 2.4: Response to formant perturbation.

Vowel space showing vowel production data from a single participant. F1 and F2
frequencies of each utterance are plotted in black for the vowel in “head”, blue for the
vowel in “hid”, and red for the vowel in “had”. The downward black arrow indicates the
direction of the shift applied to F1 feedback during the adaptation block. The two
dashed arrows illustrate two possible compensatory responses to the upward shift in F1
feedback: (i) adapt by decreasing F1 only; and (ii) adapt by decreasing F1 and
increasing F2 that move production toward the vowel in “hid”.

posite to the altered feedback, and part of this change was retained when feedback
was masked by noise, indicating adaptation. Houde and Jordan also showed that
adaptation transferred to /¢/ in untrained consonant contexts (i.e. “gep” and
“teg”) and generalised to other vowels (i.e. “pip” and “pap”). Together, these
findings provided early evidence that auditory feedback can recalibrate the motor
commands involved in vowel production.

Many later formant-perturbation studies adopted spoken words, especially “head”,
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“hid”, and “had”. This stimulus set is useful because the vowels form neighbouring
regions in F1-F2 space: the vowel /e/ in “head” lies between the higher vowel /i/
(low in F1, high in F2) in “hid” and the lower vowel /a/ (high in F1, low in F2) in
“had”. As a result, perturbing the formants of “head” allows researchers to examine
not only whether speakers compensate for the altered formant, but also whether
their compensation is affected by nearby vowel categories. For example, shifting
the F1 of auditory feedback upward makes the vowel in “head” sound acoustically
closer to “had”. Speakers may therefore respond by decreasing their F1 production
to offset the perturbation. Alternatively, they may adapt by decreasing F1 and
increasing F2 that move production toward another familiar vowel category, i.e.
“hid”. This logic is illustrated in Figure @

Figure @ summarises the formant-perturbation paradigm. Panel A shows
the experimental setup, in which speakers produce prompted words while their
auditory feedback is perturbed. Panel B shows the expected change in produced
F'1 across the task when F1 feedback is increased: after the baseline phase (feedback
unperturbed), speakers are expected to reduce their production in F1 in response to
the perturbation, and this compensatory change may persist briefly when normal
feedback is restored. Figure @ places this response in vowel space. The vowel
in “head” is the perturbed target, while “hid” and “had” provide neighbouring
vowel categories. The solid arrow shows the direction of the imposed upward F1
shift in auditory feedback, and the dashed arrows show two possible compensatory
responses: a direct reduction in F1, or a combined change in F1 and F2 that

moves production toward “hid”.
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Subsequent formant-perturbation studies have extended this basic observation
in several important ways. In particular, they have examined whether compens-
atory changes are consistently opposite to the perturbation, whether compensa-
tion is complete or partial, whether adaptation depends on conscious awareness
of the altered feedback, and whether adaptation persists after the perturbation
is removed. These questions are important because they move the interpretation
of formant perturbation beyond a simple online correction response and instead
frame it as evidence of sensorimotor adaptation of speech.

First, compensation is generally in the direction opposite to the auditory per-
turbation. This pattern was examined in more detail by Houde and Jordan (2002),
who showed that changes in F1 and F2 were largely compensatory rather than
assimilative. That is, speakers modified their productions in a direction that re-
duced the mismatch introduced by the altered feedback. This finding has since
been replicated in a range of formant-perturbation studies (Munhall et al., 2009;
Villacorta et al., 2007), supporting the view that speakers use auditory feedback
to monitor and correct vowel production.

Second, compensation is typically partial rather than complete. Speakers usu-
ally do not fully compensate for the perturbation by the end of training. This
issue was systematically tested by MacDonald et al. (2010). In one experiment, F1
was increased by 50, 100, and 200 Hz while F2 was simultaneously decreased by
75, 125, and 250 Hz. In a second experiment, F1 and F2 shifts were increment-
ally changed on each utterance by +4 and —5 Hz, respectively, up to maxima of

+350 and —450 Hz. In both experiments, speakers compensated in the direction

34



Introduction to speech adaptation

opposite to the perturbation. However, compensation was only approximately 25—
30% of the shift magnitude for perturbations up to 200 Hz in F1 and 250 Hz in
F2; for larger shifts, compensation reached a plateau and then declined. These
findings suggest that the speech motor system does not simply mirror the size of
the auditory error. Instead, compensation appears to be constrained by factors
such as the reliability of the auditory feedback, the plausibility of the heard vowel,
and the stability of existing vowel targets.

Third, Houde and Jordan (2002) noted that compensatory responses did not
appear to be related to conscious awareness of the auditory perturbation. Most
speakers reported little or no awareness of either the feedback perturbation or
changes in their own speech. This observation was tested more directly by Munhall
et al. (2009), who compared three instruction conditions. In the control condition,
participants were not informed about the perturbation. In the “ignore headphones”
condition, they were told that their voice might sound different and were instruc-
ted to ignore the auditory feedback. In the “avoid compensation” condition, they
were explicitly informed about the perturbation and instructed not to compensate.
Despite these different instructions, participants showed robust compensation in all
three conditions, with no reliable differences in either the magnitude of compensa-
tion or the trajectory of adaptation during sustained perturbation. These results
suggest that speech adaptation is not simply a voluntary strategy, but reflects an
implicit speech motor learning.

Finally, speech adaptation can persist after altered feedback is removed. Houde

and Jordan (2002) reported that when participants returned approximately one

35



Chapter 2

month later for a control session with unaltered feedback, modified formant pro-
duction was still evident. The authors interpreted this long-term retention as
evidence for implicit learning or stable changes in speech motor control mechan-
isms. Although this specific long-term retention effect has not been systematically
examined in later work, many altered-auditory-feedback paradigms included an
“after-effect” or “wash-out” block in which feedback was returned to normal follow-
ing a sustained perturbation. In one study, Purcell and Munhall (2006) found that
compensation persisted for at least 115 trials after feedback was restored to normal.
However, the return to baseline values for F1 and F2 production shows various pat-
terns across different studies (MacDonald et al., 2010; Parrell & Niziolek, 2021
Purcell & Munhall, 2006). These differences raise the question of how adaptation
is maintained and updated over time, which leads to the relative contributions of

feedback and feedforward control.

2.1.4 Involvement of feedforward and feedback control

Many studies using formant perturbation have been designed to characterise the
contributions of feedforward and feedback control to speech adaptation. In the
DIVA framework, online auditory feedback is used to detect errors during speak-
ing, and the resulting corrective commands are incorporated into later feedforward
motor plans (Guenther, 2016). By contrast, the FACTS model (see Chapter m,
Section 1.2.1) proposes that adaptation is driven by sensory prediction error: aud-
itory reafference is compared with expected sensory consequences generated by

a task- or planning-level controller, rather than by a motor “efference copy” of
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corrective commands (Kim et al., 2023b). Related accounts in the broader motor-
learning literature make a similar claim, namely that learning is guided primarily
by sensory error signals rather than by the direct transfer of online corrections
into future motor commands.

A useful way to test these ideas is to ask whether speech adaptation can occur
even when no overt speech movement is produced. Parrell et al. (2026) addressed
this question using “speech cancellation” trials. In this paradigm, speakers were
cued to withhold an upcoming utterance, but they still experienced a sensory mis-
match because a formant perturbation was applied to a recording of their own
speech from a previous trial at the moment they would otherwise have spoken.
Speakers adapted not only in standard speaking trials but also in these cancella-
tion trials, showing compensatory change even in the absence of overt articulation.
Parrell and colleagues therefore argued that sensory prediction errors, rather than
corrective motor commands alone, are sufficient to drive speech adaptation. This
finding strengthens the broader view that formant perturbation reveals not just
immediate feedback correction, but also the mechanisms by which sensory error is

integrated to support feedforward learning.

2.1.5 Perception and sensorimotor integration

The previous section considered how altered auditory feedback engages feedback
and feedforward control in speech adaptation. A related issue is how the sensory
information provided by that feedback is interpreted and incorporated into the
speech system. Formant perturbation is therefore also useful for studying percep-

tion and sensorimotor integration, because it directly manipulates what speakers

37



Chapter 2

hear while they speak and allows researchers to examine how perceptual targets,
sensory feedback, and motor output are coordinated during speech adaptation.

One line of work asks whether speech adaptation depends on perceptual preci-
sion. A common interpretation is that more precise perceptual representations
provide more stable production targets, which lead to larger compensatory re-
sponses. Positive correlations between auditory perceptual acuity and amplitude
of speech adaptation have been reported in previous studies (Martin et al., 2018;
Villacorta et al., 2007). However, adaptation was not clearly related to either
auditory acuity or somatosensory acuity, measured through jaw-position sensitiv-
ity (Feng et al., 2011)). This suggests that the link between perception and ad-
aptation is more complex than a simple one-to-one mapping between perceptual
precision and speech adaptation.

One factor that may contribute to this complexity is the relative weight speak-
ers assign to auditory versus somatosensory feedback when updating their motor
commands. Two perturbations were combined in one study: a somatosensory per-
turbation produced by a robotic jaw pull and an auditory perturbation produced by
an F1 shift. Speakers mainly compensated for the auditory shift (Feng et al., 2011).
A similar dual-perturbation design showed that speakers typically adapted more
to one modality; speakers who compensated more for the somatosensory perturba-
tion compensated less for the auditory perturbation and vice versa (Lametti et al.,
2012). These findings suggest that individuals differ in the extent to which they rely
on auditory versus somatosensory feedback when updating speech motor commands.
They also indicate that adaptation is not driven by auditory feedback alone, but

emerges from the interaction between auditory and somatosensory feedback control.
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As noted earlier, adaptation to auditory perturbation is often incomplete (Houde
& Jordan, 2002). The proportion of compensation tends to decrease as perturb-
ation size increases, and may even decline for very large shifts (Katseff et al.,
2012; MacDonald et al., 2010). This pattern has been interpreted as a trade-
off between auditory and somatosensory control: when the auditory error becomes
large, auditory feedback may be treated as less reliable, and greater weight may
be placed on somatosensory feedback to preserve speech stability (Katseff et al.,
2012). Therefore, incomplete compensation may reflect a balance between com-

peting sensory constraints.

2.1.6 Phonological and perceptual categories

In English and Mandarin, vowel identity is determined mainly by the frequencies of
first two formants, F1 and F2. Because vowel categories depend on the relationship
between these cues, speakers do not always respond to perturbations by changing
only one formant. For example, increasing F1 in “head” can make the vowel sound
more like “had”. Some speakers compensate by changing both F1 and F2, for
instance by lowering F'1 and raising F2, which can move production toward “hid”
(see Figure @) This suggests that some speakers aim for vowel categories rather
than isolated acoustic targets.

This finding could relate to the fact that speech is perceived categorically. Con-
tinuous acoustic variation is mapped onto a limited set of phonemic categories,
with greatest sensitivity near category boundaries and reduced sensitivity within
categories. As a result, changes in production and perception often reflect move-

ment across category boundaries rather than simple shifts in raw acoustic values.
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Perceptual boundaries can shape adaptation to auditory perturbations. In one
study, the “head”“had” boundary was shifted through perceptual reinforcement
before participants were exposed to an auditory perturbation that increased F1 in
“head” toward “had” (Shiller et al., 2013). During training, participants repeatedly
judged the same acoustic continuum and received trial-by-trial feedback, but the
feedback boundary was shifted relative to each participant’s original perceptual
boundary. This biased the mapping between acoustics and category labels and al-
lowed the effect of perceptual learning on later compensation to be tested. Greater
adaptation followed training that made ambiguous tokens more likely to be classi-
fied as “had” than training in the opposite direction (Shiller et al., 2013). Similar
findings were reported in children after boundary training in the relevant direction,
compared with training on an unrelated contrast (Shiller & Rochon, 2014). In
adults, adaptation magnitude has also been found to correlate with the trained
boundary position (Lametti et al., 2014b).

Perceptual boundaries can also be shifted without explicit training. The acous-
tics of a carrier phrase were manipulated by changing pitch and formants, and
exposure to a higher-frequency carrier phrase shifted the “bit”—“bet” boundary to-
ward “bet” (Bourguignon et al., 2016). Speakers exposed to that carrier phrase later
adapted more to an auditory perturbation that pushed /e/ toward /i/ than speak-
ers exposed to a lower-frequency carrier phrase (Bourguignon et al., 2016). This
suggests that context-dependent changes in perception can transfer to production.

Lexical status can also influence adaptation. This lexical bias is often described
in terms of the “Ganong effect”, in which ambiguous speech sounds are more likely

to be perceived as real words than nonwords (Ganong, 1980). Larger adaptation
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has been observed when a perturbation transforms a nonword into a real word
than when it transforms a real word into a nonword (Bourguignon et al., 2014).
Lexical knowledge therefore affects how altered feedback is categorised, which in
turn shapes speech adaptation.

Cross-linguistic studies also show that adaptation depends on language-specific
phoneme systems and perceptual boundaries. Similar upward and downward F1
shifts were applied to English speakers producing “head”, Japanese speakers pro-
ducing /he/, and Japanese learners of English producing “head”; adaptation to
the downward shift was similar across groups, but Japanese speakers showed smal-
ler adaptation to the upward shift than English speakers (Mitsuya et al., 2011).
Differences have also been reported between French and English speakers in re-
sponse to similar perturbations, with perceptual testing suggesting that the effects
were mediated by language-specific perceptual boundaries and contrast sensitiv-
ity (Mitsuya et al., 2013).

Speech adaptation can also influence speech perception. Perceptual boundar-
ies were measured before and after speech adaptation and again after a “washout”
phase, and adaptation shifted the boundary in the region of the speaker’s pro-
duced response rather than in the region of the heard perturbation (Lametti et
al., 2014h). For example, speakers who produced “head” while hearing feedback
shifted toward “had” compensated toward “hid”, and their perceptual boundary
between “head” and “hid” shifted accordingly, without a comparable shift between
“head” and “had”.

Not all studies report overt behavioural boundary shifts. A similar approach

did not yield a reliable perceptual boundary shift, although EEG responses in N1
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and P2 changed for ambiguous stimuli and those changes correlated with speech
adaptation magnitude (Schuerman et al., 2017). Perceptual change may also de-
pend on what speakers do during adaptation. In an F2 perturbation study shifting
/i/ toward /u/, the “see”“she” boundary shifted differently depending on whether
speakers followed the perturbation or compensated for it (Schuerman et al., 2017).

Overall, adaptation to altered auditory feedback is shaped by perceptual cat-
egory structure, lexical knowledge, training history, and language background. In
some cases, adaptation also affects perception, but the size and direction of this
effect vary across tasks and populations. Together, these findings suggest that
perceptual change following speech adaptation is not always evident at the behavi-
oural level, and that its emergence may depend on neural processing of ambiguous

stimuli and on the speaker’s adaptive response.

2.1.7 Speakers’ ability and speech development

Beyond the factors discussed earlier, some studies have explored the link between
speakers’ abilities and the extent of their speech adaptation. This research aims to
address the individual variability often observed in speech adaptation tasks. The
evidence is mixed. General executive control did not predict adaptation, whereas
auditory acuity did, and speakers informed about the perturbation showed com-
pensation similar to naive speakers (Martin et al., 2018; Munhall et al., 2009).
Social factors have also been implicated: speakers who scored lower on a self-
report measure of personal empowerment — encompassing self-esteem, perceived

control, and optimism — showed larger compensatory responses than those who
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scored higher (Dimov et al., 2012). Together, these findings suggest that indi-
vidual variability in speech adaptation tasks cannot be explained by ability or
knowledge alone, and may instead reflect differences in auditory sensitivity, as well
as social and motivational factors.

Speech adaptation has also been examined in children. Four-year-old children
adapted to altered auditory feedback, whereas two-year-old toddlers did not, sug-
gesting that very young children may either rely less on auditory feedback or
have immature feedforward control (MacDonald et al., 2012). More recent work
showed that auditory-perceptual training can improve speech adaptation in 5-
7-year-old children, indicating that perceptual learning and motor learning are
already linked during early childhood development (Shiller & Rochon, 2014). This
line of work showed that speech adaptation ability is not fixed in childhood, but

can be strengthened when perceptual representations are sharpened.

2.2 Neural correlates involved in speech adapta-

tion during altered auditory feedback

As I introduced in the previous chapter, speech motor control involves the neural
networks responsible for the auditory, somatosensory feedback control systems and
the feedforward control system. In the human brain, the sensorimotor cortex, cere-
bellum, and connections between them are believed to be involved in sensorimotor
adaptation. According to the DIVA model, speech motor cortex receives motor
commands from the feedforward control system and receives the adjusted motor

commands from the feedback control; the cerebellum supplements the projection
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of speech motor commands from the ventral premotor cortex to ventral motor cor-
tex for articulation (Tourville & Guenther, 2011). In addition, the cerebellum is
also thought to receive direct sensory input about the current state of the effect-
ors, which, when integrated with an “efference copy” of intended movements from
the motor system, can be used to predict the sensory consequences of movement
(Hickok et al., 2011). This process would integrate both feedback and feedforward
control and can happen rapidly without interaction with the cerebral cortex, mak-
ing it feasible for the cerebellum to achieve rapid correction of ongoing movements.
Here, I will summarise studies investigating the neural correlates of speech adapt-
ation during altered auditory feedback. These studies used techniques including
functional and structural brain imaging methods, populations with developmental
disorders of speech and language, populations with other neurological disorders,

and brain stimulation methods.

2.2.1 Functional brain imaging studies

Some studies have noted that functional MRI may be less suitable for tracking
rapid changes during sustained altered auditory feedback because the haemody-
namic signal is relatively slow and may be difficult to separate from low-frequency
fluctuations in speech tasks (Zheng et al., 2013). Even so, fMRI has been used to
detect brain responses to unexpected perturbations. In one early study, speaking
under unexpected altered feedback produced increased activity in posterior audit-
ory cortex bilaterally, including the superior temporal gyrus and planum temporale,
suggesting detection of an auditory mismatch (Tourville et al., 2008). Increased

activity was also observed in right ventral motor and premotor cortex and in the
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anterior medial cerebellum bilaterally. The results suggest that feedback control
involves more right hemisphere activity whereas the feedforward control involves
more left hemisphere activity.

More fine-grained multivariate analysis identified distinct brain systems en-
gaged during speech adaptation (Zheng et al., 2013). The experimental proced-
ure consisted of production of monosyllabic words with normal feedback (baseline),
altered feedback where the frequency of the first vowel formant (F1) was increased,
and feedback with a masking noise. Using fMRI with multivoxel pattern analysis,
three functional networks were identified: an error-signal network involving the
right angular gyrus, right supplementary motor area, and cerebellum; a passive-
listening network involving left and right anterolateral superior temporal gyrus
and left precentral gyrus; and a third network involving the left and right inferior
frontal gyrus captured signals from the previous two networks. These results sug-
gest that speech adaptation recruits separable systems for error detection, speech
perception, and sensorimotor integration.

Perceptual category structure also affects neural responses to altered audit-
ory feedback. When perturbations were designed to move speech across a vowel-
category boundary, greater activity was observed in right posterior superior tem-
poral gyrus for near-boundary shifts than for far-boundary shifts (Niziolek & Guen-
ther, 2013). Significant correlation was found between the amplitude of speech ad-
aptation and brain activity: as participants adapted more to the altered feedback,
increased brain activity was found in a network involving superior temporal and
inferior frontal brain regions and decreased brain activity was found in a network

involving ventral motor and somatosensory cortex bilaterally.
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More recently, Floegel et al. (2020) assessed the neural correlates of both spec-
tral and temporal perturbations to the auditory feedback using fMRI. Participants
received sustained altered auditory feedback that was either delayed (temporal) or
involved a formant frequency shift (spectral) and adjusted their speech production
accordingly. Early auditory processing was shown to be lateralised, with right lat-
eralised processing of spectral features and left lateralised processing of temporal
features. During adaptation to the vowel formant shifts, activity increased in both
the inferior frontal gyrus and superior temporal sulcus, predominantly on the right.
During adaptation to the delayed feedback, activity increased in both the superior
temporal gyrus and superior temporal sulcus, predominantly on the left. Increased
brain activity was also observed in the inferior frontal gyrus on the left for tempor-
ally altered feedback and on the right for spectrally altered feedback. The DIVA
model proposes a feedback control system in the superior temporal gyrus bilaterally
that compares auditory feedback with the sensory predictions from a left-lateralised
feedforward system in the frontal cortex. Here, Floegel et al. (2020) proposed a
right-hemisphere preference for spectrally tuned and a left-hemisphere preference
for temporally tuned processes in the superior temporal gyrus involved in detecting
mismatches between intended and produced speech sounds. Potential mismatches
in either domain are thought to be transmitted via temporo-frontal connections
and translated into corrective motor commands for the timing of articulator move-
ment in the left inferior frontal gyrus and the position of articulator movement
in the right inferior frontal gyrus. This finding differs from the general view of a
right lateralised processing of feedback control and a left lateralised processing of

feedforward control as in Tourville et al. (2008).
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Floegel et al. (2020) also compared speech adaptation-induced changes in resting-
state brain connectivity. Results showed that the more speakers adapted to form-
ant perturbation, the more they increased fronto-temporal connectivity in the right
hemisphere and temporo-parietal connectivity in the left.

EEG and phase coherence analysis provides evidence about timing and coordin-
ation across brain regions. During altered auditory feedback, theta-gamma phase
coherence changed over the course of adaptation, increasing over central regions and
decreasing over fronto-temporal regions (Sengupta & Nasir, 2015). These changes
were correlated with adaptation magnitude in the late phase of speech adaptation.
Coherence was positively correlated with the magnitude of speech adaptation in the
central area but negatively correlated with the magnitude of speech adaptation in
the frontal area. This redistribution of coherence was interpreted as the establish-
ment of a new sensorimotor mapping. Related work showed that theta-, beta-, and
gamma-band activity in the late phase of adaptation was linked to whether speakers
adapted to the perturbation, and that these rhythms interacted with one another
rather than operating independently (Sengupta & Nasir, 2016). ERP evidence has
also linked adaptation to auditory prediction: larger compensation for an F1 shift
was associated with greater speaking-induced suppression for P2 (Sato & Shiller,
2018). This was interpreted as an auditory prediction during speech adaptation.

More recently, MEG has been used to examine sensory prediction error directly.
Speaking-induced suppression was measured as an index of auditory prediction er-
ror (Kim et al., 2025). Researchers found that speaking-induced suppression in
auditory cortex changed across the course of speech adaptation, becoming reduced

(indicating larger prediction error) during early adaptation relative to the initial
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unaltered-feedback phase. This reduction was positively correlated with behavi-
oural speech adaptation, indicating that larger prediction errors were associated
with greater speech adaptation.

In summary, neuroimaging and electrophysiological studies show that speech
adaptation relies on a distributed sensorimotor network. Auditory cortex detects
mismatch, frontal and motor regions support correction, and changes in connectiv-

ity and oscillatory activity track the formation of new sensorimotor mappings.

2.2.2 Disrupted speech adaptation in people with develop-

mental disorders of speech and language

Speech adaptation has been tested in developmental disorders of speech, especially
developmental stuttering and childhood apraxia of speech. Stuttering is widely
thought to involve atypical sensorimotor integration in speech motor control, which
is why it has been a central focus of auditory perturbation research. Using unex-
pected formant shifts, weaker compensation was found in people who stutter than
in fluent speakers, despite comparable response latency across groups (Cai et al.,
2012). They interpreted the reduced magnitude of compensation as evidence for a
weak inverse model, i.e. a reduced ability to translate auditory error signals into
appropriate updates of speech motor commands. Smaller adaptation effects were
also reported together with abnormal EEG phase coherence in adults who stutter,
suggesting a weakened coordination between sensory and motor regions, consistent
with impaired sensorimotor integration (Sengupta et al., 2016). Reduced adapta-

tion in adults who stutter, but not in children who stutter, has also been reported,
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suggesting that the deficit may reflect an age-dependent compensatory change in
speech motor control rather than a fixed early impairment (Daliri et al., 2017)).

A related line of evidence comes from developmental speech disorders that are
also characterised by impaired speech motor planning and integration. Computa-
tional simulations of childhood apraxia of speech (CAS) using the DIVA model
have shown that weakened feedforward control causes the system to over-rely on
auditory feedback, producing speech output consistent with the deficits observed
clinically (Terband et al., 2009). Consistent with this prediction, empirical work
using a paradigm similar to that employed with adults and children who stutter (Da-
liri et al., 2017) found that children with speech sound disorders tended to follow an
auditory perturbation rather than compensate for it, in contrast to age-matched
controls (Terband et al., 2014). This pattern suggests that many children with
speech disorders can detect the mismatch between expected and heard feedback,
but have difficulty generating the compensatory update needed to oppose the per-
turbation. Taken together, the simulation and behavioural findings indicate that
atypical responses to altered auditory feedback in these populations may reflect an
increased reliance on feedback control as a result of weaker feedforward control.

A further related line of work comes from developmental dyslexia. Adults with
dyslexia showed increased responses to altered auditory feedback, suggesting a
weaker sensorimotor integration and less typical coupling between phonological
categories and speech-motor control (van den Bunt et al., 2017). In children with
dyslexia, individual differences in reading and reading-related skills were associated
with the response to altered feedback (van den Bunt et al., 2018). These findings

indicate that atypical speech adaptation in dyslexia is not only a reading-related
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problem, but also reflects differences in how auditory speech feedback is mapped
onto phonological representations.

The behavioural patterns observed in children and adults with speech and lan-
guage disorders are consistent with the broader neurobiological view that speech
motor control depends on distributed corticocerebellar networks. The cerebellum
has been proposed to support speech by helping coordinate prediction, timing, and
signal transfer within these networks (Bernard, 2022; Schmahmann et al., 2019).
Abnormal white matter microstructure of the cerebellar peduncles has been re-
ported in people who stutter (Connally et al., 2014), and meta-analytic work has
proposed that disrupted cortico-subcortical connectivity may contribute to abnor-
mal cerebellar activity in stuttering (Belyk et al., 2014; Brown et al., 2005). In
this context, differences in speech adaptation during altered auditory feedback may
reflect not only atypical local computations within sensory or motor regions, but
also reduced efficiency in the corticocerebellar interactions required to integrate

auditory error signals with ongoing speech motor commands.

2.2.3 Pathology and structural brain imaging studies

Given the roles of the cerebellum and basal ganglia in speech motor control, the
speech adaptation paradigm has also been used to test in populations with atypical
cerebellar and basal ganglia function. In individuals with cerebellar degeneration,
adaptation to sustained pitch or formant perturbations is reduced, whereas com-
pensation to unexpected perturbations is often enhanced (Houde et al., 2019; Li et
al., 2019; Parrell et al., 2017). This dissociation suggests that cerebellar dysfunction

affects the formation and updating of predictive motor commands in feedforward
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control, limiting learning from stable sensory errors. When the perturbation is un-
expected, however, individuals with cerebellar degeneration may rely more heavily
on feedback control to stabilise speech output, which can produce larger online
corrections (Houde et al., 2019). Overall, the pattern points to a shift in control
strategy: reduced predictive adaptation together with increased dependence on
moment-to-moment sensory feedback.

The basal ganglia also contribute to motor planning and execution across human
behaviour, including speech. In Parkinson’s disease (PD), basal ganglia dysfunction
has been linked to impaired sensorimotor integration. Reduced formant adaptation
was reported in individuals with PD during sustained altered auditory feedback,
compared with age-matched controls (Mollaei et al., 2013). This suggests that
basal ganglia dysfunction may hinder the formation of new sensorimotor mappings
needed for speech adaptation.

Adaptation effects in PD also appear to differ across speech parameters. Lar-
ger compensatory responses to pitch perturbations, but smaller compensation to
formant perturbations, were reported in individuals with PD relative to controls
(Mollaei et al., 2016). This dissociation has been interpreted as a shift in sensory
weighting: pitch control may depend more on auditory feedback when somato-
sensory information from the larynx is less reliable, whereas formant control may
be limited by impaired activation and coordination of the oral articulators.

Further studies of patients with Parkinson’s disease indicate that evidence is
mixed once medication status is considered. No group differences in formant adapt-

ation were found when individuals with PD were tested on their usual dopaminergic
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treatment schedule (Abur et al., 2021). This suggests that auditory—motor learn-
ing for formant control can be preserved under dopaminergic medication. Similar
evidence was reported for pitch perturbation, where larger compensations were
observed overall in patients with PD relative to controls, but these compensat-
ory responses were reduced when an external auditory cue preceded each trial
(Huang et al., 2019).

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) has recently
been tested as a factor influencing speech adaptation in PD. One study reported
reduced compensation to a downward pitch shift with DBS-on relative to DBS-off
(Behroozmand et al., 2019), whereas another found no effect of DBS on compens-
atory responses to pitch perturbation (Bahners et al., 2020). These mixed findings
suggest that the influence of DBS on speech adaptation may depend on stimulation
parameters, task design, or the specific acoustic dimension being perturbed.

Structural differences in the brain have also been linked to individual variation
in speech adaptation. Greater adaptation to pitch perturbation was associated
with larger grey matter volume in the left inferior parietal lobe, as well as greater
cortical thickness and surface area in the left temporal lobe (Chen et al., 2021).
These regions are often implicated in integrating auditory information with speech
motor control, suggesting that stronger error-based updating may depend on more
developed parietal-temporal structure. By contrast, greater cortical thickness in
the right inferior frontal gyrus and superior parietal lobe, and larger surface area in
the left precuneus and cuneus, were associated with smaller adaptation magnitudes

(Chen et al., 2021)). Taken together, these findings suggest that speech adaptation
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is supported by a broader brain network, and that variation in that network is

reflected in behavioural differences during altered auditory feedback.

2.2.4 Brain stimulation studies

Another important approach to test the role of different brain areas in speech ad-
aptation is to use noninvasive brain stimulation to modify activity and observe
the responses on speech adaptation during altered auditory feedback. Specifically,
repetitive transcranial magnetic stimulation (rTMS) has been used to negatively
interfere with processing in the targeted brain area. In one study, low-frequency
r'TMS was used to temporarily inhibit the function in the left primary motor cortex
(M1) (Tang et al., 2021)). Compared with inhibitory rTMS over the hand represent-
ation in M1, r'TMS over the tongue area completely abolished F1 and F2 adaptation
effects in response to an increase in F1 feedback. Reduced adaptation to formant
perturbation was also seen when r'TMS was used to interfere with processing in the
left supramarginal motor gyrus (SMG) (Shum et al., 2011). Continuous theta burst
stimulation (c-TBS) over the left supplementary motor area (SMA), combined with
EEG recording during pitch perturbation, led to a decrease in compensation and a
decrease in N1/P2 response (Dai et al., 2022). These results contradict the finding
that larger adaptation magnitude correlated with smaller N1/P2 amplitude (Sato
& Shiller, 2018), but support the idea that the left SMA receives auditory feedback
and potentially contributes to auditory prediction during speech adaptation. Most
recently, a study using c¢-TBS to disrupt auditory cortex or somatosensory cortex
found that retention of speech adaptation effect was impaired when speakers were

tested on the following day, whereas disrupting M1 did not impair retention (Rao
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et al., 2026). This suggests that retention of the speech adaptation is more likely
to be stored in sensory cortex rather than in motor cortex.

Some studies have used transcranial direct current stimulation (tDCS) to mod-
ulate neural activity in a brain area and examine the effects on adaptation. Spe-
cifically, anodal tDCS facilitates neural activity by increasing the resting mem-
brane potential (membrane depolarisation, (Medeiros et al., 2012)) and typically
enhances behavioural performance, whereas cathodal tDCS is thought to down-
regulate neural activity by decreasing the resting membrane potential (membrane
hyperpolarisation) and has mixed effects on performance (Jacobson et al., 2011).
In speech adaptation studies, anodal tDCS over the left inferior parietal lobe in-
creased adaptation to the F1 perturbation relative to cathodal and sham stimu-
lation (Deroche et al., 2017). High-definition anodal tDCS over the left ventral
sensorimotor cortex also increased adaptation in F1 during perturbed auditory
feedback (Scott et al., 2020). Anodal tDCS over the right cerebellum led to larger
pitch compensation for pitch errors in vowel production (Peng et al., 2021).

Among these tDCS studies, Lametti et al. (20184 investigated the roles of the
left speech motor cortex (M1) and the right cerebellum in speech adaptation. The
study revealed that anodal tDCS of the left M1 drove speech adaptation towards a
previously learned vowel category in the speaker’s speech repertoire (adaptation to
both F1 and F2), whereas anodal tDCS of the right cerebellum drove correction of
the perceived error by offsetting the change in only the shifted formant (adaptation
to F1 only). An alternative explanation is that anodal cerebellar tDCS abolished
the adaptation in F2, which was seen in the groups who received sham and M1

stimulation. Anodal cerebellar tDCS may impair speech processing. For instance,
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interference in the timing of perceptual decisions in speech was observed following

anodal tDCS over the right cerebellum (Lametti et al., 2016).

Among studies showing mixed effects of cathodal tDCS, cathodal cerebellar
tDCS has been shown to facilitate verb generation (Marangolo et al., 2018) and
auditory working memory (Pope & Miall, 2012). In the latter study, the facilitatory
effect of cathodal tDCS was attributed to a reduction in the inhibitory influence
of the cerebellum on the prefrontal cortex (Pope & Miall, 2012).

Transcranial alternating current stimulation (tACS) is similar to tDCS in that it
uses weak electric currents over the scalp at a certain frequency aimed at entrain-
ing intrinsic neural oscillations. Demirel et al. (2025) conducted a tACS study,
where researchers delivered 75 Hz gamma coupled to the peak of a 6 Hz theta
envelope (TGP) over left M1 at an intensity of 2 mA peak-to-peak to enhance
speech adaptation during sustained altered auditory feedback. However, no effect
of TGP-tACS was observed on the magnitude of speech adaptation compared with
sham stimulation. The group receiving active stimulation showed greater reten-
tion of the adapted state during “wash-out”, suggesting further studies exploring
accumulative effects of repeated TGP-tACS would be informative.

Overall, noninvasive stimulation studies show that speech adaptation depends
on a distributed network including sensorimotor cortex, SMA, and cerebellum. The
effects of stimulation are variable, however, and differ across regions, polarity,
and stimulation type.
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2.3 Summary

In this chapter, I focused specifically on studies using the paradigm involving speech
adaptation during altered auditory feedback. Since the first study of formant per-
turbation (Houde & Jordan, 1998), a growing body of work has used this paradigm
to investigate the behavioural and neural mechanisms underlying speech adapt-
ation. The altered auditory feedback paradigm using formant perturbation has
proven particularly informative for understanding speech adaptation, speech mo-
tor control, and the relationship between speech production and perception. To
date, these findings have demonstrated the importance of auditory feedback in
maintaining stable speech production and supporting speech development.

Studies using brain imaging and brain stimulation have identified neural correl-
ates of speech adaptation. Collectively, this work suggests that activity in portions
of auditory and sensorimotor cortex, as well as the cerebellum, contribute to ad-
aptive responses during altered feedback. In parallel, research on clinical and devel-
opmental populations, including patients with cerebellar degeneration, people who
stutter, and individuals with Parkinson’s disease, has advanced our understanding
of both atypical and typical speech motor control.

However, this review highlights gaps in our knowledge, which remain to be in-
vestigated. Firstly, further clarification is needed regarding the impact of brain
stimulation on speech adaptation since previous studies have produced mixed ef-
fects. Secondly, relatively few studies have used functional imaging to examine the
neural correlates of speech adaptation during sustained altered auditory feedback.

So far, existing findings are inconsistent regarding the roles of the left and right
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hemispheres in speech adaptation. Also, changes in intrinsic brain activity due to
speech adaptation have yet to be fully investigated. Comprehensive whole-brain
functional brain mapping would deepen our understanding of the neural correlates
of speech adaptation, strengthen models of speech motor control, and inform the
design of future brain stimulation studies.

Here, these knowledge gaps were addressed in separate studies using brain stim-
ulation and brain imaging.

First, in a pre-registered study, I aimed to replicate the effects of anodal tDCS
on speech adaptation over the left speech motor cortex and the right cerebellum
described by Lametti et al. (2018a). The results of a large study in ninety par-
ticipants failed to replicate the original findings. These results are described in
Chapter a and published in Yuan et al. (2025). Second, since nearly all previous
work on the speech adaptation paradigm has involved English or French speaking
participants, I developed a Mandarin version of the task. I first tested this task
behaviourally in seventy-six participants and then adapted it for the use in task
functional MRI (forty-eight participants). These data are presented in Chapter @
I acquired resting-state fMRI before and after the speech adaptation task to invest-
igate long-term changes in intrinsic brain networks. The results of the analysis of

the resting-state data are presented in Chapter E
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Enhancing speech adaptation using

transcranial direct current stimulation

3.1 Abstract

Transcranial direct current stimulation (tDCS) modulates cortical excitability and
when applied in combination with a cognitive task has potential to enhance per-
formance. In the speech domain, previous work indicated that anodal tDCS over
left motor cortex and right cerebellum increased the magnitude of sensorimotor con-
trol of speech (will also be called “speech adaptation” later in this chapter). Here,
we aimed to replicate these findings in a pre-registered, double-blind, randomised,

sham-controlled study of a large sample (three groups of N = 30). Participants
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read words out loud. Speech was recorded and fed back to them either normally or
with a 110-Mel increase in the frequency of the first vowel formant. Participants
responded to altered feedback by changing their speech production (adaptation).
Participants were randomly allocated to receive 2-mA anodal tDCS over either left
speech motor cortex, or right cerebellum, or sham stimulation. We tested for dif-
ferences in speech adaptation among the three groups using one-way analyses of
variance. We also explored the relationship between speech adaptation and meas-
ures of speech perception. All groups showed significant adaptation while receiving
altered auditory feedback. Contrary to the previous study, we found no impact of
anodal tDCS on the magnitude of the speech adaptation. In conclusion, speech
adaptation was unaffected by anodal tDCS over speech motor cortex or cerebel-
lum. This study is another example of the inconsistent effects of tDCS on task
performance particularly when participants are young and healthy. Even larger
samples may be needed to detect small effects and to avoid spurious results arising

from individual differences in task performance.

3.2 Introduction

Transcranial direct current stimulation (tDCS) shows promise as an adjunct to
therapeutic interventions. In the speech domain, tDCS can improve the outcomes of
speech therapy in patients with aphasia due to stroke or neuro-degenerative disease
(Coemans et al., 2021; Elsner et al., 2019) and in people who stutter (Chesters et

al., 2018; Moein et al., 2022).
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TDCS can also enhance performance and improve learning across a range of
tasks in neurologically intact participants (e.g. Reis et al. (2009)). Such studies
are necessary to optimise and refine stimulation protocols and could inform future
clinical applications. By modulating cortical excitability during a speech adapt-
ation task, tDCS was used to test the contributions of different brain areas to
sensorimotor learning in speech. Specifically, anodal tDCS, which raises the rest-
ing membrane potential of neurons in the cortex (Medeiros et al., 2012; Nitsche &
Paulus, 2000) enhanced speech adaptation when applied over left inferior parietal
cortex (Deroche et al., 2017), left ventral sensorimotor cortex (Lametti et al., 20184;
Scott et al., 2020), and right cerebellum (Lametti et al., 2018a; Peng et al., 2021).

Here, we sought to replicate the findings of one of these studies demonstrating
different roles for the left motor cortex and the right cerebellum in speech adapta-
tion (Lametti et al., 2018a). Speech adaptation is studied using a altered auditory
feedback paradigm (Houde & Jordan, [1998). Participants produce syllables, which
are recorded and fed back to them in near real-time. Speech adaptation is evalu-
ated by altering the frequencies of the vowel formants and measuring the effects
of such perturbation on subsequent speech production. The frequencies of the first
(F1) and second (F2) vowel formants determine vowel identity (Ladefoged & John-
son, 2014). In an experiment, increasing F1 when “head” is produced, results in
a word that sounds closer to “had” and causes participants to adapt their speech
production to achieve the target. The magnitude of change in speech production
during a period of altered feedback and the persistence of the change once normal

feedback is restored provide measures of sensorimotor learning.
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In the Lametti et al. (20184 study, anodal tDCS over left motor cortex en-
hanced sensorimotor adaptation in both F1 and F2 driving adaptation towards the
formant frequencies associated with an existing vowel category. In contrast, anodal
tDCS over the right cerebellum enhanced adaptation in F1 only; participants cor-
rected the increase in the F1 frequency by reducing the frequency of this formant
in their productions, thereby offsetting the sensory error. Anodal cerebellar tDCS
appeared to abolish adaptation in F2, which accompanied F1 adaptation in both
sham and motor cortex stimulation groups.

In the current study, we aimed to replicate the findings in the Lametti et
al. (2018a) study and address some of its limitations. We used a randomised,
double-blind, sham-controlled design; methods and analysis were pre-registered
(https://osf.io/9bswe). The original study used a cerebellar montage that placed
the cathode on the right cheek and secured the electrodes with bandages around
the jaw, potentially affecting speech production. To avoid this issue, we used a
different cerebellar tDCS montage validated in previous studies (Ferrucci et al.,
2013; Weightman et al., 2023): the anode was positioned over the right cerebel-
lum and the cathode was placed on the right deltoid muscle (upper arm). We
also increased power by increasing the sample size from 20 to 30 participants per
group. We replaced the acoustical effects processor and analogue filters with a
MATLAB MEX-based program called ‘Audapter’ (Cai et al., 2008; Tourville et
al., 2013) to record speech, alter it and feed it back to participants with minimal
delay. This software allowed us to introduce an additional measure of speech adapt-

ation by masking auditory feedback with noise scaled to speech volume; measures
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of F1 and F2 production during blocks of noise-masked feedback were acquired
before and after adaptation.

Previous studies showed that individual differences in vowel perception affect
the amount of sensorimotor adaptation during speech production (Villacorta et al.,
2007), and that those who show larger adaptation effects also show larger changes
in perception (Lametti et al., 2014a). To explore whether anodal tDCS over left
motor cortex or right cerebellum would further enhance these effects, we included
measures of categorical perception of vowels on the “head” to “had” continuum

before and after adaptation.

3.3 Materials and Methods

3.3.1 Participants and study design

We recruited 90 native English speakers aged between 18 and 47 years; 45 fe-
male, 45 male, 80 right-handers. Most were students at the University of Oxford
and were given either class credits or a small monetary reimbursement for par-
ticipation. All were naive to the purpose of the experiment. Exclusion criteria
included a history of or current neurological disorder, speech or hearing impair-
ments, and tDCS contraindications.

The experimental setup is shown in Figure El] A. Participants wore over-ear
headphones and a head-mounted microphone (SHURE WH20) and sat in front
of a computer screen where words were displayed for reading aloud. Speech was
recorded and feedback altered using a MATLAB-MEX based interface named “Aud-

apter” (Cai et al., 2008; Tourville et al., 2013). Brain stimulation was applied over
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either the left motor cortex or right cerebellum using a direct current stimulator
(NeuroConn DC Stimulator Plus; Rogue Resolutions, Cardiff, UK) running in re-
mote mode to ensure the double-blind sham-controlled design. A researcher who
was not involved in data collection or analysis allocated participants randomly into
the three groups (anodal-M1, anodal-cerebellum, sham). This was done separately
for males and females to ensure all groups were balanced for sex. Participants
received a unique five-digit code that delivered either active or sham stimulation
when entered into the stimulator. The researchers and participants were unaware
of the stimulation group assignment.

The brain stimulation started at the beginning of the baseline block (normal
feedback), lasted 16 minutes, and ended before the start of the post-adaptation
perception task. Measures of speech perception were acquired before baseline and

after the adaptation block of the speech production task.

3.3.2 Sample size justification

The primary objective of the study was to replicate the findings from a previous
study by Lametti et al. (2018a). In that study, one-way analyses of variance (AN-
OVA) were used to compare changes in F1 and F2 in three groups of 20 participants.
A significant effect of stimulation group was found for F1 during the last 30 trials
of the adaptation block (f = 0.395, personal communication) and for F2 during the
first 15 trials of the after-effect block (when normal feedback resumed; f = 0.424).
Using the smaller effect size, we determined that a sample size of 87 participants
would give us > 90% power to detect differences among three groups with an alpha

of 0.05 (G*Power software, Version 3.1, Faul et al., 2009).
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Figure 3.1: Speech Production Task.

A. Experimental setup (the figure was generated with the help of ChatGPT). B.
Electrode montages for anodal-M1 and anodal-cerebellum stimulation. Red — anode,
blue — cathode. C. Schematic of predicted change in F1 from baseline during an
increase in F1 feedback in the adaptation block. Blue dots — F1 frequency on individual
trials. D. Vowel space showing vowel production data in a single participant. F1 and
F2 frequencies of each utterance are plotted in black for the vowel in “head”, blue for
the vowel in “hid” and red for the vowel in “had”. The downwards black arrow indicates
the direction of the shift applied to F1 feedback during the adaptation block. The two
dashed arrows illustrate two alternative patterns of change participants were expected
to make in response to the upward shift in F1 feedback: (i) offset upward shift by
decreasing F1 production with no change in F2; (ii) coupled changes in F1 and F2
production to move towards the vowel in “hid”.

3.3.3 Speech production task

The speech production task consisted of seven blocks: vowel exploration, baseline,
adaptation, after-effect, and three noise-masked blocks. In each, participants read
words presented for 1500-ms with 750-ms intervals. Recordings of these utterances
were made via a head-mounted microphone and fed back via over-ear headphones

(see Figure @ A). In the vowel exploration block, participants produced nine words
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(“dead”; “bed”, “head”, “dad”, “bad”, “had”, “did”, “bid”, and “hid”) presented
in a random order, 10 times each and heard unaltered feedback. During baseline,
adaptation and after-effect blocks, “head”, “bed”, and “dead” were each produced
15, 75 and 15 times, respectively. Breaks of 30 seconds occurred every 45 utter-
ances. The formant alterations were applied using the Mel scale-a perceptually
normalised scale widely used to represent frequency changes that listeners perceive
as equal steps in pitch (Stevens et al., 1937). The magnitude of the shift applied
in the original study was 21% (in Hz; Lametti et al. (2018a)), which converts to
approximately 110-Mel. The conversion from Hz to Mel used the following formula:

Hz
Mel = 2595 -1 1+ —
e 995 ogw( + 700)

Feedback was altered during the adaptation block only. F1 was isolated from the
utterance and increased by 110 Mel, combined with the rest of the unaltered speech
signal and 60 dB masking pink noise, and played back through headphones with an
imperceptible delay. In response to the altered auditory feedback, participants typ-
ically adjust their forthcoming utterances. For example, participants utter “head”
but with the increase in F1, the word fed back over headphones sounds closer to
the frequency of the vowel in “had”. Participants typically adapt by reducing F1
and increasing F2 in their production (see Figure @ C & D). The noise-masked
blocks involved producing “head”, “bed”, and “dead” five times each with noise
feedback scaled with speech volume (the feedback was 0 dB). One block was used
for familiarisation immediately after the vowel exploration. The second and third

noise-masked blocks took place before and after the adaptation block.
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3.3.4 Analysis of speech production data

For all utterances, formant frequencies were extracted and analysed using MAT-
LAB (Tang et al., 2021). Specifically, the average F1 and F2 frequencies were
extracted across a 25-ms time frame at the centre of each vowel using Praat (Bo-
ersma & Weenink, 2022) with linear predictive coding. F1 and F2 values exceeding
three standard deviations from the mean in each block were excluded (F1: 1.69%
and F2: 1.73% of the data). Formant frequency changes were calculated for all
trials in the baseline, adaptation, and after-effect blocks by subtracting the av-
erage value of the baseline for each formant in each participant. The change in
formant frequency for the post-adaptation noise-masked block was calculated by

subtracting the average value from the pre-adaptation noise-masked block.

3.3.5 Transcranial direct-current stimulation (tDCS)

Participants received tDCS for 16 minutes over either the left ventral sensorimotor
cortex (M1) or right cerebellum during the baseline, pre-adaptation noise, adapt-
ation, and post-adaptation noise blocks of the speech production task. A 2-mA
direct current with 30-second ramp-up and ramp-down periods was delivered using
5 x 7 cm saline-soaked electrodes. For M1 stimulation, the anode was placed in por-
trait (short side horizontal) with the top posterior corner of the electrode located
on a point one-third of the length along a line from the vertex to the tragus. This
point lies between the C1 and C3 electroencephalography electrode locations in
the 10-20 system and corresponds to the M1-hand representation (C3h in the 10-5
system; Kim et al., 2023a). Previous mapping of the speech motor system using

MRI and found the larynx, lip, and tongue cortical representations lie between 19-
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and 37-mm ventral and anterior to the hand representation (Eichert et al., 2021).
Thus a 5 x 7 cm electrode oriented in portrait and placed on the scalp ventral and
anterior to the hand location should cover this speech motor cortex. The cathode
was placed in landscape (long side horizontal) above the right supraorbital ridge,
not crossing the midline. For cerebellar stimulation, the anode was centred on
a point 3-cm lateral to the inion on the right in landscape orientation, and the
cathode was placed on the right upper arm over the deltoid muscle in portrait
configuration (see Figure Ell B). The sham stimulation group received 90 seconds
of stimulation including 30-second ramp-up and ramp-down periods. Electrodes
were placed at the same positions and orientations as for the anodal stimulation
groups. Half of the sham group received M1 sham stimulation, and the other half

received cerebellar sham stimulation.

3.3.6 Speech perception tasks

For the speech perception tasks, an individually tailored vowel formant continuum
(“head” to “had”) was generated by recording the participant’s production of “head”
and “had” 10 times each. The average F1 and F2 frequencies were extracted as
described above. We selected the two utterances (one for ‘head’” and one for ‘had’)
closest in Fuclidean distance to the average of each in F1-F2 vowel space and
used a Praat script (http://www.mattwinn.com/praat.html) to generate an 8-step
“head” to “had” continuum. These stimuli were then used in identification and
discrimination tests of categorical speech perception, which were completed before

baseline and after adaptation block of the speech production task.
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In the identification task, eight stimuli, one from each step of the continuum,
were presented 12 times in a random order with a 1500-ms stimulus onset asyn-
chrony (SOA). Participants pressed a button to identify which word they heard
(“head” or “had”). In the discrimination task, participants heard identical pairs
(one pair for each of the 8 steps) or different pairs (pairs 1-3, 2-4, 3-5, 4-6, 5-7, 6-8)
separated by two steps. The identical pairs were presented six times, and the differ-
ent pairs were presented 12 times in a counterbalanced and randomised sequence.
Words in a pair had a 500-ms SOA, and trials had a 2500-ms interval. Participants

indicated with a button press whether pairs were the same or different.

3.3.7 Analysis of speech perception data

For the identification task, we first removed anticipatory responses (i.e. reaction
time shorter than 200 ms) and calculated the proportion of “head” responses for
each of the 8 steps of the continuum. Further data was lost due to technical is-
sues and participants pressing the wrong buttons (percentage of total data loss in
the identification task is about 6%). A logistic curve was fitted to the identific-
ation data for each participant in each session (before and after the adaptation)

using the following formula:

E(Y,) = (1+B8) "

The position of the category boundary was defined as the point along the eight-step
continuum where E(0.5). The logarithm of §; was used to estimate its slope.

For the discrimination task, we first removed data from trials where responses
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were considered anticipatory (i.e. reaction time shorter than 200-ms after the onset
of the second sound of the pair). There was further data loss due to technical issues
and participant error (percentage of data loss in the discrimination task is about
18%). The proportion of ‘different’ responses was calculated for all pairs of stimuli.
Responses in the identification task were used to determine whether the ‘differ-
ent’ pairs in the discrimination task crossed the category boundary (i.e. between-
category pairs). If the difference in the proportion of “head” responses to each stim-
ulus in a pair was more than 0.5, the pair was classified as a between-category pair.

For each participant in each session, we calculated the hit rate (proportion of
‘different’ responses to different pairs; both between and within-category pairs) and
false alarm rate (proportion of ‘different’ responses to identical pairs). Sensitivity
(d') and response bias (c) were calculated using signal detection theory. Since our
design involved a roving stimulus level and only a few repetitions for each pair of
stimuli, we calculated each individual’s sensitivity (d') and response bias (c) using
the difference rule and their pooled proportions of the same and different responses
for their between-category pairs instead of estimating for each pair separately and

averaging across (see Macmillan et al. (2021)), chapter 13, p. 316, for details).

3.3.8 Statistical analyses

For the speech production tasks, following Lametti et al. (2018a), the magnitude
of adaptation was quantified as the average F1 and F2 changes from baseline in
the last 30 trials of the adaptation block, and the first 15 trials in the after-effect
block. Any data points outside 1.5 times the interquartile range were removed

from the analysis (one data point from F2 change in adaptation block and one
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from F1 change in noise block, four data points from F2 change in noise block).
To replicate the analyses of the previous study, one-way ANOVAs were performed
to test the effect of stimulation group (anodal-M1, anodal-cerebellum, sham) on
F1 and F2 changes at the end of adaptation (last 30 trials) and in the after-effect
block (first 15 trials). In addition, we compared F1 and F2 changes from the pre-
to the post-adaptation noise block among the three groups using one-way ANOVA.

For the speech perception data, a mixed ANOVA with one within-subject factor
(pre vs. post-adaptation) and one between-subject factor (group: anodal-M1,
anodal-cerebellum, sham) was used to test for significant changes in the slopes
and positions of category boundaries, hit and false alarm rates, sensitivity (d’),
and response bias (c) after the speech production task and the effects of stimu-
lation on these changes. To test for the relationship between speech perception
abilities and adaptation, correlation analyses were conducted between baseline per-
ceptual measures (the slopes and positions of category boundaries, hit rates, false
alarm rates, d’, and ¢) and the magnitude of speech adaptation (average F1 and F2
changes from baseline for last 30 trials). Correlation analysis was also conducted
to explore the relationship between the magnitude of speech adaptation and the
change in perceptual measures from before to after adaptation.

For the calculation of effect sizes, we reported Cohen’s d to quantify the stand-
ardised mean difference in one-sample t-tests (d, = \/Lﬁ) For one-way ANOVAs,
we reported partial eta squared (772), which is an estimate of the variance ex-

plained by the factor.
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3.4 Results

The main aim of this double-blind sham-controlled study was to replicate findings
from a previous study that tDCS over the left motor cortex and right cerebellum
enhances sensorimotor learning for speech (Lametti et al., 2018a). Ninety parti-
cipants completed a speech adaptation task while receiving either anodal or sham
stimulation over the left motor cortex or right cerebellum. Participants were ran-
domly allocated to three groups of thirty participants maintaining an even sex
balance in each: anodal-M1, anodal-cerebellum and sham groups. Groups did not
differ in age (F(2,87) = 1.33, p = 0.270) or in terms of baseline F1 (F(2,87) =
0.655, p = 0.522) and F2 (F(2,87) = 0.016, p = 0.984) frequencies during speech

production (see Table @)

Table 3.1: Participant characteristics and changes in F1 production during
the adaptation task.

Values are shown for the M1, cerebellum,
sham, and full sample groups. Age and baseline formant values are shown as mean + SD.

Measure M1 Cerebellum Sham All

Participant characteristics

N 30 30 30 90
Sex 15M, 15F 15M, 15F 15M, 15F 45M, 45F
Age (years) 23.5 £817 21.5+£489 21.4+£325 22.1+5.83

Baseline formant frequencies
Baseline F1 (Mel) 784 + 75.2 768 £+ 59.2 786 £ 67.6 779 £ 674
Baseline F2 (Mel) 1459 + 60.4 1456 + 47.9 1458 + 67.4 1458 4+ 58.5

Change in F1 production (% of F1 shift)

End of adaptation 34.3% 37.6% 37.1% 36.3%
Start of after-effect 16.5% 18.3% 27.0% 19.0%
Post-adaptation noise block 22.6% 32.6% 22.0% 27.4%
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3.4.1 The effect of tDCS on speech adaptation

Changes from baseline in F1 production during the adaptation and after-effect
blocks of the speech production task are shown for each group in Figure @ All
three groups adapted F1 during this task. F1 significantly decreased relative to
baseline by the end of the adaptation block, and at the start of the after-effect
block (one-sample t-test against zero in each group: ps < 0.05; see Table El!) The
magnitude of these F1 changes did not differ among the three groups, however
(one-way ANOVA at the end of adaptation: F(2,87) = 0.149, p = 0.862, 772 =
0.00341; start of after-effect block: F(2,87) = 0.530, p = 0.591, 772 = 0.0120).
These results contrast with those from the original study, which found significantly
greater change in F1 from baseline in the two stimulation groups relative to sham.
Also in the current study, all three groups retained significant F1 adaptation during
the post-adaptation noise-masked block (ps < 0.05, Figure @) but the magnitude
of this change from baseline did not differ among the three groups (F(2,86) =
0.984, p = 0.378, 1 = 0.0224).

Changes from baseline in F2 production are shown in Figure @ F2 signific-
antly increased relative to baseline at the end of the adaptation block and at the
start of the after-effect block in all three groups (one-sample t-test against zero, all
ps < 0.05). As seen for F1, the magnitude of the F2 changes did not differ among
the three groups (one-way ANOVA at the end of adaptation: F(2,86) = 0.290, p
= 0.749, n2 = 0.00670; start of after-effect block: F(2,87) = 0.334, p = 0.717, n2 =
0.00762). As above, these results contrast with those from the original study, which

found no significant adaptation in F2 in the anodal-cerebellar group at the end of
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Figure 3.2: Changes in F1 production during adaptation task.

A. Data averaged every 15 trials for baseline, adaptation, and after-effect blocks.
Adaptation block with altered auditory feedback is marked in grey. Error bars show =+
standard error. B. Average F1 change for individual participants (open circles) for each

group at the end of the adaptation block (last 30 trials with altered feedback), and
initial 15 trials of the after-effect block. Horizontal lines indicate the mean for the
group. Red — anodal-M1; Blue — anodal-cerebellum; Black — sham. All changes from
baseline were significant but did not differ among groups (see text for details).
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Figure 3.3: Changes in F2 production during adaptation task.
See caption to Figure for details. All changes from baseline were significant but did
not differ among groups (see text for details).

adaptation or start of after-effect blocks and a significantly greater change in F2
from baseline in the anodal-M1 and sham groups relative to the anodal-cerebellar

group for the after-effect block. For the post-adaptation noise-masked block only

the anodal-cerebellum and the sham groups showed significant changes in F2 (ps
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Figure 3.4: Changes in F1 and F2 production from the pre- to the post-
adaptation noise block.
See caption to Figure for details. All changes were significant for F1 and did not
differ among groups. For F2, only cerebellum and sham stimulation groups showed
significant adaptation (see text for details).

< 0.05); the change in F2 for the anodal-M1 group was not significantly different
from zero (#(29) = 1.35, p = 0.188, Cohen’s d = 0.246). However, the ANOVA
found no group differences in the magnitude of F2 change (F(2,82) = 2.81, p =

0.066, 72 = 0.0641; Figure B.4).

3.4.2 Exploratory analysis

We performed an exploratory analysis of the data in the adaptation block of the

experiment using linear mixed-effects modelling by adding the random effects of
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participant and word into the model using group (M1, cerebellum, & sham) and
trial (number of utterances) as fixed effects to predict the changes over time in
speech adaptation. We did not include random slopes for participants, because
this model failed to converge, presumably due to sample size.

The analysis was conducted using the Ime4 package (Bates et al., 2015) and
the significance was estimated using the lmerTest package (Kuznetsova et al., 2017)
in R. First, participants’ F1 and F2 for the adaptation trials were normalised by
subtracting the average F1 and F2 at baseline. We created two new categorical
variables: Group 1 (2/3, —1/3, —1/3; refers to the group mean of M1 stimula-
tion relative to the group mean of sham stimulation) and Group 2 (—1/3, 2/3,
—1/3; refers to the group mean of cerebellum stimulation relative to the group
mean of sham stimulation) to estimate the group differences. Analysis of pair-
wise comparisons of estimated marginal means was conducted using the emmeans
package (Lenth et al., 2023).

Linear mixed-effects modelling showed that all three groups significantly adjus-
ted their F1 and F2 in response to the altered feedback (significant main effect
of time, F1: ¢t = —45.9, p < 0.001; F2: ¢ = 16.5, p < 0.001). The M1 tDCS
group were slower to adapt in both F1 and F2 compared with the sham group
(significant interaction between group 1 (M1 vs sham) and time: F1: t = —4.49, p
< 0.001; F2: ¢t = —2.36, p = 0.018). However, pairwise comparisons between
groups were not significant.

Therefore, although there is evidence suggesting that M1 tDCS might lead to
slower speech adaptation compared with the sham stimulation (see Figure @),

this result needs further investigation in larger samples of participants.
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3.4.3 The effect of tDCS on speech perception

For the speech perception tasks, there were no unexpected differences among the
three groups in their baseline (pre-adaptation) measures derived from the identi-
fication and discrimination tests of categorical perception (see Table @) There
were no differences among the three groups for the post-adaptation measures too
(i.e. no main effect of group or interaction).

Post-adaptation, there was a significant change in the position of the category
boundary for the identification function; people were more likely to report “had”
post-adaptation compared with pre-adaptation; F(1,80) = 29.2, p < 0.001, 775 =
0.267, Figure @ A). The slope of the logistic curve increased numerically in all
groups from pre- to post-adaptation but this change was not significant (F(1,77)
= 3.46, p = 0.067, 77]% = 0.0430). For the discrimination task, hit rate decreased
from pre- to post-adaptation (F(1,71) = 11.8, p < 0.001, 7712, = (.143, Figure @
B) as did the rate of false alarms (F(1,71) = 4.14, p = 0.046, 7713 = 0.0551, Figure
@ B), consistent with a reduction in response bias, which was also significantly
changed (i.e. the liberal bias shown by participants pre-adaptation was reduced;
participants were slightly less likely to say “different” to all pairs resulting in fewer
hits but also fewer false alarms, F(1,69) = 17.1, p < 0.001, 7712, = 0.200, Figure
@ B). This was not due to any change in sensitivity since d’ was unchanged from
pre- to post-adaptation (F(1,71) = 0.674, p = 0.414, 7][2, = 0.00940, Figure @
B). In sum, we found that performing the adaptation task increased the size of
the category for “head” relative to “had” compared with the category sizes before

adaptation. Participants also became less liberal in their responding after the
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Figure 3.5: Changes in speech perception measures from before to after
speech adaptation.
A. Averaged logistic functions for the identification task showing a shift in the vowel
boundary between “head” and “had” on the identification task. Circles represent the
proportion of “had” response on each vowel continuum. The vowel boundary shifted
from pre- to post-adaptation (indicated by down arrows) in the direction of ‘head’.
Error bars show +/— standard error. B. Hit rate, false alarm rate, sensitivity (d'), and
response bias (c) for individual participants (circles) on the discrimination task.
Horizontal lines indicate the mean for the session. Green — pre-adaptation session;
Purple — post-adaptation session. Means and standard errors of each session and of
each stimulation group are provided in Table @

adaptation task, exhibiting an increase in their criterion for signal detection on the
discrimination test, which resulted in fewer hits but also fewer false alarms. As
for speech production, however, there were no differences among groups in any of

these speech perception measures; stimulation had no effect.

3.4.4 Correlation between perception and production

We found no relationship between performance measures of speech perception at

baseline and the amount of adaptation in the speech production task (all correla-
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Table 3.2: Behavioural measures of perception tasks.

Means+SEs shown.

Group df M1 Cerebellum Sham All
Position

Pre 86  4.724+0.127 4.44+0.157 4.58+0.129 4.59+0.0790
Post 85 4.53+0.135 4.00+0.151 4.28+0.126 4.28+0.0815
Slope

Pre 85 14.942.30 16.64+2.76 15.842.74 15.741.49
Post 84 23.745.22 25.0+£7.18 18.5+3.43 22.3+3.10
Hits

Pre 74 0.82440.0214  0.777+£0.0236 0.77940.140 0.7914+0.0116
Post 74 0.80740.0284  0.742+0.0216 0.74440.150 0.76140.0126
False Alarms

Pre 74 0.48440.0633  0.430+0.0463 0.44040.0434 0.44940.0290
Post 74 0.367£0.0617  0.416+0.0468 0.41240.0354 0.40140.0270
Sensitivity (d')

Pre 74 1.0640.231 1.034+0.171 0.966+0.137 1.0240.101
Post 74 1.43+0.194 0.940+0.165 0.931+0.118 1.07£0.0932

Response Bias (c)
Pre 74 —0.485%0.109
Post 72 —0.13440.097

—0.327£0.0811
—0.2284+0.0790

—0.307£0.0638
—0.211£0.0545

—0.364£0.0483
—0.197£0.0431

tions between measures were not significant, see Table @ for statistics). Similarly,

the magnitude of adaptation during the speech production task was unrelated to

the changes from pre- to post-adaptation in the various measures of speech per-

ception (all correlations between measures were not significant, see Table @ for

statistics). These findings contrast with those reported in previous studies (see

introduction for details). Due to the lack of significant relationships between pro-

duction and perception measures, we did not explore any modulatory effects due

to stimulation (i.e.

group differences).
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Table 3.3: Correlation between speech perception at baseline and F1/F2
change in the last 30 trials of the adaptation block.

Baseline perception N r p
F1 change

Position 86 —0.208 0.054
Slope 85 0.004 0.972
Hits 74 —0.100 0.395
False Alarms 74 0.017 0.883
Sensitivity (d') 74 —0.052 0.660
Response Bias (¢) 74 0.017 0.886
F2 change

Position 86 —0.196 0.070
Slope 85 0.081 0.461
Hits 74 0.209 0.074
False Alarms 74 0.055 0.641
Sensitivity (d') 74 0.043 0.718
Response Bias (c¢) 74 —0.133 0.258

3.4.5 Assessment of participant and experimenter blinding

At the end of the experiment, we asked the participants and experimenters to re-
port whether they thought they had received real or sham stimulation (see Table
@) We conducted a Chi-squared test on their responses for the two montages
separately (M1 and Cerebellum). Even though the association between actual stim-
ulation received and participant report was not significant (y3,, = 2.500, p = 0.114;
Xorebeltum = 1.800, p = 0.180), it is worth noting that most participants who re-
ceived active stimulation were correct in reporting it (26/30 for anodal-M1 and
22/30 for anodal-cerebellum; see Table @) We therefore combined data across
montages and compared reports for the active and sham groups. This revealed

a significant association between reported stimulation and actual stimulation re-
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Table 3.4: Correlation between change of perception before/after speech ad-
aptation and F1/F2 change in the last 30 trials of the adaptation block.

Perception change N r p
F1 change
Position 83 0.115 0.300
Slope 80 0.108 0.339
Hits 74 0.022 0.852
False Alarms 74 —0.008 0.949
Sensitivity (d') 74 —0.001 0.994
Response Bias (¢) 72 0.024  0.842
F2 change
Position 83 —0.051 0.650
Slope 80 —0.104 0.360
Hits 74 —0.019 0.874
False Alarms 74 —0.097 0.412
Sensitivity (d') 74 0.078  0.509

Response Bias (c) 72 0.132 0.270

ceived (x? = 4.091, p = 0.043). For experimenters, there was no significant as-
sociation between actual stimulation given and their report when looking at the
montages separately (x3;; = 0.720, p = 0.396; X2 ctetium = 1-800, p = 0.180) or
looking across montages by combining the active groups (x? = 2.250, p = 0.134).
We conclude that allocation to receive active or sham stimulation was unsuccess-
fully concealed from participants. However, we think the impact of this awareness
on our results was negligible given the lack of significant difference in any of our
measures of speech production or perception among groups. Importantly, exper-
imenters involved in the data analysis were unaware of whether the participant

had received active or sham stimulation.
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Table 3.5: Stimulation reported by participants and experimenters under M1
and cerebellum montages (Active vs. Sham).

M1 montage Cerebellum montage

Active (30) Sham (15) Active (30) Sham (15)

Participant
Active 26 10 22
Sham 4 5 8
Ezxperimenter
Active 18 7 12 3
Sham 12 8 18 12

3.4.6 Test of tDCS adverse effect

Participants completed an adverse effects questionnaire (Brunoni et al., 2011) on
a 4-point scale (0-absent, 1-mild, 2-moderate, 3-severe). Nonparametric independ-
ent samples Kruskal-Wallis tests were conducted. Groups differed significantly in
their reports of scalp pain (p = 0.009), tingling (p < 0.001), burning sensation
(p = 0.006), and skin redness (p = 0.004). In short, participants who received
anodal-M1 stimulation experienced higher levels of scalp pain, tingling, and burn-
ing sensation. Participants who received cerebellum tDCS experienced higher levels
of skin redness most likely due to the visible redness over the right upper arm.
It is worth noting that the mean ratings for most adverse effects were mild or

moderate (see Table @)

3.5 Discussion

The current study aimed to replicate previous findings that anodal tDCS over

left motor cortex or right cerebellum enhanced speech adaptation (Lametti et al.,
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Table 3.6: Post-tDCS report of adverse effects.

Number of participants self-reporting each adverse effect (0 = absent, 1 = mild, 2 =
moderate, 3 = severe). N = 30 for each group.

M1 tDCS group Absent Mild Moderate Severe
Headache 18 7 4 1
Neck pain 29 0 0
Scalp pain 17 7 6 0
Tingling 9 16 4
Itching 9 9 4
Burning sensation 8 11 8 3
Skin redness 28 0 2 0
Sleepiness 10 10 7 3
Trouble concentrating 12 11 3 4
Acute mood change 26 1 3 0

Cerebellum tDCS group

Headache 21 1 0
Neck pain 28 0 0
Scalp pain 23 1 0
Tingling 4 20 6 0
Itching 4 10 14 2
Burning sensation 19 3 0
Skin redness 22 5 3 0
Sleepiness 12 7 2
Trouble concentrating 8 16 6 0
Acute mood change 29 1 0 0
Sham group

Headache 24 4 2 0
Neck pain 28 1 1 0
Scalp pain 27 2 1 0
Tingling 7 16 7 0
Itching 8 15 6 1
Burning sensation 15 5 1
Skin redness 30 0 0
Sleepiness 14 10 6 0
Trouble concentrating 17 10 3 0
Acute mood change 25 4 1 0

2018a). Specifically, in that study, anodal tDCS over both sites increased the mag-
nitude of adaptation in the first formant in response to a shift in the frequency
of that formant. In seeking to replicate these findings, we increased the sample
size to three groups of 30, from three groups of 20 and made improvements to the

experimental design. We anticipated that these modifications would further our
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understanding of the effects of non-invasive brain stimulation in enhancing sensor-
imotor learning of speech and potentially inform future studies aimed at using brain
stimulation to support clinical interventions. Even though we saw robust adapta-
tion in each of the three groups of 30 participants, the magnitude of this adaptation
was not increased by anodal tDCS over either the left motor cortex or the right
cerebellum. Furthermore, exploratory analysis of our data using linear mixed ef-
fects modelling suggests that anodal tDCS over left motor cortex might even reduce
adaptation. We failed, therefore, to replicate the findings of the previous study.
Below, we discuss potential explanations for this failure-to-replicate based on
the changes made to the study. However, we believe we can rule each of these
explanations out and instead argue that the original finding was based on unusual
behaviour by participants in the sham group in that study, which led to the erro-

neous conclusion that anodal stimulation enhanced performance on this task.

3.5.1 Differences between previous study and current one

The current study involved several modifications to the methods used in the original
study. For stimulation over the cerebellum, we placed the cathode on the upper
right arm rather than the right cheek. The reason for this change addressed a
shortcoming noted by the authors of the previous study. In attaching the electrode
to the cheek, bandages were wrapped around the head and jaw, which could have
affected speech production. Since the frequency of the formants relates to the
resonances of the oral cavity, the position of the tongue within the oral cavity is
critical. By not wrapping bandages around the jaw, participants were freely able to

alter tongue position, and this ability did not differ among groups. We think it is
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unlikely that the change to the montage reduced the efficacy of the right cerebellum
anodal stimulation. Previous studies have shown this montage to be effective in
enhancing procedural and visuomotor learning (Ferrucci et al., 2013; Weightman
et al., 2023). Moreover, this change cannot explain why the anodal stimulation
over left motor cortex failed to replicate, since that montage was unchanged and
all other stimulation parameters were the same in the two studies.

We used a MATLAB program to record, alter and feedback speech to parti-
cipants in our study rather than the analogue filters and acoustical effects pro-
cessor used by Lametti et al. (2018a). Again, we think this change is unlikely to
have affected results since all participants successfully adapted to a similar degree
to that seen in previous work (see Appendix @) Furthermore, the “Audapter”
programme used here has been used extensively by researchers in other studies,
including our own and behavioural performance is not noticeably different to that
seen when using the older system (Cai et al., 2023; Tang et al., 2021).

Additional behavioural measures were introduced in the current study that
were not used previously. These included three blocks of noise-masked feedback
that required participants to repeat the words “head”, “bed”, and “dead” five
times each while feedback was masked by noise scaled to the volume of speech
production. Data from the first familiarisation block were excluded. This was
performed before the baseline block of the speech production task. We compared
the change in formant frequencies during noise-masked production before and after
the adaptation block of the experiment to provide a new measure of adaptation that
was acquired under the same feedback conditions. The previous study measured

adaptation by the amplitude of change from baseline when feedback was normal
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to the end of the adaptation block (last 30 trials) when feedback was altered,
and in the first 15 trials of the after-effect block when feedback was returned to
normal. This last block is often referred to as “wash-out” or the “unlearning”
block as participants use the restored normal feedback to return their production
to the baseline. Since feedback is masked during the noise-masked blocks, the
data are unaffected by these differences or by ongoing learning processes. Analysis
of the data in the noise-blocks showed that all three groups adapted significantly
by reducing the frequency of F1 (Figure @) Anodal stimulation over either left
motor cortex or right cerebellum had no effect on the magnitude of this adaptation,
which is consistent with the results of the analyses of other measures. We conclude
that our failure to replicate the findings of the previous study was unrelated to any
of the modifications made to the experimental protocol. In the next section, we
propose that the previous finding was a false positive driven by unusual behaviour

in the sham stimulation group.

3.5.2 Explaining the failure to replicate Lametti, Smith,

Freidin and Watkins (2018) study

In the current study, all groups adapted to a similar extent, averaging a change
in F1 of 36% of the applied shift in F1 feedback by the end of the adaptation
block. This amount of adaptation is consistent with reports from several previous
studies (see Appendix @) In contrast, the magnitude of the adaptation in F1 seen
in the Lametti et al. (2018a) study was smaller, averaging 29% for the motor cor-
tex, 26% for the cerebellar, and only 10% for the sham stimulation group. The

size of the adaptation in the sham group was unusually small and about a third
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of that seen in the sham group in the current study. We suggest, therefore, that
the apparent performance-enhancing effects of tDCS over motor cortex and cere-
bellum seen previously were due to comparison with the unusually low amount of
adaptation seen in the sham group.

To investigate this idea further, we requested the data from the first author
(DL) of the original study. We examined the number of participants in each study
who showed an increase in F1 in response to the F1 up-shift in feedback rather
than the expected decrease. In the original study, nine individuals (out of 60 =
15%) showed an unexpected increase in F1 by the end of the adaptation block; two
(out of 20 = 10%) in the cerebellum group and seven (out of 20 = 35%) in the
sham group. In the current study, seven individuals showed an increase in F1 (out
of 90 = 8%) and these were evenly distributed across the three groups: three in the
anodal-M1, two in the anodal-cerebellum, and two in the sham group. Reanalysis
of the data in the original study removing the individuals who showed an increase in
F1 reduced the sham group size to 13 and revealed no differences among the three
groups in the amount of F1 adaptation. We suggest that the previously reported
positive effects of tDCS on F1 adaptation were due to very low F1 adaptation in
the sham stimulation group, caused by an unusually large proportion of people
who did not adapt that were randomly assigned to that group. It is worth noting
that the sample sizes of 20 participants per group in the original study were typical
for speech adaptation studies and exceeded those in many of them (Deroche et al.,
2017; Scott et al., 2020; Shum et al., 2011). These findings suggest larger sample

size is needed to investigate the effect of individual differences.
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3.5.3 The effects of anodal tDCS on F2 adaptation

In addition to the findings for adaptation in F1 described above, the Lametti et al.
(20184) study showed that cerebellar tDCS abolished the F2 adaptation, which was
seen in the anodal-M1 and sham stimulation groups. In the current study, however,
all groups showed moderate adaptation in F2 and we again failed to replicate the
significant difference among groups previously described. This effect was not due
to any obvious individual differences among groups in F2 adaptation. Reanalysis
of the data excluding the participants described above had no effect of the results.

It is worth noting that changes in F2, the unperturbed formant, in response
to a shift in F1 feedback are generally weaker and do not always occur (Purcell &
Munbhall, 2006; Rochet-Capellan & Ostry, 2011; Villacorta et al., 2007); cf. (Mac-

Donald et al., 2011; Mitsuya et al., 2011)).

3.5.4 The relationship between speech perception and speech

adaptation

The speech perception measures were introduced to extend the expected findings
of this replication. Unlike previous studies, which reported that individuals with
better speech discrimination indices show more F1 adaptation (Villacorta et al.,
2007), we found no relationship between such measures in our study. Adapta-
tion to the feedback in the first formant during production of “head”; “bed”, and
“dead” changed the position of the category boundary between “head” and “had”
by increasing the size of the “head” category relative to baseline. This replic-

ates the findings of previous reports (Deroche et al., 2017; Lametti et al., 2014a).
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On discrimination tasks, post-adaptation response bias was changed also. Parti-
cipants reduced their pre-adaptation ‘liberal bias’ consistent with the idea that
their criterion threshold for detection of a difference increased. This meant a slight
reduction in detection of differences (fewer hits and false alarms). We found no
relationship between the amount of speech adaptation and changes in measures
of speech perception, which was previously reported by others (Deroche et al.,

2017; Lametti et al., 2014b).

3.5.5 Unsuccessful blinding

Before concluding, it is worth noting that the random assignment to receive active
or sham stimulation was unsuccessfully concealed from the participants. This was
most likely due to the use of 2-mA direct current since our experience at 1-mA
is that participants are blind to stimulation (Chesters et al., 2018; Wiltshire &
Watkins, 2020). In our opinion, the awareness by participants as to whether they
were receiving active or sham stimulation was unlikely to have resulted in our fail-
ure to replicate group differences. All participants were naive to the purpose of the
experiment. Even when participants are made aware of the altered feedback, and
instructed to avoid compensating for it, performance is unaffected (Munhall et al.,
2009). Nevertheless, it is worth noting that extra measures may be necessary for fu-

ture studies using 2-mA tDCS to ensure participants are blind to stimulation status.

3.5.6 Considerations for future experiments

Because a non-significant ANOVA cannot on its own support the null hypothesis of

no effect, we supplemented the analysis of the primary F1 outcome with a Bayesian
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ANOVA (JZS prior), which yielded a Bayes factor of BFjy = 0.012, providing
strong evidence for the null model over a model including tDCS group. Given the
small effect sizes observed (nf) = 0.003-0.022) and our sample of 90 participants, a
Bayesian analysis lets us quantify support for the absence of an effect rather than
merely fail to reject a null hypothesis. The resulting Bayes factor indicates that our
data are more consistent with the absence of a group effect. This strengthens our
interpretation of the null result as evidence against, rather than merely a failure to
detect, an effect of anodal tDCS on speech adaptation, consistent with the broader
argument in this chapter for the no effect of tDCS on speech adaptation.

One possible explanation regarding why anodal tDCS failed to enhance perform-
ance on this speech production task relates to the possibility that the young healthy
participants in our study might be performing at “ceiling”, i.e. they have reached
a saturation point or plateau in their learning. We think this is unlikely. Examin-
ation of Figure @ A reveals a gradual trajectory of change in F1 for each group,
which reflects the use of three different words during adaptation rather than one.
Similar trajectories were observed in other adaptation studies using multiple words
(Houde & Jordan, 1998; Houde & Jordan, 2002; Lametti et al., 2018h; Villacorta
et al., 2007). We chose this task specifically because adaptation is gradual and on
average only reaches about 36.2% of the perturbation applied to feedback. Even
so, it is well known that individuals vary considerably in how much they adapt (see
Figure @ B) probably dependent on how much participants trade-off auditory and
somatosensory feedback when compensating for the perturbation (Lametti et al.,
2012). It would be interesting to consider how modulating sensory areas using non-

invasive brain stimulation might alter this trade-off in future experiments. Even if
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participants were at ceiling for extent of adaptation, anodal tDCS could enhance
the learning rate or retention of the adapted state.

A related explanation for the failure of tDCS to alter performance, especially
in young healthy brains, is the idea that when tDCS is applied over a fixed period
of time, the brain changes its excitability to counteract the effects and achieve
homeostasis (Amadi et al., 2015). A recent study used event-related tDCS, timed
to be synchronous with movement, to enhance motor learning (Weightman et al.,
2022). Synchronised cerebellum-tDCS enhanced motor performance, while M1-
tDCS and asynchronous stimulation did not. It would be interesting to explore
event-related tDCS over the cerebellum in our task.

We chose the primary motor cortex and the cerebellum as sites of stimulation
because of their known roles in sensorimotor learning and because previous studies
using tDCS over these regions had shown successful enhancement of motor learning
(Reis et al., 2009) and visuomotor adaptation (Galea et al., 2011)); cf. (Jalali et al.,
2017; Panouilleres et al., 2015). However, there are numerous examples of incon-
sistent effects of cerebellar tDCS, notably in visuomotor adaptation (Galea et al.,
2011); cf. (Jalali et al., 2017; Panouilléres et al., 2015) and on other language tasks
(e.g. Bongaerts et al., 2022). The expected polarity dependent modulation of tDCS
on excitability demonstrated in the motor cortex may not hold for the cerebellum
(Oldrati & Schutter, 2017) and transcranial alternating current stimulation (tACS)
may be a more promising approach to target the oscillation of cortico-cerebellar
network of sensorimotor adaptation. One study showed cerebellar tACS in the

gamma range increased visuomotor adaptation (Figueroa-Taiba et al., 2024).
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Another point for discussion when considering our null results regards the use
of relatively large electrodes (35 cm?), which might lead to large current spread for
both motor cortex tDCS (Bikson et al., 2018) and cerebellar tDCS (Klaus & Schut-
ter, 2021)). It is worth noting that Scott et al. (2020) used more focal high-definition
anodal tDCS over left ventral sensorimotor cortex and increased speech adaptation
during altered auditory feedback. It would be important to replicate this finding.

Finally, the negative finding of tDCS in speech adaptation might be related
to the stimulation site. As discussed in Chapter E, previous brain imaging stud-
ies have suggested that speech adaptation to formant perturbation engages more
right-lateralised frontal and temporal activity (Floegel et al., 2020). This cortical
activity is also believed to be correlated with the activity in the left cerebellum.
In fact, in our later brain imaging study (Chapter @), we observed brain activity
corresponding to speech adaptation to formant perturbation in sensorimotor areas
of both hemispheres and in the left cerebellum. Future studies may stimulate the
right speech motor cortex and left cerebellum to test the effect of anodal tDCS

on speech adaptation to formant perturbation.

3.6 Summary

In the current study, we aimed to replicate the enhancement of tDCS over left
speech motor cortex and right cerebellum on speech adaptation. By recruiting a
larger sample size (30 participants for each group), we did not replicate the en-
hancement of tDCS on speech adaptation described by Lametti et al. (2018a).

We conclude that anodal tDCS over either M1 or the cerebellum has no effect on
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speech adaptation. This failure to replicate adds to the body of literature demon-
strating inconsistent effects of tDCS on cognitive performance in young, healthy
participants. In the language and motor learning domains, specifically, there is
a growing body of literature highlighting the unreliable nature of previously de-
scribed effects (Klaus & Hartwigsen, 2020; Westwood et al., 2017; Wiltshire &
Watkins, 2020). Effect sizes are likely to be small and therefore even larger sample
sizes are needed to provide sufficient power to detect these effects. We suggest that
further studies could exploit the benefits of better temporal and spatial resolution
afforded by event-related tDCS and high-definition tDCS, or use tACS to modulate
activity in a frequency-specific manner. Another possibility is the stimulated areas
(left speech motor cortex and right cerebellum) might not be the areas involved
in speech adaptation. In the study presented in the next chapter, we used beha-
vioural and brain imaging methods to investigate the neural correlates of speech

adaptation during altered auditory feedback.
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4.1 Abstract

Here, we developed a Mandarin version of the speech adaptation task previously
tested in English. Seventy-six native Mandarin speakers were asked to produce
Mandarin consonant-vowel syllables while receiving real-time auditory feedback
in which the frequency of the first vowel formant (F1) was either increased or
decreased. We compared vowel production during altered and normal feedback.
Results showed that participants adapted in the direction opposite to the shift, as
seen in English speakers (see Chapters @ and B)

Functional MRI was then used to investigate the neural correlates of sensor-

imotor adaptation of speech in Mandarin. A further 48 native Mandarin speakers
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were asked to produce Mandarin consonant-vowel syllables with altered auditory
feedback where the F1 was increased from baseline where feedback was normal.
Images of the whole brain were collected to capture activity during performance
of this task. As participants adapted to the altered auditory feedback by reducing
the frequency of F1 production, activity increased in the left posterior cerebel-
lum and decreased in sensorimotor cortex, consistent with the notion that these
areas play a critical role in forward modelling and learning of refined feedforward

motor commands, respectively.

4.2 Introduction

There is growing interest in the adaptive behaviour of human cognition, partic-
ularly in how individuals adjust to changes in their environment. This type of
adaptation often involves motor and sensory networks in the brain. Speech ad-
aptation has been studied by perturbing the sound of a voice when speech is pro-
duced (Houde & Jordan, 1998; Houde & Jordan, 2002), see Chapter E In the
task, speech is recorded and fed back to the speaker in near real-time. Speech
is perturbed by altering the frequencies of the vowel formants and measuring the
effects of such perturbation on subsequent speech production. The frequencies of
the first (F1) and second vowel formants (F2) determine vowel identity (Ladefoged
& Johnson, 2014). Participants generally respond by adjusting their speech in
response to this formant perturbation. Such adaptation can occur implicitly and

involuntarily (Munhall et al., 2009).
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This form of feedback control suggests that the brain continuously compares the
planned speech outcome with auditory feedback. If there is a mismatch between
the intended auditory target and the actual perceived speech output, the brain initi-
ates immediate corrective adjustments to minimise errors. Adapted speech is often
retained after a period of learning with sustained altered auditory feedback (Mun-
hall et al., 2009; Villacorta et al., 2007) possibly reflecting changes in an internal
model of speech production. Speech adaptation involves both forward and inverse
modelling of speech to provide motor-to-sensory and sensory-to-motor transform-
ations, respectively. The forward model predicts the sensory consequences of an
intended motor command and uses sensory feedback to update ongoing movements.
The inverse model learns the mapping between sensory outcomes and motor com-
mands. Inverse modelling provides feedforward control allowing accurate execution
of articulatory commands at speed. Sensory feedback is used to update internal
models and maintain accurate speech production.

So far, there is little empirical work using brain imaging to investigate the neural
correlates involved in speech adaptation. As introduced in Chapter EI, the DIVA
(Directions Into Velocities of Articulators) model (Tourville et al., 2008) proposed a
left lateralised brain network to support feedforward control, and a right lateralised
brain network to support feedback control in speech production. Brain imaging
studies using unpredictable altered auditory feedback tasks have shown increased
activity in posterior auditory cortex bilaterally, right ventral motor and premotor
cortex and anterior medial cerebellum (Guenther et al., 2006; Tourville & Guenther,
2011). An error signal network including right angular gyrus, right supplementary

motor area, and cerebellum, and a sensorimotor integration network within inferior
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frontal gyrus bilaterally were also identified to support speech motor control (Zheng
et al., 2013). However, adaptation to unpredictable altered auditory feedback does
not involve the feedforward control system as feedback is only altered within each
trial and returns to normal after each perturbation.

Findings from EEG studies suggest that adaptation involves systematic reor-
ganisation of functional coupling across distributed networks. Phase-coherence ana-
lyses show redistribution of theta—gamma coupling during learning, with increased
coherence over central regions and decreased coherence over fronto-temporal re-
gions; critically, late-phase adaptation was positively related to central coherence
and negatively related to frontal coherence, consistent with the establishment of
a new sensorimotor mapping (Sengupta & Nasir, 2015). Related work shows
that late-phase adaptation is reflected in power changes across theta, beta, and
gamma bands, and that these bands interact rather than contributing independ-
ently (Sengupta & Nasir, 2016). ERP evidence similarly links adaptation to aud-
itory prediction processes: behavioural adaptation to an F1 increase covaries with
speaking-induced suppression of the P2 component under altered feedback (Sato
& Shiller, 2018).

Recently, MEG has provided converging evidence that prediction-error signals
within auditory cortex track speech motor learning (Kim et al., 2025). Speaking-
induced suppression is reduced (corresponding to larger auditory prediction er-
rors) during early adaptation relative to unaltered feedback and the magnitude
of this reduction predicted behavioural adaptation. The findings from this study
highlighted the putative role of auditory cortex in prediction-error computations

during speech adaptation.
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A handful of studies have explored the roles of specific brain areas in speech
adaptation using noninvasive brain stimulation. Transcranial magnetic stimulation
(TMS) revealed the left inferior parietal lobe (Deroche et al., 2017) and supramar-
ginal gyrus (Shum et al., 2011) as key players in speech adaptation during sustained
altered auditory feedback. Temporarily inhibiting the tongue representation in the
left speech motor cortex using TMS abolished speech adaptation, while inhibiting
the hand representation had no effect (Tang et al., 2021)). Similarly, transcranial
direct current stimulation (tDCS) studies suggest that increasing excitability in
sensorimotor networks can enhance adaptation. Anodal tDCS over the left inferior
parietal lobe increased adaptation to the F1 perturbation compared to cathodal
and sham stimulation (Deroche et al., 2017). High-definition anodal tDCS over the
left ventral sensorimotor cortex also increased adaptation in F1 during perturbed
auditory feedback (Scott et al., 2020). Anodal tDCS over the right cerebellum led
to larger pitch compensation for pitch errors in vowel production (Peng et al., 2021).

Functional brain imaging studies have begun to characterise the neural mech-
anisms that support speech adaptation under sustained altered auditory feedback.
FMRI evidence indicates partly separable responses to temporal (delayed feedback)
versus spectral (formant-shift) perturbations, broadly consistent with hemispheric
specialisation in early auditory processing (right-biased spectral; left-biased tem-
poral) (Floegel et al., 2020). Spectral adaptation was associated with increased
activity in inferior frontal gyrus and superior temporal sulcus, predominantly in the
right hemisphere, whereas temporal adaptation was associated with increased activ-

ity in superior temporal gyrus and superior temporal sulcus, predominantly in the

99



Chapter /

left; inferior frontal gyrus activity showed a corresponding rightward bias for spec-
tral perturbations and leftward bias for temporal perturbations. Building on the
proposal of bilateral auditory feedback comparison interacting with left-lateralised
frontal feedforward control in the DIVA model, these fMRI results motivated a
domain-tuned refinement in which mismatch processing in superior temporal cortex
is right-biased for spectral errors and left-biased for temporal errors, with mismatch
signals conveyed via temporo-frontal pathways to generate corrective commands
(Floegel et al., 2020). These findings challenge a simple right-lateralised feedback
versus left-lateralised feedforward division (Tourville et al., 2008).

To date, the vast majority of studies exploring speech adaptation have been con-
ducted in English. To the best of our knowledge, the effects of formant perturbation
have not yet been explored in tonal languages like Mandarin. In tonal languages,
small deviations in fundamental frequency can alter lexical tone categories. Accord-
ingly, the effects of pitch perturbation on speech production have been explored
in Mandarin speakers. Robust compensatory responses to upward and downward
pitch shifts were seen, along with after-effects when normal feedback was restored,
indicating both online feedback correction and short-term sensorimotor adaptation
(Jones & Munhall, 2002; Xu et al., 2004).

In the current study, we had two main aims: (i) to develop a speech adapt-
ation paradigm using formant perturbation suitable for Mandarin speakers; (ii)
to examine the neural correlates of this form of speech adaptation in Mandarin.
We predicted that Mandarin speakers would show compensatory changes in vowel
production in response to sustained formant perturbation, shifting their produc-

tions in the direction opposite to the perturbation (as seen previously in other
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non-tonal languages). We further predicted that speech adaptation would change

brain activity in auditory, somatosensory, and motor areas, and in the cerebellum.

4.3 Methods — Behavioural study

4.3.1 Participants

76 native Chinese speakers (38 females) aged from 18 to 27 years participated in
the study. Most were students at Beijing Normal University and were given a
small monetary reimbursement for participation. All participants reported right-
handedness, normal or corrected-to-normal vision, and no speech or hearing dif-
ficulty. The study was approved by the Human Participants Research Ethics
Committee of State Key Laboratory of Cognitive Neuroscience and Learning at
Beijing Normal University (ICBIR_D_ 0084 001) in April 2024. All participants
provided informed consent before taking part.

Half of the participants (38 participants) received auditory feedback where F1
frequency was increased (F1 upward shift), and the other half (38 participants)
received auditory feedback where F1 was decreased (F1 downward shift). We ex-
cluded two participants from the analysis due to incorrect or unusual pronunciation
of the syllables. We retained data for analysis in 37 participants (19 males, 18

females) in each group.

4.3.2 Experimental procedure

Nine Mandarin consonant-vowel syllables (Pinyin) were chosen, i.e. “d1”, “m1”, “t1”,

“de”, “me”, “te”, “da”, “ma”, “ta”. These syllables are commonly used to articulate
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Figure 4.1: Setup of behavioural study
The upper figure shows the setup in the lab. It was generated with the help of
ChatGPT. The bottom figure shows how the signal is recorded, processed, and fed back
to the speaker.

Chinese characters. All syllables were presented and pronounced in the first tone
(indicated by the macron on the top of the vowel). Participants were seated in
a quiet room with a screen displaying the syllable in front of them. They wore
headphones (HD650, Sennheiser, Germany) and a microphone (WH20, SHURE,
USA), which were connected to a headphone amplifier (HA400, Behringer, Music
Tribe, China) and a microphone amplifier (P2, ICKB, China), respectively. Both

amplifiers were connected to a Focusrite Scarlett 2i2 audio interface (Focusrite
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Audio Engineering Ltd., High Wycombe, UK). Speech was recorded and fed back
to them using “Audapter” (Cai et al., 2008; Tourville et al., 2013). See Figure El!

The speech production task included four blocks (vowel exploration, baseline,
adaptation, and after-effect). In each trial, participants read words presented for
1500-ms at 750-ms intervals. During the vowel exploration block, participants
produced the nine syllables with unperturbed feedback. Syllables were presented
in a random order, 15 times each. During baseline and after-effect blocks, three
syllables (“de”, “me”, “te”) were each repeated 20 times with normal feedback.
During the adaptation block the three syllables were repeated 75 times with altered
feedback. Breaks of 30 seconds occurred every 45 utterances.

Auditory feedback was altered using “Audapter” (Cai et al., 2008; Tourville
et al., 2013). In response to the altered auditory feedback, participants typically
adjust their utterances to adapt to the perceived altered auditory feedback. For
example, participants say “me” but with the increase in F1, the word fed back
over headphones sounds closer to the frequency of the vowel in “mo”. Participants
may adapt differently: by reducing F1 frequency in their production, which when
shifted sounds like the target vowel, or by reducing F1 and simultaneously in-
creasing F2 frequencies to produce a familiar tongue position for the vowel in “di”.
Feedback was perturbed by increasing or decreasing F1 frequency by 110 Mel, mix-
ing it with the rest of the unaltered speech signal and playing it back through
headphones with an imperceptible delay. Pink noise at 60 dB was added to both

altered and normal feedback.

103



Chapter /

4.3.3 Statistical analysis

For all utterances, formant frequencies were extracted and analysed using MAT-
LAB as described in Chapter H Specifically, the average F1 and F2 frequencies
were extracted across a 50-ms time frame at the centre of each vowel using Praat
(Boersma & Weenink, 2022) with linear predictive coding. F1 and F2 values ex-
ceeding three standard deviations from the mean in each block were excluded (F1:
0.883% and F2: 2.66% of the data). Formant frequency changes (F1 and F2) were
calculated for each trial in the baseline, adaptation, and after-effect blocks by sub-

tracting the average value of the baseline trials for each formant in each participant.

The speech adaptation effect was tested by analysis of F1 and F2 changes
from baseline in the last 30 trials of adaptation block and in the first 15 trials
of after-effect block (consistent with previous analyses of similar data in English
speakers — see Chapter ) One sample t-tests compared the formant frequency
changes against zero. We also examined the adaptation effect separately for each
consonant (d, m, & t). First, we extracted trials for each consonant separately
and formant frequency changes were calculated by subtracting the average value
of the baseline trials for each consonant-vowel syllable for each formant in each
participant. Adaptation magnitude was then measured by averaging all trials in
adaptation block (75 trials for each consonant-vowel syllable). Adaptation mag-
nitudes were then compared using repeated-measures ANOVA for F1 upward and

downward groups separately.
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4.4 Results — Behavioural study

4.4.1 Behavioural results
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Figure 4.2: Vowel exploration - Behavioural study
Schematic showing the relationship between tongue height and position in the vocal
tract (left) and the corresponding frequencies of the first and second formants of three
vowels (right). Right figure shows vowel production averaged for each participant.
Averaged F1 and F2 frequencies of each trial utterance are plotted in yellow for the
vowel /e/ in “de”, “te”, and “me”, green for the vowel /1/ in “d1”, “t1”, “m1” and purple

for the vowel /a/ in “da”, “ta”, and “ma”. ’

First, we compared the frequencies associated with the production of vowels /1/,
/e/, and /a/ in Mandarin speakers. The three vowels were significantly different
from each other in both F1 and F2 production (ps < 0.001). Examination of
F1-F2 vowel space in Figure @ indicates that the vowel /1/ has much higher F2
frequencies than vowels /e/ and /a/, which have similar values for F2.

For the behavioural data, changes in F'1 and F2 production from baseline during
all phases of the experiment are shown in Figure @ For the group receiving an
upward shift in F1 feedback, there was a significant reduction in F1 in the last 30
trials of adaptation relative to baseline (#(37) = —7.10, p < 0.001, Cohen’s d =
—1.15), and this was maintained in the first 15 trials of the after-effect block (#(37)
= —7.71, p < 0.001, Cohen’s d = —1.25). For the group receiving a downward

shift in F1 feedback, there was a significant increase in F1 in the last 30 trials of
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Figure 4.3: F1 and F2 changes in response to F1 upward and downward shift
A. Frequency change from baseline in response to F1 upward shift. B. Frequency
change from baseline in response to F1 downward shift. Frequency change from
baseline was averaged for every block of 15 trials. Adaptation phase with altered
auditory feedback is marked in grey. The solid lines indicated the group mean changes
in frequency and error bars indicate + one standard error of the mean. Red — F1; Blue

- F2.

adaptation (#(37) = 3.30, p = 0.001, Cohen’s d = 0.535) but this weaker effect
was not maintained in the first 15 trials of the after-effect block (¢(37) = 1.48, p =
0.074, Cohen’s d = 0.240). Participants did not show significant change in F2 in
response to either upward or downward shifts in F1 (ps > 0.05).

As is clear from Figure @, adaptation in response to the upward shift in F1
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Figure 4.4: F1 change from baseline for each consonant-vowel syllable
Formant frequency change for each consonant-vowel syllable in response to F1 upward
shift (A) and F1 downward (B) shift. Solid lines indicate Frequency change in F1 from
baseline and dashed lines indicate frequency change in F2 from baseline. See legend to

for details. Blue — de; Green — te; Orange — me.

was larger in magnitude compared with the response to the downward shift (¢(74)

= 7.05, p < 0.001, Cohen’s d = 1.62) and this change was maintained for longer

once feedback had been returned to normal in the after-effect block (#(74) = 6.18,

p < 0.001, Cohen’s d = 1.42).

We also tested the size of the F1 and F2 adaptation effect for each consonant-

vowel syllable separately. Results showed that three consonant-vowel syllables
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showed similar amplitudes and trajectories of speech adaptation in response to
both upward and downward shifts (ps > 0.05, see Figure @)

Based on the results of the behavioural study, the syllable “de” was selected as
the speech stimulus, and an upward formant shift was used as the perturbation in
the subsequent functional MRI study. Anecdotal observations during behavioural
testing revealed that candidate syllables differed in their suitability for repeated
production during adaptation. The syllable “di1” showed instability in some speak-
ers, who sometimes produced it closer to “da”, making it less appropriate as a stable
vowel target. The syllable “te” was also not ideal because its first-tone form does
not correspond to a common Mandarin word. By contrast, first-tone “de” is asso-
ciated with a highly frequent Mandarin word and therefore provides a familiar and
stable target for repeated production. In addition, the consonant-vowel (CV) syl-
lable was used rather than the consonant-vowel-consonant (CVC) structure often
used in English versions of this paradigm (see Chapter H), because CVC syllables
are not part of Mandarin syllable structure. Finally, as the behavioural experiment
showed more robust speech adaptation to the upward than the downward formant

shift, the upward shift was chosen for the fMRI experiment.

4.5 Methods — Brain imaging study

4.5.1 Participants

Forty-eight (23 males and 25 females) Mandarin Chinese speakers were recruited
aged between 18 and 33 years. Most were students at Beijing Normal University

and were given a small monetary reimbursement or class credit for participation.
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Exclusion criteria included a history of neurological disorders, speech or hearing
impairment, and MRI contraindications. All participants passed a hearing screen-
ing test with no hearing loss at or above 1000 Hz and 20 dB. All were naive to the

task (i.e. they had not previously participated in the behavioural study).

4.5.2 Experimental procedure

N=48

23 males, 25 females

Speech Structural
D SE Adaptation Scan
10 min / 12 min 10 min 6 min

1.2s 0.8s 1.2s 0.8s
Participants say Mandarin pinyin syllable "dé” out loud, and the F1 was increased by 110 Mel

Figure 4.5: Setup and procedure of the brain imaging study
Hlustration of procedure (left) and setup (right) of the brain imaging study. The setup
figure was generated with the help of ChatGPT.

MRI scans were collected using the Siemens 3T MAGNETOM Prisma scanner
and 32-channel head coil at the Brain Imaging Centre of Beijing Normal University.

For each participant, we ensured that they could hear the sound of their own
production of the syllable “de” played back to them clearly through the head-
phones and were comfortable with the sound level. Minimum sound levels (from
the Optoacoustics control panel) were not below 90 dB. Participants practised pro-
duction of “de”, “d1” & “da” three times each to familiarise themselves with the
task, speaking into the microphone and hearing themselves via the headphones

comfortably inside the scanner.
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Fieldmap images were collected first to capture the inhomogeneity of the mag-
netic field. Next, participants were required to complete the vowel exploration task
for five and a half minutes, during which 160 echo-planar images were collected.
Participants produced the syllable presented on the screen during a 1.2 s inter-
val between echo-planar volume acquisitions. Subsequently, they were required to
fixate on a cross at the centre of the screen for ten minutes while resting-state
fMRI images (750 scans) were acquired. Participants next completed the altered
auditory feedback task for 12 minutes (360 scans). They produced the syllables
displayed on the screen while auditory feedback was either normal (baseline: 40
trials) or altered (adaptation: 200 trials) during the 1.2 s silent interval between
image acquisitions. Then, another resting-state scan session was conducted for
ten minutes. Finally, T1-weighted structural images were collected (6 minutes).

See Figure @ for illustration.

4.5.3 Scan parameters

Fieldmap images were acquired using the following sequence: TR = 589 ms, TE;
= 4.92 ms, TE, = 7.38 ms, flip angle = 60°, FoV = 216 mm, voxel size =
2.4 mm isotropic.

FMRI images (360 volumes) were acquired using the multi-band accelerated
EPI sequence: TR = 800 ms, TE = 30 ms, flip angle = 80°, FoV = 216 mm,
multiband acceleration = 6, phase encoding direction = anterior to posterior, voxel
size = 2.4 mm isotropic. A single-band image was collected before each multi-
band sequence which was used to correct the multi-band induced distortions to the

images for registration with the structural image and standard space template.

110



The neural correlates of speech adaptation

T1-weighted structural images were collected using a MPRAGE sequence in
sagittal orientation: TR = 2530 ms, TE = 2.27 ms, flip angle = 7°, FoV = 256

mm, voxel size = 1 mm isotropic.

4.5.4 Vowel exploration, baseline, and altered auditory feed-

back task

Experiments ran in MATLAB, using the Psychophysics Toolbox extensions (Brainard,
1997; Kleiner et al., 2007; Pelli, 1997). During the vowel exploration task, parti-
cipants produced Mandarin syllables “de”, “di”, and “da” eight times during each
block (16 seconds), interspersed with a 16-seconds rest block featuring a fixation
cross at the centre of the screen (equivalent to eight trials of production). The
use of one consonant “d” resulted in a consistent place of articulation (“d” — al-
veolar) across the in-scanner task. These four blocks (three syllable production
blocks and a rest block) were repeated four times. So, each syllable was produced
32 times in four blocks of eight trials.

During the speech adaptation task, participants produced the syllable “de”
while receiving either normal (baseline phase) or altered (adaptation phase) audit-
ory feedback. Blocks of 20 trials (40 s) were followed by rest blocks for 20 seconds
during which participants fixated a cross at the centre of the screen. The baseline
phase comprised two blocks of 20 trials (40 trials in total) where auditory feedback
was normal and each was followed by a rest block. During the adaptation phase, par-
ticipants completed 10 blocks of 20 trials, each followed by a rest block. Feedback

was perturbed by increasing F1 frequency by 110 Mel, mixing it with the rest of the
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unaltered speech signal and playing it back through headphones with an impercept-
ible delay. Pink noise at 60 dB was added to both altered and normal feedback to
mask the abrupt noise induced by “Audapter” at the start and the end of each trial.

Participants used the MR-compatible OptoActive II headphones and FORMRI
[T+ microphone (Optoacoustics Ltd., Or Yehuda, Israel) inside the scanner. We
sent the recording of each syllable collected from the microphone to a Focusrite
Scarlett 2i2 audio interface (Focusrite Audio Engineering Ltd., High Wycombe, UK)
and fed back the recording to the headphones with or without the perturbation and
mixed with noise. Participants did not wear earplugs so that the intensity and fre-
quency of the sound perceived by them was maintained. This arrangement was pre-
approved by the ethics committee and agreed with each participant before scanning.
Another monitoring set of Sennheiser HD 650 headphones (Sennheiser, Germany)
was connected to the sound output of the audio interface for the experimenter to

monitor the effectiveness of auditory feedback throughout the experiment.

4.5.5 Behavioural analysis

To analyse participants’ behavioural performance when inside the scanner, the
fundamental (FO0), first and second formant frequencies from each recording were
extracted using Praat (Boersma & Weenink, 2022) with the linear predictive coding
(LPC) method. Further data analysis was performed in MATLAB. The average
fundamental and formant frequencies were calculated from a 50-ms time window
at the centre of each vowel. FO, F1, and F2 values exceeding three standard
deviations from the mean were excluded from further analysis (the percentage of

outliers excluded across all participants in FO was 0.369%, F1 was 0.004%, and

112



The neural correlates of speech adaptation

F2 was 0%). Fundamental and formant frequency changes across all trials were
calculated by subtracting the average value of the baseline for each formant in
each participant. We compared the averaged FO, F1, and F2 in the last 40 trials

of adaptation phase against the average for the baseline (40 trials).

4.5.6 Task fMRI analysis

Task fMRI analysis was conducted using FEAT (FMRI Expert Analysis Tool) Ver-
sion 6.00. Image pre-processing of the task functional images involved: removal
of nonbrain tissues using BET (Smith, 2002), motion correction using MCFLIRT
(Jenkinson et al., 2002), high-pass temporal filtering (90-s), and fieldmap unwarp-
ing using FUGUE to correct for distortions in the images and improve registration
(Jenkinson, 2002); linear registration to the participant’s structural T1-weighted
image using FLIRT’s Boundary-Based Registration (Jenkinson & Smith, 2001; Jen-
kinson et al., 2002) and non-linear registration via the high resolution structural
image to the standard 2-mm MNI-152 template image using FNIRT (Andersson
et al., 2007); and spatially smoothed using an FWHM = 5 mm Gaussian kernel.
Single-subject general linear model (GLM) analyses were carried out with local
autocorrelation correction (Woolrich et al., 2001). Standard motion correction
parameters (6) plus their temporal derivatives (6), and squares of the above (12)
were included as regressors in the GLM model (standard + extended motion para-
meters). The extended motion parameters option was selected to better regress
out potential movement caused by speaking inside the scanner.

For the vowel exploration task, separate explanatory variables (EVs) were set to

production of each syllable “di”, “de”, and “da”. We then modelled brain activity
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evoked by the production of each syllable separately and obtained a map of the
F-statistic across the effect size maps for the three syllables.

For the altered auditory feedback task, we modelled six phases of the task;
each phase comprised 40 trials. This allowed us to capture the temporal change in
brain activity under the altered auditory feedback relative to the baseline phase.
We also included F1 and F2 change from baseline of each trial for each subject
as two additional EVs. This allowed us to 1) model brain activity by comparing
adaptation (altered feedback) with baseline (normal feedback) directly; 2) examine
for correlates of F1 and F2 change reflecting individual levels of speech adaptation.

Data for both tasks were averaged at the group level. Significance was inferred
using cluster statistics with an initial height threshold of Z > 3.1 and a corrected

cluster extent threshold of p < 0.05 (Jezzard et al., 2001)).

4.6 Results — Brain imaging study
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Figure 4.6: Vowel exploration - Brain imaging study
Schematic showing the relationship between tongue height and position in the vocal
tract (left) and the corresponding frequencies of the first and second formants of three
vowels (right). Right figure shows vowel production averaged for each participant.
Averaged F1 and F2 frequencies of each trial utterance are plotted in yellow for the
vowel in “de”, green for the vowel in “d1” and purple for the vowel in “da”.
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Figure 4.7: Change of formant and fundamental frequencies during altered
auditory feedback
A. Averaged F1 and F2 during baseline (all 40 trials) and last 40 trials of the
adaptation phase, horizontal lines indicate the group mean. B. Frequency change from
baseline averaged every block of 20 trials for baseline and adaptation phases.
Adaptation phase with altered auditory feedback is marked in grey. Error bars show +

standard error. Black — FO; Red — F1; Blue — F2.
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A Adaptation > Baseline B Adaptation < Baseline
Altered feedback > Normal feedback Altered feedback < Normal feedback
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Figure 4.8: Changes in brain activity during altered auditory feedback
A. Increased brain activity (red-yellow) during altered feedback (adaptation) compared
with normal feedback (baseline) is shown in a map of the Z-statistic (thresholded at a
height of 3.1 with cluster extent p < 0.05 corrected) overlaid on a cortical surface of the
right hemisphere from the MNI-152 template and a flat map of the cerebellum (SUIT
surface-based map (Diedrichsen & Zotow, )) B. Reduced brain activity (blue-light
blue) during altered feedback (adaptation) compared with normal feedback (baseline) is

shown in a map of the Z-statistic overlaid on lateral and medial cortical surfaces.
Surface rendering was created using a “maximum voxel” approach from the BrainNet

Viewer toolbox (Xia et al., )

4.6.1 Vowel exploration: production of vowel-consonant syl-

lables

First, we tested the production of vowels in syllables “di”, “de”, and “da”. The
three vowels were significantly different from each other in F1 production (ps <
0.001). The vowel in “d1” had significantly higher F2 frequency than the other
two vowels (ps < 0.001), which did not differ (p = 0.442). Averaged F1-F2 vowel
space is shown in Figure @

Contrasts comparing brain activity evoked by production of the different consonant-
vowel syllable pairs did not reveal any significant differences. An expected network

of brain areas was activated by syllable production including ventral premotor,
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Figure 4.9: Brain activity correlating with the magnitude of F1 reduction
Negative linear relationship between change in brain activity and change from baseline
in F1. See caption to Figure for details of surface rendering. Sagittal images were
created using FSLeyes.

sensorimotor, and superior temporal cortex bilaterally.

4.6.2 Change of formant and fundamental frequencies dur-

ing altered auditory feedback

On average, participants adapted to the shift in F1 by reducing the frequency of
F1 and increasing the frequency of F2 in their production during the adaptation
phase. Reduction in frequency during the last 40 trials of adaptation compared
with baseline was significant for F1 (#(47) = —5.91, p < 0.001, Cohen’s d = —0.853)
and was significantly increased for F2 (¢(47) = 3.03, p = 0.004, Cohen’s d = 0.439).
Although both changes were reliably seen across participants the magnitude of

the change in F1 was considerably bigger than that in F2, as seen in the beha-
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vioural study. There was no change in FO (#(47) = —0.394, p = 0.696, Cohen’s

d = —0.057). See Figure @

4.6.3 Changes of brain activity during altered auditory feed-
back

During altered feedback (adaptation), activity increased relative to normal feedback
(baseline) in Crus I, Crus II, and lobule VII of the left posterior cerebellum and right
inferior parietal cortex (Figure @ A), and decreased in the ventral sensorimotor
cortex, at the level of the lip and tongue representations, in the supplementary mo-
tor area (SMA) bilaterally, and in the right lateral occipital cortex (Figure @ B).

The magnitude of F1 reduction in individual participants during the adaptation
phase was negatively correlated with change in activity in a similar network of brain
regions. However, this more sensitive analysis additionally revealed adaptation-
related changes in the sensorimotor cortex, both dorsal and ventral (at the level
of the lip and tongue representations), posterior insula and parietal operculum, all
bilaterally, and right cingulate motor area (Figure @) Activity was not signific-

antly correlated with change in F2 in any brain area.

4.7 Discussion

Here, we examined speech adaptation in response to a shift in formant frequency in
auditory feedback in a large sample of Mandarin Chinese speakers. Our behavioural
study revealed a similar pattern of behaviour to that previously and extensively

observed in Western non-tonal languages (e.g. English). We then examined the
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neural correlates of adaptation using functional MRI. Our results revealed that as
participants adapted to the altered auditory feedback by reducing the frequency
of the first formant in their production, activity increased in the left posterior
cerebellum and decreased in the sensorimotor cortex. Individual differences in the
magnitude of F1 reduction were also negatively correlated with adaptation-related
activity in a similar network of regions.

In the behavioural study, Mandarin Chinese speakers exhibited adaptive re-
sponses to F1 formant perturbation, extending previous work in Mandarin that
has focused primarily on pitch perturbation (Jones & Munhall, 2002; Xu et al.,
2004). Both upward and downward F1 shifts elicited group-averaged compensat-
ory responses in the direction opposite to the perturbation, with larger and more
reliable adaptation to upward shifts, consistent with findings in English speakers
(Villacorta et al., 2007). This upward-shift effect was also replicated in the MRI
environment, demonstrating that Mandarin speakers adapt to sustained formant
perturbation even during scanning.

Unlike some findings in English, where F1 perturbation can be accompanied by
smaller changes in F2 (MacDonald et al., 2010), Mandarin speakers did not show
systematic F2 adaptation following the F1 shift. This difference may reflect the
specific vowel structure of the stimuli used here. Increasing F1 during production
of “de” shifts the perceived vowel toward “da”, but these two vowels did not sub-
stantially differ in F2 in our speakers (Section 4.6.1). Thus, the perturbation may
have produced little or no F2 mismatch to drive compensatory adjustment. More
broadly, because Mandarin is a tonal language in which lexical tone contrasts are

carried by FO, these findings provide an important test of auditory—motor control
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models developed largely from non-tonal languages. The results suggest that the
neural correlates observed here are broadly consistent with prior English-language
work, while extending formant-adaptation findings to Mandarin and strengthening
the cross-linguistic generality of auditory—motor control in speech.

The results of this behavioural study allowed us to optimise the experimental
design of the subsequent brain-imaging study. Only one consonant-vowel syllable
(“de”) and the F1 upward shift were used to ensure a large amplitude and reliable
trajectory of adaptation in F1 production. We first compared brain activity dur-
ing altered feedback (adaptation) with normal feedback (baseline). Results showed
increased activity in the Crus I, Crus I, and lobule VII of the left posterior cerebel-
lum and right inferior parietal cortex for adaptation relative to baseline. Results
also showed decreased activation during adaptation in the ventral sensorimotor
cortex, at the level of the lip and tongue representations, the supplementary motor
area (SMA), both bilaterally, and in the right lateral occipital cortex.

Individual differences in the magnitude of F'1 reduction were also negatively cor-
related with adaptation-related activity in a similar network of regions. This more
sensitive analysis additionally revealed bilateral changes in sensorimotor cortex at
the level of the lip and tongue representations, posterior insula, and parietal oper-
culum, as well as the right cingulate motor area. No brain areas showed activity
correlated with changes in F2.

In the following sections, we first discuss the role of the left posterior cerebellum
in speech adaptation, interpreting the increased activity there as continuous engage-

ment in predicting the sensory consequences of motor commands. We then consider
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the role of sensorimotor areas, where decreased activity is interpreted as a learning-
related reduction reflecting recalibrated feedforward control. Next, we discuss how
the magnitude of F1 reduction across individuals tracked activity in this network
and extend it to secondary somatosensory and cingulate motor regions. Finally, we

compare these findings with prior fMRI work on sustained formant perturbation.

4.7.1 The role of left posterior cerebellum in speech ad-

aptation

In the current study, we observed increased activity in the left posterior cerebellum
(Crus I, Crus II, and lobule VII) during altered feedback. Speech production can
be conceptualised as an adaptive control system: auditory feedback is not used
primarily to correct errors online, but instead to update the control policy when
a mismatch is detected (Neilson & Neilson, 1987). A central component of this
process is the ability to generate rapid predictions of the sensory consequences of
motor commands known as a forward model. The forward model is a network
that predicts the sensory consequences of a motor command. For example, when
you raise your tongue to produce a low F1 vowel sound in response to increased
F1 feedback, the forward model uses the motor command to predict the resulting
low-F1 sound before the sound actually reaches your ears. One long-standing idea
is that the prediction comes from an “efference copy” of motor commands (Miall
& Wolpert, [1996). Specifically, when the motor command is generated and sent
to articulators, a prediction of its sensory outcome is simultaneously sent to the

sensory areas in the brain to compare with sensory input.

121



Chapter /

The cerebellum has been widely implicated in computing forward models that
support speech adaptation (Golfinopoulos et al., 2011; Tourville et al., 2008). Un-
der sustained formant shifts, participants repeatedly experienced a discrepancy
between predicted and perceived auditory feedback, which would be expected to
engage predictive computations and model updating. One influential account pro-
poses that the cerebellum implements Smith predictors via two forward-model
components (Miall et al., 1993). The first component generates rapid predic-
tions of auditory and somatosensory outcomes from speech motor commands. The
second component introduces a delayed version of that prediction, enabling com-
parison with the temporally lagged sensory feedback. This architecture can sup-
port both moment-to-moment adjustment and longer-term updating of internal
models across changing sensorimotor states (Albert et al., 2009; Kelly & Gara-
van, 2004; Sami & Miall, 2013). Within this framework, the heightened activity
in the left posterior cerebellum observed here is consistent with increased reliance
on predictive processing and internal model updating during sustained auditory

feedback perturbation.

4.7.2 The role of sensorimotor areas in speech adaptation

We found reduced activity during altered feedback compared with normal feedback
in sensorimotor cortex, including regions corresponding to larynx, lip, and tongue
representations (Eichert et al., 2021)), as well as in the supplementary motor area
(SMA) bilaterally. Moreover, activity within a broader set of sensorimotor regions
(bilateral sensorimotor cortex, posterior insula and parietal operculum, SMA, and

right cingulate motor area) was linearly related to change in F1, linking neural
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modulation to the behavioural expression of adaptation. Changes in brain activity
of sensorimotor areas were described previously when comparing altered with un-
altered auditory feedback. Tourville et al. (2008) reported increased brain activity
in ventral motor and somatosensory cortex during unexpected altered feedback com-
pared with unaltered feedback. However, Niziolek and Guenther (2013) found that
as speakers adapt more to the altered auditory feedback, they showed decreased
brain activity in ventral motor and somatosensory cortex bilaterally.

The involvement of the SMA in speech adaptation aligns with its role in ini-
tiating and regulating speech motor commands (Riecker et al., 2005; Tourville &
Guenther, 2011). According to the DIVA model, the feedforward control system
relies on the SMA to trigger the appropriate motor program at the correct time via
cortico-basal ganglia—thalamo—cortical loops that include an SMA “initiation map”
on the medial frontal wall. This loop is thought to evaluate whether the current
cognitive and sensorimotor context is suitable for launching the next speech sound.
When the appropriate context is detected, the basal ganglia engage thalamic re-
lays to activate the relevant SMA initiation unit, which then triggers “readout” of
the learned motor program for the current sound. Beyond movement initiation,
the SMA also receives auditory information during speech (Dai et al., 2022) and
supports transformation of sensory error signals into motor updates through in-
teractions with inferior parietal and primary motor regions (Hickok, 2012; Hickok
et al., 2022; Tourville & Guenther, 2011)). The SMA has also been implicated
in monitoring auditory feedback, especially under demanding conditions (Christof-

fels et al., 2007; van de Ven et al., 2009). In this context, reduced activity in
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sensorimotor cortex and SMA bilaterally is consistent with a shift toward a more
efficient control as learning progresses.

One plausible interpretation of these changes in activity is that early in ad-
aptation, the unexpected feedback requires larger articulatory adjustments (e.g.
involving laryngeal, lip, and tongue representations) to counteract the perceived
formant shift. With continued exposure, feedforward motor commands are recal-
ibrated, enabling speakers to pre-emptively produce the desired acoustic outcome
with reduced reliance on feedback-driven correction. The DIVA model provides a
principled framework for this interpretation: auditory errors drive updates to feed-
forward commands in premotor cortex, which then reduce the need for subsequent
feedback-based adjustment (Tourville & Guenther, 2011). Learning-related reduc-
tions in sensorimotor activity have been reported across motor learning paradigms,
and are often interpreted as reflecting increased neural efficiency as a new motor
mapping is acquired (Albert et al., 2009; Kelly & Garavan, 2004; Sami & Miall,
2013). Accordingly, reduced activation in articulatory motor cortex may reflect
recalibrated motor commands that achieve the target vowel with less corrective
effort, complementing the cerebellar forward-modelling processes described above.
More broadly, these results support a transition from feedback control to updated

feedforward control during sensorimotor adaptation (Houde & Nagarajan, 2011)).

4.7.3 Brain activity tracks individual differences in F1 ad-

aptation

Beyond the categorical contrast of altered versus normal feedback, the magnitude

of F1 reduction in individual participants was linearly correlated with adaptation-
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related changes in brain activity. This parametric analysis recapitulated the net-
work revealed by the categorical contrast (left posterior cerebellum, ventral sensor-
imotor cortex, SMA, and right inferior parietal cortex) but additionally exposed
adaptation-related modulation in sensorimotor cortex bilaterally at the level of the
lip and tongue representations, posterior insula and parietal operculum bilaterally,

and the right cingulate motor area.

The recruitment of posterior insula and parietal operculum—components of
the secondary somatosensory network—is consistent with a role for somatosensory
monitoring of articulatory state as feedforward commands are updated (Golfino-
poulos et al., 2011; Tourville & Guenther, 2011). The right cingulate motor area,
identified across neuroimaging studies as part of the medial-wall motor system that
contributes to action selection and the adjustment of motor commands under chan-
ging demands (Amiez & Petrides, 2014; Picard & Strick, 1996), is well placed to
support the updating of ongoing speech motor commands as auditory targets and

articulator outputs are reconciled across trials.

By contrast, no brain regions showed activity that correlated with change in
F2. This dissociation aligns with the behavioural finding that F1 was the acoustic
dimension along which sustained perturbation drove robust compensatory change,
and reinforces the interpretation that this network specifically supports learning-
driven recalibration of feedforward speech motor commands rather than a generic

response to altered auditory feedback.
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4.7.4 Comparison with Floegel et al. (2020) study

The present results can be situated within the small fMRI literature on sustained
altered auditory feedback, most directly the work of Floegel et al. (2020). Floegel
et al. (2020) compared spectral (formant-shift) and temporal (delayed-feedback)
perturbations and reported partly separable, domain-tuned responses. Spectral
adaptation was associated with increased activity in inferior frontal gyrus and su-
perior temporal sulcus, predominantly in the right hemisphere, whereas temporal
adaptation was associated with predominantly left-lateralised activity in superior
temporal gyrus and superior temporal sulcus, with a corresponding left-lateralised
pattern of activity in inferior frontal gyrus. Therefore, Floegel et al. (2020) pro-
posed a domain-tuned refinement of the DIVA model in which mismatch processing
in superior temporal cortex is right-lateralised for spectral errors and left-lateralised
for temporal errors, with mismatch signals conveyed via temporo-frontal pathways
to generate corrective commands—thereby challenging the previously described
simple right-lateralised feedback versus left-lateralised feedforward division (Tour-
ville et al., 2008).

The current findings converge with Floegel et al. (2020) in implicating a distrib-
uted cortical network during sustained formant adaptation but diverge on the hemi-
spheric lateralisation. Where their spectral perturbation produced predominantly
increased activity in the middle portion of the right superior temporal sulcus and
the posterior right inferior frontal gyrus, the present whole-brain analysis revealed
changes in brain activity bilaterally within ventral sensorimotor cortex, posterior

insula, and parietal operculum, alongside a left-lateralised increase in posterior

126



The neural correlates of speech adaptation

cerebellum (Crus I, Crus II, lobule VII) and a right-lateralised increase in inferior
parietal cortex (angular gyrus). Several methodological differences may contribute
to this discrepancy. First, Floegel et al. (2020) adopted a region-of-interest ap-
proach restricted to superior temporal and prefrontal cortex, whereas the present
analysis was unconstrained at the whole-brain level. Second, the present paramet-
ric analysis scaled brain activity with the magnitude of F1 change, providing a
more direct link between change in brain activity and behavioural performance

rather than a categorical contrast alone.

4.8 Summary

In this study, we developed a novel Mandarin version of the altered auditory feed-
back task with formant perturbation and showed that Mandarin Chinese speakers
robustly adapt by decreasing F1 production under sustained increase of auditory
feedback in F1. This adaptation showed a similar amplitude and trajectory to that
seen in English speakers. Using fMRI, we identified a brain network of this short-
term speech adaptation: as participants learned to decrease F1 to counteract an
upward F1 perturbation in their feedback, activity increased in the left posterior
cerebellum and decreased in ventral sensorimotor cortex and supplementary motor
area. Activity in sensorimotor cortex, at the level of the lip and tongue represent-
ations, posterior insula and parietal operculum, all bilaterally, and right cingulate
motor area also showed correlation with the amplitude of F1 decrease during the
task. This pattern supports a model in which the cerebellum plays a central role

in generating and updating predictions about the sensory consequences of speech
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motor commands during sustained mismatch in auditory feedback, while sensor-
imotor regions show learning-related reductions consistent with the recalibration
and increasingly efficient deployment of feedforward speech motor commands.
Together, these behavioural and brain imaging results demonstrate that altered
auditory feedback engages a distributed network supporting predictive control and
adaptive updating in speech. They extend evidence for formant-based sensorimotor
learning to a tonal-language population, strengthening the cross-linguistic general-
ity of core auditory—motor control mechanisms, and clarifying how the cerebellum’s
role in sensory-motor prediction and sensorimotor cortex’s role in motor imple-
mentation interact to maintain accurate speech output in the face of persistent

sensory perturbation.
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connectivity due to speech adaptation

5.1 Abstract

Functionally related brain networks are engaged even without task demands. This
resting-state brain connectivity can be captured by low-frequency fluctuations in
brain activity measured using functional MRI. One major proposal of resting-state
brain connectivity is that the resting brain actively processes previous experience.
Here, we tested whether speech adaptation can change resting-state brain con-
nectivity. We scanned 48 native Mandarin Chinese speakers while they adapted to

altered auditory feedback. Two sequences of resting-state images (10 minutes each)
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were collected before and after the adaptation task to compare brain connectivity
in the resting state. Speech adaptation modulated resting-state brain connectivity
by increasing functional coupling within three major networks: a superior temporal
auditory network, a dorsomedial sensorimotor network, and a network connected
to the left posterior cerebellum. The results suggest a reorganisation of coordin-
ated brain activity across networks beyond the immediate demands of the task.
Importantly, we show that these resting-state networks are modulated by prior
speech motor learning, pointing to a connection between learning-related neuro-

plasticity and resting-state activity.

5.2 Introduction

A growing body of work suggests that speech adaptation to altered auditory feed-
back is supported by distributed sensorimotor networks. Task-based studies using
unexpected perturbations have shown that the brain rapidly detects mismatches
between intended and perceived speech sounds and recruits sensorimotor areas
and cerebellum to generate corrective commands (Tourville et al., 2008; Zheng et
al., 2013). More recent work further indicates that the neural implementation of
feedback-based correction may depend on the acoustic domain of the perturbation,
with distinct lateralisation patterns for spectral (i.e. formant perturbation) and
temporal (i.e. delayed auditory feedback) deviations (Floegel et al., 2020).
Beyond haemodynamic measures, electrophysiological studies have highlighted
that speech adaptation involves dynamic interactions across frequency bands and

changes in inter-regional communication, consistent with the establishment of a new
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sensorimotor mapping during learning (Sato & Shiller, 2018; Sengupta & Nasir,
2015, 2016). Evidence from clinical populations further supports this network
view: patterns of reduced adaptation alongside enhanced online compensation in
spinocerebellar ataxia (Houde et al., 2019; Li et al., 2019; Parrell et al., 2017) and
Parkinson’s disease have been interpreted as shifts in the weighting of feedforward
versus feedback control following disruption to the cerebellum or basal ganglia
(Mollaei et al., 2013, 2016). Together with structural imaging evidence linking
individual variability in speech adaptation to morphology in parietal-temporal and
frontal regions (Chen et al., 2021), these findings motivate the need to characterise
not only task-evoked responses, but also the intrinsic network architecture that
may reflect speech adaptation.

Large-scale brain networks are active and dynamically organised even in the
absence of explicit task demands (Raichle, 2010). Early evidence for such intrinsic
organisation came from the observation that low-frequency brain fluctuations (0.1-
0.01 Hz) were highly correlated across regions within the motor cortex (Biswal et
al., 1995). These low-frequency fluctuations in the blood-oxygen-level-dependent
(BOLD) signal can be used to delineate sets of spatially distributed brain areas
whose activity is temporally correlated, commonly referred to as resting-state brain
networks (Damoiseaux et al., 2006; Greicius et al., 2009). Resting-state fMRI (rs-
fMRI) provides a standard way to study these networks by collecting functional
MRI data while participants rest quietly without performing an explicit task.

Resting-state fMRI examines intrinsic brain activity that is not time-locked to

specific behavioural events. This approach has revealed reproducible large-scale
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networks in healthy adults (Smith et al., 2011). Importantly, alterations in resting-
state network organisation and connectivity have also been consistently reported
across a range of neurological disorders (Tahmasian et al., 2017). Resting-state
connectivity therefore provides a useful window onto the organisation and integrity
of distributed functional brain systems.

Beyond characterising stable network connectivity, rs-fMRI can also capture
learning-related changes in intrinsic brain activity. For example, Albert et al.
(2009) showed that visuomotor learning modulated resting-state connectivity within
a fronto-parietal network and a cerebellar network. Such learning-induced changes
were driven by motor learning not by motor performance. Both of these networks
were engaged during learning of visuomotor tasks. The result was interpreted
as modulation of resting-state brain networks by prior visuomotor learning. In
speech adaptation, Floegel et al. (2020) provided initial evidence that adaptation
to formant perturbation is associated with changes in resting-state connectivity,
such that greater behavioural adaptation was linked to increased fronto-temporal
connectivity in the right hemisphere and increased temporo-parietal connectivity
in the left hemisphere.

Sustained altered auditory feedback during speech production can induce sus-
tained modifications of the motor commands used to produce speech sounds (as
discussed in Chapter E) Analogous to visuomotor learning (Albert et al., 2009),
this form of speech motor learning may therefore alter resting-state connectivity
within networks that support the detection of auditory mismatch, the transforma-
tion of sensory prediction errors into corrective motor commands, and the stabilisa-

tion of updated speech motor plans. Accordingly, in the current study we collected
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two ten-minute rs-fMRI scans, one before and one after participants performed the
speech adaptation task. We hypothesised that sensorimotor adaptation of speech
would be followed by an updated pattern of resting-state brain connectivity, partic-
ularly within auditory and sensorimotor areas and their interactions with broader

control networks implicated in speech motor learning.

5.3 Materials and Methods

5.3.1 Participants

The same forty-eight (23 males and 25 females) Mandarin Chinese speakers de-

scribed in Chapter @ took part in this study. See Chapter @ for details.

5.3.2 Experimental procedure

Two sessions of ten minutes (750 scans) of resting-state fMRI images were collec-
ted immediately before and after the speech adaptation task. Participants were
required to keep their eyes open and look at a fixation cross on the screen. For the

complete experimental procedure, please see Chapter @

5.3.3 Resting-state scan parameters

Resting-state fMRI images (750 volumes) were acquired using the multi-band ac-
celerated echo-planar sequence: TR = 800 ms, TE = 30 ms, flip angle = 80°, FoV
= 216 mm, multiband acceleration = 6, phase encoding direction = anterior to
posterior, voxel size = 2.4 mm isotropic. A single-band image was collected be-

fore each multi-band sequence and was used to correct the multi-band induced
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distortions to the image.

5.3.4 ICA and dual-regression analysis

(4D resting-state Group ICA Dual Regression (for each subject)
fMRI Data
\_ TR=800ms, 10min ) "
e \ €
ICA denoising Z[fMRI| = [QI’OUP |CA] % [ Time ] qé
ESL MELODIC & FIX g ‘dataj maps courses £
~ T d time time v
( ) Stage 1: get subject-specific time courses for the ICA templates
Registration ) t ) -
. J Z|fMRI| _ | Time [S_ [Subject-specific
! Sldata| = | courses |2* | spatial maps
Spatial smoothing time tme S
FWHM =5mm Stage 2: get subject-specific spatial maps

Figure 5.1: ICA and dual-regression analysis
An illustration of preprocessing, group ICA, and dual regression analysis.

Data analysis was conducted using FSL (FMRIB Software Library, Jenkinson
et al., Jenkinson et al., 2012). First, all resting-state functional images under-
went these initial steps: removal of skull and scalp from the images using BET
(Smith, 2002), motion correction using MCFLIRT (Jenkinson et al., 2002), high-
pass temporal filtering (100-s), and fieldmap unwarping using FUGUE to correct
for distortions in the images and improve registration (Jenkinson, 2002). Then,
individual resting-state datasets were analysed by subject-level independent com-
ponent analysis (ICA) using FSL’s MELODIC (Multivariate Exploratory Linear
Optimized Decomposition into Independent Components) and cleaned using FIX
(FMRIB’s ICA-based Xnoiseifier) to remove noise components (Griffanti et al.,
2014; Salimi-Khorshidi et al., 2014). FIX was trained using the signal and noise

components identified from 10 subjects and classified by the author (QY) using
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the protocol described by Griffanti et al. (2017). The output was then applied to
all participants in all sessions. All denoised images were non-linearly registered
to the 2-mm MNI-152 template using FNIRT and spatially smoothed using an
FWHM = 5 mm Gaussian kernel.

Group ICA was performed based on the spatially smoothed data using MELODIC
to extract 50 independent components (ICs, 46 signal, 4 noise). Then, dual regres-
sion analysis (Beckmann et al., 2009) was conducted. This involves using the group-
spatial maps of each IC to extract a subject-specific time course from each indi-
vidual’s data and then, in a second regression step, the subject-specific time course
was used to extract a subject-specific spatial map of that IC. These subject-specific
spatial maps were statistically compared from before to after the speech adaptation
task. Non-parametric permutation tests (5000 permutations) and threshold-free
cluster enhancement (TFCE) were used to infer significant changes in connectivity
(p < 0.05, corrected). See Figure @

To test the relationship between individual behavioural adaptation of F1 and
task-related changes in resting-state connectivity, we extracted the median con-
nectivity value from clusters that showed significant pre-post task differences. We
then conducted correlation analyses to examine whether the change in produced F1

in response to the F1 shift was associated with changes in resting-state connectivity.

5.3.5 Seed-based connectivity analysis

Beyond whole-brain group ICA and dual regression analysis, we also conducted

seed-based connectivity analysis. In Chapter @, we found increased activity in left

185



Chapter 5
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Figure 5.2: Seed-based connectivity analysis
An illustration diagram of seed-based connectivity analysis.

posterior cerebellum and decreased activity in ventral sensorimotor cortex bilat-
erally. Based on this finding, we selected three seed regions from the 17-network
atlas of Thomas Yeo et al. (2011) and its connecting network within cerebellum
from Buckner et al. (2011). Specifically, we selected somatomotor network B (Net-
work 4; SomMotB) from Yeo’s 17-network cortical parcellation in both hemispheres.
This network includes tongue-related sensorimotor representations and auditory-
processing regions in the superior temporal gyrus, and it overlapped with areas
showing decreased activity during the task. We also selected control network C
(Network 13; ContC) from Buckner’s 17-network cerebellar parcellation in the left
cerebellum, corresponding to cognitive-control regions within Crus I and Crus II;
this network overlapped with regions where we found increased activity during
the speech adaptation task.

First, both cortical and cerebellar atlases in FSL standard MNI-152 2-mm space
were divided into left and right hemispheres. The hemispheric masks were then
registered to each participant’s native functional space using FLIRT. Individual

mean time courses were extracted from each seed region. First-level GLM analyses
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were subsequently performed for each participant using FSL FEAT (statistics-only
mode). The spatially smoothed functional data were used as the input dataset.
The extracted seed time course, along with its temporal derivatives, were entered
into the model as explanatory variables (EVs). Group second-level analysis were
performed using paired t-tests to compare the two time points. Significance was
inferred using cluster statistics with an initial height threshold of Z > 3.1 and a

corrected cluster extent threshold of p < 0.05 (Jezzard et al., 2001). See Figure .

5.4 Results

5.4.1 Increased resting-state connectivity in superior tem-

poral cortex

We looked for changes in resting-state networks that reflected acquisition of the ad-
apted state, which had occurred in the interval between the two resting-state scans.
Following adaptation, connectivity increased between the network encompassing
the posterior superior temporal cortex bilaterally, known as the “auditory” network
(Smith et al., 2009) and the right posterior insula, right Heschl’s gyrus, and parietal
operculum (Figure @ A). It is worth noting that the spatial extent of this “aud-
itory” network is not limited to the superior temporal cortex but encompasses the
inferior parietal cortex dorsally and extends medially to the posterior insula cortex.
These latter two areas in the right hemisphere were where functional connectivity
was increased following adaptation. There was an equivalent increase in the resting-
state connectivity in the left hemisphere at a subthreshold level. However, changes

in this region did not survive the cluster-level thresholding based on extent.
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A. Superior Temporal (Auditory) Network

Y=-33 Z=66

. Increased connectivity with network

Z 4 15

Figure 5.3: Increased resting-state connectivity in superior temporal and
dorsomedial sensorimotor networks
Dual-regression results showing higher resting-state connectivity after speech
adaptation. Following adaptation, connectivity increased between right posterior insula
and parietal operculum and the rest of the “auditory network” involving the superior
temporal cortex bilaterally (A), and in a portion of a sensorimotor network located
dorsomedially (B). The two group networks identified using ICA are shown in the
red—yellow Z-statistic maps overlaid on the MNI-152 template image and thresholded at
Z > 4. The clusters in green show voxels where connectivity with these networks was
significantly changed with p < 0.05 with threshold-free cluster enhancement (TFCE).
The figure was created using FSLeyes from FSL. L-left; R—right. The relevant
coordinate in standard space is provided below each brain slice.

In the correlational analysis with behavioural data, we found that individuals
with larger compensation (i.e. greater F1 decrease in response to the increased F1
feedback), exhibited larger changes in resting-state connectivity in right superior

temporal cortex (r = —0.298, p = 0.020, Figure @)
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Figure 5.4: Correlation between F1 change from baseline and change in
resting-state connectivity in right superior temporal cortex
Each circle represents data for one participant. The red line shows the linear regression
fit. A significant negative correlation was observed between the magnitude of F1 change
from baseline (in the last 40 trials during adaptation block) and change in resting-state

connectivity in a cluster located in the right superior temporal cortex (r = —0.298, p =
0.020). See text for details.

Notably, four participants showed change in F1 adaptation that exceeded the
110 Mel perturbation itself. These “over-compensators” sit at the extreme end of
the distribution of F1 change and could arise from a stronger reliance on auditory re-
lative to somatosensory feedback, producing a larger corrective response for a given
perceived error, or from greater instability of sensorimotor integration to the per-
ceived mismatch itself. Because a correlation can be disproportionately influenced

by a small number of extreme points, we tested whether the correlation between
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F1 change and change in right superior temporal connectivity was driven by these
over-compensators. After excluding participants whose F1 change exceeded the 110

Mel perturbation, the correlation was no longer significant (r = —0.195, p = 0.206).

5.4.2 Increased resting-state connectivity in dorsomedial

sensorimotor cortex

Following adaptation, connectivity also increased in a portion of a sensorimotor
network located dorsomedially. It included primary sensorimotor cortex bilaterally.
Connectivity between this network and a portion of the right posterior cingulate
cortex that lay outside the network was also increased (Figure @ B).

No significant correlation was found between F1 change and the change of
resting-state connectivity within either the superior temporal network or the dor-

somedial sensorimotor network.

5.4.3 Increased resting-state connectivity in occipital cor-

tex

We also found increased connectivity between occipital cortex and the rest of the

occipital resting-state networks bilaterally (Figure @)

5.4.4 Changes in functional connectivity: seed-based ana-

lysis

Seed-based analysis revealed increased functional connectivity from the ventral
sensorimotor cortex and superior temporal gyrus with the right medial occipital

cortex (Figure @ A).
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Occipital Networks
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Figure 5.5: Increased resting-state connectivity in occipital cortex
Dual-regression results showing higher resting-state connectivity after the speech motor
learning. Both figures show increased connectivity between occipital cortex (green) and

the rest of the bilateral occipital visual network (positive: red—yellow; negative: blue).

The cluster in green shows voxels with p < 0.05 with_threshold-free cluster

enhancement (TFCE). See caption to Figure @ for details.

Seed-based analysis revealed increased functional connectivity within the left
posterior cerebellar control network, as well as between the left posterior cerebel-
lum and the left dorsal somatosensory cortex and right medial occipital cortex
(Figure @ B).

There were no significant reductions in resting-state connectivity that were evid-

ent in either the group ICA and dual-regression or the seed-based connectivity ana-

lyses.
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Increased seed-based connectivity
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Figure 5.6: Increased seed-based connectivity
Seed-based connectivity results showing increased connectivity after speech adaptation.
A. Increased connectivity between the left ventral somatosensory-motor network (blue)
and the right medial occipital cortex (red—yellow). B. Increased connectivity between
the left posterior cerebellar network (blue), and the left cerebellum Crus I and Crus II
(within cerebellum), and left dorsal parietal cortex, and right medial occipital cortex
(red—yellow). The seed regions (blue) and the statistical maps (red—yellow) are overlaid
on “glass” brains using Nilearn.

5.5 Discussion

Here, we examined whether speech adaptation reshaped intrinsic brain activity.
Analysis of resting-state fMRI scans collected before and after the adaptation
phase revealed network-level reorganisation across multiple brain networks. Spe-
cifically, we observed (i) increased connectivity within a right-lateralised superior
temporal (“auditory”) network, (ii) stronger coupling involving dorsomedial sen-
sorimotor cortex bilaterally, and (iii) increased resting-state activity within an

occipital (“visual”) network. Extending these network-level effects, seed-based
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analyses showed increased coupling from ventral sensorimotor cortex and superior
temporal gyrus to right medial occipital cortex, as well as strengthened connectiv-
ity within the left posterior cerebellar control network and between left posterior
cerebellum and left dorsal somatosensory cortex and right medial occipital cortex.
Together, these findings suggest that a relatively brief period of speech adaptation
to sustained altered auditory feedback can induce measurable changes in intrinsic
functional brain connectivity, extending beyond the task-evoked neural responses
observed during speech adaptation itself. More broadly, the results support the
view that sensorimotor learning is accompanied by reconfiguration of large-scale
networks that may reflect consolidation, re-weighting of sensory information, or

altered readiness to process altered auditory feedback.

5.5.1 Updated superior temporal (“auditory”) network

Following speech adaptation, we observed increased resting-state connectivity within
the superior temporal network, limited to the right hemisphere, including the right
posterior insula and parietal operculum. Also, speakers who showed more change in
F1 in response to increase in F1 during auditory feedback exhibited larger changes
in resting-state connectivity in the superior temporal network. We suggest that ad-
aptation, which required sustained attention to auditory feedback and continuous
processing of vowel formant errors, led to a short-term strengthening of functional
integration within this auditory-related system. Repeated exposure to altered feed-
back and recurrent detection of sensory discrepancies may have increased the ef-
ficiency with which auditory information is integrated with regions implicated in

monitoring internal sensory states (Hickok et al., 2011; Tourville et al., 2008).
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The observed post-adaptation increase in connectivity can therefore be interpreted
as a candidate marker of an individual’s sensitivity and short-term plasticity in
processing the mismatch in auditory feedback: auditory areas, together with pos-
terior insula/opercular areas, may have been transiently upregulated by the need
to monitor perturbed feedback and support corrective responses.

The involvement of the right posterior insula and parietal operculum is con-
sistent with their broader roles in sensorimotor processing. Although these regions
are not traditionally framed as core speech areas, both have been implicated in
integrating sensory signals with action and in representing bodily states relevant
for speech motor control. However, the left anterior insula has been considered
as a part of the speech production network, and prior work suggests that it par-
ticipates in speech motor planning and execution (Dogil et al., 2002; Dronkers,
1996; Moser et al., 2009). Speech-related activity in the right anterior insula is
sometimes reported in the context of emotional prosody (Sammler et al., 2015)
and patients with Broca’s aphasia recruit insular cortex bilaterally during speech
entrainment, in which mimicking audiovisual speech stimuli enables fluent speech
production in real time (Fridriksson et al., 2018; Fridriksson et al., 2012). Similarly,
parietal and posterior opercular regions have been linked to multisensory integra-
tion and sensorimotor transformations relevant to action (Mountcastle, 1995). In
our task, participants likely relied not only on auditory error signals but also on
proprioceptive and somatosensory cues used to stabilise articulation, and this multi-
sensory context may have increased functional coupling between superior temporal
auditory regions and insular/opercular components of the network. From this

perspective, the connectivity increases may reflect tighter coordination between
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perceptual analysis of auditory errors and internal modelling processes that sup-
port sensorimotor adaptation.

Notably, the effects observed in the current study were most robust in the right
hemisphere. This pattern of lateralisation is consistent with evidence that right
auditory cortex is more strongly involved in spectral processing of speech (vowel
formants), whereas left auditory cortex is more strongly associated with temporal
processing (Albouy et al., 2020; Flinker et al., 2019; Floegel et al., 2020). Import-
antly, this right auditory region overlapped with the area that showed F1 change
related modulation during the task fMRI analysis reported in Chapter @, providing
converging evidence that the same spectral-processing resources engaged during
online compensation for the F1 perturbation also exhibit altered resting-state con-
nectivity. The strengthened right auditory network connectivity observed at rest
may therefore reflect an after-effect of repeatedly engaging these spectral processing
resources, such that functional integration within the relevant network remains el-
evated following learning. More generally, this finding suggests that resting-state
measures can capture short-term imprints of speech learning in networks selectively

recruited by the specific error dimension of the perturbation.

5.5.2 Updated dorsomedial sensorimotor network

Following speech adaptation, we also observed stronger resting-state functional
connectivity involving portions of the dorsomedial sensorimotor cortex network bi-
laterally, which extended to include increased connectivity with the left posterior

cingulate cortex. This pattern indicates that speech adaptation can strengthen
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interactions within sensorimotor circuits even in the absence of ongoing task de-
mands. During sustained altered auditory feedback, participants repeatedly adjus-
ted articulatory output to minimise perceived errors, implying iterative updating
of the mapping between auditory error signals and motor commands. The post-
adaptation increase in dorsomedial sensorimotor connectivity may therefore index
a more tightly integrated circuit supporting the transformation of sensory feedback
into corrective motor adjustments. In other words, the network-level changes ob-
served at rest may reflect the lingering organisation of neural resources that were
repeatedly co-activated to support corrective motor learning during adaptation.

Notably, the observed changes were centred on dorsomedial rather than ventro-
lateral sensorimotor cortex, the latter being more associated with lip and tongue
representations (Eichert et al., 2020). Jossinger et al. (2026) showed that ventral
sensorimotor cortex is involved when distinguishing syllables by place of articula-
tion whereas activity in dorsal sensorimotor cortex was more sensitive to the voice
onset time in syllable production. This distinction suggests that dorsal regions
encode higher-order temporal and coordinative parameters of speech rather than
articulator-specific representations. The increased resting-state connectivity within
dorsomedial sensorimotor cortex following adaptation seen here may also reflect the
integration of auditory feedback with motor commands.

The involvement of cingulate cortex is compatible with its role at the inter-
face of motor control and higher-order performance monitoring. Cingulate motor
areas have direct access to the skeletomotor apparatus (Paus, 2001), and cingu-

late regions implicated in vocal control also receive input from auditory association
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cortex (Paus et al., 1993). A complementary perspective comes from recent evid-
ence that primary motor cortex contains interleaved, non-effector-specific zones:
Gordon et al. (2023) identified a somato-cognitive action network (SCAN) that
occupies the dorsomedial gaps between hand, foot, and face representations and is
tightly coupled to cingulo-opercular control regions, insula, and specific cerebellar
territories, and is proposed to support integrative aspects of action rather than the
execution of effector-specific movements. Our findings of changes in resting-state
activity in dorsomedial sensorimotor cortex, cingulate cortex, and the seed-based
results showing increased connectivity between left posterior cerebellum and left
dorsal parietal cortex are together consistent with reorganisation of a SCAN-like
inter-effector system rather than of orofacial effector cortex. In this context, in-
creased coupling between dorsomedial sensorimotor regions and cingulate cortex
following speech adaptation may reflect strengthened coordination between motor
output, sensory monitoring, and the control processes that support the evaluation
and updating of speech actions under altered auditory feedback.

Overall, these updates to the sensorimotor network align with the broader mo-
tor learning literature showing that brief training can induce measurable changes in
resting-state connectivity, often interpreted as reflecting early consolidation or sta-
bilisation of newly acquired motor skills (Albert et al., 2009; Farrens et al., 2023).
Although much of this evidence comes from visuomotor learning, the present find-
ings support the extension of these principles to speech motor learning.

A further possibility to consider is that increased dorsomedial sensorimotor
coupling reflects a transient increase in “readiness” of the sensorimotor system

to respond to auditory feedback. Following adaptation, participants may remain
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biased toward monitoring and correcting speech output, such that the intrinsic
organisation of sensorimotor networks is temporarily altered in a way that supports
rapid corrective responses. Although resting-state data cannot directly adjudicate
between consolidation and heightened readiness accounts, both converge on the idea
that speech adaptation to sustained altered auditory feedback leaves measurable
after-effects in intrinsic auditory-motor integration. Behaviourally, for example,
we often see retention of compensatory responses when the normal feedback is
restored (i.e. after-effect, see results in Chapter @) Also, speech adaptation can
generalise to sounds that were not produced under altered feedback (Houde &
Jordan, [1998; Jones & Munhall, 2005; Villacorta et al., 2007). Future work could
test these alternatives by tracking the time course of resting-state changes, or by
relating individual differences in post-adaptation connectivity shifts to behavioural

indices of retention or after-effects.

5.5.3 Updated cerebellum network

We observed increased seed-based connectivity within the left posterior cerebellar
control network (Crus I and Crus II), as well as enhanced connectivity between the
left posterior cerebellum and left dorsal parietal cortex. The cerebellum has been
widely implicated in computing forward models that support speech adaptation
(Golfinopoulos et al., 2011; Tourville et al., 2008). Under sustained formant shift,
participants repeatedly experienced a discrepancy between predicted and perceived
auditory feedback, a manipulation expected to engage predictive computations and

drive updating of internal models.
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One influential account proposes that the cerebellum implements a Smith pre-
dictor architecture comprising two forward-model components (Miall et al., [1993).
The first generates rapid predictions of auditory and somatosensory consequences
from outgoing speech motor commands. The second produces a temporally delayed
version of that prediction, enabling comparison with delayed sensory feedback.
Such an architecture supports both rapid, online correction and longer-term re-
calibration of internal models across changing sensorimotor states (Albert et al.,
2009; Kelly & Garavan, 2004; Sami & Miall, 2013).

Within this framework, the increased intrinsic connectivity within left posterior
cerebellum and between the cerebellum and dorsal parietal cortex suggests plastic
changes in a feedforward control network repeatedly engaged during adaptation.
Speech adaptation is typically incomplete: while auditory feedback is immediately
shifted outside its target region, somatosensory feedback initially remains within its
expected bounds. As feedforward commands gradually adapt to compensate for the
auditory perturbation, the resulting articulatory changes can push somatosensory
feedback away from its original target. This creates a secondary mismatch that
recruits somatosensory feedback control mechanisms, which may partially coun-
teract auditory-driven corrections (Guenther, 2016). The observed strengthening
of connectivity within the left posterior cerebellar network and its coupling with
dorsal parietal cortex is therefore consistent with sustained recalibration of forward
models and updating of somatosensory state representations. Rather than reflect-
ing transient task engagement, these resting-state changes likely index persistent
reorganisation of cerebellar—parietal connectivity that mediates predictive control

and sensorimotor integration during speech motor learning.
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5.5.4 Updated occipital (“visual”) network

Increased resting-state activity was observed within an occipital (“visual”) network
following speech adaptation. We also found increased connectivity between the seed
of left posterior cerebellum and right medial occipital cortex. Changes in the visual
system were not anticipated following this task, which primarily places demands
on the motor, auditory, and somatosensory systems. A plausible explanation is
that these connectivity changes within the occipital cortex reflect the non-essential
visual processing during the task, as participants continuously viewed words presen-
ted on the screen during speech production. In this sense, the resting-state visual
network connectivity increases may represent a modality-specific after-effect of sus-
tained visual stimulation and repeated engagement of visual processing. Prior
studies have similarly reported enhancements in resting-state activity or connectiv-
ity within visual networks following exposure to visual input or visual tasks (Bang

et al., 2018; Guidotti et al., 2015; Stevens et al., 2009).

5.5.5 Limitations

A lack of control limitation applies to the resting-state analyses. Because the pre-
and post-adaptation scans were separated by a fixed period of speech adaptation
task, changes in connectivity are confounded with the simple passage of time and
with non-specific effects of fatigue, arousal, or vigilance across the scanning session,
rather than being uniquely attributable to speech adaptation. This concern is
evidenced by the finding that connectivity within the occipital “visual” network also
increased after adaptation, an effect that cannot easily be explained by auditory-

motor learning and is more plausibly attributed to sustained visual fixation on
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the on-screen syllable throughout the session. If a similarly non-specific process
contributed to the visual network change, it is difficult to rule out a comparable
contribution to the auditory and sensorimotor network changes of primary interest.
This limitation could be addressed by including a control group who complete
two resting-state scans separated by an equivalent period of syllable production
under normal, unperturbed feedback, isolating connectivity changes specifically
attributable to adaptation from those driven by time in the scanner or sustained

task engagement more generally.

5.6 Summary

In this chapter, we examined resting-state brain activity before and after speech
adaptation to sustained altered auditory feedback. By focusing on intrinsic func-
tional connectivity, this approach allowed us to capture learning-related changes
that extend beyond transient task-evoked responses. Our results revealed network-
level reorganisation following adaptation, indicating that speech motor learning
leaves measurable changes in resting-state networks.

Specifically, speech adaptation increased resting-state connectivity within a
right-lateralised superior temporal (“auditory”) network, particularly involving the
right posterior insula and parietal operculum. This pattern is consistent with
strengthened integration mechanisms supporting spectral error monitoring and
aligns with the established right-hemisphere lateralisation for spectral auditory pro-
cessing. Adaptation also enhanced connectivity within a cerebellar control network,

including increased coupling within the left posterior cerebellum (Crus I and Crus

151



Chapter 5

IT) and between left posterior cerebellum and left dorsal sensorimotor cortex. In ad-
dition, we observed strengthened bilateral connectivity in dorsomedial sensorimotor
cortex, extending to the left cingulate cortex, suggesting reinforcement of circuits in-
volved in motor planning, monitoring, and error-based updating of forward models.

Together, these findings indicate that repeated recalibration of the mapping
between perturbed auditory feedback and articulatory commands induces persist-
ent modifications in both feedback and feedforward control systems. Rather than
being confined to task execution, these changes appear to reorganise intrinsic sen-
sorimotor learning networks at rest. Increased connectivity within an occipital
(“visual”) network likely reflects sustained visual demands during syllable read-
ing, further demonstrating that resting-state networks reflect recently engaged
task experience.

Overall, the results demonstrate that speech adaptation to altered auditory
feedback can produce measurable changes in resting-state functional connectiv-
ity across auditory, cerebellar, and sensorimotor networks. These “after-effects”
reflect task-specific reconfiguration of intrinsic brain networks, suggesting that
resting-state connectivity provides a sensitive index of the neuroplasticity sup-

porting speech motor control.
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6.1 Summary of findings

The aim of this thesis was to investigate the neural correlates of speech adaptation
during altered auditory feedback. I first used transcranial direct-current stimula-
tion to test whether modulating brain activity in the left speech motor cortex and
right cerebellum can enhance speech adaptation. The study was designed to rep-
licate the results of Lametti et al. (20184)), in which stimulation to the left speech
motor cortex enhanced adaptation in both F1 and F2, whereas stimulation to the
right cerebellum enhanced F1 adaptation only. We used a randomised, double-
blind, sham-controlled design; methods and analysis were pre-registered. The ori-

ginal study used a cerebellar montage that placed the cathode on the right cheek
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and secured the electrodes with bandages around the jaw, potentially affecting
speech production. To avoid this issue, we used a different cerebellar tDCS mont-
age validated in previous studies (Ferrucci et al., 2013; Weightman et al., 2023): the
anode was positioned over the right cerebellum and the cathode was placed on the
right deltoid muscle (upper arm). We also increased power by increasing the sample
size from 20 to 30 participants per group. We replaced the original hardware-based
feedback perturbation system with the MATLAB MEX-based program “Audapter”
(Cai et al., 2008; Tourville et al., 2013), allowing precise, low-latency perturbation
of auditory feedback. However, we found no evidence that anodal tDCS over either
the left motor cortex or the right cerebellum enhanced speech adaptation. Further-
more, reanalysis of data from Lametti et al. (2018a) suggested that the previously
reported positive effects were likely driven by atypical performance in the original
sham group rather than by stimulation effects.

Given the failure to replicate the enhancement of tDCS over left speech mo-
tor cortex or right cerebellum on speech adaptation during altered auditory feed-
back, we next turned to brain imaging to directly examine brain activity associated
with speech adaptation. Before scanning participants, we developed and validated
a Mandarin version of the speech adaptation task previously tested in English.
Seventy-six native Mandarin speakers produced consonant-vowel syllables while re-
ceiving real-time auditory feedback in which the first formant (F1) of the vowel
was either increased or decreased. As seen previously in English speakers, Man-
darin speakers adapted their productions in the direction opposite to the formant
perturbation, confirming that the formant perturbation paradigm reliably elicits

speech adaptation in Mandarin speakers.
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In the brain imaging study, functional MRI was used to investigate the neural
correlates of speech adaptation in Mandarin speakers under altered auditory feed-
back. Another 48 native Mandarin speakers produced syllables while F1 was in-
creased in auditory feedback. Whole-brain imaging captured task-evoked brain
activity during speech adaptation. As participants compensated by lowering F1
in their production of the vowel, activity increased in the left posterior cerebel-
lum and decreased in sensorimotor cortex bilaterally. These findings are consistent
with a role for the cerebellum in forward modelling and prediction error processing,
and with sensorimotor cortex involvement in updating and refining feedforward
motor commands.

In addition to task-evoked responses, we examined resting-state brain activ-
ity before and after speech adaptation to assess learning-related changes beyond
immediate task performance. Speech adaptation produced network-level reorgan-
isation in intrinsic functional connectivity. Connectivity increased within a right-
lateralised superior temporal (“auditory”) network, particularly involving the right
posterior insula and parietal operculum, consistent with strengthened mechanisms
for spectral error monitoring and right-hemisphere dominance for fine-grained aud-
itory processing. Adaptation also enhanced connectivity within a cerebellar net-
work, including coupling within the left posterior cerebellum (Crus I and Crus II)
and between the left posterior cerebellum and left dorsal sensorimotor cortex. Ad-
ditionally, dorsomedial sensorimotor cortex bilaterally showed increased coupling
with the left cingulate cortex, suggesting reinforcement of motor planning.

Together, these findings indicate that speech adaptation to altered auditory

feedback engages auditory and sensorimotor systems during task and produces
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measurable after-effects in task-free intrinsic brain networks. In the following sec-
tions, I discuss the broader implications of these findings, beginning with meth-
odological considerations related to the speech adaptation paradigm and brain
stimulation and then turning to the functional contributions of auditory cortex,

motor and somatosensory cortex, and cerebellum to speech adaptation.

6.2 Discussing the speech adaptation paradigm

The studies in this thesis are based on the speech adaptation paradigm using altered
auditory feedback, in which a speaker’s acoustic output is recorded and perturbed
in near real time. Over the past decades, the speech adaptation paradigm has
been implemented by many research groups for a wide range of research ques-
tions. Review of this literature and findings from studies in our own research
group highlighted several critical issues that I suggest should be considered and
addressed in future work.

First, speech adaptation studies often differ substantially in design (e.g. sample
size, the amplitude and direction of the shift, the number of trials, and the perturb-
ation schedule). These methodological variations make direct comparisons across
studies difficult and underline the need for clearer reporting standards, as well as
more systematic investigation of how specific design factors influence behavioural
outcomes (Caudrelier & Rochet-Capellan, 2019).

Second, individual differences in speech adaptation are large. Although speech
adaptation studies typically focus on group-level statistics, speakers often show

substantially different learning trajectories: some adapt rapidly within the first
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few trials and then plateau, whereas others show more gradual change across trials.
Also, atypical responses are often observed, including small numbers of “followers”
(speakers whose productions adapt in the same direction as the perturbation) and
“non-adapters” (speakers showing little or no adaptation). Such heterogeneity has
been reported repeatedly in the speech adaptation literature and complicates inter-
pretation when analyses rely primarily on group averages or when specific response
patterns are treated as outliers (Kitchen et al., 2022). Pre-registration specifying
whether analyses will include or exclude these individuals would help.

Third, the relationship between perceptual acuity and adaptation needs careful
measurement, both to explain individual differences and to constrain interpreta-
tions. Two directions of this relationship should be distinguished. The first con-
cerns whether individual differences in perceptual acuity predict the magnitude of
speech adaptation: speakers with finer discrimination of formant differences may
detect smaller mismatches between predicted and perceived feedback and there-
fore adapt more strongly. The second concerns whether undergoing adaptation
reshapes perception, such that sustained exposure to altered feedback reshaped
speech perception. In the tDCS study (Chapter E), we measured each speaker’s
speech perception using individually tailored stimuli and obtained evidence relev-
ant to both. We did not observe a correlation between perceptual performance
and the magnitude of speech adaptation, suggesting that perceptual acuity did not
predict the size of the compensatory response in this sample; however, speech per-
ception improved following the adaptation task, indicating that adaptation itself

can recalibrate perception. The wider literature on the first direction is mixed:
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some studies report that speakers with better perceptual acuity show larger adapt-
ation responses during altered auditory feedback (Nault & Munhall, 2020), whereas
others find weaker, null, or opposite relationships (Martin et al., 2018). Together,
these results suggest that the link from acuity to adaptation magnitude is unlikely
to be straightforward, whereas the recalibration of perception by adaptation may
be a more reliable consequence of exposure to altered feedback.

Fourth, this thesis offered an opportunity to compare speech adaptation across
two languages with different F1-F2 vowel spaces. The tDCS study (Chapter E)
tested English speakers producing “head”, “bed”, and “dead”, whose vowel /e/
sits between /i/ in “hid” and /ee/ in “had” along both F1 and F2 frequency scales
(Figure @ A in Chapter a) The behavioural and brain imaging studies (Chapter @)
tested Mandarin speakers producing vowels /1/, /&/, and /a/, which are separated
primarily in F1, with /e/ and /a/ falling closer in F2 (Figure @ B). Both English
and Mandarin speakers showed robust F1 adaptation in the direction opposite to
the F1 shift, supporting the cross-linguistic generalisation of speech adaptation to
formant perturbation. English and Mandarin speakers diverged in F2 adaptation:
English speakers showed compensatory changes in F2 alongside the F1 change,
whereas Mandarin speakers showed no significant F2 adaptation. This dissociation
can be understood from the geometry of the target language’s vowel space. An up-
ward F'1 shift in English “head” pushes the perceived vowel toward “had”. However,
no English vowel differs from “head” in F1 alone: “had” is distinguished from “head”
in both F1 and F2 (Figure @ A). The F1 perturbation therefore creates a percep-

tual shift that does not map cleanly onto a single neighbouring vowel category, and
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speakers can offset it either by reducing F1 alone, or by reducing F1 and concur-
rently changing F2 in the direction of an adjacent vowel category (MacDonald et al.,
2010). In Mandarin, /e/ and /a/ are separated primarily along F1, with compar-
able F2 (Figure @ B). The F1 perturbation therefore produces a perceptual shift
that maps cleanly between the two vowel categories along F'1 alone, and Fl-only
compensation fully addresses the mismatch with no pressure for an F2-based adjust-
ment. The cross-linguistic difference therefore reflects the geometry of the target
language’s vowel space rather than a difference in adaptation mechanism, and sup-
ports the view that speech adaptation is a language-general process whose acoustic
signature is shaped by the structure of the speaker’s phonological inventory.
Finally, Mandarin is a tonal language in which the fundamental frequency (FO0)
contour carries lexical contrasts that do not exist in non-tonal languages (e.g. Eng-
lish), yet the formant-perturbation studies in this thesis manipulated only the first
formant (F1) and did not manipulate FO during production. This design choice
allowed direct comparison with the English, but means the present data cannot
speak to whether, or how, tone production interacts with formant adaptation in a
tonal language. Because tone is carried by dynamic FO trajectories on the vowel,
and tone category could in principle constrain how far speakers can shift their fre-
quency without threatening intelligibility, this remains an open question. Future
studies could focus on pitch perturbation in which a syllable is produced, to test
whether the magnitude or trajectory of pitch adaptation differs across Mandarin’s
lexical tone categories, or apply combined FO-and-F1 perturbations to establish

whether pitch and formant adaptation interact or are happened independently.
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A productive direction for future speech adaptation studies is to character-
ise individual differences explicitly rather than treating them as residual variance.
This could include modelling participant-specific speech adaptation parameters (e.g.
learning rate, asymptote, and trajectory), reporting full response distributions, and
testing predictors of adaptation magnitude such as auditory perceptual acuity and
baseline production variability. Also, greater standardisation of methods (particu-
larly regarding perturbation magnitude and direction, timing and exposure dura-
tion, and technical factors such as latency of altered auditory feedback) will improve
comparability across studies and help identify which aspects of the paradigm drive

the observed diversity of behavioural outcomes.

6.3 Discussing failure of using tDCS to modulate

speech adaptation

TDCS has been widely used to modulate motor learning and adaptation and has
been proposed as a potential therapeutic method in clinical populations. However,
the reliability of behavioural effects in young, healthy adults has been questioned.
Studies in non-clinical samples have repeatedly concluded that single-session tDCS
produces, at best, small and highly variable effects on motor and cognitive tasks,
with many outcomes indistinguishable from sham at the meta-analytic level (Hor-
vath et al., 2015). More broadly, the field faces substantial reproducibility chal-
lenges that likely stem from the combination of weak effect sizes and pervasive
underpowering. Even when effects exist, typical sample sizes (about 20-30 sub-

jects per group) may be insufficient to detect them robustly, inflating both false
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positives and unstable estimates (Minarik et al., 2016).

A core methodological issue is the large number of degrees of freedom in how
stimulation is delivered and analysed. The induced electric field depends not only
on nominal parameters (intensity, duration, and polarity) but also on montage
choices (electrode size, shape, and placement) and participant-specific anatomy.
Therefore, nominally “similar” protocols can yield meaningfully different intracra-
nial electric fields across individuals and studies, contributing to heterogeneity in
individual response to stimulation (Li et al., 2015; Vergallito et al., 2022). This het-
erogeneity is compounded by state- and task-dependence: tDCS effects are often
contingent on baseline performance, ongoing neural activity, and ceiling constraints
that are especially relevant in healthy participants who may already perform at ceil-
ing, leaving limited room for measurable behavioural improvement (Horvath et al.,
2015; Vergallito et al., 2022). Therefore, inconsistent outcomes are unsurprising,
even when studies adopt comparable stimulation parameters.

In the speech domain, anodal tDCS over left motor cortex failed to enhance
production of tongue twisters in young adults (Wiltshire & Watkins, 2020), an effect
previously described in older adults (Fiori et al., 2014; Wong et al., 2019). Similarly,
the findings of our current tDCS study failed to demonstrate enhanced speech motor
learning from either M1 or cerebellar stimulation, in contrast with other findings
(Peng et al., 2021; Scott et al., 2020). Also, anodal tDCS over left prefrontal
cortex has been reported to improve verbal fluency (Klaus & Schutter, 2018), but
these benefits are not consistently reproduced, with multiple studies reporting null
effects or substantial inter-individual variability despite similar protocols (Klaus

& Hartwigsen, 2020; Vannorsdall et al., 2016; Westwood et al., 2017). Taken
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together, these considerations motivate caution in interpreting positive findings
and suggest that establishing reliable tDCS modulation of speech adaptation may
require substantially larger samples, electric-field-informed intensity control, and
tighter standardisation of task and stimulation parameters.

Beyond the speech domain, the broader motor-learning literature shows a sim-
ilar pattern of inconsistency. Galea et al. (2011) reported that anodal cerebellar
tDCS enhanced visuo-motor adaptation, reflected in a faster reduction of move-
ment errors. In contrast, anodal tDCS over primary motor cortex did not enhance
the rate of adaptation but enhanced retention of a learned movement. These find-
ings suggested dissociable contributions of cerebellum and motor cortex to adapta-
tion and consolidation. However, a large-scale follow-up investigation across seven
visuomotor adaptation experiments, involving a total of 192 young healthy adults,
failed to replicate the enhancing effects of cerebellar tDCS across a range of task
parameters (Jalali et al., 2017). Similarly, Panouilleres et al. (2015) found that
tDCS over primary motor cortex enhanced motor adaptation, whereas stimula-
tion of the lateral cerebellum did not modulate motor adaptation performance. A
more recent study used cerebellar event-related tDCS (ER-tDCS) to successfully
enhance motor learning (Weightman et al., 2022). TDCS had a short duration (<
3 s) and was timed to occur simultaneously with the movement. In that study,
M1-tDCS did not enhance adaptation and asynchronously-timed cerebellar stimu-
lation also failed to do so. This finding suggested that the cerebellum might adopt
a time-dependent window for tDCS enhancement and sheds light on the reactive

role of cerebellum in motor control.
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Based on the findings of the tDCS study presented in this thesis, several lim-
itations arose that could be addressed in future studies.

First, we used relatively large electrodes (35 cm?), which may have produced
diffuse current spread for both motor cortex (Bikson et al., 2018) and cerebellar
(Klaus & Schutter, 2021)) stimulation. Cerebellar tDCS is particularly sensitive
to electrode placement: small shifts in position alter the local intensity of the in-
duced electric field (Saturnino et al., 2015), so a non-focal montage may dilute
or mis-target the intended effect. Scott et al. (2020) used high-definition anodal
tDCS over left ventral sensorimotor cortex and reported increased speech adapt-
ation during altered auditory feedback. It would be important to replicate the
findings of this particular study.

Second, the “blinding” in our study was not fully effective. Many participants
could correctly identify whether they had received active or sham stimulation based
on physical sensations they experienced, most likely because we used 2-mA direct
current. In other tDCS studies using 1-mA current, participants are typically
blind to stimulation (Chesters et al., 2018; Wiltshire & Watkins, 2020). Such
awareness can in principle bias behavioural performance through expectancy effects:
participants who believe they are receiving active stimulation may invest more
effort or attention in the task and produce inflated learning estimates, while those
who believe they are receiving sham may disengage. We consider this unlikely to
explain our null results, because group means and trajectories of F1 adaptation
did not differ across active and sham conditions, and prior work has shown that
even explicit awareness of altered auditory feedback does not change compensatory

responses (Munhall et al., 2009). Nevertheless, ensuring effective blinding through
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more careful sham protocols remains a methodological priority for future tDCS
studies at larger, detectable current amplitudes/densities.

Third, our stimulation was delivered as a single fixed-period block spanning
baseline and adaptation, rather than time-locked to specific moments during learn-
ing. Given the rapid onset of stimulation effects on neuronal firing rates (Landau
et al., 1964) and the time-dependent cerebellar windows for event-related tDCS
noted earlier, sustained periodical stimulation may not align with the moments
at which the cerebellum is most engaged in correcting individual articulatory er-
rors. A more selective stimulation schedule, time-locked to perturbed feedback or
to ongoing motor output, may therefore be required to detect effects of cerebellar
tDCS on speech adaptation if they exist.

Finally, the choice of stimulation site may not have matched the network most
engaged in speech adaptation to formant perturbation. As discussed in Chapter B,
previous brain imaging studies have suggested that speech adaptation to formant
perturbation engages more right-lateralised frontal and temporal activity (Floegel
et al., 2020), which is thought to be functionally connected to the left cerebellum.
Similarly, in our own imaging study (Chapter @), we observed brain activity cor-
responding to speech adaptation to formant perturbation in sensorimotor areas of
both hemispheres and in the left cerebellum. Our tDCS montages, by contrast,
targeted left motor cortex and right cerebellum, following the more conventional
assumption of left-lateralised speech motor control and its contralateral cerebellar
counterpart. This mismatch between the stimulated and functionally engaged net-

work may explain why anodal tDCS failed to modulate speech adaptation. Future
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studies may instead stimulate the right speech motor cortex and left cerebellum to

test the effect of anodal tDCS on speech adaptation to formant perturbation.

6.4 Discussing the role of motor, somatosensory,

and auditory cortex in speech adaptation

Our brain imaging results showed that speech adaptation to altered auditory feed-
back engages a distributed network of brain regions including motor, somato-
sensory, and auditory cortex, with changes in these regions occurring during both
task performance and over a longer term (resting-state data). During the speech
adaptation task, reduced activity was observed in sensorimotor cortex bilaterally,
including regions corresponding to larynx, lip, and tongue representations (Eich-
ert et al., 2021), as well as in the supplementary motor area (SMA) bilaterally.
In addition, activity across a broader set of sensorimotor regions, including sen-
sorimotor cortex bilaterally, posterior insula and parietal operculum, SMA, and
right cingulate motor area, scaled with the amplitude of F1 change. These effects
link changes in brain activity to speech adaptation behaviourally and indicate that
altered feedback influences not only auditory processing but also the motor and
somatosensory systems involved in generating and adjusting speech production.
Beyond task-evoked responses, we also observed increased resting-state func-
tional connectivity after speech adaptation within brain regions of the dorsomedial
sensorimotor cortex bilaterally, extending to increased connectivity with the left
posterior cingulate cortex. The results showed that speech adaptation led to meas-

urable changes in intrinsic brain connectivity. Together, the task and resting-state
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findings showed that speech adaptation involves not only online adjustments during
speaking, but also reconfiguration of sensorimotor networks.

A similar pattern emerged in auditory cortex. The imaging results point to
a central role for superior temporal regions, particularly within a right-lateralised
network. Increased activity and strengthened resting-state connectivity in this
network suggest that speech adaptation depends on auditory regions that detect
and evaluate mismatches between predicted and perceived speech outcomes. Spe-
cifically, the right superior temporal cortex is especially important when speech
processing depends on spectral detail of the sound, as in formant perturbation
(Floegel et al., 2020).

Taken together, these findings support the view that speech adaptation is not
confined to a single locus of correction, but instead reflects coordinated changes
across auditory, motor, and somatosensory systems. Auditory cortex contributes
to detecting the discrepancy introduced by altered feedback, while motor and so-
matosensory regions participate in implementing and stabilising the compensatory
response. The resting-state findings further suggest that these learning-related
processes change intrinsic network organisation, reflecting the update of feedfor-
ward speech motor commands.

Within the sensorimotor system, the pattern of reduced activity during altered
feedback reflects a learning-related shift in how control is achieved. One plaus-
ible interpretation is that early in adaptation, unexpected feedback elicits relat-
ively effortful corrective responses, recruiting articulatory motor representations
more strongly to counter the perceived formant shift. With continued exposure,

speakers recalibrate their motor commands so that the desired acoustic output is
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generated more efficiently and with less reliance on moment-to-moment correction.
Therefore, reduced activity in motor and somatosensory cortex reflects more effi-
cient implementation of an updated mapping between intended articulation and
expected auditory outcome.

A limitation of this interpretation is that the reduction in sensorimotor and
SMA activity observed across the approximately 40-minute adaptation task can-
not be fully disentangled from a general effect of time-on-task or fatigue, since the
paradigm did not include a control condition that held scan duration and speech
output constant while removing the auditory perturbation itself. A decline in cor-
tical engagement with sustained task performance, independent of any learning
process, could produce a similar pattern of reduced activity across the adaptation
block. This ambiguity could be addressed in future studies by interleaving “un-
perturbed feedback” blocks of matched duration and speech (e.g. using a different
syllable) with adaptation blocks, so that any time-on-task or fatigue-related de-
cline can be estimated independently of the adaptation-related brain activity and
subtracted from it. Here we presented the change of brain activity correlated with
F1 change, which would support an adaptation-related brain activity rather than
brain activity purely due to time-on-task.

This interpretation is broadly consistent with previous work, although prior
studies suggest that the direction of sensorimotor modulation can vary with con-
text and stage of learning. For example, Tourville et al. (2008) reported increased
activity in ventral motor and somatosensory cortex during unexpected altered re-

lative to unaltered feedback, whereas Niziolek and Guenther (2013) found that
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greater adaptation was associated with decreased activity in these regions bilat-
erally. Considered together with the current findings, this pattern suggests that
sensorimotor responses to feedback perturbation are dynamic: activity may be
heightened when errors are unexpected and correction is effortful, but reduced
once the system has adapted and can produce more accurate speech outcomes
with less online adjustment.

The involvement of SMA supports this interpretation. Rather than reflecting
only articulator-specific control, SMA activity may reflect more general control of
speech production, including initiation, sequencing, and regulation of speech move-
ments (Riecker et al., 2005; Tourville & Guenther, 2011). Reduced SMA activity
during altered feedback is therefore compatible with the idea that, once adapt-
ation progresses, the control demands associated with generating and regulating
the response become less intensive.

The post-adaptation connectivity changes were located in dorsomedial sensor-
imotor cortex rather than the ventrolateral regions associated with lip and tongue
representations (Eichert et al., 2020), suggesting that adaptation extends beyond
articulator-specific motor maps to regions coordinating and timing speech actions
more generally. Consistent with this distinction, Jossinger et al. (2026) showed
that activity in ventral sensorimotor cortex distinguished syllables by place of
articulation, whereas dorsal sensorimotor cortex activity was more sensitive to
voice onset time. The dorsomedial locus of altered connectivity reported in our
study also aligns with the somato-cognitive action network identified by Gordon
et al. (2023), an inter-effector system in primary motor cortex tightly coupled to

cingulo-opercular control regions, insula, and cerebellum. Increased dorsomedial
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connectivity after speech adaptation may therefore reflect enhanced integration
of control processes for coordinating articulation and transforming sensory feed-
back into motor adjustments. Consistent with this view, ¢-TBS over auditory
and somatosensory cortex reduced the retention of speech adaptation (Rao et al.,
2026), highlighting the central role of sensory networks (both auditory and soma-
tosensory) in the speech motor learning.

It is worth noting that the task and resting-state findings converge on a shared
brain network but reveal a shift in cortical locus. During the speech adaptation
task, activity in left posterior cerebellum, bilateral posterior insula and parietal
operculum, right cingulate motor area, and bilateral ventral sensorimotor cor-
tex at the level of the lip and tongue representations scaled with individual F1
change—an effector-specific pattern centred on the orofacial articulators. At rest,
by contrast, the sensorimotor effect appeared in dorsomedial sensorimotor cortex,
which coupled more strongly with cingulate cortex. This displacement from vent-
ral, effector-specific cortex during task to dorsomedial, inter-effector cortex at rest
maps closely onto the somato-cognitive action network described by Gordon et al.
(2023), whose nodes occupy the dorsomedial gaps between effector representations
and are functionally coupled to cingulo-opercular regions, the insular, and the cere-
bellum rather than to a single articulator. While the broader cerebellum—insula—
cingulate system was engaged in both phases, the contribution of the sensorimotor
network shifts from the effector-specific orofacial region during online adaptation
to an effector-non-specific control network reflecting reorganisation once speech

adaptation has been learned.
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The resting-state changes also align with the motor learning literature showing
that even brief training can alter intrinsic functional connectivity, often interpreted
as reflecting previous experience or newly acquired skills (Albert et al., 2009; Far-
rens et al., 2023). Another interpretation is that increased dorsomedial sensorimo-
tor coupling reflects a transient increase in readiness of the system to detect and
respond to sensory errors after speech adaptation. However, this view needs to
be tested in future studies. The joint engagement of auditory and somatosensory
regions is consistent with the view that speech motor learning is guided by a mul-
timodal target combining auditory and somatosensory goals, with somatosensory
contributions only partly recovered when auditory feedback is perturbed (Guen-
ther et al., 2006; Perkell et al., 2000). This interpretation is supported by the
retention of compensatory responses when normal feedback is restored and gener-
alisation to unperturbed speech sounds (Houde & Jordan, [1998; Jones & Munhall,
2005; Villacorta et al., 2007).

Superior temporal regions are well placed to encode the acoustic mismatch in-
troduced by altered feedback, and the right-lateralised pattern observed here fits
evidence that right superior temporal gyrus is especially engaged when speech
processing depends on fine-grained spectral detail (Albouy et al., 2020; Floegel
et al., 2020; Ramos Nunez et al., 2020). Therefore, increased activity and con-
nectivity within the superior temporal gyrus reflects enhanced detection of aud-
itory prediction errors during speech adaptation. These error signals could then
contribute to both immediate corrective responses and longer-term updating of

speech motor commands.
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The state-feedback control model (Houde & Nagarajan, 2011) and the FACTS
model (Parrell et al., 2019h) provide useful way to interpret the current findings.
In this view, auditory prediction errors drive rapid online corrections that stabilise
performance in the moment, while the accumulation of such errors across trials
supports longer-term updating of internal mappings and feedforward commands.
The DIVA model offers a more specific explanation of how these systems inter-
act (Guenther et al., 2006; Tourville & Guenther, 2011): predicted sensory con-
sequences derived from efference copy are compared with incoming auditory feed-
back in posterior auditory regions, and the resulting mismatch is used to update
feedforward commands. The model also assigns SMA a role in initiating learned mo-
tor programmes within a cortico-basal ganglia-thalamo-cortical loop and proposes
an auditory-motor interface in posterior temporal cortex that transforms auditory
error signals into motor adjustments. Although our data do not directly test all of
these model components, reduced activity in motor and somatosensory cortex and
SMA after speech adaptation indicates a shift away from effortful feedback-driven
correction towards a more efficient and updated feedforward programme.

This raises the question of whether the present findings can discriminate between
these accounts. I do not think they can. Because DIVA’s feedback architecture is
itself an implementation of state-feedback control principles, and FACTS embeds a
similar state-estimation process within a Task Dynamics framework, the auditory-
cortical and cerebellar changes reported in Chapters @ and H (increased cerebellar
activity interpreted as forward-model updating, and auditory-cortical involvement
interpreted as error detection) are predicted in broadly similar form by all three

models and do not, on their own, distinguish between them. The findings of this
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thesis therefore support the general predictive-control architecture shared across

these three models, rather than favouring DIVA specifically over SFC or FACTS.

6.5 Discussing the role of cerebellum in speech

adaptation

Both task-evoked activation and resting-state connectivity changes point to a crit-
ical role for the left posterior cerebellum in speech adaptation. Increased cere-
bellar activity during speech adaptation, together with strengthened connectivity
within cerebellar networks and with dorsal sensorimotor cortex, is consistent with
views that the cerebellum implements forward models that predict sensory con-
sequences of motor commands.

A notable feature of these cerebellar effects is their left lateralisation. Both
task-evoked activity and resting-state connectivity changes were in the left pos-
terior cerebellum, on the opposite side from the right-cerebellar tDCS tested in
Chapter B This is informative when set alongside the resting-state finding that
post-adaptation connectivity increases were in right-lateralised superior temporal
cortex (Chapter B) Right superior temporal regions are thought to be engaged in
spectral processing of speech, whereas left superior temporal regions are thought to
engaged in temporal processing (Albouy et al., 2020; Flinker et al., 2019; Floegel et
al., 2020). Floegel et al. (2020) reported predominantly right-hemisphere activity in
superior temporal sulcus and inferior frontal gyrus during formant perturbation spe-

cifically. Because corticocerebellar connectivity is predominantly contralateral, the
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left cerebellum is the cerebellar partner of the right cerebral hemisphere; the con-
vergence between right-lateralised cortical responses to spectral perturbation and
left-lateralised cerebellar engagement is therefore consistent with a right-cerebral
and left-cerebellar circuit supporting forward modelling during speech adaptation
to formant perturbations.

Forward modelling is increasingly incorporated into computational models of
speech motor control. For example, the FACTS model treats the cerebellum as a
key substrate for forward prediction and state estimation, complementing cortical
error-processing and control (Parrell et al., 2019b). In the DIVA model and its
extension to GODIVA, cerebellar loops are proposed to contribute to predicting
expected sensory outcomes and to supporting sensorimotor learning during speech
acquisition and adaptation (Guenther et al., 2006; Tourville & Guenther, 2011).
In an updated hierarchical state feedback control model, Hickok (2012) proposed
that the cerebellum performs coordinate transformation between motor-phoneme
programmes and somato-phoneme targets.

It is worth noting where these cerebellar activities fall in cerebellar anatomy.
The DIVA model attributes cerebellar contributions to speech motor control in
superior paravermal regions, particularly lobule VI, which lies in the “motor cere-
bellum” identified across motor tasks and contains a clear speech representation
alongside a second representation in lobule VIIIA (Stoodley & Schmahmann, 2009;
Tourville & Guenther, 2011)). In the current study, both task-evoked activation and
resting-state connectivity changes were instead concentrated in left Crus I, Crus II,

and lobule VII, regions that fall within the “cognitive cerebellum” rather than the
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“motor cerebellum”, and that are functionally linked to prefrontal and parietal con-
trol networks rather than to primary motor cortex (Buckner et al., 2011; Stoodley
& Schmahmann, 2009). This anatomical distinction is reinforced by the seed-based
analysis in Chapter H, in which the cerebellar network engaged by adaptation corres-
ponded to Buckner’s “control network C” rather than to a somatomotor cerebellar
network. The localisation observed here is therefore more consistent with the cere-
bellum contributing to error monitoring, integration of auditory and somatosensory
feedback, and updating of internal models than to direct articulator-level control.

In the current study, we showed that activity in the left posterior cerebellum
correlated with changes in compensatory responses to shifts in auditory feedback,
together with increased connectivity between the left posterior cerebellum and
the left dorsal somatosensory cortex. Some researchers have proposed that the
cerebellum contributes specifically to somatosensory control during speech produc-
tion. Evidence for this comes from studies showing that individuals with cerebellar
dysfunction produce abnormally exaggerated compensatory responses to altered
auditory feedback (Houde et al., 2019; Li et al., 2019). This pattern has been
interpreted as evidence that damage to cerebellar contributions to somatosensory
feedback control may reduce the reliability of somatosensory information, causing
the speech motor system to rely more heavily on auditory feedback (Houde et al.,
2019). An alternative view is that impaired cerebellar forward modelling of so-
matosensory consequences itself produces exaggerated compensation, because less
reliable internal predictions lead to larger sensory prediction errors when auditory
feedback is altered (Parrell & Niziolek, 2021; Parrell et al., 2017). Our results are

broadly consistent with both accounts, given the increased connectivity between
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General Discussion

the posterior cerebellum and dorsal somatosensory cortex. At the same time, the as-
sociation between cerebellar activity and compensation to auditory feedback shifts
suggests that cerebellar involvement may not be limited to somatosensory feedback
control. Instead, the cerebellum may contribute to the integration of auditory and
somatosensory feedback signals, supporting the adjustment of speech motor com-

mands when sensory feedback is perturbed.

6.6 Conclusion

In summary, the investigations conducted in this thesis contributed new know-
ledge by furthering our understanding of the use of tDCS in speech motor learning,
by illuminating the neural correlates of this form of learning using fMRI, and
by extending the formant perturbation paradigm to a tonal language. Anodal
tDCS over left speech motor cortex and right cerebellum did not enhance speech
adaptation under altered auditory feedback. Functional brain imaging results re-
vealed clear contributions of auditory, sensorimotor, and cerebellar systems dur-
ing speech adaptation, as well as lasting changes in the intrinsic connectivity of
the regions following speech adaptation. These findings strengthen current neuro-
computational models of speech motor control by demonstrating that adaptation
engages distributed predictive and feedback-control circuits spanning sensorimotor
cortex and the cerebellum. Speech adaptation also led to measurable plasticity
within this network. Together, the results contribute to a clearer understanding
of how the human brain maintains flexible and stable speech production in the

face of changing sensory input.
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Appendix

A.1 Comparisons of F1 change to previous stud-
ies

The average amount of adaptation achieved across these studies was 36.2% (range
20.2% —56%). Our average of 36.4% falls within this range and can be considered
typical, therefore. It is important to note that in addition to the variation among
these studies in the size of the F1 shift applied, they differed in the number of
trials used in the adaptation block and the participants studied. For example, only
female participants were tested in some previous studies (Lametti et al., 2014b;
Munhall et al., 2009; Shiller et al., 2009) to reduce heterogeneity in the baseline

formant frequencies.
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'~ indicates data not reported. M1, Cerebellum, and Sham indicate M1, cerebellum, and sham stimulation groups respectively.

Table A.1: Comparisons of F1 change to previous studies

v xipuaddy

Study Group N F1 Shift Averaged F1 SE Range (min- Approx.%
Magnitude Change max) Adaptation
M1 30 —37.7 Mel 4.97 Mel —106 -17.1 34.3%
Current Study (Chapter 3) +110 Mel Mel
Cerebellum 30 —41.3 Mel 5.20 Mel —107 -3.48 37.5%
Mel
Sham 30 —40.9 Mel 5.16 Mel —98.9 -5.44 37.2%
Mel
Villacorta et al. (2007) 20 +30%, —30% - - - 50%, 35%
Munbhall et al. (2009) Control only 18 +183.2 Hz —56.6 Hz 6.0 Hz - 31.0%
Lametti et al. (2012) F1-shift only 14 ~—125 Hz +70 Hz - - 56%
Lametti, Rochet-Capellan et al. (2014) 13 +176 Hz —139 Hz - - 34.1%
13 —60 Hz +50 Hz - - 36.0%
Lametti, Krol et al. (2014) 15 +174 Hz —59 Hz - - 34%
Lametti et al. (2018) 10 —49.5 Mel +15 Mel - - 30.3%
10 +49.5 Mel —10 Mel - - 20.2%
Lametti et al. (2020) Two groups 20 +150 Hz —67.12 Hz 8.92 Hz - 44.7%
from Exp. 1
20 —45.15 Hz +5.78 Hz - - 30.1%
Shiller et al. (2024) 40 70 Mel (F1-F2 22.95-24.11 - - 32-34%
space) Mel
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