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Speech and Nonspeech Production in the Absence of the Vocal Tract 

by 

Megan Thompson 

 

Abstract 

Sensory feedback plays a crucial role in speech production in both healthy individuals 

and in individuals with production-limited speech. However, the vast majority of research on the 

sensory consequences of speech production has focused on auditory feedback while relatively 

little is known about the role of vocal tract somatosensory feedback. The body of this dissertation 

investigates speech and nonspeech production in the absence of vocal tract somatosensory 

feedback by training subjects to use a touchscreen-based speech production platform. Contact 

with the touchscreen results in instant playback of a vowel or complex tone dependent on the 

location selected. Because the axes of the touchscreen are associated with continuous F2 and F1 

frequencies, every possible vowel within a wide formant range can be produced. Participants 

with no initial knowledge of the mapping of screen areas to playback sounds were asked to 

reproduce auditory vowel or complex tonal targets. Their responses were evaluated for accuracy 

and consistency, and in some cases participants underwent functional neuroimaging via MEG 

during training. Following training, participants were capable of using the touchscreen to 

produce speech and nonspeech sounds in the absence of the vocal tract. Their increased accuracy 

and consistency as they learned to produce speech and nonspeech sounds indicates the 

development of new audiomotor maps, as does significant changes in their task-based functional 

neuroimaging over the course of training. While participants demonstrated learning in both 

speech and nonspeech production, the neural and behavioral differences indicated different 
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learning processes. We hypothesize that these differences can at least partially be attributed to 

the presence of an existing audiomotor network for producing speech sounds. This would 

account for more rapid learning rates in the speech variants of the task, the presence of 

generalization in touchscreen-based speech production, and the neural similarities to vocal 

speech production in the touchscreen-produced speech sounds that presented differently in 

touchscreen-produced nonspeech sounds. 
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Chapter 1: Introduction 

1.1 Overview 

For many of us, vocal speech is an essential piece of how we express ourselves and 

communicate with others. To produce speech sounds, we rely on an incredibly complex act 

requiring linguistic, phonological and motor precision. In order to achieve intelligible speech, we 

must coordinate roughly 100 different muscles to produce finely tuned and well-practiced speech 

sounds (Darley, Aronson, & Brown, 1975). Sensory feedback is crucial to maintaining steady, 

fluent speech and many theories have developed to explain its role in speech motor control 

(Houde & Nagarajan, 2011; Lindblom, 2011; Tourville & Guenther, 2013).  

 

1.2 Sensory Feedback in Speech 

 Never is the importance of sensory feedback in speech more apparent than in cases where 

it is removed or impaired. For instance, most healthy speakers will compensate, or shift their 

responses in the opposite direction of a feedback change, in response to feedback alterations of 

volume (Chang-Yit, Pick, & Siegel, 1975; Lane & Tranel, 1971; Lombard, 1911), pitch (Elman, 

1981; Jones & Munhall, 2000), and formants (Houde & Jordan, 1998; Houde & Jordan, 2002; 

Purcell & Munhall, 2006). The role of feedback is also highly visible in many speech production 

disorders. This includes Parkinson’s disease-induced hypophonia, in which patients are unaware 

of their low-volume speech and respond with reduced compensation to volume (Ho, Bradshaw, 

Iansek, & Alfredson, 1999) and formant (Mollaei, Shiller, & Gracco, 2013) alterations to their 

auditory feedback. Another clinical condition closely tied to sensory feedback is stuttering, in 

which auditory feedback delay can temporarily improve fluency (Kalinowski, Armson, Roland-
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Mieszkowski, Stuart, & Gracco, 1993). Clearly, auditory feedback is heavily involved in speech 

production in both healthy and impaired speakers. 

 Despite its clear importance in the production of speech, the majority of research on the 

sensory consequences of speech have been with respect to auditory feedback, with relatively 

much less research investigating sensory feedback in the vocal tract. Some studies have 

investigated the consequences of altering (Abbs & Gracco, 1984) or removing (Champoux & 

Upton, 1974; Jones, Harris, & Catena, 1973; Ringel & Steer, 1963; Scott & Ringel, 1971) vocal 

sensory feedback. However, given the complexity of the vocal tract and the physical and safety 

limitations involved in attempting to regulate largely internal articulators, research on alteration 

of vocal tract sensory feedback is relatively limited. We approach this problem by replacing the 

vocal tract with an alternate means of producing speech sounds in order to determine if and how 

speech sound production is possible in the absence of the vocal tract. By removing the vocal 

tract, we hope to determine the consequences of vocal tract sensory feedback by the performance 

in its absence. 

 

1.3 Speech Production Without the Vocal Tract 

Over the course of this dissertation, we investigate the behavioral and neural implications of 

such a speech production platform. In order to produce personalized, continuous vowel sounds in 

the absence of the vocal tract, we have developed a touchscreen-based speech production 

platform. Other production platforms have attempted similar vowel production through means of 

myocontrol (Niu, Lee, Houde, & Sanger, 2015) or three-dimensional hand movement (Fels & 

Hinton, 1998). However, these methods require extra visual feedback or an extensive level of 

training unfeasible for a single laboratory session. Our platform functions around the premise of 
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using arm reaches as a substitute for vocal tract kinematics and sensory feedback, and as such 

relied only on sensory feedback from the reach and auditory endpoint feedback. Additionally, 

vowel production using this platform was designed to be rapidly trainable within a single 

experiment session. 

 For the speech experiments described in this dissertation, speech sounds were synthesized 

in real-time in response to touch location. When participants made contact with the screen, they 

received immediate playback of a vowel dependent on the location touched. Vowel sounds are 

composed of formant frequencies, composed of spectral peaks in the sound spectrum of speech. 

While there are numerous formant frequencies in human speech, holding other formants constant 

while varying F1 and F2 is sufficient to produce distinguishable vowels (Gerstman, 1968). By 

associating the axes of the touchscreen with continuous F2 and F1 frequencies, every possible 

vowel within a wide formant range could be produced based on touch location. 

 In order to investigate the extent to which neural and behavioral correlates of learning to 

produce vowels with this touchscreen are specific to speech sounds or are general consequences 

of audiomotor map learning, portions of this dissertation investigate the substitution of speech 

sounds for nonspeech sounds. F1 and F2 frequencies are replaced with component frequencies 

for individual sine waves. These sine waves are then summed to synthesize a location-dependent 

complex tone in response to each reach. 

 

1.4 MEG Imaging 

In order to investigate neural correlates of participants developing an internal audiomotor 

map associating reach location on the touchscreen with speech or nonspeech sound produced, the 

latter two chapters of this dissertation ask participants to train on the touchscreen while 
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undergoing magnetoencephalographic (MEG) imaging. Paired with a high-resolution structural 

MRI, MEG uses sensitive magnetometers called superconducting quantum interference devices 

(SQUIDs) to detect magnetic fields generated as a result of neuronal activity. Because of its 

temporal resolution on the scale of millimeters and emphasis on cortical activity, MEG is ideal 

for functional imaging of speech and speech-like tasks, which happen on rapid time scales. The 

touchscreen used in this experiment was specifically purchased because instead of more standard 

resistance or capacitance-based touch detection, which would lead to high levels of electrical 

noise, it uses surface acoustic wave detection, making it MEG-compatible. Touchscreen-based 

experiments lend themselves especially to MEG imaging because they lack cranial nerve noise 

and jaw motion artifacts that often impair imaging speech production. 

 

1.5 Hypotheses 

Using this touchscreen-based platform for speech and nonspeech sound production, we 

predicted that (H1) participants would be capable of learning to accurately and consistently 

produce target speech sounds using the touchscreen. We hypothesized that they would (H2) 

demonstrate post-learning accurate production of additional, untrained targets and (H3) adapt 

their responses to accommodate a post-training shift of the relationship between touch location 

and speech sounds produced. Finally, we predicted that participants would (H4) display neural 

changes over the course of map learning and (H5) these neural changes will be specific to the 

production of speech sounds. 
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Chapter 2: Behavioral Correlates of Speech Sound Production in 

the Absence of the Vocal Tract 

2.1 Abstract 

Speech production is a complex motor act, with many simultaneous articulations required 

to translate intentions into vocal output.  In this study, we sought to examine whether and how 

speech production could be acquired independent of the vocal tract. We developed a 

touchscreen-based speech synthesizer to examine learning, generalization and adaptation. 

Participants were trained to reproduce heard vowel targets by reaching to locations on the screen 

and receiving endpoint vowel sound feedback that depended on touch location. Participants 

demonstrated learning, as evidenced by rapid increases in accuracy and consistency in the 

production of trained targets. This learning generalized to productions of novel vowel targets. 

Subsequent to learning, sensorimotor adaptation was observed in response to post-learning 

induced consistent changes in the location-sound mapping. These findings suggest that 

participants learned adaptable sensorimotor maps allowing them to produce desired vowel 

sounds by predicting the auditory consequences of their actions. These results have broad 

implications for understanding the acquisition of speech motor control.  

 

2.2 Introduction 

Speech production is a complex motor act, with many simultaneous articulations required 

to translate intentions into vocal output. During speaking, motor areas of the brain generate 

motor commands that are sent to the muscles of the articulators, causing them to move in a 

coordinated manner to produce desired speech sounds. How is this remarkable audiomotor skill 
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learned? If we want to study this question, there are several issues that present themselves. First, 

speaking is generally acquired during early childhood, and it is difficult to run extensive, 

controlled experiments with children. By the time speakers reach adulthood, speech is an 

overlearned motor act. As a result, investigations of speech learning in adults have generally 

been confined to examining minor adjustments of speech control. Well-known examples are 

studies demonstrating sensorimotor adaptation in speaking: the gradual adjustment of speech 

motor output to anticipate a consistent alteration in sensory feedback (Abbs & Gracco, 1984; 

Chang-Yit, Pick, & Siegel, 1975; Elman, 1981; Houde & Jordan, 1998; Houde & Jordan, 2002; 

Jones & Munhall, 2000; Lane & Tranel, 1971; Lombard, 1911; Purcell & Munhall, 2006; Scott 

& Ringel, 1971). While such studies likely reveal important processes involved in the 

maintenance of correct speech output, they don’t necessarily tell us how the motor skill of speech 

is initially learned. 

But beyond the practical limitations on studying speech learning in adults, perhaps a 

more basic issue concerns the fact that speech is nearly always produced only by the vocal tract. 

This leads to a fundamental question about speech motor learning: how critical are the specific 

characteristics of the vocal tract (its kinematics, its dynamics, its acoustics, its somatosensory 

feedback) to the ability to learn to produce speech? Here, we confronted these issues by taking a 

novel approach to studying how speaking is learned: we examined whether adult speakers could 

learn to produce speech sounds without using their vocal tract; instead, using a touchscreen that 

generated different vowel sounds whose formants are defined as a continuous function of touch 

position. 

This approach to studying speech motor learning allowed us in particular to examine the 

centrality of auditory feedback to the process. Auditory feedback is clearly essential to learning 
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vocal speech, as demonstrated by the fact that, in the absence of cochlear implants, children born 

deaf can rarely be taught to ever produce more than a few utterances (Lane, 1984). Further, even 

after speech is learned, auditory feedback remains important for maintaining speaking skill. 

Although post-lingual deafened adults can retain basic speech intelligibility for years, many 

aspects of their speech immediately begin to degrade after deafness (Cowie & Douglas-Cowie, 

1992; Waldstein, 1990).  

Most models of speech production posit the influence of auditory feedback on speaking is 

mediated by audiomotor mappings – learned associations in the speech motor control system 

between speech motor output and its acoustic consequences (Guenther & Hickok, 2015; Herman, 

Houde, Vinogradov, & Nagarajan, 2013; Katseff & Houde, 2008). These mappings can be 

learned by remembering the motor commands that successfully produced desired target speech 

sounds. Furthermore, in many models of speech production, these mappings are continuous, 

allowing for generalization of previously-gained production experience to enable the production 

of novel speech targets (Houde & Nagarajan, 2011). Once learned, these mappings are assumed 

to be maintained by comparing the auditory predictions made from the mappings with incoming 

actual auditory feedback during speaking. Mismatches with predictions can drive immediate 

corrective motor responses, and consistent mismatches drive update of the audiomotor map, 

which is called sensorimotor adaptation. Speakers have been shown to exhibit sensorimotor 

adaptation in response to consistent alterations of the volume (Chang-Yit, Pick, & Siegel, 1975; 

Lane & Tranel, 1971; Lombard, 1911), pitch (Elman, 1981; Jones & Munhall, 2000), and 

formants (Houde & Jordan, 1998; Houde & Jordan, 2002; Purcell & Munhall, 2006) of their 

speech. 
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In this study, we sought to examine the generality of these processes of audiomotor map 

learning and maintenance. We hypothesized that these processes could be observed in healthy 

adult speakers made to produce vowel sounds using a novel speech production apparatus: a 

touchscreen-based vowel formant synthesizer. Specifically, we hypothesized that participants 

would: (H1) learn an audiomotor mapping that allowed them to accurately and consistently 

produce target speech sounds using the touchscreen, (H2) use this mapping to demonstrate post-

learning, accurate production of additional, untrained targets, and (H3) exhibit sensorimotor 

adaptation of this mapping to accommodate a post-training induced shift of the relationship 

between touch location and speech sounds produced. To test these hypotheses, we performed 

two experiments:  Experiment 1 sought to address hypotheses 1 and 2 by determining if 

participants could be trained to learn the correct touch positions needed to produce a range of 

target vowel sounds. It also tested whether this learning would generalize to untrained targets. 

Experiment 2 investigated hypothesis 3 by examining whether, after training, participants would 

exhibit sensorimotor adaptation and adjust their touch positions to counteract the effects of a 

consistent alteration of a learned audiomotor map induced as a shift in formant feedback. 

 

2.3 Methods 

2.3.1 Participants  

All experimental procedures were approved by the Institutional Review Board at the 

University of California, San Francisco. All participants provided written informed consent for 

their participation in this study. Eighteen healthy participants (8 female, aged 18-43, mean: 26.4, 

std: 6.65) participated in experiment 1 and nineteen different healthy participants (11 female, 

aged 18-46, mean: 26.6, std: 8.56) participated in experiment 2. Inclusion criteria for both 
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experiments were: 1) participants had no initial knowledge of the mapping of screen areas to 

playback sounds, 2) self-reported English as a first language, and 3) had no known speech, 

language, hearing, learning, or motor deficits (self-reported).  

 

2.3.2 Apparatus 

In this touchscreen-based speech synthesizer, contact with a 41.8cm by 23.6cm 

touchscreen (Surface Acoustic Wave Touch Panel AD-ETP-TS-LEOXXXYYZZZAA, AD 

Metro, Ottawa, Ontario, Canada) resulted in instant playback of a vowel sound dependent on the 

location of contact. Vowels were synthesized in real-time in response to users’ touch using a 

Matlab program adapted from Rabiner and Schafer Vowel Synthesis toolbox (Rabiner, Schafer, 

Vedula, & Yedithi, 2015) and presented through circumaural headphones. We programmed the 

touchscreen to control the first (F1) and second formants (F2) of synthesized vowel sounds. The 

axes of the touchscreen were associated with continuous F2 (800Hz-2500Hz) and F1 (100-

900Hz) formant frequencies, values selected to span even the most conservative F1 and F2 

ranges for vowel discrimination in the literature, as summarized by Kewley‐Port & Watson, 

1994. F0, F3, and F4 were fixed at 100Hz, 2500Hz, and 4000Hz, respectively. These values were 

selected correspond to a clear, intelligible adult male speaker. In this manner, vowel sounds from 

within a wide formant range could be synthesized in real time in response to the participant 

touching different locations on the screen.  
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2.3.3 Experiment 1 Procedures 

Experiment 1 (N=18) investigated whether participants could be trained to reproduce 

specific vowel targets, and, if so, whether this generalized to improved post-training performance 

on novel vowel targets. Over the course of 4 trial blocks of 120 trials, participants were asked to 

repeat one of the three randomized auditory vowel targets by touching the screen. For each trial, 

participants reached from the starting position to a point on the screen in an attempt to reproduce 

the target sound. This reaching task was met with feedback at the end of the reach only, once 

participants made contact with the screen, with the exception of 24 “silent”, open-loop test trials 

before training and another 25 “silent”, open-loop test trials interspersed within the last 120 

training trials. During these open-loop test trials, there was no auditory endpoint feedback in 

response to touches. Participants were instructed to close their eyes for the duration of the 

experiment to eliminate confounds from visual feedback.  

The vowel targets consisted of /ɑ/ (F1:702Hz, F2:1089Hz), /ɛ/ (F1:551Hz, F2:1763Hz), 

and /i/ (F1:294Hz, F2:2254Hz) and were presented at random with equal frequencies of 

occurrence with a loudness level of 60dB and a duration of 600ms. These three target vowels 

were selected as because they are common English vowels that are frequently used in speech 

experiments, and that, together, largely span the space of the touchscreen. The formant values for 

our targets were selected to be comparable to mean formant production values for adult, male 

speakers (Hillenbrand, Getty, Clark, & Wheeler, 1995; Peterson & Barney, 1952), subject to 

minor adjustment for synthesis sound quality and clarity with the aid of text-to-speech vowel 

synthesis as developed by the KTH Royal Institute of Technology, Stockholm (Beskow, 1998, 

2000). To give a uniform starting position for the reaches, participants initiated a new trial by 

touching the lower right-hand corner of the screen (within a range of 52.25mm x 59mm) (Figure 
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1A). When they touched this “continue” area, a 300ms “continue” sound consisting of a pure 

1000Hz tone played (chosen to be as distinct as possible from the synthesized vowels to avoid 

integration into the developing audiomotor map), which was followed by a 600-900ms 

(randomly jittered) silent delay period, which in turn was followed by the auditory presentation 

of the next target. The /ɑ/, /ɛ/, and /i/ targets were 191.28mm, 271.60mm, and 362.06mm distant, 

respectively, from the bottom-right corner of the touchscreen. After participants heard the target 

vowel, they attempted to reproduce the target by touching the touchscreen. On training trials, 

participants heard audio feedback of their touch: a vowel sound whose F1 and F2 were a function 

of touch position, as described above.  This feedback was presented with the same loudness and 

duration as the targets: 60dB for duration of 600ms. The layout of the training space and a 

sample performance of targets and reaches can be seen in Figure 1. 

During experiment 1, two novel targets were eventually inserted throughout the final 120 

trials, /ʊ/ (F1:450Hz, F2:1030Hz, 117.72mm from starting position) and /ɪ/ (F1:400Hz, 

F2:1917Hz, 288.56mm from starting position).  

	

Figure 2.1: (A) The touchscreen layout including the dimensions in both Hz (bottom, right) and 
mm (top, left) during both psychophysics experiments. Participants’ reach starting position is the 
lower right-hand corner (red) and trained and novel target values (*) throughout. (B) One 
participant’s responses (.) to the trained targets (*) during the first 30 trials of the experiment. 
(C) The same participant’s responses (.) to the trained targets (*) during the final 30 trials of the 
experiment. 

 

 



	 15	

2.3.4 Experiment 1 Analysis Methods 

To test hypothesis 1, we calculated each participant’s accuracy, or average distance from 

the target in mm, and consistency, or average distance between reaches to the same targets. 

Reach accuracy was determined by the Euclidean distance between each target and its associated 

reach, averaged over a series of 30-trial windows. Reach consistency was determined by the 

mean Euclidean pairwise distance between each reach and all of the other reaches to the same 

target, again over a series of 30-trial windows.  

We tested for increases in both accuracy and consistency using one-way ANOVAs 

between the data points representing the accuracy or consistency for each 30-trial window for 

each participant. Improvements in accuracy during silent trials without auditory feedback were 

determined by paired t-tests between the average accuracy of pre-training reaches to each target 

for each participant during the pre-training silent test period and the average accuracy of post-

training reaches to each familiar target for each participant during the silent test period post-

training. 

To test hypothesis 2, we sought to determine whether learning generalized to improved 

accuracy on novel targets. To do this, we tested for a difference between pre-training accuracy 

(as determined by mean distance from target for the pre-training targets during the silent test 

period preceding training), post-training accuracy on trained targets during the post-training 

silent “test” trials, and post-training accuracy on novel targets during the post-training silent 

“test” trials. We did this test using an ANOVA with pre-training target accuracy, post-training 

trained target accuracy, and post-training novel target accuracy as factors. Additionally, we 

further investigated the nature of this generalization by performing paired t-tests between each of 
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the novel targets to determine if novel target location was a factor significantly affecting 

accuracy. 

 

2.3.5 Experiment 2 Procedures 

Experiment 2 (N=19) sought to determine whether trained users would adapt to auditory 

feedback alterations as they do with vocal speech (Houde & Jordan, 2002; Mitsuya, MacDonald, 

Munhall, & Purcell, 2015). After 270 trials of training with “unaltered” feedback (i.e., using the 

touch position-to-F1/F2 mapping used in Experiment 1, and following the training procedures 

described above for Experiment 1), the touch position-to-F1/F2 mapping was subjected to a 30-

trial “ramp up” period during which the map shifted +5Hz in the F2 formant direction 

(corresponding to the horizontal axis of the touchscreen) each trial. This ensured a gradual 

transition (generally unnoticed by participants, as indicated by post-experiment interview) to the 

final F2 shift of +150Hz. This +150 Hz F2 formant shift persisted during the next 120 trials, or 

“hold” phase. This shift was then followed by a 30-trial “ramp down” period during which the 

map shifted -5Hz each trial to ensure a gradual return to baseline feedback. The final 30 trials of 

the experiment were unaltered, referred to heretofore as the “washout” period. This was done to 

determine if reaches returned to “baseline”, here defined as the mean reach of the final 30 trials 

preceding the shift.  

 

2.3.6 Experiment 2 Analysis Methods 

Hold and washout reaches were compared to baseline reaches to determine if participants 

displayed adaptation. Adaptation reach was determined by comparing the participant’s average 

F2 of their reaches during the hold phase and the washout phase to the average F2 of their 
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reaches during the baseline phase. Percent adaptation was calculated using the following:  

percent adaptation (hold) =  100%
(mean baseline F2-mean hold F2)

150Hz  

or: 

percent adaptation (washout) =  100%
(mean baseline F2-mean washout F2)

150Hz  

According to this metric, complete adaptation to the applied shift would correspond to 100% 

adaptation, while no change in reach to the feedback shift would result in 0% adaptation. 

Significance of adaptation was calculated by performing paired t-tests on the values for percent 

adaptation across all 19 participants to determine if the distribution of percent adaptation was 

significantly different than the null hypothesis of 0% adaptation. This analysis was performed 

both across all targets and for individual vowel targets. Adaptation differences in each target 

relative to the other targets, as determined by percent adaptation for each target for each 

participant, were determined using a two-way ANOVA with participant and vowel target as 

fixed factors.  

 

2.4 Results 

2.4.1 Experiment 1: Accuracy and Consistency of Learned Touch Reaches 

During the course of the 480-trial training period, participants who performed experiment 

1 showed rapid increases in both accuracy (Figure 2A) and consistency (Figure 2B), evidence 

supporting our first hypothesis: that participants would learn an audiomotor mapping that 
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allowed them to accurately and consistently produce target speech sounds using the touchscreen. 

Accuracy improved significantly (p=0.5697e-14) after the first 30 trials and plateaued 

subsequently (no significant differences were observed between subsequent 30-trial windows). 

Consistency also improved significantly (p=1.261e-23) after the first 30 trials, and plateaued (no 

significant differences in consistency were observed between subsequent 30-trial windows).  

Subjects also demonstrated significant improvements in accuracy even when they 

received no feedback in open-loop test trials performed before and after training with feedback 

As shown in Figure 3, participants were significantly more accurate on trained targets post-

training compared to pre-training (p=1.234e-7), with pre-training accuracy equal to 150.50mm 

(±7.82), while post-training accuracy was 53.27mm (±5.70). Figure 4A shows that accuracy 

improved for all trained targets (p=1.381e-6): accuracy for /ɑ/ improved from 187.66mm 

(±21.50) to 42.48mm(±9.07); accuracy for /ɛ/ improved (p=9.443e-4) from 102.23mm (±11.50) 

to 56.11mm (±10.26; accuracy for /i/ improved (p=2.540e-5) from 161.61 mm (±18.45) to 

61.22mm (±9.96).  

	
Figure 2.2: Learning in psychophysics generalization experiment. Improvement on the 
touchscreen-based vowel production of the task, as indicated by (A) response accuracy over the 
course of 480 trials and (B) response consistency over the course of 480 trials 
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2.4.2 Experiment 1: Generalization to of Trained Touch Reaches to Novel Targets 

Our second hypothesis was that, post-learning, participants would also demonstrate 

accurate production of additional, untrained targets. Consistent with this hypothesis, Figure 3 

shows that the average post-training accuracy for novel targets, 84.38mm (±6.89), was 

significantly better than pre-training accuracy on the trained targets (p=1.376e-6). Reaches to 

novel targets were less accurate than reaches to trained targets post-training (p=5.925e-4), but 

there was no significant difference in accuracy between the two novel targets (p=0.7762) (Figure 

4a) despite the /ɪ/ target being physically closer to the trained targets (58.46mm from closest 

trained target) compared to the /ʊ/ target (75.74mm from closest trained target) (Figure 4B), as 

well as /ɪ/ being located roughly between two targets (/ɛ/ and /i/), while /ʊ/ is the rightmost target 

on the screen. Figure 4B shows the distribution of reaches (i.e., reaches to the different targets) 

across participants during the post-training “test” trials. The reach distribution for each target is 

represented by a one-standard-deviation ellipse oriented in the direction of maximal reach 

variability.  
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Figure 2.3: Accuracy in silent test trials for reaches to pre-training, trained, and novel targets in 
psychophysics generalization experiment. Left bar: accuracy for training targets, prior to 
training; middle bar: accuracy for training targets after training; right bar: accuracy for novel 
targets after training. 	

	

Figure 2.4: Mean accuracy for each target during silent test trials during psychophysics 
generalization experiment. A: Mean pre-training accuracy (blue) and post-training accuracy 
(yellow). B: Distribution of post-training responses (ellipses) relative to targets (*). The ellipses 
are centered on the average F1 and F2 responses. The orientation of the ellipses correspond to 
the directions greatest variations in F1 and F2. 
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2.4.3 Experiment 2: Adaptation of Reaches to Altered Feedback  

Experiment 2 sought to test Hypothesis 3: that, after learning, participants could be 

shown to exhibit sensorimotor adaptation. This was done by examining whether participants 

would adapt to a +150Hz F2 auditory feedback shift after learning the mapping. As shown in 

Figure 5, during the +150Hz hold phase participants significantly adapted their reaches 

(p=0.0490) across all targets, compared to the baseline by -44.39Hz (±34.63), translating to an 

average of 29.59% (±14.02). During the washout period, there was a return to baseline values 

(p=0.2168). Figure 6A shows the average baseline locations (triangle), average hold phase reach 

(diamond), compared to the complete, -150Hz (100%) F2 adaptation required to achieve the 

same feedback as pre-shift (circles), as well as the magnitude and direction of the whole-map 

+150Hz F2 shift (black arrow). For the /ɑ/ target, participants displayed adaptation of -84.26Hz 

(±27.23) during the hold phase of the experiment. For the /ɛ/ target, adaptation was -39.08Hz 

(±35.77), and for the /i/ target, adaptation was -9.83Hz (±39.44). Figure 6B describes this percent 

adaptation for the individual targets. For the /ɑ/ target, participants displayed adaptation of 

56.59% (±18.15, p = 0.0063), and a washout-phase adaptation of 58.41% (±19.53, p = 0.0078). 

For the /ɛ/ target, adaptation was 26.05% (±23.85, p = 0.2891), and a washout-phase adaptation 

of 6.55% (±32.42, p = 0.6760). For the /i/ target adaptation was 6.55% (±26.29, p = 0.8060) and 

a washout-phase adaptation of -12.88% (±22.75, p = 0.5782). Despite the trending differences 

between the adaptation values for each target, with only /ɑ/ passing the threshold of significance, 

a two-way ANOVA revealed no significant difference in adaptation between the three targets. 
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Figure 2.5: Magnitude of response adaptation to a consistent +150Hz shift of F2 in 
participants’ feedback, during the hold phase (left) and during the post-shift washout phase 
(right) of psychophysics experiments, in terms of magnitude of adaptation in Hz and (left axis) 
and percent adaptation (right axis). 

 

Figure 2.6: Average adaptation to altered feedback for each target during psychophysics 
experiments. (A) Triangles indicate average response prior to onset of altered feedback. Circles 
indicate what projected complete adaptation of -150Hz would be. Diamonds indicate the actual, 
incomplete average adaptation for each target during the hold phase. (B) Magnitude of percent 
adaptation compared to baseline during the hold phase (dark) and during the washout phase 
(light). 
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2.5 Discussion 

In this study, we investigated the learnability of vowel target production using a 

touchscreen. We consistently found rapid increases in the accuracy and consistency of reaches, 

generalization to novel targets, and adaptation to feedback changes. Taken together, these results 

imply the development of an internal audiomotor map relating speech sounds with touch 

locations. 

 

2.5.1 Development of Audiomotor Map: Task Accuracy and Consistency 

The development of an audiomotor map is suggested by participants’ rapidly increased 

accuracy and consistency over the course of the experiment, particularly in the first 60 trials. 

This map was permanent enough that participants were capable of applying knowledge of trained 

targets even when they underwent a series of trials in which they received no endpoint feedback 

by performing with better-than-baseline accuracy on the novel test targets introduced in the final 

training block.  

 

2.5.2 Development of Audiomotor Map: Generalization 

In Experiment 1, generalization of accuracy improvement of reaches to novel targets after 

training is strong evidence for the development of a complete touchscreen location-to-vowel 

internal map.  We say this because, although there are several alternate possible explanations for 

this generalization to novel targets, we rate the alternate explanations as unlikely. First, accuracy 

on the novel target productions may have been helped by the fact that, prior to novel target 

testing, participants had already trained on the original three familiar targets. As a result, those 

three locations have been eliminated as potential locations for the novel targets. In other words, 
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participants may not have known the location of the novel targets, but they knew three places 

where they weren't. However, given the size of the map and the relative accuracy of the reaches 

to the novel targets, it is unlikely that this can account for the effect entirely. Second, additional 

help in improving subsequent novel target accuracy may have arisen from subjects’ initial 

sampling of wide areas of the touchscreen workspace. That is to say, in learning the trained 

targets participants may have, in their initial random movements, gained information on the then-

unknown novel targets. To evaluate this possibility, we computed the mean accuracy of reaches 

(their distance from the targets) over trials prior to convergence of learning (based on visual 

inspection of Figure 2A, it appears that accuracy begins to plateau after the first the first 50 trials 

of training) and compared this with reach accuracy on the novel targets during the silent test 

trials post-training. The results indicate only a weak association, yielding a trend with a non-

significant positive Pearson’s correlation coefficient (Pearson’s correlation coefficient = 0.44, p 

= 0.0645). Participants who explored more during the early phases of training were actually 

marginally less accurate in their later reaches to novel targets – that is, their early exploration did 

not improve their subsequent accuracy for novel targets. This provides an indication that learning 

from inadvertent feedback of the novel targets early in the experiment was unlikely. 

Additionally, as all reaches to the novel targets were during the open-loop test blocks, 

participants never received auditory feedback on novel targets, making iteratively learning the 

novel targets virtually impossible. Third, linear interpolation between trained targets is similarly 

unlikely because, as discussed extensively earlier in the discussion, while participants performed 

significantly better on targets that they had trained on repeatedly, there was no significant 

accuracy difference between the novel targets regardless of Euclidean distance to nearest target.  

 



	 25	

Nevertheless, accuracy on reaches to novel targets was significantly less than post-

training accuracy on reaches to trained targets. What could explain this pattern of partial 

generalization? Previous research indicates that partial generalization occurs in visuomotor 

adaptation (Ghahramani & Wolpert, 1997; Krakauer & Mazzoni, 2011; Taylor & Ivry, 2013; 

Taylor & Ivry, 2014) and partial generalization of adaptation occurs in vocal experiments with 

altered feedback (Houde & Jordan, 1998). Extrapolating from the adaptation generalization 

results of these studies, we would expect the accuracy of producing novel targets to depend on 

the distance from novel targets to trained targets. Ghahramani & Wolpert, 1997 has indicated 

that reaches to altered feedback on a learned visuomotor map stem from a weighted, sigmoidal 

function of unaltered target location. However, the uniformity of our participants’ accuracy on 

novel targets suggests that there is some nonlinear “falloff” in map accuracy based on the 

distance of the novel targets from trained targets: if there were no accuracy falloff, participants’ 

reaches to novel targets would have the same accuracy as reaches to trained targets. Novel target 

accuracy was poorer that trained target accuracy, but did not appear to depend on distance from 

the trained targets. What could explain this pattern of generalization? One possibility is that they 

participants relied on existing mappings between tongue position and vowel sound production 

and between fingertip location and a two-dimensional surface positions. If the participants are 

utilizing existing knowledge of the relationship between different vowels’ productions, learning 

a few vowels might enhance their ability to find novel vowel targets. In other words, they might 

be able to apply training on some touchscreen-produced vowels to other, untrained touchscreen-

produced vowels by generalizing the known relationships between vocal vowel productions to a 

new production space. This explanation would imply that the audiomotor map developed to 

relate touchscreen reaches to expected sound output may rely on the existing audiomotor map 
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relating vocal tract kinematics with predicted vocal sound output. This would account for the 

seemingly plateaued accuracy in reaches to novel targets seen in this study: if they were relying 

on a pre-learned mapping, participants would be expected to perform no differently on the novel 

targets regardless of their distance to the nearest trained target. The issue remains, of course, as 

to why there was a falloff in reach accuracy to novel, as opposed to trained, targets. Presumably, 

a series of targets spanning the distance between these targets and the trained targets would shed 

light on the nature of such a falloff function and where the suspected plateau occurs. Future 

experiments will investigate factors affecting this generalization further. 

 

2.5.3 Development of Audiomotor Map: Adaptation to Persistent Feedback Alteration 

The development of an internalized audiomotor map is further evidenced by participants’ 

ability to adapt to a subtle feedback alteration. In Experiment 2, after learning to accurately reach 

to the vowel targets, participants continued to reach while feedback alteration was gradually 

ramped up to its maximum value, which was relatively small (a 150 Hz increase in F2, 

corresponding to shifting the entire map only 36.89mm to the left on the touchscreen, 

representing only 8.82% of the touchscreen’s width). Nevertheless, participants still adapted, 

gradually adjusting their reaches to the targets such that F2 decreased by an average of 44.39Hz, 

thus partially countering the effects of the +150Hz F2 feedback alteration. Moreover, post-

experimental conversation indicated that participants generally did not consciously notice the 

feedback alteration. The result indicates their audiomotor maps were sufficiently accurate after 

initial training to guide the learning of corrective motor actions to re-obtain auditory feedback 

closer to the desired target.  
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An important feature of this adaptation was its incompleteness. Feedback alteration 

studies in visuomotor research, such as variants of the well-known prism goggle experiments, are 

notably characterized by complete or nearly complete adaptation (summarized by Welch, 1979), 

whereas vocal adaptation to formant-shifted audio feedback during speaking is virtually always 

incomplete, ranging between 22.5% and 50% (Katseff & Houde, 2008). The fact that the degree 

of touchscreen adaptation is comparable to the level of vocal adaptation seen in other speech 

adaptation studies raises interesting questions about the nature of incomplete adaptation. It may 

be that limitations on the perception of vowels (such as the categorical-like “perceptual magnet” 

effect (Kuhl, 1991)) reduce salience of formant frequency shifts in altered speech feedback, 

resulting in reduced drive to adapt vowel production, regardless of whether vowels are produced 

using a touchscreen or a vocal tract. It is also possible that some of the incompleteness in 

adaptation is due to the particular design of the touchscreen task here. In particular, in this 

experiment, participants only heard feedback from the endpoint of their movement to a 

touchscreen position, which is similar to visuomotor adaptation studies where subjects have been 

restricted to the endpoint of their movement, studies that have also found incomplete adaptation. 

For example, Song & Smiley-Oyen, 2017 found significantly less adaptation in a cursor rotation 

task when participants were denied visual feedback of their moving cursor to hit an adaptively 

rotated target. Future experiments plan to investigate this in more detail. 

 

2.5.4 Caveats and Limitations 

The current touchscreen setup allowed participants to have only a limited degree of 

control of speech output; they could control F1 and F2 of the output of a speech synthesizer as a 

function of where they touched the touchscreen. While F1 and F2 formant frequencies are 
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sufficient to distinguish most vowels (Gerstman, 1968), the current setup does not even approach 

replicating the full complexity of actual vocal speech production. Utterances produced with the 

current touchscreen setup contain only steady-state vowels without consonants, making forming 

most words impossible. One reason for this limitation is the two-dimensional nature of the 

touchscreen. Many additional acoustic dimensions beyong F1 and F2 are generally required to 

produce distinguishable consonants (e.g., voice onset time, frication, duration of voicing), and 

even for vowels, F3 is important for making some important distinctions. To give participants 

control of these additional acoustic dimensions would seem to require giving them control over 

many more physical dimenaions than just two-dimensional touch location. But beyond the 

practical challenges of adding control of these additional acoustic factors to the touchscreen, 

adding these additional dimensions to the task for participants to learn would greatly hinder the 

learnabilty of the task.  Indeed, the need to control many more acoustic factors than just F1 and 

F2 to produce full speech is a likely reason why the motor production of speech generally takes 

humans years to master (Vihman, 2014). Thus, adding control of additional acoustic factors 

beyond F1 and F2 might have made the time to learn the task impractically long for a single-

session experiment. Other studies have produced alternate modalities for adults to learn to 

produce speech in the absence of the vocal tract. However, these modalities either provided 

extra, visual feedback to facilitate training participants to produce vowels from a 2-D formant 

map (Niu, Lee, Houde, & Sanger, 2015) or required extensive, prolonged training to synthesize 

speech using trained hand motions (Fels & Hinton, 1998). 

In addition to lacking the ability to produce many speech sounds, the current touchscreen 

setup allowed participants to only produce vowels that were fixed in duration and volume, which 

is not reminiscent of the continuous and highly variable nature of speech. Future iterations of the 
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task could replicate the continuous motor demands of speech by creating a more dynamic 

touchscreen that would require continued contact for continued vocalization and would update 

continuously with changing touch location, allowing for the dynamic vowel production seen in 

vocal speech and giving us the ability to investigate such phenomena as participants’ reaches to 

transient, within-trial feedback perturbations. 

 

2.6 Conclusions and Future Directions 

The current results show that subjects can learn to generate vowels using a touchscreen 

and demonstrate that many characteristics of speech are still present even when speech is 

produced by a very different effector system. Many vocal speech behaviors, such as 

generalization of knowledge of some vowels’ production to the production of other vowels and 

auditory feedback-based motor adaptation, are present in this environment. Thus, the touchscreen 

could provide a way to study the distinction between vocal production and language production, 

and to provide a unique platform for studying the development of language.  

A simple means of producing speech without the vocal tract could also provide a tool 

with diagnostic and therapeutic potential. A variety of speech production disorders are linked to 

production difficulties involving the vocal tract, including, but not limited to, cerebral palsy, 

aphasia, apraxia, and dysarthria. However, in many patients with speech disorders it is not clear 

whether the source of errors stems from a loss of phonological abilities, a loss of motor control, 

or both. For instance, the primarily phonological production errors seen in patients with early-

stage logopenic variant primary progressive aphasia may be behaviorally difficult to distinguish 

from the motor production errors typically seen in nonfluent variant primary progressive aphasia. 

Similarly, strokes can cause widespread speech damage that may make it difficult to determine 
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whether production difficulties are specifically tied to vocal tract function or language or 

auditory processing. It is important to have a means to diagnose these patients rapidly and 

accurately. A platform that asks individuals to produce speech sounds without the vocal tract 

would provide a means of categorizing patients based on phonological, and not vocal tract 

motoric, abilities. This would help to provide the correct treatment to improve or restore vital 

communicative function. 

 

Note: Scans and algorithms from UCSF Biomagnetic Imaging Lab, PI: Srikantan Nagarajan. 

Vowels synthesized using modified version of code developed by Rabiner and Schafer.  
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Chapter 3: Neural Correlates of Speech Sound Production in the 

Absence of the Vocal Tract 

3.1 Abstract 

Speech production is a cornerstone of human communication and a crucial component of 

everyday life. However, much is still unknown about the neural underpinnings of speech 

production. For example, relatively little is known about the role of sensory feedback originating 

from the vocal tract. Our previous research examined the behavioral implications of producing 

vowel sounds in the absence of the vocal tract by demonstrating the development of an accurate, 

consistent, generalizable audiomotor map using a touchscreen-based speech production. This 

platform produces different vowels depending on the two-dimensional finger touches. Touch 

location mapped to the first and second formants of speech, making the system capable of 

producing vowels within a wide formant range. Healthy adult participants were able to learn a 

mapping of touch location to vowel produced within 360 trials of training while undergoing 

MEG neuroimaging. Significant functional changes in neural activity were visible during the 

training process. These functional changes include the development of higher-powered, more 

focal beta power decreases in the somatosensory cortices and high and ultra gamma power 

increases in parts of the inferior frontal gyrus and supramarginal gyrus, two areas strongly 

associated with speech. This more focal activity might indicate the development of task-specific 

somatosensory and motor responses to the increasingly familiar and predictable somatosensory 

and auditory feedback.  
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3.2 Introduction 

While the previous chapter investigated some of the multi-faceted behavioral 

implications of touchscreen-based speech production, the experiment discussed in this chapter 

progressed further. One priority was attempting to validate the previous results, namely the rapid, 

robust increases in accuracy and consistency and the development of partial or complete 

generalization in a different learning context. In order to do so, we tested participants with a 

slightly expanded map with reorganized targets and a wider array of test targets to investigate 

generalization. This, combined with the fact that participants in this experiment were in the 

supine position, altered the kinematics of the production and the spatial orientation of the vowels. 

While the specifics of the act changed, the theory of reach location combining continuous 

formants to synthesize vowels remained unchanged, granting a perfect opportunity to validate 

this modality as a means of robust learning of a well-developed audiomotor map regardless of 

ancillary conditions such as any individual targets’ location. 

 But the primary purpose of this experiment was to supplement behavioral evidence of 

audiomotor map development with neuroimaging. Even over the brief course of this single-

session experiment we were able to see the development of neurological indicators of learning, 

including evidence of motor development and even possible recruitment of the vocal speech 

production network. 

 

3.3 Methods 

3.3.1 Participants 

All experimental procedures were approved by the Institutional Review Board at the 

University of California, San Francisco. All participants provided written informed consent for 
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their participation in this study. 17 healthy participants (8 female, aged 22-49, mean: 31.53, std: 

8.45, 3 left-handed) participated in experiment. Inclusion for this experiments were similar to the 

requirement for participation in the experiments discussed in Chapter 2, with extra 

considerations for neuroimaging: 1) participants had no initial knowledge of the mapping of 

screen areas to playback sounds, 2) self-reported English as a first language, 3) had no 

neuroimaging contraindications such as metal or electronic implants, extreme claustrophobia, 

etc., and 4) had no known speech, language, hearing, learning, or motor deficits (self-reported). 

An additional 3 participants underwent the neuroimaging portion of the task, but were excluded 

according to the above exclusion criteria: extreme scanner noise caused by a dental artifact, a 

childhood diagnosis of dyslexia, and an inability to remain alert during the task, respectively. 

 

3.3.2 Stimuli 

The same 41.8cm by 23.6cm touchscreen apparatus used in Chapter 2 was utilized again 

to synthesize the instant playback of a vowel dependent on the location selected. However, while 

the x axis still correlated to continuous F2 and the y axis with continuous F1 values, the 

orientation of the axes was changed to differentiate from the lower right-hand corner of the 

screen participants pressed to initiate trials. Additionally, the axes were widened to an F2 range 

of 600-2500Hz while keeping the same F1 range of 100-900Hz in order incorporate a wider 

range of targets. This experiment trained participants on three experimental targets, /ɔ/ 

(F1:590Hz, F2:850Hz), /ɛ/ (F1:551Hz, F2:1763Hz), and /i/ (F1:294Hz, F2:2254Hz), that were 

presented at random with equal frequencies of occurrence with a loudness level of 60dB and a 

duration of 600ms. These targets were located a distance of 16.79mm, 81.55cm, and 65.40cm 

from the outermost corner of the starting area, respectively. During intermittent silent "test" d 
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periods throughout the experiment in which reaches received no auditory feedback, two 

untrained test targets were inserted, /u/ (F1:315Hz, F2:860Hz, 174.12cm from corner) and /ɑ/ 

(F1:702Hz, F2:1089Hz, 142.48cm from corner). During the final 120 trials of the experiment, 

another two novel targets were introduced during silent test periods, /ɪ/ (F1:400Hz, F2:1917Hz, 

76.80cm from corner) and /ʊ/ (F1:450Hz, F2:1030Hz, 153.73cm from corner) (Figure 1). 

 
Figure 3.1: The touchscreen layout including the dimensions in both Hz (bottom, right) and mm 
(top, left) during both speech and nonspeech MEG experiments (see Chapter 4). Participants’ 
reach starting position is the lower right-hand corner (red) and trained, untrained, and novel 
target values (*) are seen throughout. 

  As with the experiments taking place outside of the scanner, participants were instructed 

to close their eyes for the duration of the experiment to eliminate confounds from visual 

feedback. 
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3.3.3 Neuroimaging 

Participants underwent whole-head MEG neuroimaging for the entirety of the 

experiment. The MEG system was composed of 275 axial gradiometers recording with a 

sampling rate of 1200Hz. The head was localized with the use of three fiducial gradient coils 

placed on the nasion and 1cm inwards from each tragus. Participants were in the supine position 

with the touchscreen positioned at an angle of 26.57° on a MEG-compatible lap desk with legs 

on either side of participants’ torso, thus suspending the touchscreen over their midsection. The 

touchscreen position was adjusted during a brief trial period to ensure that participants could 

comfortably and consistently reach all four corners of the screen. High-resolution structural T1 

MRIs were acquired in a separate session and were later co-registered at the fiducial points with 

the MEG scan to provide a structural overlay of each participants’ brain to generate a head shape 

and to project the MEG functional imaging onto. 

 

3.3.4 Task and Procedures 

As in previous experiments outside the scanner (chapter 2), this neuroimaging experiment 

investigated whether participants could be trained to reproduce specific vowel targets, and, if so, 

whether this generalized to improved post-training performance on novel vowel targets. This 

experiment additionally sought to characterize any neural changes occurring over the course of 

training. Over the course of 3 trial blocks of 120 trials, participants were asked to repeat one of 

the three randomized auditory vowel targets by touching the screen. In order to ensure enough 

experimental trials for reliable MEG analysis, the first 120 trials came to represent an “early-

training” condition, while the final 120 trials came to represent the “post-training” condition and 

will be referred to as such hereafter. The composition of each trial was identical to the trial 
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layout defined in Chapter 2: for each trial, participants reached from the starting position to a 

point on the screen in an attempt to reproduce the target sound. This reaching task was met with 

feedback at the end of the reach only, once participants made contact with the screen, with the 

exception of “silent”, open loop test trials. In contrast to the test trials described in Chapter 2, this 

experiment included a total of 85 test trials occurring throughout the experiment. Groups of 5 test 

trials were interspersed uniformly throughout the first two 120-trial blocks, each group 

consisting of an /ɔ/, /ɛ/, /i/, /ɪ/, and /ʊ/ target in randomized order. The two untrained targets that 

appeared throughout the experiment and never received auditory feedback, /ɪ/ and /ʊ/, will 

hereafter be referred to as “untrained test targets”. During the final 120 trials, groups of 7 test 

trials were interspersed uniformly. Each group consisted of an /ɔ/, /ɛ/, /i/, /ɪ/, /ʊ/, /ɑ/, and /u/ 

target in randomized order. The two novel targets introduced during the final 120 trials, /u/ and 

/ɑ/, are referred to as the “novel targets”. 

 

3.3.5 Behavioral Analysis 

We tested learning in much the same way that we determined increased accuracy, 

consistency, and generalization of training in Chapter 2. That is, response accuracy was 

determined by the Euclidean distance between each target and its associated response, averaged 

over a series of 30-trial windows. Response consistency was again determined by the mean 

Euclidean pairwise distance between each response and all of the other responses to the same 

target, again over a series of 30-trial windows.  

We tested increases in both accuracy and consistency using one-way ANOVAs between 

the data points representing the accuracy or consistency for each 30-trial window for each 

participant. As this experiment featured test trials interspersed throughout, we performed an 
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additional one-way ANOVA between groups of trained silent test trials to determine if 

significant improvement occurred for test trials over the course of the experiment. Finally, a one-

way ANOVA with participant as a factor was performed on the average accuracy of trained, 

untrained, and novel test targets to determine if training had an effect even on trials that never 

received auditory feedback.  

 

3.3.6 MEG Analysis 

MEG sensor data was marked at target onset (stimulus-locked) and at the onset of the 

vowel feedback resulting from contact with the touchscreen (response-locked). Third order 

gradient noise filtering was applied, in addition to DC offset correction relative to pre-trigger 

sensor data in order to correct for sensor drift across trials. Noisy trials and channels were 

excluded by visual inspection to reduce noise due to EMG, motion, or dental artifacts. 

We used the NUTMEG time-frequency beam forming spatially adaptive filtering 

algorithm (described in Dalal et al., 2011) to reconstruct a time-frequency output displaying local 

activity for the beta (12-30Hz), high gamma (65-90Hz), and ultra high gamma (90-115Hz) 

frequency bands, localized onto each participant’s spatially-normalized MRI. In order to 

investigate the neural effects of the experimental training, emphasis was placed on two trial 

groups: early training (the first 120 trials of training) and post-training (the final 120 trials of the 

experiment). Both stimulus-locked analysis and response-locked analysis calculated activity 

relative to a control window immediately prior to stimulus onset (300ms long in beta band, 

100ms long in high gamma). For stimulus-locked analysis, activity was computed for the 1 

second following the stimulus onset. For response-locked analysis, activity was computed for the 

1 second before the onset of the response feedback (response preparation) and for 600ms 
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following response feedback initiation. For high and ultra high gamma band analysis in both 

stimulus-locked and response-locked analysis, data was averaged over a moving window of 

100ms with a step size of 50ms. For beta band analysis, in both stimulus-locked and response-

locked analysis data was averaged over a moving window of 300ms with a step size of 100ms. 

After computing individual activity for each participant for each frequency band, SnPM 

t-tests for one sample (corrected for multiple time windows) were performed to find significant 

activations across all participants within each trial condition. SnPM paired ttests were used to 

find group differences between early training and post-training trial conditions. These group 

images were thresholded at a significance of p<0.05, as were all high gamma and ultra high 

gamma one-sample t-tests. Due to immense beta power decreases during motor initiation, the 

one-sample t-tests for the beta band were subjected to a much more stringent p<0.0001 threshold. 

All images were corrected for voxel size, eliminating any clusters under 50 voxels to correct for 

multiple comparisons. 

 

3.4 Results 

3.4.1 Behavioral Results: Accuracy and consistency 

Similar to the behavioral results on a similar formant map performed outside the scanner 

(Chapter 2), participants performing this task in the MEG showed rapid, robust average increases 

in both accuracy (Figure 3.2A) and consistency (Figure 3.2B) over the course of the 360-trial 

training period. Accuracy improved significantly over the course of the first 30 trials, with the 

accuracy of the first 30-trial window proving significantly different from the final 300 trials 

(p=1.289e-11), if not significantly different from trial window corresponding to trials 31-60. If 

we define a data plateau as the time point in which there is no significant difference from all 
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following time points, the accuracy of the experiment plateaued after the first 60 trials, as the 

accuracy for all subsequent groups of 30 trials showed no significant difference from each other. 

Participants displayed similar rapid increases in the consistency of their responses, 

showing a significant improvement from the first 30-trial window to the subsequent 30-trial 

window (p=1.714e-13). The consistency, again, plateaued following the first 60 trials, with all 

subsequent 30-trial windows showing no significant difference between them. This early plateau 

in accuracy held for test targets that received no auditory feedback. The targets that appeared 

before training were significantly less accurate then all subsequent open-loop performances of 

trained targets (p=5.711e-5) and accuracy plateaued so quickly that after only 60 trials of 

training, the accuracy of test trials featuring the trained targets was not significantly different 

from the accuracy of all subsequent test trials featuring trained targets. 

 
Figure 3.2: Learning in the production of speech sounds in the MEG. Improvement on the 
touchscreen-based vowel production of the task, as indicated by (A) response accuracy over the 
course of 360 trials and (B) response consistency over the course of 360 trials. 

	
3.4.2 Behavioral Results: Generalization 

With trained, untrained, and novel test targets, we investigated the effect of training on 

some targets to performance on other targets. Following the trajectory of the trained targets, 
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participants also rapidly increased in accuracy for the untrained test targets. Accuracy for the 

untrained test targets plateaued early, showing no significant difference between all responses 

following the first 30 trials of training, with only the first, pre-training test block showing 

significant (p=0.0025) differences in accuracy from that of later targets. However, the plateau 

was less steep than that of the trained targets: the first, pre-training group of untrained novel 

targets average accuracy was significantly different from only 11 of the following 14 groups of 

untrained test target. The novel test targets introduced during the final 120 trials (after learning 

had occurred) had already plateaued, with none of the groups of test trials proving significantly 

different from any others (p=0.1171), indicating that there was no change in accuracy for these 

novel test trials 240, 270, 300, 330, or 360 trials into training (Figure 3.3A). Regardless of the 

onset of the plateau, there was no significant difference in the performance of the trained, 

untrained, and novel targets post-learning during the final 120 trials of the experiment, and both 

trained (p=5.6180e-10) and untrained (p=2.3822e-4) targets showed significant increases in 

accuracy from the initial test group (Figure 3.3B). The various individual trained and untrained 

test targets showed significant improvement compared to pre-training (p=6.5174e-5 for /ɔ/, 

2.4705e-4 for /ɛ/, 0.0011 for /i/, 0.0383 for /ɪ/, and 0.0027 for /ʊ/) (Figure 3.4A). As with Figure 

2.4B, the distribution of responses in the production of speech sounds in the MEG (i.e., reaches 

to the different targets) across participants during the post-training test trials is shown in Figure 

3.4B. The response distribution for each target is again represented by a one-standard-deviation 

ellipse oriented in the direction of maximal response variability. 
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Figure 3.3: Accuracy in silent test trials for reaches to trained, untrained, and novel targets for 
speech sounds produced in the MEG. (A) Accuracy of trained (red), untrained (blue), and novel 
(yellow) test targets over the course of the experiment. (B) Left bars: accuracy for trained 
targets, prior to (blue) and following (yellow) training; middle bars: accuracy for untrained 
targets prior to (blue) and following (yellow) training; right bar: accuracy for novel targets 
following training. 

 
Figure 3.4: Mean accuracy for each target during silent test trials for speech sounds produced 
in the MEG. A: Mean pre-training accuracy (blue) and post-training accuracy (yellow). B: 
Distribution of post-training responses (ellipses) relative to targets (*). The ellipses are centered 
on the average F1 and F2 responses. The orientation of the ellipses correspond to the directions 
greatest variations in F1 and F2. 

	
3.4.3 Neuroimaging Results: Beta Band 

Over the course of training, participants experienced significant (p<0.0001) changes in 

neural activation in the beta band (12-30Hz). Early in the experiment (first 120 trials), there were 

significant beta power decreases over a widespread frontal, temporal, parietal, and occipital areas 
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(Figure 3.5, top). As beta power decreases are associated with the default mode network (Laufs 

et al., 2003; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007), beta power decreases 

(blue) are actually associated with deactivation of the default mode network and therefore 

increased neural activity. Over the course of the experiment, participants’ beta band power 

decreases covered less cortical area, but increased in intensity in select areas (Figure 3.5, 

middle). In particular, reduced beta power decreases during response preparation in the occipital 

and frontal lobes between the first 120 trials and the final 120 trials (Figure 3.5, bottom), 

highlight areas that showed decreased neural activation over the course of training.  
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Figure 3.5: Changes in beta power decreases pre-response over the course of training in the 
speech MEG experiment. Top: Significant beta power deceases early in training (the first 120 
trials). Middle: Significant beta power decreases during the final 120 trials of training. Bottom: 
The difference between the final 120 trials and the first 120 trials. Areas with significantly 
(p<0.5) less beta power decreases (red) and significantly more beta power decreases (blue) over 
the course of learning. 

Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Beta (12-30Hz) 
Response-locked 

    Region 
 

x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -35 60 -20 -650ms -5.23 

 
Left Inferior Frontal Gyrus -45 15 20 -250ms -3.14 

  
-55 10 25 -50ms -2.82 

       
 

Left Middle Frontal Gyrus -35 60 -20 -650ms 4.53 

 
Left Superior Frontal Gyrus -25 65 -20 -450ms 5.23 

       
 

Left Inferior Frontal Gyrus -55 10 25 -650ms -3.28 

  
-55 10 25 -450ms -2.82 

  
-45 15 20 -250ms -3.14 

  
-55 10 25 -50ms -2.82 

  
-55 10 25 250ms -4.59 

       
 

Right Inferior Frontal Gyrus 60 40 -10 -650ms 7.22 

  
60 40 -10 -750ms 7.43 

  
60 40 -5 -450ms 4.76 

 
Right Superior Frontal Gyrus 40 65 -15 -250ms 5.27 

  
20 70 -20 -50ms 4.81 

       
 

Left Postcentral Gyrus -40 -25 65 -650ms -4.10 

  
-40 -25 65 -450ms -3.25 

 
Left Precentral Gyrus -30 -20 80 -250ms -3.34 

 
Left Postcentral Gyrus -30 -25 85 -50ms -3.52 

  
-30 -20 80 450ms -4.39 

       
 

Right Fusiform Gyrus 45 -80 -10 -650ms 4.03 

 
Right Inferior Occipital Gyrus 50 -85 -10 -450ms 5.71 

 
Right Middle Occipital Gyrus -40 -95 10 -250ms 4.99 

 
Right Lingual Gyrus 15 -85 5 -250ms 5.18 

  
15 -70 5 -50ms 5.48 

 
Right Lingual Gyrus 10 -75 5 450ms 7.13 

Table 3.1: MNI coordinates and activation values for local maxima seen in Figure 3.5.  
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While there were reduced prefrontal and occipital beta power decreases over the course 

of training, there were increased beta power decreases across the entirety of the primary motor 

and somatosensory areas, both ventrally and dorsally (Figure 3.6, bottom) in response to both the 

vowel stimulus (Figure 3.6A) and the response auditory feedback (Figure 3.6B). 
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Figure 3.6: Changes in beta power decreases (A) post-stimulus (time t=0 corresponds to 
stimulus onset) and (B) post-response (time t=0 corresponds to onset of response auditory 
feedback) (B) in the speech MEG experiment. Top: Significant beta power deceases early in 
training (the first 120 trials). Middle: Significant beta power decreases after training plateaus 
(final 120 trials). Bottom: The difference between the final 120 trials and the first 120 trials, 
indicating reduced beta power decreases (red), and increased beta power decreases (blue).  
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Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Beta (12-30Hz) 

     Post-Stimulus 
     Region 

 
x y z Time Activation Intensity 

 
Precentral Gyrus -45 -5 20 150ms -3.67 

 
Left Inferior Frontal Gyrus -50 10 20 350ms -3.46 

  
-55 10 20 550ms -4.05 

       
 

Left Precentral Gyrus -30 -19 73 150ms -4.41 

 
Left Postcentral Gyrus -30 -20 85 250ms -5.46 

  
-35 -25 70 350ms -5.64 

 
Left Precentral Gyrus -35 -20 65 550ms -5.08 

       Frequency Band: Beta (12-30Hz) 
Pre-Response 

     Region 
 

x y z Time Activation Intensity 

 
Left Inferior Frontal Gyrus -55 10 25 -50ms -3.42 

  
-55 10 25 150ms -4.27 

  
-55 10 25 250ms -4.59 

  
-55 10 25 350ms -4.17 

       
 

Left Middle Frontal Gyrus -30 55 -20 -50ms 3.35 

  
-35 60 -20 -650ms 5.23 

       
 

Right Superior Frontal Gyrus 20 70 -20 -50ms 4.4 

  
30 70 -15 -150ms 2.71 

 
Right Middle Frontal Gyrus 40 55 -20 -800ms 5.41 

       
 

Left Postcentral Gyrus -30 -25 85 -50ms -3.52 

  
-40 -24 68 150ms -3.59 

 
Left Precentral Gyrus -30 -15 85 350ms -4.7 

  
-30 -15 85 450ms -4.87 

       
 

Right Precentral Gyrus 60 0 5 150ms -3 

 
Right Superior Frontal Gyrus 65 0 0 350ms -2.85 

 
Right Postcentral Gyrus 60 -20 35 350ms -2.63 

 
Right Superior Temporal Gyrus 60 0 0 250ms -3.23 

 
Right Precentral Gyrus 60 0 5 250ms -3.13 

 
Right Superior Temporal Gyrus 65 0 0 350ms -2.85 

 
Right Inferior Parietal Lobule 60 -25 50 450ms -3.17 

       
 

Right Lingual Gyrus 15 -70 5 -50ms 5.48 

 
Right Middle Occipital Gyrus 35 -94 18 150ms 4.85 
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Region  x y z Time Activation Intensity 

 
Right Lingual Gyrus 10 -75 5 350ms 6.58 

  
10 -75 5 450ms 7.13 

Table 3.2: MNI coordinates and activation values for local maxima seen in Figure 3.6. 

 
 
3.4.4 Neuroimaging Results: Gamma Bands 

Not only were there significant changes over the course of training in the beta band, more 

transient activations were visible in gamma oscillations. 

 During response preparation, there were increases in high gamma (65-90Hz) and ultra 

high gamma (90-115Hz) in areas frequently associated with speech production and perception. 

Pre-response high gamma power increased (red) bilaterally in the inferior frontal gyrus (IFG) 

and middle frontal gyrus in the final 120 post-learning trials compared to the initial 120 

experimental trials (Figure 3.7). 
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Figure 3.7: Changes in pre-response high gamma power over the course of training in the 
speech MEG experiment. Top: Significant high gamma power activations early in training (the 
first 120 trials). Middle: Significant high gamma power activations during the final 120 trials of 
training. Bottom: The differences between the final 120 trials and the first 120 trials of training, 
effectively showing areas with increased (red) and decreased (blue) activity over the course of 
training. 

Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: High Gamma (65-90Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -55.5 30 21.7 -125ms 3.19 

  
-60 25 25 -25ms 2.81 

  
-55 30 20 75ms 3.62 

       
 

Right Inferior Frontal Gyrus 45 20 15 -225ms 2.34 

 
Right Precentral Gyrus 45 5 10 -125ms 3.39 

 
Right Postcentral Gyrus 45 5 10 -75ms 4.84 

 
Right Precentral Gyrus 55 0 10 -25ms 3.8 

       
 

Left Postcentral Gyrus -65.4 -20.1 37.3 -125ms 2.16 

  
-64.6 -23.8 44.7 75ms 2.73 

       
 

Left Superior Temporal Gyrus -65 -25 10 -725ms 3.01 

  
-70 -25 15 -225ms 2.91 

       
 

Right Cuneus 25 -90.7 29.1 -475ms 3.66 

  
29.2 -83.2 29.9 -225ms 2.93 

Table 3.3: MNI coordinates and activation values for local maxima seen in Figure 3.7. 

There were additional developed power increases (red) in the ultra high gamma band in the post-

stimulus, pre-response portion of the experiment. Of particular interest is the development of 

left-lateralized posterior temporal activation in the supramarginal and angular gyri (Figure 3.8). 

This was matched by similar posterior temporal decreases in the right hemisphere, emphasizing 

that response preparation became more lateralized over the course of training. 
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Figure 3.8: Changes in ultra high gamma during response preparation over the course of 
training in the speech MEG experiment. Top: Significant ultra high gamma power activations 
early in training (the first 120 trials). Middle: Significant ultra high gamma power activations 
during the final 120 trials of training. Bottom: The differences between the final 120 trials and 
the first 120 trials of training, effectively showing areas with increased (red) and decreased 
(blue) activity over the course of training. 

Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Ultra High Gamma (90-115Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Superior Frontal Gyrus -5 35 55 -425ms 3.12 

  
-7.8 32.3 57.9 -375ms 2.85 

  
-10.3 34.8 55.4 -325ms 2.76 

       
 

Left Precentral Gyrus -30 -5 75 -325ms 2.93 

  
-34.1 -10.2 67 -225ms 2.28 

 
Left Postcentral Gyrus -25 -35 60 -125ms 3.27 

 
Left Precentral Gyrus -20 -11 74.4 -25ms 3.12 

       
 

Right Postcentral Gyrus 30 -25 85 -325ms -3.02 

  
25 -40 70 -225ms -5 

  
25 -35 75 -125ms 

 
       
 

Left Angular Gyrus -40.7 -72.7 40.6 -675ms 2.58 

 
Left Supramarginal Gyrus -58.8 -57 36.5 -425ms 2.59 

 
Left Middle Temporal Gyrus -54.7 -71.8 35.7 -125ms 3.19 

 
Left Inferior Parietal Lobule -65 -25 35 -25ms 2.29 

 
Left Superior Temporal Gyrus -55 -40 20 -25ms 2.14 

       
 

Left Supramarginal Gyrus -60 -55 40 -425ms 2.76 

 
Left Superior Temporal Gyrus -68.7 -37 10 -325ms 2.66 

       
 

Right Superior Temporal Gyrus 65 -15 -5 -425ms -3.09 

  
65 -20 0 -375ms -3.56 

  
65 -20 5 -325ms -3.51 

 
Right Superior Frontal Gyrus 65 -20 0 -225ms -1.98 

 
Right Middle Temporal Gyrus 70 -35 -5 -125ms -3.11 

  
70 -35 0 -25ms -2.45 

Table 3.4:	MNI coordinates and activation values for local maxima seen in Figure 3.8. 
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3.5 Discussion 

This experiment sought to (1) validate the robustness of the learnability of vowel targets 

and (2) to examine the neural correlates of learning. While the accuracy was significantly lower 

than that found in Chapter 2 of this dissertation, participants were able to rapidly learn a novel 

reach-to-vowel sound map even within the confines of the scanner. This learning generalizes to 

improved accuracy on untrained and novel targets without the benefit of endpoint feedback.  

 In addition to the behavioral robustness of the audiomotor vowel map, there are also 

neural developments over the course of training. Taken together, these neural and behavioral 

developments provide a stronger and more specific case for the development of an audiomotor 

map linking reaches to speech sounds. The ability to generalize from some targets to others and 

the existence of acquired neural activation in areas traditionally associated with vocal speech 

may even imply the involvement of existing speech networks. 

 

3.5.1 Development of Audiomotor Map: Behavioral Validation 

Previous work (Chapter 2) has established that healthy speakers are able to rapidly and 

consistently develop an adaptable, generalizable audiomotor map. However, questions remained 

as to whether this was a complete, well-developed map or a collection of over-trained targets 

discovered at random (Sections 2.5.1, 2.5.2, 2.5.4). For instance, the differing initial performance 

on targets even when no auditory feedback to the reach had been yet provided (Figure 2.2C) 

implies that there were some factors that were target-location specific as opposed to soley a 

function of the speech sound itself. However, the ability of different participants undergoing 

MEG to continue to rapidly learn the new location-to-sound mapping with a new target layout 

(Figure 2.1 versus Figure 3.1) indicates that the audiomotor map development is robust to 
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changes and even complete reorganization. This implies that, while some aspect of target 

identification is surely a function of target location (as evidenced by the pre-training target 

differential seen in both Figure 2.2C and Figure 3.4A) or task context (as evidenced by the later 

plateau in both accuracy and consistency for the MEG version of the task, Figure 3.2), on the 

whole such speech audiomotor maps are robustly learnable across different learning spaces. This 

puts this map development in the context of learning a new means of speech sound production as 

opposed to merely auditory matching, an interpretation strengthened by the nature of the neural 

changes occurring over training. 

 

3.5.2 Development of Audiomotor Map: Generalization 

In addition to the continued rapid increases in accuracy and consistency, the presence of 

generalization to untrained and novel test targets (Figure 3.3A) provides further evidence for a 

complete map development. The untrained targets' developed accuracy follows the learning 

curve for the trained targets across the course of training, indicating that a more complete 

knowledge of the map could be leveraged for an improved performance on the untrained test 

targets, strengthening the notion that improved performance on trained test targets is associated 

with improved performance on the untrained test targets, hence the plateaus co-occurring at 

similar points during the training. However, the absence of repeated practice with auditory 

endpoint feedback to guide further attempts could easily account for the early differences in 

accuracy of the relative plateaus. These similarly-timed plateaus at different accuracy values 

coupled with extremely similar initial, pre-training accuracy (Figure 3.3B) indicate that there is 

nothing demonstrably different about the targets themselves. Indeed, in the final 120 trials 

generalization was so complete that there was no significant difference in accuracy between the 
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trained, untrained, and novel targets. We propose that participants applied their developed speech 

maps to determine approximate locations for untrained and novel test targets. This would explain 

why the novel targets introduced in the final trial block had already plateaued: the map was 

already fully developed.  

Previously, we discussed the possibility that novel targets could be the result of 

interpolation from trained targets as opposed to the result of a well-developed audiomotor map. 

With this experiment, we find further evidence against this interpretation. Not only does the 

learning curve of the untrained targets follow the curve of the trained targets, implying that 

improved knowledge of the trained targets led to improved knowledge of untrained targets, but 

there is a differential accuracy on individual trained, untrained, and targets (Figure 3.4). Some 

targets that could hypotherically be easier to interpolate because their location lay between two 

existing targets, such as /I/, were not necessarily more accurate than targets that could not be so 

easily interpolated, such as the /ʊ/ target. A more likely explanation for the accuracy disparity 

might be that arm kinematics play a substantial role, as the three best-performing targets were the 

three targets closest to the “continue” area of the screen, therefore closest to the trial starting 

position. Future experiments will endeavor to minimize this component to understand the extent 

to which physically “easier-to-produce” vowels are favored over more distant vowels that require 

a more effortful reach. Whether the choice to minimize effort is mirrored in vocal speech is a 

question with multiple factors and mixed results (House, 1961) and best left the topic for another 

discussion. 
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3.5.3 Neural Indication of Learning: Frontal and Occipital Decreases 

Audiomotor map learning was not just marked by behavioral improvements. Comparing 

the first 120, early-training trials to the final 120 trials post-training revealed significant neural 

indicators of learning as well. For instance, as participants underwent training there was 

significantly reduced beta-power deceases in the occipital and frontal lobes (Figure 3.5). 

Occipital activation in an eyes-closed task may seem counterintuitive, but it is in no means 

unprecedented. There is a wide body of research showing occipital activation as participants 

visualize images (for example: Bértolo, 2005; Mellet et al., 2000). (Mellet et al., 1996) even 

established that the superior occipital gyrus showed bilateral gains when participants were 

visualizing constructions. I propose that participants in our experiment were similarly visualizing 

the construction of the locations of targets on the touchscreen-based location to vowel map. This 

would account for the superior occipital gyrus activation early in the task, as well as the 

prefrontal activation consistent with visuomotor working memory (Olesen, Westerberg, & 

Klingberg, 2004). The transition away from these activations mirrors the participants’ learning 

plateau, likely indicating that as the task becomes overlearned, it fully transitions from an 

auditory matching task during the development of the map to a practiced motor task. As such, 

participants rely less on visualizing the map (occipital activation) and on holding likely target 

positions in their working memory (prefrontal activation) and rely more on motor activations to 

perform the task with something more akin to procedural memory than explicit task localization. 

 

3.5.4 Neural Indication of Learning: Motor and Sensorimotor Increases 

The theory that participants transition from reliance on map visualization and working 

memory to procedural motor learning over the course of training is supported by the increased 
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motor and somatosensory development across the precentral and postcentral gyri, particularly in 

the left hemisphere over the course of training (Figure 3.6). Increased primary motor cortex 

activation in the training of a new motor task is a common occurrence (Hund-Georgiadis & Yves 

Von Cramon, 1999; Jenkins, Brooks, Nixon, Frackowiak, & Passingham, 1994; Ungerleider, 

Doyon, & Karni, 2002). In this case, however, beta power decreases relative to baseline 

increased across the primary motor and sensorimotor cortices, with distinct peaks both dorsally 

and ventrally. This indicates that motor and sensorimotor areas traditionally associated with 

speech and vocal articulation (Conant, Bouchard, & Chang, 2014) are active in the production of 

speech sounds with the touchscreen. This indicates that the production of speech sounds even 

without the vocal tract may still rely on existing skills developed from vocal speech production. 

It is possible that the highly trained motor act of producing speech sounds with the vocal tract is 

activating areas of the motor and sensorimotor cortices associated with vocal production even in 

touchscreen-based speech sound production. 

 There are more neural activation patterns emerging as participants learn this task that 

bear similarities to neural activations in vocal speech production. For instance, over the course of 

training participants developed increased high gamma activation in the right inferior frontal 

gyrus and left middle frontal gyrus (bleeding over into the inferior frontal gyrus) shortly before 

response onset (Figure 3.7). The left IFG is heavily associated with speech production and 

articulation (Bookheimer, 2002; Geschwind, 1970; Zatorre, Evans, Meyer, & Gjedde, 1992). 

While typically left-lateralized, there are cases of the right-hemisphere analogue increasing in 

activity, typically when the left IFG is at capacity or in some way impaired (Hartwigsen et al., 

2013; Winhuisen et al., 2005). At this time it is unclear whether our participants’ acquired right 

fronto-temporal activation is a function of “speech overflow”, recruited after rapidly learning 
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such a difficult task involving a novel means of vowel production, or if it is an indicator that this 

auditory matching task does not function in precisely the same way as the generally heavily left-

lateralized speech production.  

 

3.5.5 Neural Indication of Learning: Supramarginal and Angular Increases 

Finally, over the course of training, participants developed posterior temporal activity 

relative to a pre-stimulus control period in the ultra high gamma (90-115Hz) frequency range. 

There are supramarginal and angular gyri increases over the course of training in the left 

hemisphere and posterior temporal decreases in the right hemisphere, indicating an increasingly 

left-lateralized activation during response preparation. As supramarginal gyrus is associated with 

speech perception (Celsis et al., 1999; Guenther & Hickok, 2015), I propose that this activation 

develops as participants begin to internalize the sounds that they are producing as speech sounds. 

Then, the supramarginal gyrus is recruited as participants internally play the sound they are 

preparing to produce, effectively perceiving the prediction of the sound they are attempting to 

produce. 

 

3.5.6 Experimental Caveats and Considerations 

While there are a host of neural and behavioral indicators for the development of a novel 

audiomotor map that may rely on existing speech production, there are some experimental 

limitations that must be considered. 

 While the sensitivity of the MEG sensors is generally a great benefit, allowing us to 

temporally locate even transient signals that may have been difficult or impossible to detect in 

other imaging modalities, this sensitivity comes with a price. Due the noisy nature of MEG 
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imaging raw data, a large number of trials is generally required for robust analysis. This is why 

we elected to average the data over 120 trials for the early-training and post-training conditions. 

However, in an experiment such as this, learning occurs so rapidly (between 60-90 trials), that 

the effects of early training are somewhat weakened by including trials in various states of 

speech production learning. Future iterations of the experiment may choose to partially mitigate 

this by increasing the difficulty of the task to ensure a later plateau. However, even in such a 

case, as learning is a nonuniform phenomenon, the learning curve would still be unlikely to be 

linear. This would mean that trials at different stages of the learning process will all contribute to 

the “early training” result, weakening the effects. 

 Another difficulty was the inclusion of left-handed participants. Participants were 

instructed to perform the task with their dominant hand and the (N=3) left-handed participants 

data was flipped during analysis to account for the laterality of the motor cortex. However, this 

likely weakened the strength of the lateralization effect in the non-motor activations such as the 

distinctly lateralized supramarginal gyrus changes in activation. In the case of bilateral 

activations such as prefrontal and occipital changes, it is likely that the effect was minimal. 

 Finally, it would have been ideal to perform MEG analysis on the open-loop “silent” test 

targets that played throughout the experiment. This might have lent neural insight to the theory 

of generalization and allowed for a more sophisticated comparison between trained, untrained, 

and novel test targets, as well as determined the neural impact of auditory endpoint feedback by 

comparison. Unfortunately, the number and frequency of test targets was minimized to fit in 

more training trials and to avoid long periods of no endpoint feedback in fear of interrupting the 

training process. As such, the number of test trials was too underpowered for MEG analysis. 
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3.6 Conclusions and Future Directions 

 In this chapter we sought to validate and expand upon the behavioral indicators of 

learning found previously in Chapter 2. We did this by introducing asking naïve participants to 

learn a more complex map and new targets for generalization. Additionally, we investigated 

neural correlates of audiomotor map learning. We found that participants were still capable of 

rapid, stable increases in accuracy and consistency, as well as eventual complete generalization 

to untrained and novel targets. Both of these results imply a well-developed audiomotor map of 

reach location to sound produced. Further, participants showed neural indicators of learning in 

the form of decreased occipital and prefrontal reliance in exchange for increased motor 

activation as the map was learned and, eventually, overlearned. Additionally, increased 

activation in left-lateralized areas traditionally associated with speech articulation (inferior 

frontal gyrus) and perception (supramarginal gyrus) indicate that participants developed 

similarities between production of speech sounds using the touchscreen and speech sounds using 

the vocal tract.  

Future experiments with this platform will seek to compare the extent that this 

phenomenon is specific to the production of speech sounds in the absence of the vocal tract 

(Chapter 4). 
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Chapter 4: Neural Correlates of Speech versus Nonspeech Sound 

Production in the Absence of the Vocal Tract 

4.1 Abstract 

Previous studies (Chapters 2 and 3) have investigated the production of speech sounds in 

the absence of the vocal tract using a touchscreen-based production platform. In order to 

investigate characteristics specific to the production of speech as opposed to general audiomotor 

map learning in this platform, we asked participants to use the same platform to produce 

nonspeech sounds. The experimental parameters were identical to those described in the previous 

chapter, with the exception of the auditory feedback received in response to reaches: instead of 

speech sounds with varying F2 and F1 values based on x and y location, participants in this 

experiment produced complex tones resulting from the sum of two sinusoids with component 

frequencies corresponding to the x and y location of each reach. Using the modified platform, we 

were able to determine that participants producing nonspeech sounds showed reduced, but still 

improving to a plateau, accuracy and consistency and limited generalization. Participants also 

showed different neural developments over the course of learning, including different or reduced 

use of areas associated with vocal speech production compared to touchscreen-based speech. 

This supports the theory that participants using the touchscreen to produce speech, but not 

nonspeech, sounds may rely on existing speech networks used for producing vocal speech. 

 

4.2 Introduction 

The previous experiments discussed in this dissertation have built a body of evidence 

indicating that healthy adult participants are capable of developing a robust, adaptable 

audiomotor map connecting reach location to speech sound production over the course of a 
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single training session. Additionally, based on developed neurological activations compared to 

pre-training responses, we have theorized that participants may rely on existing speech motor 

control neural networks to produce speech sounds with the touchscreen. However, it is unclear 

whether activation in these areas outside the context of vocal speech is resulting specifically 

from the production of speech sounds regardless of the modality producing them, or if such 

neural recruitment is merely the result of any audiomotor map development using the 

touchscreen. In order to determine if the behavioral and neural characteristics discussed in 

previous chapters are truly indicators of speech learning, we devised a control condition. In this 

nonspeech control experiment, naïve participants performed and experiment identical to that 

described in Chapter 3 with the exception of the auditory endpoint feedback produced. Instead of 

a vowel with location-specific F1 and F2 values, reach location in this experiment determined 

component frequencies of two sine waves that were summed to synthesize a complex tone. By 

comparing these otherwise interchangeable experiments, we are able to consider the neurological 

correlates that differentiate audiomotor map learning in general as opposed to audiomotor map 

development with the specific goal of producing speech sounds.  

 

 

4.3 Methods 

4.3.1 Participants 

All experimental procedures were approved by the Institutional Review Board at the 

University of California, San Francisco. All participants provided written informed consent for 

their participation in this study. 18 healthy participants (8 female, aged 18-59, mean: 28.50, std: 

9.75, 1 left-handed) participated in experiment. Inclusion for this experiments were the same as 
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those established in Chapter 3. An additional 3 participants underwent the neuroimaging portion 

of the task, but were excluded according to the above exclusion criteria: extreme scanner noise 

caused by a dental artifact; extreme, previously unknown claustrophobia preventing the 

collection of a structural MRI, and failure to appear or reschedule the follow-up to the 

experimental visit to collect the structural MRI. One participant was excluded from behavioral 

analysis due to a truncated final 120 trials as a result of computer failure. However, they were 

included in the MEG analysis because they had enough post-learning trials for an assessment of 

average post-learning. 

 

4.3.2 Stimuli 

The same 41.8cm by 23.6cm touchscreen apparatus used in Chapter 2 and 3 was utilized 

again to synthesize the instant playback. However, instead producing vowels based on location, 

complex tones are produced based on the location selected. Instead of corresponding to 

continuous F2 and F1 values, the x-axis and y-axis correspond to two different frequencies, 

henceforth referred to as frequency2 and frequency1, respectively. The resulting tone is a sum of 

two sinusoids with the two component frequencies, resulting in one complex tone. While the 

nature of the sound is completely changed, the axes themselves are the same range and 

orientation as in Chapter 3: a frequency2 range of 600-2500Hz and a frequency1 range of 100-

900Hz. This experiment also trained participants on the same three experimental targets in the 

same touchscreen location: tone1 (frequency1: 590Hz, frequency2: 850Hz), tone2 (frequency1: 

551Hz, frequency2: 1763Hz), and tone2 (frequency1: 294Hz, frequency2: 2254Hz) and were 

presented at random with equal frequencies of occurrence with a loudness level of 60dB and a 

duration of 600ms. These targets were located a distance of 16.79mm, 81.55cm, and 65.40cm 
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from the outermost corner of the starting area, respectively. During intermittent silent “test” 

periods throughout the experiment, the same two untrained test targets were inserted, tone4 

(frequency1: 315Hz, frequency2: 860Hz, 174.12cm from starting area), and tone5 (frequency1: 

702Hz, frequency2: 1089Hz, 142.48cm from starting area). During the final 120 trials of the 

experiment, another two novel targets were introduced during silent “test” periods, tone6 

(frequency1: 400Hz, frequency2: 1917Hz, 76.80cm from the starting area) and tone7 

(frequency1: 450Hz, frequency2: 1030Hz, 153.73cm from the starting area). As with all previous 

experiments, participants were instructed to close their eyes for the duration of the experiment to 

eliminate confounds from visual feedback. 

 

4.3.3 Neuroimaging 

As with Chapter 3, participants underwent whole-head MEG neuroimaging for the 

entirety of the experiment. The MEG system was as described in Chapter 3.3.3. 

 
4.3.4 Task and Procedures 

This experiment served as a control for the previous two experiments in that participants 

trained to produce complex tonal targets. We then investigated whether the neural and behavioral 

outcomes of speech sound audiomotor map learning were also seen in the production of 

nonspeech. Over the course of 3 trial blocks of 120 trials, participants were asked to repeat one 

of the three randomized auditory tonal targets by touching the screen. In order to ensure enough 

experimental trials for reliable MEG analysis, the first 120 trials came to represent an “early-

training” condition, while the final 120 trials came to represent the “post-training” condition and 

will be referred to as such henceforth. Following the experiment, there were an additional 210 
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trials with ramped and shifted auditory feedback followed by a post-shift washout period. This 

final adaptation block will not be discussed in this dissertation.  

The composition of each trial was identical to the trial layout defined in Chapter 2 and 3: 

for each trial, participants reached from the starting position to a point on the screen in an 

attempt to reproduce the target sound. This reach was met with auditory feedback at the end of 

the reach only, once participants made contact with the screen, with the exception of “silent”, 

open loop test trials (85 test trials occurring throughout the experiment, dispersed as described in 

Chapter 3).  

 

4.3.5 Behavioral Analysis 

We tested the accuracy, consistency, and generalization of training using the same 

evaluation analyses described in Chapter 2 and 3.  

 

4.3.6 MEG Analysis 

MEG sensor data was analyzed as described in Chapter 3.3.6.  

 

4.4 Results 

4.4.1 Behavioral Results: Accuracy and consistency 

While the participants producing nonspeech sounds in the MEG scanner did show signs 

of learning in the form improved and eventually plateaued accuracy (Figure 4.1A, p=3.435e-10) 

and consistency (Figure 4.1B, p=6.039e-14), they never reached the level of accuracy (Figure 

4.2A) or consistency (Figure 4.2B) seen in the previous three experiments producing speech 

sounds. Accuracy and consistency for nonspeech sounds also plateaued later than the speech 
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tasks, not reaching the plateau (as defined as the point at which there was no significant 

difference from all following points) for reach accuracy until after the first 90 trials (Figure 

4.2A). The consistency plateau did not arrive until after the first 120 trials (Figure 4.2B).  

Despite the different final accuracies and plateaus seen in the different tasks, the rates of 

learning actually remained consistent across experiments (Figure 4.2C). This was determined by 

comparing the first 30-trial windows’ accuracy to the accuracy of the final 120 trials post-

training. There was no significant difference in percent learning between the psychophysics 

production of speech sounds in the touchscreen, the production of speech sounds in the MEG, 

and the production of nonspeech sounds in the MEG (p=0.5183). The differences in accuracy are 

due instead to lower initial accuracy in the first 30-trial window. 

 
Figure 4.1: Learning in the production of nonspeech sounds in the MEG. Improvement on the 
touchscreen-based complex tone production of the task, as indicated by (A) response accuracy 
over the course of 360 trials and (B) response consistency over the course of 360 trials. 
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Figure 4.2: Learning in the production of speech and nonspeech sounds in psychophysics, 
speech, and nonspeech MEG experiments. Improvement on the touchscreen-based vowel and 
complex tone production of the task over the course of 480 trials for the psychophysics 
experiments (blue), and 360 trials for the MEG speech (red) and nonspeech (yellow) 
experiments, as indicated by (A) response accuracy and (B) response consistency. (C) Indicates 
learning as percent accuracy improvement by the final 120 trials compared to the first 30 trials.  

4.4.2 Behavioral Results: Generalization 

As with the speech sounds in the MEG, we investigated the effect of training on trained, 

untrained, and novel test targets. As with the production of speech sounds, untrained and trained 

targets showed significant improvement over training (p=2.9637e-11 trained, p=0.0253 

untrained), with both trained and untrained targets plateauing only after only 30 trials of training 

(Figure 4.3A, blue—trained, red—untrained). Again, the plateau was less steep for the untrained 

targets than for the trained targets, with the first, pre-training untrained novel targets average 

accuracy proving significantly different from only 10 of the following 14 groups of untrained test 

target, with the difference between 4 of the test groups being below the p<0.05 threshold. This is 

in contrast to the trained test targets, where the first group of pre-training trained targets was 

significantly worse in accuracy than all following groups of trained test targets, indicating a 

steeper learning curve before the plateau. The novel test targets introduced during the final 120 

trials (after learning had occurred) had already plateaued at introduction, with none of the groups 

of test trials proving significantly different from any others (p=0.6177), indicating that there was 

no change in accuracy for these novel test trials 240, 270, 300, 330, or 360 trials into training 

(Figure 4.3A, yellow). Unlike in the speech production of the experiment, in which there was no 
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significant difference in the performance of the trained, untrained, and novel targets during the 

final 120 trials post-training, participants in this experiment showed significantly worse 

performance on the untrained targets compared to the trained or novel targets (p=0.0054). As a 

group, both trained (p=1.9201e-6) and untrained (p=0.0090) targets showed significant increases 

in accuracy from the initial test group to test groups during the final 120 trials of the experiment 

(Figure 4.3B).  

 
Figure 4.3: Accuracy in silent test trials for reaches to trained, untrained, and novel targets 
during the nonspeech MEG experiment. (A) Accuracy of trained (red), untrained (blue), and 
novel (yellow) test targets over the course of the experiment. (B) Left bars: accuracy for trained 
targets, prior to (blue) and following (yellow) training; middle bars: accuracy for untrained 
targets prior to (blue) and after (yellow) training; right bar: accuracy for novel targets after 
training. 

 Post-training performance of test targets in this experiment (“Nonspeech MEG”) was 

significantly lower (Figure 4.4A, p=4.9468 for one-way ANOVA with experiment as a factor) 

than either of the previous two production tasks: production of speech sounds without 

neuroimaging (“Psychophysics”, Chapter 2) and production of the speech sounds in the MEG 

(“Speech MEG”, Chapter 3). This was followed by speech sounds in the MEG, with the 

psychophysics performance being the highest accuracy. 
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 Despite the differences in test-trial accuracy across experiments, there was no significant 

difference in the accuracy of trained, untrained, or novel test targets. Trained, untrained, and 

novel targets across experiments showed no significant difference from each other (Figure 4.4B, 

p=0.8256 for one-way ANOVA with test trial type as a factor). This effect was strong enough 

that there remained no significant difference between the trained, untrained, and novel test 

targets post-training even when experimental type (psychophysics, production of speech sounds, 

and the production of nonspeech sounds) was added as a factor (p=0.6249 for two-way ANOVA 

with test trial type and experiment as factors). 

 
Figure 4.4: Accuracy in silent test trials for reaches to trained, untrained, and novel targets 
during the psychophysics generalization experiment, speech production MEG experiment, and 
nonspeech production MEG experiment. (A) Average accuracy for all post-training test targets 
(final 120 trials) for psychophysics generalization (left), speech production in the MEG (middle) 
and nonspeech production in the MEG (right). (B) Left bars: accuracy for trained (blue) and 
novel (yellow) test targets in the psychophysics generalization experiment; Middle bars: 
accuracy for trained (blue), untrained (teal), and novel (yellow) test targets in the speech MEG 
experiment; Right bars: accuracy for trained (blue), untrained (teal), and novel (yellow) test 
targets in the nonspeech MEG experiment. 

Improvements in accuracy in the nonspeech production of sounds in the MEG also hold 

for individual trained targets, with all trained targets showing significant improvement post-

training (p=0.0397 for tone1, 0.0037 for tone2, 3.7567e-4 for tone3). However, the untrained 
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targets, while significant as group, showed no significant individual improvement (p=0.0819 for 

tone4 and p=0.0593 for tone5) (Figure 4.5A).  

As with Figure 2.4B and Figure 3.4B, the distribution of responses in the production of 

nonspeech sounds across participants during the post-training test trials is shown in Figure 4.5B. 

The response distribution for each target is again represented by a one-standard-deviation ellipse 

oriented in the direction of maximal response variability. The overall decreased accuracy seen in 

this experiment is again visible by the highly overlapping distribution of responses. 

 

 
Figure 4.5: Mean accuracy for each target during silent test trials for nonspeech sounds 
produced in the MEG. A: Mean pre-training accuracy (blue) and post-training accuracy 
(yellow). B: Distribution of post-training responses (ellipses) relative to targets (*). The ellipses 
are centered on the average frequency1 and frequency2. The orientation of the ellipses 
correspond to the directions greatest variations in frequency1 and frequency2. 

 

4.4.3 Neuroimaging Results: Beta Band 

As in Chapter 3, over the course of training, participants experienced significant 

(p<0.0001) changes in neural activation in the beta band (12-30Hz). Recall that beta power 

decreases (blue) are associated with increased neural activity due to beta oscillations’ association 

with maintaining the default mode network. Early in the experiment (first 120 trials), there was 

significant beta power decreases over a widespread frontal, parietal, and occipital area (Figure 
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4.6, top). Over the course of the experiment, participants’ beta band power decreases receded to 

primarily parietal areas during response preparation relative to the stimulus (Figure 4.6A, 

middle). These losses (red) were especially noticeable in the anterior occipital and prefrontal 

areas (Figure 4.6, bottom), but did not compare with the magnitude or area of prefrontal/occipital 

decreases in beta power decreases seen in the production of speech sounds (Figure 4.8B). Indeed, 

during post-response, participants actually experienced frontal lobe increases in beta power 

decreases as participants listened to the auditory feedback to their reach (Figure 4.7B). These 

increases were highly left-lateralized and spanned much of the frontal lobe and eventually spread 

to parietal areas including primary motor and somatosensory areas. 
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Figure 4.6: Changes in beta power decreases over the course of training in the nonspeech MEG 
experiment. Top: Significant beta power deceases early in training (the first 120 trials). Middle: 
Significant beta power decreases during the final 120 trials of training. (A) corresponds to early 
in response preparation, while (B) is following participant responses. Bottom: The difference 
between the final 120 trials and the first 120 trials, including less beta power decreases (red) 
and increased (blue) beta power decreases following participant response. 
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Figure 4.7: Significant changes in beta power decreases pre-response for the first 120 trials 
(top), final 120 trials (middle) and the difference between the last and first 120 trials (bottom), 
indicating areas of decreased (red) and increased (blue) beta power decreases over the course of 
training for speech (A) and nonspeech (B) sound production post-response in the MEG 
experiment. (C) shows the difference between acquired beta power over the course of learning 
between speech (top) and nonspeech (middle) tasks, effectively showing areas where there were 
higher post-learning gains in beta power decreases in speech than nonspeech (blue) and higher 
gains in beta power decreases in nonspeech than speech (red) over the course of training 
(bottom). 
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Local Maxima for Nonspeech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Beta (12-30Hz) 
Pre-Response 

     Region 
 

x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -40 60 0 -50ms -2.84 

 
Left Superior Frontal Gyrus -25 70 -15 150ms -4.25 

 
Left Inferior Frontal Gyrus -50 60 -10 350ms -5.06 

  
-50 60 -10 450ms -5.09 

       
 

Left Middle Frontal Gyrus -30 20 65 350ms -3.93 

       
 

Right Superior Frontal Gyrus 35 50 20 -850ms 2.75 

  
25 65 -15 -650ms 3.57 

  
25 70 -15 -550ms 4.21 

  
25 70 -15 -450ms 3.96 

       
 

Left Inferior Parietal Lobule -40 -65 50 -850ms 2.26 

       
 

Right Angular Gyrus 55 -75 35 -850ms 3.59 

 
Right Middle Temporal Gyrus 60 -75 30 -650ms 4.50 

 
Right Middle Occipital Gyrus 60 -75 5 -450ms 3.53 

       
 

Left Cuneus -15 -85 45 -250ms 2.92 

  
-10 -80 45 -50ms 2.93 

  
-10 -75 45 150ms 2.27 

 
Left Precuneus -10 -75 50 250ms 2.46 

Table 4.1: The MNI coordinates for the activations seen in Figure 4.6.  

	
Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Beta (12-30Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Inferior Frontal Gyrus -55 10 25 -50ms -3.42 

  
-55 10 25 150ms -4.27 

  
-55 10 25 250ms -4.59 

  
-55 10 25 350ms -4.17 

       
 

Left Middle Frontal Gyrus -30 55 -20 -50ms 3.35 

  
-35 60 -20 -650ms 5.23 

       
 

Right Superior Frontal Gyrus 20 70 -20 -50ms 4.40 

  
30 70 -15 -150ms 2.71 
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Region  x y z Time Activation Intensity 

 
Right Middle Frontal Gyrus 40 55 -20 -800ms 5.41 

       
 

Left Postcentral Gyrus -30 -25 85 -50ms -3.52 

  
-40 -24 68 150ms -3.59 

 
Left Precentral Gyrus -30 -15 85 350ms -4.70 

  
-30 -15 85 450ms -4.87 

       
 

Right Precentral Gyrus 60 0 5 150ms -3.00 

 
Right Superior Frontal Gyrus 65 0 0 350ms -2.85 

 
Right Postcentral Gyrus 60 -20 35 350ms -2.63 

 
Right Superior Temporal Gyrus 60 0 0 250ms -3.23 

 
Right Precentral Gyrus 60 0 5 250ms -3.13 

 
Right Superior Temporal Gyrus 65 0 0 350ms -2.85 

 
Right Inferior Parietal Lobule 60 -25 50 450ms -3.17 

       
 

Right Lingual Gyrus 15 -70 5 -50ms 5.48 

 
Right Middle Occipital Gyrus 35 -94 18 150ms 4.85 

 
Right Lingual Gyrus 10 -75 5 350ms 6.58 

  
10 -75 5 450ms 7.13 

       Local Maxima for Nonspeech Sound Production (Final 120 trials - First 120 trials) 
Pre-Response 
Frequency Band: Beta (12-30Hz) 

     Region 
 

x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -40 60 0 -50ms -2.84 

 
Left Superior Frontal Gyrus -25 70 -15 150ms -4.25 

 
Left Inferior Frontal Gyrus -50 60 -10 350ms -5.06 

  
-50 60 -10 450ms -5.09 

       
 

Left Cuneus -15 -85 45 -250ms 2.92 

  
-10 -80 45 -50ms 2.93 

  
-10 -75 45 150ms 2.27 

 
Left Precuneus -10 -75 50 250ms 2.46 

       Local Maxima for Speech (Final 120 trials - Last 120 trials) - Nonspeech Sound Production 
(Final 120 trials - First 120 trials) 
Pre-Response 
Frequency Band: Beta (12-30Hz) 

     Region 
 

x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -35 60 -20 -50ms 4.27 

 
Left Superior Frontal Gyrus -25 65 -20 150ms 4.78 

  
-25 65 -20 350ms 3.71 
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Region 
 

x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -25 45 30 -150ms 2.97 

  
-30 50 30 -50ms 2.5 

  
-30 52 32 150ms 2.7 

  
-40 35 30 350ms 2.18 

       
 

Left Inferior Parietal Lobule -45 -45 45 150ms -2.12 

 
Left Supramarginal Gyrus -40 -45 40 350ms -2.55 

  
-40 -45 40 450ms -2.77 

        Left Superior Parietal Lobule -30 -65 60 150ms -2.08 
 

 
-35 -65 60 350ms -2.26 

Table 4.2: The MNI coordinates for the activations seen in Figure 4.7. 

In addition to comparatively less prefrontal and occipital changes compared to the 

analogous task for producing speech sounds, the production of nonspeech sounds showed 

significantly less left-hemisphere primary motor and primary and secondary sensorimotor 

activation than the speech task (Figure 4.7C). 

 

4.4.4 Neuroimaging Results: Gamma Bands 

In addition to the reduced or absent prefrontal and occipital decreases and parietal 

increases over the course of training in beta power decreases, the nonspeech experiment also 

differed significantly from the speech sound production in high gamma (65-90Hz) and ultra high 

gamma (90-115Hz) oscillations. 

 The acquired high gamma gains over the course of training seen bilaterally in the IFG 

during the speech task (Figure 4.8A), for instance, are completely absent in the nonspeech 

experiment (Figure 4.8B). In contrast, there are right-hemisphere supramarginal gyrus and 

superior temporal gyrus gains that are present in the nonspeech performance of the task but are 

relegated to the left hemisphere in the speech version of the task (Figure 3.8). A similar 

phenomenon occurs with superior temporal gains over training, present, if briefly, in the left 
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hemisphere of speech participants in ultra high gamma (Figure 3.8) and appearing in the right 

hemisphere in the nonspeech task in high gamma (Figure 4.8B). 

 
Figure 4.8: Significant changes in pre-response high gamma power over the course of training 
in for speech (A) and nonspeech (B) MEG experiments. Includes significant high gamma power 
for the first 120 trials (top), final 120 trials (middle) and the difference between the last and first 
120 trials (bottom), indicating areas of increased (red) and decreased (blue) high gamma power 
over the course of training. C: The difference (bottom) between acquired high gamma power 
over the course of learning between speech (top) and nonspeech (middle) tasks, effectively 
showing areas where there were higher post-learning gamma power gains in speech than 
nonspeech (red) and higher post-learning high gamma gains in nonspeech than speech (blue) 
over the course of training (bottom). 
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Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: High Gamma (65-90Hz) 
Region 

 
x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -56 30 22 -125ms 3.19 

  
-60 25 25 -25ms 2.81 

  
-55 30 20 75ms 3.62 

      
0 

 
Right Inferior Frontal Gyrus 45 20 15 -225ms 2.34 

 
Right Precentral Gyrus 45 5 10 -125ms 3.39 

 
Right Postcentral Gyrus 45 5 10 -75ms 4.84 

 
Right Precentral Gyrus 55 0 10 -25ms 3.8 

      
0 

 
Left Postcentral Gyrus -65 -20 37 -125ms 2.16 

  
-65 -24 44 75ms 2.73 

      
0 

 
Left Superior Temporal Gyrus -65 -25 10 -725ms 3.01 

  
-70 -25 15 -225ms 2.91 

      
0 

 
Right Cuneus 25 -91 30 -475ms 3.66 

  
29 -83 30 -225ms 2.93 

Local Maxima for Nonspeech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: High Gamma (65-90Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Superior Frontal Gyrus -25 65 16 -25ms 2.83 

      
0 

 
Left Inferior Parietal Lobule -45 -60 55 -225ms -3.31 

      
0 

 
Right Postcentral Gyrus 75 -20 20 -225ms 2.67 

 
Right Superior Temporal Gyrus 75 -45 5 -125ms 3.23 

      
0 

 
Left Middle Temporal Gyrus -50 -85 25 -125ms -2.87 

      
0 

 
Right Middle Temporal Gyrus 60 10 -25 -225ms 2.94 

      
0 

 
Left Middle Occipital Gyrus -50 -80 0 -125ms -2.97 

  
-60 -75 0 -25ms -3.74 

      
0 

 
Right Inferior Occipital Gyrus 45 -95 -5 -225ms -3.6 

  
40 -90 -10 -125ms -3.16 

  
45 -95 -5 -25ms -2.75 
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Region 
 

x y z Time Activation Intensity 

 
Right Superior Occipital Gyrus 45 -85 35 -225ms -2.23 

  
40 -85 35 -125ms -2.77 

 
Right Cuneus 35 -85 40 -25ms -3.37 

       Local Maxima for Speech (Final 120 trials - Last 120 trials) - Nonspeech Sound Production 
(Final 120 trials - First 120 trials) 
Frequency Band: High Gamma (65-90Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Inferior Frontal Gyrus -60 25 20 -125ms 2.82 

  
-60 25 20 -25ms 3.32 

       
 

Left Middle Frontal Gyrus -30 45 -5 -225ms -2.62 

 
Left Superior Frontal Gyrus -25 50 20 -25ms -3.29 

       
 

Right Inferior Frontal Gyrus 45 15 15 -225ms 2.79 

  
45 10 20 -125ms 2.92 

 
Right Superior Temporal Gyrus 55 -10 5 -25ms 2.22 

       
 

Left Postcentral Gyrus -70 -25 20 -225ms 2.98 

  
-60 -20 48 -125ms 3.42 

  
-63 -23 45 -25ms 2.57 

       
 

Left Angular Gyrus -50 -70 45 -225ms 3.84 

 
Left Middle Occipital Gyrus -50 -80 20 -125ms 3.26 

       
 

Right Superior Temporal Gyrus 75 -45 5 -125ms -3.52 

       
 

Right Cuneus 35 -85 45 -225ms 4.21 

 
Right Superior Occipital Gyrus 40 -85 40 -125ms 3.64 

 
Right Cuneus 35 -90 35 -25ms 5.36 

Table 4.3: The MNI coordinates for the activations seen in Figure 4.8. 

In the ultra high gamma band, there is not only the aforementioned absence of the 

increased supramarginal activity seen in the speech task (Figure 4.9A), but rather broad temporal 

and frontal suppression (Figure 4.9B). 
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Figure 4.9: Significant changes in pre-response ultra high gamma power over the course of 
training in for speech (A) and nonspeech (B) MEG experiments. Includes significant ultra high 
gamma power for the first 120 trials (top), final 120 trials (middle) and the difference between 
the last and first 120 trials (bottom), indicating areas of increased (red) and decreased (blue) 
ultra high gamma power over the course of training. C: The difference (bottom) between 
acquired ultra high power over the course of learning between speech (top) and nonspeech 
(middle) tasks, effectively showing areas where there were higher post-learning ultra high 
gamma power gains in speech than nonspeech (red) and higher ultra high gamma gains in 
nonspeech than speech (blue) over the course of training (bottom). 

	
Local Maxima for Speech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Ultra High Gamma (90-115Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Superior Frontal Gyrus -5 35 55 -425ms 3.12 

  
-8 32 58 -375ms 2.85 

  
-10 35 55 -325ms 2.76 

       
 

Left Precentral Gyrus -30 -5 75 -325ms 2.93 

  
-34 -10 67 -225ms 2.28 

 
Left Postcentral Gyrus -25 -35 60 -125ms 3.27 

 
Left Precentral Gyrus -20 -11 74 -25ms 3.12 

       
 

Right Postcentral Gyrus 30 -25 85 -325ms -3.02 

  
25 -40 70 -225ms -5 

  
25 -35 75 -125ms 

 
       
 

Left Angular Gyrus -41 -73 41 -675ms 2.58 

 
Left Supramarginal Gyrus -59 -57 37 -425ms 2.59 

 
Left Middle Temporal Gyrus -55 -71 36 -125ms 3.19 

 
Left Inferior Parietal Lobule -65 -25 35 -25ms 2.29 
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Region  x y z Time Activation Intensity 

 
Left Superior Temporal Gyrus -55 -40 20 -25ms 2.14 

       
 

Left Supramarginal Gyrus -60 -55 40 -425ms 2.76 

 
Left Superior Temporal Gyrus -69 -37 10 -325ms 2.66 

       

 

Right Superior Temporal 
Gyrus 65 -15 -5 -425ms -3.09 

  
65 -20 0 -375ms -3.56 

  
65 -20 5 -325ms -3.51 

 
Right Superior Frontal Gyrus 65 -20 0 -225ms -1.98 

 
Right Middle Temporal Gyrus 70 -35 -5 -125ms -3.11 

  
70 -35 0 -25ms -2.45 

       Local Maxima for Nonspeech Sound Production (Final 120 trials - First 120 trials) 
Frequency Band: Ultra High Gamma (90-115Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Left Middle Frontal Gyrus -50 55 10 -425ms -2.67 

 
Left Inferior Frontal Gyrus -55 55 -5 -325ms -3.49 

 
Left Middle Frontal Gyrus -45 45 15 -125ms -2.29 

       
 

Left Middle Frontal Gyrus -45 10 55 -425ms -2.66 

       
 

Right Middle Frontal Gyrus 55 35 20 -425ms -3.79 

  
60 40 25 -325ms -3.17 

  
55 45 10 -225ms -2.76 

 
Right Inferior Frontal Gyrus 45 30 10 -125ms -2.58 

       
 

Left Precentral Gyrus -40 -5 50 -125ms -2.21 

       
 

Left Inferior Frontal Gyrus -50 -35 60 -424ms -2.64 

       
 

Right Inferior Parietal Lobule 55 -30 35 -425ms -3.65 

  
45 -20 25 -125ms -4.04 

       
 

Left Middle Temporal Gyrus -55 0 -40 -425ms -3.03 

  
-60 0 -35 -325ms -2.67 

       
 

Left Middle Temporal Gyrus -50 -40 5 -425ms -2.65 

 
Left Superior Temporal Gyrus -50 -30 10 -325ms -2.56 

  
-55 -35 10 -225ms -2.74 

  
-55 -35 10 -25ms -2.87 
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       Local Maxima for Speech (Final 120 trials - Last 120 trials) - Nonspeech Sound 
Production (Final 120 trials - First 120 trials) 
Frequency Band: Ultra High Gamma (90-115Hz) 
Pre-Response 
Region 

 
x y z Time Activation Intensity 

 
Right Middle Frontal Gyrus 45 35 40 -425ms 2.9 

  
45 40 40 -325ms 3.42 

  
50 10 55 -225ms 2.71 

  
55 35 30 -125ms 3.59 

       
 

Left Postcentral Gyrus -45 -20 65 -425ms 2.29 

 
Left Precentral Gyrus -35 -15 80 -325ms 2.76 

  
-45 -5 65 -225ms 3.15 

 
Left Postcentral Gyrus -35 -40 70 -125ms 3.24 

 
Left Precentral Gyrus -30 -20 55 -25ms 2.24 

       
 

Inferior Parietal Lobule 65 -25 50 -425ms 3.12 

       

 

Right Superior Parietal 
Lobule 30 -55 65 -425ms -2.47 

 
Right Postcentral Gyrus 20 -45 65 -225ms -3.04 

 
RightPrecuneus 20 -45 55 -175ms -3.71 

  
20 -45 45 -125ms -2.61 

       
 

Left Supramarginal Gyrus -60 -64 40 -425ms 3.13 

 
Left Middle Temporal Gyrus -55 -75 30 -125ms 3.08 

       
 

Left Middle Temporal Gyrus -70 -35 0 -425ms 2.93 

 
Left Superior Temporal Gyrus -70 -40 10 -325ms 3.75 

  
-65 -50 20 -225ms 2.58 

  
-70 -40 10 -125ms 2.65 

  
-55 -35 15 -25ms 3.07 

       
 

Superior Temporal Gyrus 75 -15 5 -325ms -3.68 

 
Middle Temporal Gyrus 75 -30 -15 -125ms -3.57 

 
Superior Frontal Gyrus 75 -35 5 -25ms -2.71 

Table 4.4: The MNI coordinates for the activations seen in Figure 4.9. 
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4.5 Discussion 

The purpose of the experiment was to determine which characteristics of the previous 

chapter applied generally to audiomotor map learning tasks across environments and which were 

particular to the production of speech sounds. Participants performing this nonspeech experiment 

displayed lower levels of accuracy and consistency, as well as more limited generalization. 

However, participants did display evidence of learning nonetheless. There were additional neural 

differences between the production of speech and nonspeech sounds. Taken together, this 

indicates fundamental differences between the nature of developing speech and nonspeech 

audiomotor maps. 

 

4.5.1 Development of the Audiomotor Map: Behavioral Validation 

Previous experiments training participants to produce speech sounds with the touchscreen 

indicate rapid, consistent development of an adaptable, generalizable map. In the case of the 

nonspeech audiomotor map, participants displayed worse accuracy (Figure 4.2A) and 

consistency (Figure 4.2B) than either of the previous speech sound production experiments. This 

culminated in a significantly lower post-training performance on test trials than those seen in 

either of the previous two chapters (Figure 4.4), despite the experimental design for this task 

being explicitly designed to be identical to the task described in Chapter 3 with the exception of 

auditory targets and feedback. This would seemingly imply an impeded learning process in the 

nonspeech production of sounds relative to the production of speech sounds, lending credence to 

the theory that in producing speech sounds, participants rely at least in part on the existing 

speech production network used in vocal speech, lending an added advantage in rapid learning. 

This theory, however, is complicated by the observation that participants’ ability to learn 
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nonspeech targets is not necessarily the result of an incomplete learning curve. Participants 

performing the nonspeech production task showed the same level of improvement relative to 

their initial 30 responses, but rather suffered worse accuracy in the initial 30 trials (Figure 4.2C). 

As the experimental targets are located in precisely the same physical locations as in the speech 

sounds experiment described in the previous chapter, accuracy discrepancies are unlikely to be a 

function of target location, reach kinematics, or motor difficulty. Instead, there was something 

fundamentally different about the performance of those first 30 trials between speech and 

nonspeech targets. One explanation might be that participants were less able to perceive 

differences in complex tones in the same way that they might perceive vowel boundaries. Wong 

& Perrachione, 2007 attempted to train native English speakers to assign lexical meaning to a 

unfamiliar psuedowords consisting of three Manderin tones. They found that participants' ability 

to distinguish between nonlexical pitch patterns predicted their later ability to learn lexical 

associations from tonal combinations. The extent to how clearly participants in our experiment 

are capable of distinguishing or categorizing these complex tones when they appear in auditory 

endpoint feedback is unclear. There should not be significant perceptual limits, as the “just 

noticeable difference” between which healthy adults can distinguish tones in this frequency 

range is around 3Hz (Shower & Biddulph, 1931; Wever & Wedell, 1941), well within the 

accuracy range participants displayed for each target. However, when combining two tones as in 

this experiment, Hellman, 1985 determined that two tones summed together were perceived as 

louder and with a higher level of “annoyance” if the component frequencies were further apart. 

This could enhance the perception of some feedback responses over others. However, neither of 

these factors provides explanation for why the performance as a whole was worse for the 

nonspeech production of sounds compared to the speech production of sounds.  



	 92	

I propose that one possible explanation is the presence of categorical boundaries in 

speech absent in complex tones. Whereas vowel sounds have well-developed (Gerstman, 1968; 

Kewley‐Port & Watson, 1994), language-specific (Larson, Terry, Canevari, & Stepp, 2013; 

Werker, Gilbert, Humphrey, & Tees, 2016; Werker & Tees, 1984), and individualized (Kewley‐

Port & Watson, 1994) categorical boundaries, these are not present in the infrequently-heard 

summation of two sinusoids. This may result in participants being unable to quickly hone in to 

correct “categories” of the screen or to quickly eliminate wide areas as being associated with 

incorrect auditory feedback. Another explanation for this difference might be lack of exposure to 

the nonspeech sounds relative to speech sounds. This would prevent participants from having the 

same opportunity to develop an intuitive relationship between the tones. Such exposure to 

producing vowels may have allowed for an implicit mapping between vocal and touchscreen-

based productions of the same vowels (see Chapter 2 discussion). However, no such vocal 

production is possible for the nonspeech sounds, indicating that there was no existing production 

mapping for the touchscreen-based production of nonspeech sounds to relate to. This could 

account for the lower accuracy and consistency in the nonspeech task in the first trials of the 

experiment compared to other tasks. Whatever the reason may be, this distinction presented early 

enough that it lead to tangible accuracy differences within a mere 30 trials.  

 

4.5.2 Development of the Audiomotor Map: Generalization 

In addition to worse accuracy and consistency in the nonspeech production task 

compared to the speech production tasks, there was more limited generalization of trained targets 

to untrained targets in the nonspeech condition. The lower performance in trained, untrained, and 

novel test targets compared to previous experiments could be accounted for by the overall worse 
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accuracy throughout the nonspeech production experiment; a less well-developed audiomotor 

map would clearly result in lower accuracy on untrained and novel targets regardless of the level 

of generalization. However, it is more telling is that, unlike in the speech production MEG 

experiment, participants in the nonspeech task showed a significantly worse performance on the 

untrained targets than the trained targets. The individual untrained targets failed to show 

significant improvement even from their initial, pre-training performance. This comparative 

performance of trained and untrained test targets cannot be explained by overall poorer accuracy 

in the same way; rather they are surer indicators of a lack of or less complete degree of 

generalization. Improved performance on some trained nonspeech targets did not necessarily 

lead to improved performance on other targets. Recall our original theory (Chapter 2) for the 

cause of generalization in the production of speech sounds without the vocal tract: 

One possibility is that participants relied on existing mappings between tongue 

position and vowel sound production and between fingertip location and a two-

dimensional surface positions. If the participants are utilizing existing knowledge 

of the relationship between different vowels’ productions, learning a few vowels 

might enhance their ability to find novel vowel targets. In other words, they might 

be able to apply training on some touchscreen-produced vowels to other, 

untrained touchscreen-produced vowels by generalizing the known relationships 

between vocal vowel productions to a new production space (p.25). 

If the ability of the earlier experiments to generalize or partially generalize to untrained and 

novel targets is indeed reliant on an internal connection between vocal tract vowel production 

and reach-to-vowel production, this could account for the limited or absent level of 

generalization in the nonspeech production task, where participants had no such existing 
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production knowledge to rely on. It may be that participants could not generalize to untrained 

targets in the speech task because they had no intuition of producing sounds that they had never 

produced before, vocally or otherwise. 

 
 

4.5.3 Neural Indication of Learning: Frontal and Occipital Decreases 

Recall, the speech production of sounds using the touchscreen were marked with high-

powered decreases in the prefrontal and occipital lobes over the course of training, possible 

hallmarks of a transition from treating the target-matching speech sound production task as an 

exercise in visualization and working memory to a well-developed motor routine. The nonspeech 

production of sounds also saw changes in the beta power decreases in the occipital lobe during 

both stimulus presentation and response preparation over the course of the experiment, albeit to a 

much lessealr degree. Again we hypothesize that this is likely a result of participants 

transitioning from visualizing the touchscreen space in attempt to develop and retain a spatial 

location-to-motor output to having a well-developed audiomotor map. However, in both of these 

cases, after the location-to-sound map was more developed, this occipital activation was no 

longer necessary and was instead replaced by improved motor memory in the place of visual 

memory and associated gains in the motor cortex (Figure 4.9). The activation decreases were 

much more prominent in the speech production of the task than the nonspeech production of the 

task. It is not an unreasonable leap to associate these lesser decreases in the occipital lobe with 

the less accurate and consistent performance during the nonspeech task. After all, the greater 

occipital decreases in beta power decreases in the speech task is a function, not of the lower 

initial beta power decreases in the nonspeech task, but higher post-training beta power decreases. 

This indicates that while participants in the speech experiment seem to have more fully 
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transitioned to performing a procedural motor task, participants of the nonspeech experiment 

were still relying more heavily on the occipital lobe throughout the whole experiment. 

The speech and nonspeech tasks also differ in the use of the frontal lobe throughout the 

experiment. Like the occipital lobe, in the speech task there is a shift away from prefrontal 

activation over the course of training, effectively being replaced by gains in beta power 

decreases in the motor and sensorimotor cortices (Figure 3.6) and the inferior frontal gyrus 

(Figure 3.7). In the nonspeech task, however, there are significantly fewer beta power decreases 

in the frontal lobe (Figure 4.7A), and even increased frontal beta power decreases following 

participants’ response (Figure 4.7B). This lack of decreased frontal lobe reliance could have 

multiple behavioral corollaries, including worsened accuracy and less consistent presence of 

generalization. We suggest that the increased reliance on the frontal lobe in the nonspeech task 

relative to the speech task, coupled with the lesser occipital activation decreases, could be tied to 

the fact that nonspeech production does not have the language network to fall back on and does 

not complete the transition from a working memory visualization task to a procedural motor task.  

 
 

4.5.4 Neural Indication of Learning: Motor and Sensorimotor Increases 

Given there were behavioral increases in accuracy and consistency and (admittedly less) 

frontal and parietal beta power decreases, there is evidence of a transition away from treating the 

task as working memory task. Indeed, the primarily right-lateralized parietal decreased power 

decreases seen early in response preparation are similar to the fMRI activation seen in healthy 

controls performing a visuomotor working memory task (Olesen, Westerberg, & Klingberg, 

2004). However, motor and sensorimotor gains never seemed to have materialized to the same 

extent as in the speech task to complete the transition. 
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 Both speech and nonspeech production of sounds via the touchscreen showed increased 

left-hemisphere beta power decreases over the course of task training. At first appearance, the 

significant gains in the motor and sensorimotor cortices immediately post-response are much 

more developed in the speech task, likely relating to participants being able to learn that map 

both more rapidly and to a higher decree of accuracy and consistency compared to the nonspeech 

task (Figure 4.2). There are developed motor activations dorsally in the in the nonspeech task, 

while there lacks significant activation in more ventral areas of the motor strip that could be 

related to vocal productions of speech. However, an unpaired t-test comparing the differences 

between the post- and pre-training for each subject in the speech and nonspeech conditions, 

effectively finding the areas where participants in the two experiments developed differently 

over the course of learning (Figure 4.7C) revealed that the most significant changes were 

actually not in motor areas, but in the inferior parietal lobule and the supramarginal gyrus. 

Increased activation (or more precisely increased deactivation of the default mode network) in 

the speech task compared to the nonspeech task lends more evidence to the theory that 

participants neurally distinguished between the speech and nonspeech maps and incorporated the 

speech network in the speech production of the task but not the nonspeech task. Increased 

activation in this area in speech compared to nonspeech aligns with previous neuroimaging 

research, which found a focus of activation in the left supramarginal gyrus when participants 

passively listened to syllables as opposed to tones (Celsis et al., 1999).  

These differences and relative similarities in the beta band reinforce the basic tenant that 

participants from both speech and nonspeech experiments displayed indicators of audiomotor 

map development as evidenced by decreased occipital reliance (Figure 3.5, Figure 4.7) and 

increased motor development over the course of training (Figure 3.6, Figure 4.8) for both map-
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learning tasks. However, there were significant differences including less occipital deactivation 

during response preparation and less supramarginal and inferior parietal lobule activation during 

the auditory feedback to each reach in the nonspeech condition. 

 

4.5.5 Neural Indication of Learning: Inferior Frontal Gyrus 

While bilateral inferior frontal gyrus activation during response preparation was acquired 

over the course of training in the production of speech sounds (Figure 4.8A), these acquired 

gains were completely absent in the nonspeech condition (Figure 4.8B). This further supports the 

assertion that participants performing the speech production experiment rely on existing 

language networks, including traditional speech production areas such as the inferior frontal 

gyrus, to develop a novel audiomotor map to produce speech sounds with the touchscreen. In 

(Zatorre, Evans, Meyer, & Gjedde, 1992), participants saw increased activation in the inferior 

frontal gyrus when listening to speech as opposed to listening to noise bursts. As participants of 

the nonspeech production task do not have an existing, well-developed production (or even 

perception) network to rely on, it is unsurprising that left inferior frontal gyrus activation pre-

response remains absent or reduced throughout the course of developing a novel, nonspeech 

audiomotor map. 

 

4.5.6 Neural Indication of Learning: Supramarginal Increases 

While we previously established left-hemisphere posterior temporal increases in the 

production of speech sounds (Figure 3.8), the converse is completely untrue: during the 

nonspeech task, there were no acquired left-hemisphere posterior temporal high gamma 

activations, only transient right-hemisphere high gamma supramarginal increases. This 
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strengthens the claim that the high and ultra high gamma posterior temporal activations are 

associated with sensory preparation to produce speech sounds, as they are acquired in the 

preparation to produce speech sounds but notably absent or even decreased in nonspeech sound 

production, presumably because there is no speech to perceive. This is the case in syllable and 

tone detection tasks: participants showed activations in the left inferior supramarginal gyrus in 

the syllable discrimination task, but not in the tone equivalent task (Celsis et al., 1999). These 

comparisons are all the more interesting because these activations take place when no speech 

stimulus is even playing. We put forth that participants are either continuing to perceive the 

speech target in order to attempt to guide their reach or else perceiving the reach that they are 

preparing to produce. Due to the lack of post-auditory feedback-induced suppression, which 

would imply a successful prediction comparison to the resulting feedback and is seen in speech 

(Baess, Horváth, Jacobsen, & Schröger, 2011; Chang, Niziolek, Knight, Nagarajan, & Houde, 

2013; Niziolek, Nagarajan, & Houde, 2013) and well-characterized, self-produced tones (Aliu, 

Houde, & Nagarajan, 2009; Martikainen, Kaneko, & Hari, 2005), I would be inclined to propose 

the former explanation. 

 

4.5.7 Experimental Caveats and Considerations 

This experiment sought to identify and parse differences between speech and nonspeech 

sound productions in otherwise identical experimental conditions. Many statistically significant 

differences were observed in both behavioral performance and neural response. Nevertheless, 

there are still questions left unanswered and much room for future study. 

Future experiments should seek to quantify participants’ ability to distinguish and 

categorize both speech and nonspeech sounds. While participants with English as a first language 
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were recruited in order to narrow variation in the perception of the vowels on the touchscreen, 

perceptual categorical boundaries between vowels can vary widely from person to person. It 

would have been beneficial to collect a perceptual vowel boundary assessment on these 

participants. We hypothesize that accuracy on one or both of the speech tasks discussed in this 

dissertation may have been limited by vowel perception and suggest that participants with wider 

vowel categories might have worse accuracy on the task. Additionally, it would be ideal to 

collect speaker’s mean production of the target vowels. If participants truly rely on the language 

network to produce speech sounds, I hypothesize that participants with median productions 

closest to the vowel targets selected would reproduce these vowels more accurately using the 

touchscreen. Further, I hypothesize that participants would tend to err in the direction of their 

own median vocal production. 

This categorization effect, however, might not affect the nonspeech task in the same way. 

With no recognizable classifications with which to characterize the summed tones, it would be 

difficult to determine distinct categorical boundaries in the same way as in vowels. Instead, a 

complex tone discrimination task might have been helpful to ensure that the resolution of 

auditory distinction was high enough that it was not the limiting factor for reach accuracy. 

 One difficulty particular to the nonspeech portion of the experiment was the layout of the 

screen itself. Unlike in the speech condition, the x and y frequencies are commutative. Therefore 

there is therefore a small area in the bottom-left corner where the frequency1 and frequency2 

ranges overlap, meaning that there are multiple locations within that screen area that could 

produce the same sound. Fortunately, it is a small region including no targets nor the most 

common responses for any of the targets (Figure 4.5). 
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4.6 Conclusions and Future Directions 

The focus of this chapter was to determine commonalities and differences between the 

production of speech and nonspeech sounds using a touchscreen. We sought to determine which 

of the previously noted characteristics were specific to speech production and which were a 

function of learning an audiomotor map in general. We did this by producing a task identical to 

the speech production without the vocal tract task except for producing instead complex tones of 

two summed sinusoids with frequencies dependent on x and y touch location. We then compared 

behavioral and neural results from this nonspeech production to the behavioral and neural 

activations present in the speech sound conditions. While participants were still capable of 

improving to a plateau in both accuracy and consistency, they performed significantly worse than 

on the speech variant of the experiment and showed only limited generalization. Apart from the 

reduced behavioral performance, there were different neural activations in the speech and 

nonspeech tasks, emphasizing decreased or more right-lateralized activation in speech-associated 

areas such as the supramarginal gyrus and inferior frontal gyrus. These results further support the 

theory of reliance on existing speech production networks used in vocal speech to produce 

speech sounds with the touchscreen but not in the production of nonspeech sounds.  

Future experiments with this platform will seek to characterize more specifically the 

development of the audiomotor map, including differing performances on the nonspeech map 

from trained musicians and speakers of tonal languages such as Mandarin Chinese.  
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Chapter 5: Conclusion 

5.1 Overview 

This dissertation served as a summation of our research into the production of speech and 

nonspeech sounds without the use of the vocal tract. Even deprived of the sensory feedback the 

vocal tract usually provides during the production of speech sounds, there is evidence that 

healthy adults were able to rapidly develop an internal audiomotor map allowing them to connect 

reach location to the resulting auditory feedback. Participants demonstrated rapid, robust 

increases in both accuracy and consistency as a function of training. This training generalized 

partially or completely to improved performance on untrained and novel test targets performed in 

the absence of auditory endpoint feedback. Like in vocal speech, participants demonstrated 

partial compensation in response to formant-shifted auditory feedback. Finally, participants 

showed significant increases in neural activity in a number of brain regions associated with 

speech motor control, including both dorsal and ventral motor and sensory areas, in the inferior 

frontal gyrus and posterior temporal-parietal areas including the angular and supramarginal gyri 

acquired over the course of training. As more evidence in the favor of reliance upon existing 

vocal speech production networks to produce speech sounds in this novel platform, these areas 

showed decreased or no activation in the touchscreen-based production of nonspeech sounds. 

 

5.2 Future Directions 

One of the greater contributions of this dissertation was the introduction of a flexible, 

programmable platform allowing speech sound production using a motor system generally not 

used for that purpose. As such, there are many more experiments with this platform that would 

help clarify and expand upon the research discussed in this dissertation.  
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5.2.1 Touchscreen modifications 

The current touchscreen platform allows for great variation in the F1 and F2 formants and 

the associated vowels that are produced. However, it loses some of the higher-order and personal 

dimensions of speech. In particular, we would like to apply future modifications to the 

touchscreen allowing for the production of variable-length vowels that require continued contact 

with the touchscreen for continued vocalization. This would not only restore more personal 

variation of speech, it would provide a better approximation of vocal speech by requiring 

continuous motor output to produce sound. Additionally, participants could vary the vowel 

feedback by with continuously updated auditory feedback in response to changing touch 

location. This would restore the dynamic vowel production seen in vocal speech and give us the 

ability to investigate such phenomena as centering: the correction of initial production errors by 

moving towards speakers’ median production of a vowel (Niziolek, Nagarajan, & Houde, 2013). 

Another modification that would allow for a closer approximation of vocal speech and 

open the platform up to more potential experiments would be consonant production. This would 

allow users to produce complete words and sentences. This is somewhat limited by the 

touchscreen’s two dimensions, but perhaps taking advantage of the touchscreen’s flexibility to 

recognize touch duration and double taps would allow participants to “toggle” between 

consonant and vowel productions.  

 

5.2.2 Audiomotor Map Development in Healthy Populations 

The experiments described in this dissertation served as a baseline means to characterize 

learning to produce speech and nonspeech sounds with the touchscreen in healthy adults. 
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Therefore, all participants were selected with the same arbitrary first language (English) to serve 

as relatively linguistically homogeneous population. However, vowel production and learning 

varies in speakers of different languages (Bradlow, 1993; Flege, 1987), second-language learners 

(Bohn & Flege, 1997; Ingram & Park, 1997), trained musicians (Amir, Amir, & Kishon-Rabin, 

2003; Nikjeh, Lister, & Frisch, 2009), and even across different accents of the same native 

language (Ferragne & Pellegrino, 2010; Yan, 2003). Future experiments should seek to 

investigate these variations as they apply to touchscreen-produced speech. In particular, we 

would like to investigate whether speakers of tonal languages such as Mandarin Chinese display 

faster learning in both the speech and nonspeech task. Given adult speakers’ difficulty 

distinguishing vowels in their nonnative language (Werker, Gilbert, Humphrey, & Tees, 2016; 

Werker & Tees, 1984), and neurological differences between Chinese and English speakers 

while discriminating between speech and nonspeech stimuli (Hsieh, Gandour, Wong, & 

Hutchins, 2001), we would like to investigate the extent that these characteristics are mirrored in 

touchscreen-based speech production by training speakers of both languages to produce speech 

and nonspeech targets in their native and nonnative language.  

 Given our theory that touchscreen-based production of speech sounds relies on existing 

speech production networks for producing vocal speech, it would be edifying to investigate the 

link, if any, between individual variation in vocal speech and touchscreen-based speech. More 

specifically, is there a correlation between individuals' vowel boundary categorization and their 

accuracy and consistency in touchscreen production of speech sounds? Do participants whose 

vocal median F1 and F2 production for the target vowels is closer to the touchscreen’s F1 and F2 

target display higher accuracy or more rapid learning? Do participants’ responses to synthesized 

targets veer towards the speaker’s own median vocal production for the vowel target? Would 
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individuals responding to written vowel targets learn to produce speech sounds with F1 and F2 

values that mimic their median vocal production? 

This task also failed to take into account the effect of musical training. Trained musicians 

have proved more adept at discriminating, identifying, and assigning lexical meaning to lexical 

tones from Mandarin Chinese (Alexander, Wong, Bradlow, & Il, 2005; Wong & Perrachione, 

2007). Musicians have been shown to be capable of detecting a wide variety of subtle variations 

in auditory stimuli and showed more motor activation when approached with a novel rhythmic 

sensorimotor task, as well as demonstrating a host of long-term neurological changes, 

summarized by (Münte, Altenmüller, & Jäncke, 2002). It follows that participants with extensive 

musical training might have a different neural and behavioral experience with regards to 

developing this audiomotor map. 

Finally, we would like to examine more thoroughly the robustness of the developed 

auditory map by removing feedback. Previous research has established that postlingual deafness 

allows speakers to remain intelligible for years but significantly changes their speech after many 

aspects of speech quickly degrade (Cowie & Douglas-Cowie, 1992; Waldstein, 1990). For 

obvious ethical and health reasons, causal research into postlingual deafness cannot be 

performed. However, determining the timescale and extent of loss of performance on this 

touchscreen-based modality might shed some light on the mechanisms behind postlingual 

production and the timescale of degradation in the absence of auditory feedback. 

 

5.2.3 Clinical Applications 

In addition to using this platform to help characterize healthy speech motor control in the 

absence of vocal tract sensory feedback, we wish to investigate the clinical impact of this 
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platform. One such example would be using the touchscreen to aid in diagnosing ambiguous 

speech disorders. For example, in primary progressive aphasia, diagnosis can be extremely 

difficult early in the disease’s progression, as the source of language impairment is often unclear 

in early stages. For instance, logopenic variants are thought to suffer from phonological 

impairments, while impairments in patients with the nonfluent variant are more motoric in nature 

(Bonner, Ash, & Grossman, 2010). However, the source of impaired speech is not always 

apparent from speech errors. 

The use of touchscreen-produced speech as a diagnostic metric could be extremely 

valuable, as participants with vocal motor-based impairments would likely perform much better 

on a vowel production task using a different motor system than participants with phonological 

impairments. Similar principles might apply to stroke patients with whom the extent of speech 

network damage is unclear. This could possibly lead to clearer diagnoses and more targeted 

therapy as a result. 

 Finally, this touchscreen could be used to restore quality of life for any number of 

individuals with motor production disorders. We have established that speech production is 

highly variable within individuals, and vocal production conveys much more information than 

lexical meaning alone (Johnstone & Scherer, 2000; Tartter, 1980). The touchscreen’s continuous 

and user-dependent production of variable vowels could restore some of the personalization of 

speech, giving patients their own voice. 

  These are but a few potential applications for this platform. The flexibility, imaging 

compatibility, and rapid training rate of this platform lends itself to a number of speech 

production experiments limited only by the imagination. 

  



	 109	

5.3 References 

Alexander, J. a, Wong, P. C. M., Bradlow, A. R., & Il, U. S. a. (2005). Lexical Tone Perception 

in Musicians and Non-musicians Department of Linguistics Department of Communication 

Sciences and Disorders Northwestern University Institute for Neuroscience. Methods, 397–

400. 

Amir, O., Amir, N., & Kishon-Rabin, L. (2003). The effect of superior auditory skills on vocal 

accuracy. The Journal of the Acoustical Society of America, 113(2), 1102–1108. 

https://doi.org/10.1121/1.1536632 

Bohn, O.-S., & Flege, J. E. (1997). Perception and production of a new vowel category by adult 

second language learners. In A. R. James & J. Leather (Eds.), Second-language Speech: 

Structure and Process (pp. 53–73). Walter de Gruyter. 

Bonner, M. F., Ash, S., & Grossman, M. (2010). The new classification of primary progressive 

aphasia into semantic, logopenic, or nonfluent/agrammatic variants. Current Neurology and 

Neuroscience Reports, 10(6), 484–490. https://doi.org/10.1007/s11910-010-0140-4 

Bradlow, A. R. (1993). A cross-language comparison of vowel production and perception: 

language- specific and universal aspects*. Working Papers of the Cornell Phonetics 

Laboratory. 

Cowie, R., & Douglas-Cowie, E. (1992). Postlingually Acquired Deafness: Speech Deterioration 

and the Wider Consequences. Mouton de Gruyter. 

Ferragne, E., & Pellegrino, F. (2010). Formant frequencies of vowels in 13 accents of the British 

Isles. Journal of the International Phonetic Association (Vol. 40). 

https://doi.org/10.1017/S0025100309990247 

Flege, J. E. (1987). The production of “ new ” and “ similar ” phones in a foreign language : 



	 110	

evidence for the effect of equivalence classification. Journal of Phonetics, 15(1), 47–65. 

https://doi.org/0095a4470/87/010047! 

Hsieh, L., Gandour, J., Wong, D., & Hutchins, G. D. (2001). Functional heterogeneity of inferior 

frontal gyrus is shaped by linguistic experience. Brain and Language, 76(3), 227–252. 

https://doi.org/10.1006/brln.2000.2382 

Ingram, J. C., & Park, S.-G. (1997). Cross-language vowel perception and production by 

Japanese and Korean learners of English. Journal of Phonetics, 25(3), 343–370. 

https://doi.org/10.1006/jpho.1997.0048 

Johnstone, T., & Scherer, K. R. (2000). Vocal communication of emotion. The Handbook of 

Emotion, (January 2000), 220–235. https://doi.org/10.1016/S0167-6393(02)00084-5 

Münte, T. F., Altenmüller, E., & Jäncke, L. (2002). The musician&apos;s brain as a model of 

neuroplasticity. Nature Reviews Neuroscience, 3(6), 473–478. 

https://doi.org/10.1038/nrn843 

Nikjeh, D. A., Lister, J. J., & Frisch, S. A. (2009). The relationship between pitch discrimination 

and vocal production: Comparison of vocal and instrumental musicians. The Journal of the 

Acoustical Society of America, 125(1), 328–338. https://doi.org/10.1121/1.3021309 

Niziolek, C. A., Nagarajan, S. S., & Houde, J. F. (2013). What Does Motor Efference Copy 

Represent? Evidence from Speech Production. Journal of Neuroscience, 33(41), 16110–

16116. https://doi.org/10.1523/JNEUROSCI.2137-13.2013 

Tartter, V. C. (1980). Happy talk: Perceptual and acoustic, 27(1), 24–27. 

Waldstein, R. S. (1990). Effects of postlingual deafness on speech production: Implications for 

the role of auditory feedback. The Journal of the Acoustical Society of America, 88(5), 

2099–2114. https://doi.org/10.1121/1.400107 



	 111	

Werker, J. F., Gilbert, J. H. V, Humphrey, K., & Tees, R. C. (2016). Developmental Aspects of 

Cross-Language Speech Perception Author ( s ): Janet F . Werker , John H . V . Gilbert , 

Keith Humphrey and Richard C . Tees Published by : Wiley on behalf of the Society for 

Research in Child Development Stable URL : http://www.j, 52(1), 349–355. 

Werker, J. F., & Tees, R. C. (1984). Cross-language speech-perception - evidence for perceptual 

reorganization during the 1st year of life. Infant Behavior and Development, 7(1), 49–63. 

https://doi.org/Doi 10.1016/S0163-6383(84)80022-3 

Wong, P. C. M., & Perrachione, T. K. (2007). Learning pitch patterns in lexical identification by 

native English-speaking adults. Applied Psycholinguistics, 28(4), 565–585. 

https://doi.org/10.1017/S0142716407070312 

Yan, Q. (2003). Analysis, modelling and synthesis of formants of British, American and 

Australian accents. Acoustics, Speech, and Signal Processing, 712–715. Retrieved from 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1198880 

 

 

 

 

 

 



	 112	

 




