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Abstract 

Extensive voice research has examined the role of the muscles involved in the vocalization of 

pitch. The current research contributes to this body of work by using surface electromyography 

(sEMG) to measure orofacial and laryngeal muscle activities during singing. A Pitch Imitation 

Task was used as a platform for this examination, where participants imitated pitch sequences 

containing intervals of predefined sizes. The results verified observations that the sternohyoid 

muscle in the neck contributes to vocal pitch control by lowering the larynx’s elevation when 

producing low pitches. The second goal of the research was to link these muscle activities during 

overt singing to subtle laryngeal muscle movements that accompany musical imagery. The 

Imagery and Reproduction Task required participants to imagine a target melody and then sing it 

as accurately as possible. sEMG activity of the sternohyoid muscles were monitored during the 

imagery phase while participants synchronized each imagined note of the melody with a pacing 

sound. The nature of the pacing sound differed to determine the effects of within-domain (tonal 

and atonal pitches) and cross-domain (nonwords) distractors on singing accuracy. Singing 

performance was disrupted by distractors and to different degrees based on distractor type. It was 

also hypothesized that subvocal activity would be affected by these experimental manipulations 

as well. However, the results showed that sEMG activity during musical imagery did not vary 

across these independent variable manipulations.  
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Covert and overt vocal activity during musical imagery and singing: 

A surface electromyographic study.  

 Previous research has examined the biomechanics involved in the production and control 

of vocal pitch (for review, see Zhang, 2016). However, little work has focused on how laryngeal 

motor activities contribute to accurate singing. Understanding the complex interplay among 

respiratory, muscular, and articulatory systems involved in phonation is itself a challenge for the 

study of singing. Yet the dearth of research relating motor activity to accurate singing can be 

attributed, in part, to the use of invasive methodologies (e.g. laryngoscopy, intramuscular 

electromyography) for understanding the biological actions that entail vocalization. The 

dissertation research reported here addressed this issue by employing surface electromyography 

(sEMG) – a physiological measure of a muscle’s motor unit action potentials from the skin’s 

surface – as an unobtrusive means to examine specific muscle activities during singing. The 

results gathered from studying this relationship can then advance techniques to investigate the 

cognitive processes that comprise singing. 

Auditory imagery has recently been proposed as one such cognitive process that 

contributes to singing abilities (Pfordresher & Halpern, 2013; Greenspon, Pfordresher, & 

Halpern, 2017; Pruitt, Halpern, & Pfordresher, 2019). Other studies have further linked auditory 

imagery to subvocalizations – the covert phonotory and articulatory activities observed during a 

task (Smith, Wilson & Reisberg, 1995; Aleman & van’t Wout, 2004; Brodsky Kessler, 

Rubinstein, Ginsborg & Henik, 2008). A guiding hypothesis in the current research unifies these 

findings by asserting that multimodal processes, specifically audio-motor associations in the 

form of multisensory imagery, play an integral role in singing. This notion aligns well with 

models of speech production (Oppenheim & Dell, 2008; Tourville & Guenther, 2011) and pitch 
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imitation (Pfordresher, Halpern, & Greenspon, 2015), as well as the definition of musical 

imagery itself. On the surface, musical imagery may strike a reader as just another form of 

auditory imagery. However it is discussed here, and elsewhere (Zatorre & Halpern, 2005; 

Hubbard, 2010; Keller, 2012), that musical imagery not only introspectively generates features 

of sound, but also evokes the mental experience of “visual, proprioceptive, kinesthetic, and 

tactile properties of music-related movements” (Keller, 2012, pp. 206). Such a characterization 

of musical imagery firmly stresses its multisensory nature while clearly delineating the links 

between auditory and motor processes. 

As such, a secondary goal of this dissertation research examined the function of 

subvocalizations during musical imagery. Neuroimaging studies have found that motor planning 

areas are active during musical imagery (Halpern & Zatorre, 1999; Halpern, Zatoree, Bouffard, 

& Johnson, 2004) and behavioral musical imagery tasks that disrupt subvocalization lead to 

detriments in performance (Smith, Reisberg & Wilson, 1992; Brodsky, Henik, Rubinstein, & 

Zorman, 2003). However, little research has directly measured subvocal activity during musical 

imagery (Brodsky, Kessler, Rubinstein, Ginsborg, & Henik, 2008; Pruitt, Halpern, & 

Pfordresher, 2019). More important, the nature of these measured subvocalizations are not well 

understood. One possibility is that subvocalizations are simply by-products of musical imagery 

and may not serve a functional capacity. However, this is unlikely given observations that 

blocking subvocalization disrupts musical imagery (Smith, Reisberg & Wilson, 1992, Brodsky, 

Kessler, Rubinstein, Ginsborg, & Henik, 2008) and poor-pitch singers tend to subvocalize more 

when imagining a to-be-sung melody (Pruitt, Halpern, & Pfordresher, 2019). Both cases suggest 

that subvocalization serves as a means to enhance imagery, which implies a sort of functional 

role.  
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Alternatively, subvocalizations may carry specific information, such as tracking rhythm 

or pitch. Smith, Wilson, and Reisberg (1995) commented on this possibility by suggesting, 

“subvocalization would merely be a carrier wave of the auditory image” or an “amplitude 

envelope” that serves as a framework for pitch information to be superimposed upon (p.111).  

Their proposition implies that subvocalization has a rhythmic role that facilitates the temporal 

pacing of musical imagery. However, a more intriguing possibility is that subvocalizations 

actually track pitch properties of an imagined melody. That is, subvocalizations facilitate both 

rhythmic and melodic structure of musical imagery. Evidence for this would derive from relating 

specific subvocal actions to imagined pitch changes. This poses a significant challenge given the 

many biomechanical variables involved in pitch control and typical reliance on indirect measures 

of mental imagery. The experiments reported here attempted to address both challenges by using 

sEMG to capture orofacial and laryngeal muscle activity when singing and to design an imagery 

task that capitalizes on this known muscle activity during singing in order to map covert motor 

activity onto imagery for mentally simulated pitch changes.   

Pitch Control, Laryngeal Muscles, and Electromyography. 

 The source-filter model is the most prominent account for human vocalization (Fant, 

1970; Lieberman, 1988). Air is pushed from the lungs through the space between the glottis 

(vocal folds) causing the tissue to vibrate which results in a complex sound wave with a specified 

fundamental frequency (F0) and set of harmonic frequencies. Although the sound that emerges at 

this stage is often described as a “buzz,” it is considered as the source component in this theory. 

This basic sound output of the larynx is then filtered through the dynamic configurations of the 

articulators (soft palate, jaw, tongue, and lips) of the vocal tract. The arrangement of these 

articulators will ultimately determine whether certain frequencies are enhanced or attenuated. 
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This affords the diversity of speech sounds used in communication as well as the non-speech 

sounds used for other activities, such as singing.  

 

Figure 1. An illustrated selection of extrinsic laryngeal muscles showing the suprahyoid and 

infrahyoid subdivisions (Anterior Muscles of the Neck, 2016).  

 

Vocal pitch depends on the tension and length of the vocal folds, which are jointly 

controlled by the intrinsic and extrinsic laryngeal muscles (Belyk & Brown, 2017). Intrinsic 

muscles, such as the cricothyroid and thyroarytenoid muscles, are primarily responsible for the 

adjusting the tension and length of the vocal folds. However, the varying positions of the 

articulators require alterations to the alignment of the vocal folds so to maintain stability in pitch 

production. Thus, the extrinsic laryngeal muscles act to accomplish this stability by changing the 

relative position of the cartilage complex that houses the larynx (Vilkman, Sonninen, Hurme, & 

Körkkö, 1996). For example, the infrahyoid muscles’ (Figure 1; thyrohyoid, sternothyroid, 

sternohyoid, and omohyoid muscles) actions generally lower the laryngeal position while the 

suprahyoid muscles (mylohoid, digastric, stylohyoid) elevate its position (Sataloff, 1991). 
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These synergistic actions controlling the vertical position of the larynx has been 

correlated with pitch height during speech (Sapir, 1989; Ohala, 1977) and singing (Shipp, 1975; 

Shipp & Izdebski, 1975). When producing higher pitches the cricoid-thyroid cartilage complex 

that houses the larynx assumes a higher position in the neck and a lower position for the 

production of low pitches (Vilkman et al, 1996). However this characterization is not absolute, as 

many other factors beyond the vocal chord’s tension and the larynx’s position in the neck 

influence produced fundamental frequency. Biomechanical constraints such a lung volume, 

orientation of the head, and cervical spine posture all exert influences on the larynx’s position 

(Miller, Gregory, Semple, Aspden, Stollery, & Gilbert, 2012). Therefore in order to produce the 

same pitch in different positions, say in the upright versus supine position, require subtle 

modifications to the anatomical configurations. Unfortunately, the mechanisms by which this is 

accomplished are not thoroughly understood (Traser, Burdumy, Richter, Vicari, & Echternach, 

2013) and are beyond the scope of the research presented here. Despite this, the broad consensus 

among voice researchers is that produced pitch height correlates with the larynx’s vertical 

position. As such, this notion guided the hypotheses, task designs, and analytical approaches in 

the research presented here.   

Electromyography has been widely employed in assessing the muscles that regulate the 

larynx’s vertical position and their effects on vocal pitch. Historically such EMG studies of the 

larynx involved the insertion of a needle electrode into a target muscle to capture this activity. 

For example, electromyographic studies of the infrahyoid muscles have shown increased activity 

when producing lower pitches in speech (Ohala & Hirose, 1970; Atkinson, & Erickson, 1975; 

Atkinson, 1978) and singing (Shipp, 1975; Andersen & Sonninen, 1960; Hirano, Koike, & 

Leden, 1967; Roubeau, Chevrie-Muller, & Lacau Saint Guily, 1997) contexts. However, there 
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have been exceptions such that some infrahyoid muscles are active when producing higher 

pitches as well (Baer, Gay, & Niimi, 1976; Vennard, Hirano, & Fritzeli 1978; Niimi, Horiguchi, 

& Kobayashi, 1991). Vilkman and colleagues (1996) speculate that these inconsistences may 

result from factors such as variability in the vocalizations used for study (e.g. singing glissandos 

versus sustaining vowels), or contaminations of EMG recordings from non-target muscles. 

These EMG studies have been informative, yet more work can be done to address the 

various limitations in the study of these pitch control muscles. Many of the aforementioned 

studies make use of needle electrodes, an invasive technique largely employed in clinical settings 

that constrains the research samples to individuals who possess vocal dysfunctions. Stepp (2012) 

has suggested sEMG as a less invasive alternative for examining extrinsic laryngeal muscles 

during vocalization. Moreover, newer EMG sensors have the capacity to measure smaller 

muscles with better fidelity from the skin’s surface. The sternohyoid is an example muscle that 

Stepp and others (Stepp, Hillam & Heaton, 2011; Stepp, Heaton, Braden, Jetté, Stadelman-

Cohen, & Hillman, 2011, Dietrich & Abbot, 2012) have measured in their studies of vocal 

function and voice disorders. The current experiments, therefore, follow Stepp’s (2012) sensor 

placements in order to measure activity of the sternohyoid muscles during singing. 

Multisensory Imagery and Singing  

 Some of the most significant results of mental imagery research to date are the observed 

overlapping features between perception and imagery processes. This has been shown within 

both auditory (Intons-Peterson, 1992; Kraemer, Macrae, Green, & Kelly, 2005; Leaver, Van 

Lare, Zielinski, Halpern, & Rauschecker, 2009; Zatorre, Halpern, Perry, Meyers, & Evans, 1996; 

Zatorre & Halpern, 2005) and motor (Anema & Dijkerman, 2013; Gerardin, Sirigu, Lehéricy, 

Poline, Gaymard, Marsault, Agid, & Le Bihan, 2000; Jeannerod, 1995; 2001) modalities using 



sEMG STUDY OF SINGING AND MUSICAL IMAGERY                   7 
 

behavioral and neuroscientific approaches. Furthermore, there have been cross-modal 

demonstrations where perceptual processes in one modality evokes or affects imagery in another 

modality (Calvert, Bullmore, Brammer, Campbell, Williams, McGuire, et al, 1997; Abramson & 

Goldinger, 1997; Kitagawa & Igarashi, 2005). The inverse of these directional effects have also 

been demonstrated by cases where modality-specific imagery influences perception in another 

modality (Berger & Ehrsson, 2013; 2014). Additionally, a recent meta-analysis of fMRI studies 

that used a variety of modality-specific imagery tasks found an overlapping, “modality-general” 

imagery network (McNorgan, 2012). Taken together, these results support the growing depiction 

of mental imagery being a multisensory experience (Lacey & Lawson, 2013).  

 Nevertheless, what role might multisensory imagery play in one’s ability to sing 

accurately? It is proposed here and elsewhere (Pfordresher, Halpern, & Greenspon, 2015) that 

musical imagery may be an important component of internal models, which cognitively 

represent properties of the external world (Wolpert, Ghahramani, & Jordan, 1995; Kawato, 1999; 

Houde & Nagarajan, 2011). Singing is thought to largely rely on inverse models, whereby the 

desired perceptual outcome is used to generate a motor code for movement planning and 

execution. Multisensory imagery therefore serves as a mechanism that enables the process of 

sensorimotor translation, where retrieved pitch representations from memory are mapped onto 

vocal-motor commands (Pfordresher & Brown, 2007). Previous work focusing on auditory 

imagery has produced evidence for its functional role in sensorimotor translation during singing. 

Poor-pitch singers report less vivid auditory imagery than typical singers, which suggests that 

deficits in pitch imitation stem, in part, from an individual’s ability to form auditory images 

(Pfordresher & Halpern, 2013; Greenspon, Pfordresher, & Halpern, 2017). Pruitt, Halpern, and 

Pfordresher (2019) additionally observed that poor-pitch singers subvocalized more compared to 
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typical singing ability counterparts and interpreted this as possibly reflecting a compensatory 

strategy to enhance the poor-pitch singers’ degraded auditory images. This compensatory 

strategy may further interfere with the sensorimotor translation process due to inexact mapping 

across motor and auditory imagery representations.  

 What remains unclear is whether these audio-motor associations are disparate, albeit 

closely related cognitive representations or are they unified into a true multisensory image? A 

means to frame this problem is to consider the employment of perception-action representations 

for motor planning and execution. Common coding theory asserts that perceptual representations 

and motor codes are linked by a shared, abstract representation (Prinz, 1990; Hommel, Müsseler, 

Aschersleben, & Prinz, 2001; Hommel, 2015).  As discussed above and elsewhere (Keller 2012), 

musical imagery, which by definition is multisensory, activates the perception-action 

representations that drive the process of sensorimotor translation. By this account, the shared 

perception-action representations could be the multisensory image representation itself or some 

intermediary representation. In either case, perturbing the multisensory image should affect 

performance on a related task. Support for this derives from the consistent observation that 

degraded imagery is associated with poor singing performance. Moreover, given the coupling of 

perception and imagery process, the presentation of spurious auditory input should also disrupt 

the image and subsequently task performance.  

Current Research 

 As outlined above, there are two goals of the experiments presented here. First, orofacial 

and laryngeal muscle activity during singing was measured with sEMG with special attention 

dedicated to the sternohyoid muscles to clarify their role in pitch control. Although voice 

researchers have previously addressed this, it was necessary to develop a task with a higher 
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degree of experimental control and make use of less invasive methods for capturing activity in 

these muscles. As such, in the Pitch Imitation Task participants reproduced just-heard four-note 

sequences containing a single musical interval during continuous sEMG recordings. Given the 

mixed reports of the sternohyoid muscles’ role in pitch lowering, and in some cases raising pitch 

(Vilkman et al, 1996), these musical intervals took the form of either upward or downward pitch 

changes. It was hypothesized that the sternohyoid muscle would exhibit higher levels of activity 

when singing downward intervals. Confirming this hypothesis then affords the opportunity to 

detect potential pitch specific subvocalizations. That is, if a to-be-sung melody contains a 

particularly large, downward pitch change at a known sequential location, a participant’s 

concurrent subvocal activity when imaging said target melody might exhibit elevated sEMG 

activity levels around the same sequential location. This logic was the driving mechanisms for 

the structure of the target melodies used in the second experimental task. 

To address the second research goal, the Imagery and Reproduction Task sought to 

examine the function of subvocalizations during musical imagery. A subset of target melodies in 

this task contained single, large intervals to determine whether subvocal activity related to pitch 

specific information. Similar to the Pitch Imitation Task, these intervals could be upward or 

downward changes, where it was hypothesized that imagined large, downward intervals would 

lead to more subvocal activity in the sternohyoid muscles. The sequential placement of these 

intervals were either early or late in the melody to help isolate this correspondence between 

subvocalization and pitch changes. Additional experimental manipulations were included to 

explore conditions in which subvocalizations potentially aid in maintaining musical images for 

subsequent reproduction.  
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Cognitive load was manipulated through the presentation of irrelevant auditory 

information (IAI) during imagery. The primary reason for this manipulation was to see how 

spurious auditory information would affect auditory imagery and subvocalizations. For example, 

such irrelevant auditory information could perturb the ongoing representation of an imagined 

sound and lead to reliance on subvocal activity for reinforcing said representation. Such 

manipulations have been implemented in previous studies of both auditory imagery (Pechmann 

& Mohr, 1992; Smith et al, 1995, Aleman & van’t Wout, 2004) and working memory processes 

(Deutsch, 1970; Salamé & Baddeley, 1982; 1989).  However, there are mixed findings 

concerning the disruptive nature of within-domain and cross-domain auditory distractors. For 

example, Salamé and Baddeley (1989) found that musical distractors (instrumental and vocal 

music) significantly disrupted recall of visually presented digits. However, such effects were 

diminished when to-be-remember verbal materials are presented aurally (Wilson, 2001). 

Memory for nonverbal materials likewise are not robustly influenced by cross-domain 

interference (Keller, Cowan, & Saults, 1995) and are more susceptible to disruption from within-

domain distractors (Deutsch, 1970). Williamson, Mitchell, Hitch and Baddeley (2010) likewise 

found within-domain interference to be more disruptive than cross-domain interference, where 

tonal distractors perturb memory for tonal sequences and verbal distractors disrupt memory for 

verbal sequences. Given this pattern of results in conjunction with the known shared processes 

across imagery and perception, it was hypothesized that distractor IAIs should be most disruptive 

to singing when there are shared structural features with the imagined target melody. As a result, 

an individual’s ability to reproduce (e.g. sing) the correct sequence will be significantly hindered.  

As such, different participants in the Imagery and Reproduction Task experienced either 

within-domain or cross-domain IAIs during imagery. The first sample of participants 
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experienced tonal distractors, which should be most disruptive to imagery, pitch imitation, and 

potentially lead to more subvocal activity. The second sample heard atonal distractors during 

imagery and it was anticipated that this IAI should lead to similar disruptive effects, albeit to a 

lesser degree due to the lack of shared tonal structure with target melodies. The final sample 

heard cross-domain verbal distractors that were expected to have little to no effect on imagery 

and pitch imitation. 

Pruitt, Halpern, and Pfordresher’s (2019) comparison of poor- versus typical-singers 

showed that poor pitch imitators exhibited more subvocal activity. This result aligned well with 

findings that remedial readers (Hardyck, 1970) and writers (Williams, 1987) tend to subvocalize 

more in corresponding tasks. However, these three observations suggest that task demands differ 

for such special populations, which may give rise to a compensatory strategy (subvocalization) 

for navigating these tasks. For those who are competent, such as typical-pitch imitators, imitating 

a short pitch sequence may not be challenging and subvocalization is not required for the 

maintenance of auditory image of a melody. Therefore, another experimental manipulation in the 

Imagery and Reproduction Task simply varied the length of target melodies between six- and 

eight-notes as a means to tax auditory memory.  

Taken together, the manipulations and design in the current experiments sought to further 

ascertain the relationship among singing, musical imagery, and subvocalization. Previous 

researchers have linked these three components, which implies that the successful imitation of 

pitch during singing relies on musical imagery’s multimodal representations. Voice research has 

shown that sternohyoid muscle activity relates to pitch control and the Pitch Imitation Task used 

in the current work sought to support these findings. Doing so affords the opportunity to 

determine whether covert activity of the sternohyoid muscle reflects imagined pitch changes via 
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manipulations of large musical intervals in target melodies of the Imagery and Reproduction 

Task. The presentation of IAI during imagery of these target melodies should disrupt the imagery 

process and, by virtue of the close audio-motor association of musical imagery, affect 

subvocalizations measured at the sternohyoid muscle.  

Method 

Participants 

A sample of 334 University at Buffalo undergraduate students received course credit for 

participating in the initial screening for the experiment.  One hundred and six of these individuals 

were invited to participate in the subsequent experimental procedure based on possessing a pitch 

discrimination threshold less than 100 cents (e.g. one semitone), scheduling availability, and 

their willingness to comply with guidelines that allowed for sEMG data collection (e.g. willing to 

shave facial hair, removal of facial jewelry and cosmetics). Participants who exhibited 

discrimination thresholds greater than 100 cents were excluded from participation to ensure 

analyses were based on singing abilities rather than perceptual discrimination abilities.   

One-hundred and six individuals were screened and invited to participate in the 

experiment; however, 40 participants’ data were removed from analyses for a variety of reasons. 

Eleven participants withdrew and did not complete the full study. The remaining 29 participants 

were removed based on problems with either their acoustic or sEMG data. Four participants’ 

acoustic data exhibited poor audio quality as result of either their voice characteristics (e.g. many 

coughs, vocal fry) or the presence of spurious noise (electrical or audio) in their recordings. 

Twenty participants’ were omitted from analyses due to missing sEMG data from the Pitch 

Imitation Task, Imagery and Reproduction Task, or both tasks. For example, 12 of these 

participants’ sEMG data could not be analyzed due to failure of apparatus used for segmentation 
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of trial phases (see below). Lastly, five participants’ reported extensive musical experience as a 

vocalist (greater than five years of formal training). Untrained singers lower their larynx when 

singing lower notes (Roubeau et al., 1997) and elevate the larynx when singing higher notes 

(Pabst & Sunderberg, 1993). However, as a by-product of their education, trained singers tend to 

maintain a consistent vertical position of their larynx despite the vocal range in which they are 

singing (Shipp & Izdebski, 1973). Given the experiments’ focus on using sEMG to track the 

dynamic engagement of the laryngeal depressor muscles, such training would be problematic for 

the data analysis.  

The final sample of 66 participants’ ages ranged between 18 to 27 years old (M = 19.48, 

SD = 1.72) comprised 28 females (42.42%), and 62 reported being right handed (95.45%). The 

sample’s musical sophistication varied as well, based on self-report responses to the Goldsmith 

Musical Sophistication Index (Müllensiefen, Gingras, Musil & Stewart, 2014). This index relates 

to a psychometric construct that encompasses musical skills and engagement in music related 

behaviors. Although 27 (40.90%) participants reported not playing any musical instruments, their 

responses on this inventory reflected a comparable degree of musical sophistication (M = 57.00, 

SD = 10.96) compared to those who reported formal training and recent engagement with 

musical instruments (M = 64.38, SD = 9.77). Within the musician group, eight participants 

reported playing violin or viola, eight played guitar, eight played piano, two were percussionist, 

and the remaining 13 played wind instruments such as the flute, saxophone, trumpet, or 

trombone.  

The sample was then subdivide into three groups that varied with respect to the type of 

distractor IAIs they were exposed to in the Imagery and Reproduction Task. Distractor condition 

assignment was sequential across the series of three samples. The first sample experienced (N = 
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25) tonal distractors, the second sample experienced atonal distractors (N = 26), and the final 

sample experienced nonword distractors (N = 15). These conditions were treated as between-

subject factors in the analyses reviewed below.  

Apparatus 

 Electromyographic Sensors, Accelerometry, and Data Acquisition. sEMG data was 

collected with the Trigno Mini Wireless EMG system (Delsys Trigno Wireless EMG Systems, 

Boston, MA, USA) which comprise single differential, parallel-bar EMG sensors in the mini 

head (25mm x 12mm x 7mm, see Figure 2) and four silver contacts for local electrical reference 

in the main sensors’ body. sEMG data was converted from analog to digital signals using the 

program EMG Works Acquisition and Analysis (Delsys, Boston, MA, USA) at a sampling rate 

of 1925 Hz with 16-bit resolution. Each sensor’s main body also contained tri-axial 

accelerometry that is used to simultaneously capture movements that may impact sEMG 

recordings (i.e. movement artifacts). Accelerometry data was collected at 148.1 Hz sampling rate 

with 10-bit resolution across all X-, Y-, and Z-axes simultaneously.  

 

Figure 2. Picture of the Delsys Trigno Mini Wireless Sensor used for electromyographic and 

accelerometry data collection (nickel used for scale). 



sEMG STUDY OF SINGING AND MUSICAL IMAGERY                   15 
 

Electromyographic and Accelerometry Recording Sites. Surface electromyography 

was captured from five anatomical sites (see Figure 3A). Where four of these target muscles’ 

activities were expected to relate to subvocalization as well as overt singing. The left and right 

upper lip (m. orbicularis oris superioris) muscles play an obvious role in speech articulation and 

singing, but have also been shown to be active during subvocalization (Locke & Fehr, 1970; 

Hardyck & Petrinovich, 1970). The upper lip sensors were placed on the participant’s face just 

lateral to the philtrum and adjacent to the vermilion border of the lip (see Figure 3A). The right 

upper lip’s reference sensor was placed on the mastoid process located behind the participant’s 

right ear. The left upper lip’s reference sensor location was placed at a different location along 

the jaw so to capture jaw opening movements (see below).  

 

Figure 3. Electromyographic and accelerometry sensor placement location on the face and neck (panel 

A) and the limb (panel B). Panel C depicts the placement of the accelerometry sensor on a speaker used 

to deliver auditory stimuli and feedback.   

 

A primary goal of the research here was to measure activation of the sternohyoid muscle 

(m. sternohyoideus) during both covert rehearsal and overt singing. The sternohyoid muscle was 

selected due to its superficial position in the neck, which limits the degree of signal 
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contamination from other extrinsic laryngeal muscles (Stepp, 2012). Following Stepp, Hillman, 

& Heaton (2011), a reference point was first determined by identifying the space between the 

thyroid and cricoid cartilages of the larynx. The actual placement of the sternohyoid sensor was 

determined by moving 1 cm lateral and then 1 cm superior from the reference point. The same 

process was conducted for the contralateral side of the neck resulting in both the left and right 

sternohyoid muscles being measured (see Figure 3A). Reference sensors for both left and right 

sternohyoid sEMG was placed on the participant’s corresponding clavicle.   

The final sEMG sensor was placed on the bicep (m. biceps brachii) of the participant’s 

non-dominant arm over the medial belly of the short head fibers (see Figure 3B). Data was 

collected from this site to check for body movement artifacts as well as to reduce demand 

characteristics by including a sensor that was not placed on the face or neck. The bicep sensor’s 

reference was placed on the acromion, the bony process located at the lateral apex of the 

shoulder where it meets the upper arm. Lastly, an accelerometer was used to synchronize audio 

with sEMG data by placing the sensor on the cone of a speaker relaying auditory feedback to the 

participant (see Figure 3C).  (Berzin, 1995).  

sEMG Sensor Application. The experimenters first washed their hands by washing with 

antibacterial soap in the laboratory’s sink. In order to optimize electrical conductance, sensor 

placement sites were inspected to ensure no cosmetics or hair were present. Sites were then 

thoroughly cleaned with alcohol in order to exfoliate dead skin and ensure secure sensor 

attachment.  Sensors were directly affixed to the skin using customized, double-sided adhesives 

(Delsys Trigno adhesive, Boston, MA, USA). 

Audio Recording and Experiment Interface. All vocal recordings were captured in a 

sound attenuated booth (Whisper Room Inc., SE 2000 Series, Morristown, TN) at a sampling 
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rate of 22050 Hz with 16-bit resolution using a Shure PG58 dynamic microphone connected to a 

Lexicon Omega preamplifier and digitally stored as .wav files. A Dell computer with a 3.6 GHz 

processor ran Matlab (Mathworks, Natick, MA) for stimulus presentation and vocal data 

acquisition purposes. Visual cues throughout the experiment were displayed on a Dell 15 inch 

LCD computer screen placed directly in front of the participants. Auditory stimuli were played 

through a pair of Mackie CR3 series Multimedia Monitors (LOUD Technologies, Woodinville, 

WA, USA) which flanked the LCD computer screen on each side. Accelerometry recordings 

used for data synchronization were obtained by adhering a sensor to a Yamaha KS10 Keyboard 

Speaker (Yamaha Pro Audio, Inc., Hamamatsu, Shizuoka, Japan). 

Screening Tasks 

 Seattle Singing Accuracy Protocol (SSAP). This test battery was employed as a part of 

the initial screening procedure for determining a participant’s inclusion in the actual experiment. 

The protocol is composed of tasks to assess singing accuracy, pitch discrimination ability and 

musical background (Demorest, Pfordresher, Dalla Bella, Hutchins, Loui, Rutkowski & Welch, 

2015; Demorest & Pfordresher, 2015; Pfordresher & Demorest, in press). First, a participant’s 

comfort range was established through a series of measures. Participants selected a familiar song 

from a supplied list and sung it from memory to provide information about their vocal range 

while singing. Then participants sustained a single note on the syllable /du/ to identify their 

comfort pitch. The assumption here is that the note they choose will fall somewhere in the 

middle of their vocal range.  

 Participants then engaged in a series of pitch imitation tasks where they produced single 

pitches that fall within a major fifth (seven semitone) around their identified comfort pitch. The 

first task was composed of 10 trials in which participants imitated single pitches produced by a 
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prerecorded human voice. The voice’s timbre was matched to the participant’s biological sex and 

the selected target pitches fall within their identified vocal range. Next, they completed 10 trials 

in which they imitated a single pitch produced by a piano timbre. Then participants completed 

six trials in which they imitated pitch patterns. The to-be imitated sequences in this task are 

composed of four pitches that have the same vocal timbre as in the first imitation task and vary 

with respect to melodic contour. The final singing task involved singing songs from memory. 

One rendition required the participant to sing the previously selected song during warmup again 

with lyrics. They then sung the same song, but on the second rendition using only the syllable 

/du/.  

A pitch discrimination task followed the imitation tasks in order to identify potential 

pitch perception deficits. Across a series of trial participants heard two sine-wave tones and 

verbally indicated which of the tones was higher in pitch (e.g. “respond by saying ‘first’ or 

‘second’”). The procedure is a three-up, one-down adaptive discrimination task (Cornsweet 

1962; Loui, Guenther, Mathys, & Schlaug, 2008). The first tone is 500 Hz with the comparator 

tone’s difference being ± 96 Hz. Whether the comparator tone is centered at 404 Hz or 596 Hz 

(96 Hz below and above, respectively) was randomly determined. The size of the pitch interval 

varied across trials according to an adaptive staircase procedure. Specifically, if the participant 

made three correct comparisons in a row then the difference between the two tones on the next 

trial was halved. However, a single incorrect response resulted in the doubling of the frequency 

difference on the next trial. The participant’s discrimination threshold was identified after six 

reversals (i.e. pairs of trials where there are correct then incorrect responses or vice versa). 
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The final section of the SSAP required participants to complete brief musical 

background, language background, and demographic questionnaires as well as hearing and 

neurological disorder self-assessments.  

Digit Span Task. This task was designed to measure a participant’s short-term memory 

capacity. Participants were required to listen to a recorded voice speak a sequence of numbers at 

a rate of one digit per second and then the participant was to correctly repeat the sequence aloud. 

In the first half of the task, participants were instructed to repeat the digit sequence in the 

same order spoken by the recorded voice. The length of the digit sequence expanded as the 

participant progressed through the trials. The first two trials had three digits in the each 

sequence. If participants recalled both sequences correctly then they proceeded to the next pair of 

trials composed of four digit sequences. The trials ended once the participant committed errors 

on two trials with sequences of the same length. In the second half of this task, the procedure was 

the same except that the participant was instructed to repeat each digit sequence backwards (i.e. 

starting on the last heard digit and reciting the sequence backwards to the first heard digit).  

Bucknell Auditory Imagery Scale (BAIS). This 28 item self-report inventory is equally 

divided into subscales that assess imagery vividness and imagery control. Fourteen items of the 

vividness subscale required participants to imagine an auditory event and rate the vividness of 

their image on a seven-point scale ranging from “ 1 – No Image Present at All” to “7 – Image as 

Vivid as Actual Sound,” (See Appendix 1). The control subscale required participant to generate 

an auditory image and mentally change dimensions of the imagined sound. Participants then rate 

the difficulty of the switch between imagined events from “1 – No Image Present at All” to “7 – 

Extremely Easy to Change the Image”.  
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Previous work has shown that the BAIS correlates with a number of neural and 

behavioral measures of auditory imagery (Halpern, 2015). Most important for the present 

research, Greenspon and colleagues have previously found that the BAIS measure of imagery 

vividness significantly correlated with pitch imitation accuracy (Greenspon, Pfordresher, & 

Halpern, 2017; Pfordresher & Halpern, 2013). The current experiments likewise evaluated 

whether a similar correlation between pitch imitation accuracy and the BAIS self-report 

measures were present. 

Goldsmiths Musical Sophistication Index (Gold-MSI).  Although musical experience 

was assessed in the Seattle Singing Accuracy Protocol, the Gold-MSI was the primary measure 

assessing participants’ broad musical abilities. This scale provides a more in-depth assessment of 

participant’s musical background based on facets of musical sophistication that go beyond self-

report of accumulated experience and current musical activities. Specifically, the Gold-MSI 

comprises 38 items designed to address Active Engagement, Perceptual Abilities, Musical 

Training, Singing Abilities, and Emotional responses (Müllensiefen, Gingras, Musil & Stewart, 

2014). Analyses in the present research focus on how participants responded to the 18 items of 

the “general sophistication” subscale. For each of the subscale’s items, participants responded on 

a seven-point scale ranging from “1 - Completely Disagree” to “7 - Completely Agree,” (See 

Appendix 2). Five of these items were reverse scored (items 7, 9, 11, 13, and 14). Responses to 

items 16 – 18 were treated categorically where a selected response of 0 was treated as a response 

of 1 from the seven-point scale and the highest possible selections was treated as a 7. Responses 

were then added up to provide an overall musical sophistication index that encompassed self-

assessments of perceptual abilities, singing abilities, musical engagement, and formal training.  
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Experimental Stimuli 

Pitch Imitation Task. These four-note sequences take two forms: repeated note 

sequences and interval sequences (see Figure 4). Repeated note sequences are four repetitions of 

a single target pitch, the first of which was centered at the participant’s comfort pitch. The other 

two repeated note sequences were a series of notes shifted either up or down from the comfort 

pitch by a major 3rd (4 semitones). Interval sequences were composed of four notes as well, but 

contain a single interval change between the 2nd and 3rd notes that can take the form of upward 

Major 3rd, upward Major 5th, downward Major 3rd, or a downward Major 5th. All interval 

sequences started on a pitch from one of the three repeating note sequences, which either 

matched their comfort pitch or was a Major 3rd higher or a Major 3rd lower than their comfort 

pitch.   

 

Figure 4. Example of the 15 sequences a female participant whose comfort pitch is A3 will imitate during 

the Pitch Imitation Task.  

Repeated Note (Shift Up: C#4) 
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Imagery and Reproduction Task. Target melodies for this task varied in terms of two 

structural manipulations (see Figure 5). First, melodies were either six- or eight-notes in length. 

Second, a subset of target melodies contained a single, Major 5th interval (seven semitones) 

whose position and contour direction varied. Target melodies were primarily composed of 

intervals less than or equal to a perfect fourth (five semitones). A characterization of these being 

“small” intervals aligns with Narmour’s (1990) Implication-Realization Model and empirical 

studies of melodic expectations (Schellenberg 1996; 1997; Eerola, Toivianinen, & Krumhansl, 

2002). The large, Major 5th interval could take the form of ascending or descending in contour 

direction. Additionally, this interval occurred either early or late within the sequential structure 

of the melody. For six-note melodies, an early Major 5th interval occurred between the second 

and third note, while a late Major 5th interval occurred between the fourth and fifth notes. 

Likewise, for eight-note melodies, an early Major 5th interval occurred between the third and 

fourth notes, while a late Major 5th interval occurred between the sixth and seventh notes. 

 

Figure 5. Matrix of the 20 target melodies used in the Melodic Imagery and Production Task for a female 

participant with a comfort pitch of A3. Highlighted musical notation marks the location of major 5th 

interval manipulations.  
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Tonal centers of the target melodies were determined by processing them through the 

Krumhansl-Schmuckler key finding algorithm (Krumhansl & Schmuckler, 1986; cf. Krumhansl, 

1990). The algorithm determines the tonality of a melody by generating a correlation between 

the tested target melody and 24 major and minor key rating profiles. These profiles are the 

product of probe tone studies that had participants rate the stability of probe tones within various 

tonal contexts. The key profile is a set of 12 values that represent the stability of 12 pitch classes 

relative to either a major or minor key. The profile that correlates best with the tested target 

melody was thought to reflect the perceived tonality. Appendix 3 includes notation for all target 

melodies created for each comfort pitch along with each melody’s correlation with its predicted 

tonal center. All of these coefficients are moderate to strongly correlated with a major key (range 

r(23) = 0.61 to r(23) = 0.96, p < 0.01, two-tailed ) which suggests that all target melodies will be 

perceived as having a tonal center.   

Imagery Period Control Stimuli. The Imagery and Reproduction Task required 

participants to synchronize their imagination of each target note of a target melody with a pacing 

sound. For control trials, this sound was a series of pink noise bursts. The temporal structure of 

the noise bursts is similar to target pitches, in that they possess amplitude envelopes with attacks 

and decays as well as brief silence periods in between adjacent events.  All noise burst sequences 

were presented at 60 dB SPL and at a rate of 1000 millisecond IOI.  

Distractor Irrelevant Auditory Input (IAI). For experimental trials in the Imagery and 

Reproduction Task, participants synchronized the onsets of imagined notes from a target 

sequence with either tonal, atonal, or nonword sequences. In all cases, the constituent events 

were presented at a rate of 1000 milliseconds per IOI, which was equal to the tempo of the target 

melodies. However, to minimize confusion between the IAI and the target melody, tonal and 
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atonal IAIs used distinct sine-wave timbres whose fundamental frequencies were roughly two 

octaves above the participant’s comfort range. Figure 6A and 6B depict the tonal and atonal IAIs 

respectively. Nonword IAIs were recorded sequences of consonant vowel (CV) nonword 

syllables presented at the same 1000 millisecond IOI rate (see Figure 6C). Full descriptions of 

the creation and selection procedure for each distractor type can be reviewed in Appendix 4.  

 

 

Figure 6. The selected tonal distractor sequences used as irrelevant auditory input (IAI) during imagery 

phases of the Imagery and Reproduction Task. Panel A depicts the Tonal distractors panel B depicts the 

Atonal distractors, and panel C shows the Nonword distractors.  
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Procedure 

 Screening Procedure. Approximately one week before the actual experimental 

procedure, all participants completed the screening procedure, which was used to assess a variety 

of characteristics such as memory span, singing accuracy, and pitch discrimination abilities. 

Participants who exhibited pitch discrimination thresholds greater than 100 cents were excluded 

from participation in the subsequent experimental session.  

 After gaining informed consent, participants were first seated in the sound attenuated 

booth and completed the SSAP, digit span tasks, and BAIS via a Matlab interface. Then the 

experimenter determined whether the participant qualified for participation in the actual 

experiment and scheduled their future session.  

Experimental Procedure. Approximately a week after the screening procedure, 

qualifying participants returned to complete the actual experimental tasks, which comprised three 

phases:  a warm-up phase, the Pitch Imitation Task and the Imagery and Reproduction Task. The 

warm-up phase was always conducted at the start of the experimental session, whereas the 

presentation of the Pitch Imitation Task and Imagery and Reproduction Task was 

counterbalanced to control for potential task order effects.   

Warm-up exercises. After gaining informed consent and the application of the sEMG 

sensors, participants engaged in a series of warm up exercises. Similar to screening, the purpose 

of these exercises was not only to prepare the participant for singing, but also to verify his/her 

previously identified comfort pitch during the SSAP screening procedure. This was 

accomplished through the experimenter’s visual inspection of F0 traces of each of the following 

warmups and comparing to the identified comfort range from the SSAP.   
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The countback task required participants to count backwards from ten to zero as quickly 

as possible. Participants’ production of “ten” tends to be a higher pitch and they gradually lower 

their pitch when approaching “zero”, thus providing an estimated vocal range during regular 

speech. Participants also sung the familiar tune of Happy Birthday, which provided information 

of their vocal range while singing.  A vocal sweep warm-up required participants to start singing 

a low pitch and engage in an upward modulation to the highest, comfortable pitch in their range. 

They are then to continuously modulated back to the initial low pitch in which they started. 

Additional single-note warm-ups served a similar function by providing point estimates of vocal 

range.  Participants were then instructed to sing both the highest and lowest notes they can 

comfortably sing in isolation. Likewise, they sang their comfort pitch again to wrap up these 

single pitch imitation estimates.  

Pitch Imitation Task. On different trials, participants vocally imitated the 4-note repeated 

note or interval sequences (refer to Figure 4). There were three repetitions of each of the 15 

sequences, resulting in 45 total trials. 

 

Figure 7. An illustration of the trial structure for the Pitch Imitation Task. 

Figure 7 depicts the trial structure for the Pitch Imitation Task. On each trial, a fixation 

cross was displayed for one second to signal the beginning of the trial. A note sequence was then 

aurally presented and followed by a white noise burst which served a cue for the participant to 
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start imitating, using the syllable /da/. Task trials were grouped into three blocks, each of which 

contained randomly ordered presentation of the 15 sequences.  

Imagery and Reproduction Task. The general procedure for this task required 

participants to listen to a target melody, imagining themselves singing the just-heard melody and 

then reproduce the melody aloud. Figure 8 illustrates the trial structure for this task. Each trial 

started with the visual presentation of a fixation cross while four metronome clicks with 1000 

millisecond inter-stimulus-intervals were presented. After this four-second period, the target 

melody for the trial was presented.  Then an “Imagine” prompt appeared on the screen for one 

second. Participants were instructed to: “Imagine singing the just-heard melody but synchronize 

each note with the corresponding sound events you hear.” Either IAI or control noise burst 

sequences were played during each trial’s imagery period. Participants were then prompted to 

vocally reproduce the melody to complete the trial.  

 

Figure 8. Trial structure for the Imagery and Reproduction Task and additional information about 

independent variable manipulations of target melodies and differences across the experiments irrelevant 

auditory inputs.  
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The Imagery and Reproduction Task procedure contained three independent variable 

manipulations of interest: melody length, target type that specified the location and category of 

Major 5th intervals, and IAI condition (distractor versus noise-burst controls) during the imagery 

phase. There were 80 trials separated into four blocks of 20 trials. To minimize the potential of 

participants singing the incorrect number of notes, target melodies within a block were of the 

same length (e.g. only six-note melodies in block 1, eight-note in block 2, etc.). Trials within a 

block were composed of a pseudo-random ordering of trials with the presence or absence of 

IAIs. The block ordering itself was counterbalanced across participants, such that either 

participants experienced a six-note block first or an eight-note block first, with an alternating 

block order thereafter. Lastly, after each block a rest trial was present, which required 

participants to sit quietly without any movement for 30 seconds.  

Distractor type was treated as a between-subject variable, where participants only 

completed trials with either noise-burst control IAIs or one of the three experimental IAIs (e.g. 

tonal, atonal, or nonword). Determination of which type of distractor used on a given participant 

was based on sequential ordering, where the first sample of participants were assigned to the 

tonal distractor condition, the second sample received the atonal condition, and the final sample 

experienced the nonword distractors.  

Data Processing and Analyses. 

Singing Accuracy. Sung interval analyses was the primary metric for examining singing 

accuracy in the Pitch Imitation Task. Interval analyses can be characterized as an acoustic 

measure of relative pitch imitation accuracy. Each sung note’s pitch was estimated by calculating 

the median F0 of the middle 50% of the sample between note boundaries. These extracted F0 

values were then converted to cents using the first target F0 of the sequence as the referent. 
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Following Pfordresher (2010), then differences between adjacent sung notes are compared with 

corresponding pairwise difference between target notes:  

Y = 
∑ (|𝑆𝑖+1− 𝑆𝑖| − |𝑇𝑖+1− 𝑇𝑖|)𝑁−1

𝑖

𝑁−1
     (1) 

In equation 1, S represents sung notes’ F0, T represents the target notes’ F0, and i refers to the 

serial position of the notes a given sequence. As the calculation makes use of absolute difference 

scores, positive values of Y reflect sung intervals being larger than targets while negative values 

reflect singing smaller intervals than the target. Erroneous productions are classified as 

differences between target and produced intervals that exceed ±50 cents. Sung interval accuracy 

is then computed based on the number of accurately sung intervals divided by the total number 

of target intervals of a specific type (e.g. Downward Major 3rd interval sequences) in the task.  

Analyses of sung melodic contour was used for examining singing performance in the 

Imagery and Reproduction Task. This course-grained measure of singing accuracy examined the 

proportion of errors in pitch direction changes (contour). This was particularly useful in 

assessing the effect of distractors on singing accuracy as analysis of  contour has been shown to 

be the property of pitch sequencing that novice singers can most accurately reproduce 

(Pfordresher & Brown, 2007; Pruitt & Pfordresher, 2015). As such, the melodic contour measure 

is well suited for examining singing accuracy for longer sequence, such as those in the Imagery 

and Reproduction Task. After F0 extraction, changes between pitches were coded as “U” for an 

upward pitch contour, “D” for a downward pitch contour, and unisons assigned a 0 value if 

change was less than 50 cents. The participant’s performance was then compared to the target 

melody’s contour in order to determine where errors were committed. Error rates for a given trial 

were generated by examining the proportion of contour errors to the total number of note-to-note 

transitions in the melody (i.e. five for six-note melodies, seven for eight-note melodies).  
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sEMG Signal Processing. On a trial-by-trial basis sEMG signal were converted from 

volts to microvolts (µV) and a detrending procedure was applied to remove potential direct 

current offsets to ensure that sEMG was centered at 0 µV. The signal was then processed through 

a Butterworth bandpass filter with a 20-450 Hz bandwidth based on recommendations by 

Merlettie and Hermens (2004) and Stepp (2012). An infinite impulse response (IIR) notch filter 

centered at 60 Hz was then applied to remove potential electrical noise and then the signal was 

full-wave rectified. Lastly, a linear envelope of the sEMG signal was created by passing a 200 

millisecond wide moving average window across the duration of the trial.  

 
 

Figure 9. Example of auditory event partitioning based on accelerometry data captured from the 

movement of a speaker’s cone. Subplots one through five correspond to different sEMG signals from 

various sensors (refer to Figure 3C for placement). Event onsets of this selected imagery period’s signal 

are determined by inspection of Z-axis (red series) and Y-axis (bottom subplot, yellow series) activity. 

Red vertical lines in sEMG data series represents identified event onsets (and a single offset). 

 

Using Accelerometry for EMG Signal Segmentation. The sEMG signal was 

partitioned to align trial events for subsequent statistical analysis. The accelerometry signal of 
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the speaker’s cone movements was visually inspected and auditory event onsets was identified 

by marking the beginning of activity captured in the Z- and Y-axes of the accelerometry signal 

(see Figure 9, bottom plot, red and yellow series, respectively) 

Imagined Note Segmentation. The selection depicted in Figure 9 is a direct 

representation of an Imagery and Reproduction Task trial’s imagery period with a noise-burst 

IAI. As can be seen here, the tracking of the speaker’s cone movements by the accelerometry 

results in a data series similar to the audio signal’s amplitude envelope. A trial’s imagery period 

contained intervening sounds that were equal in duration and number of events to the target 

melody. As participants were instructed to synchronize their each imagined pitch with the pacing 

sound, one can extrapolate the location of the participant’s imagined note in the sEMG signal. 

Once imagery event onsets were identified, the resultant note-level segments were used for 

subsequent analysis. 

Sung Note Segmentation. Singing phase sEMG signals for the Pitch Imitation Task were 

segmented in a similar fashion as described above. First, the experimenter determined how many 

notes the participant sung by listening to the corresponding audio recording. Trials in which 

participants sung an incorrect number of notes were excluded from further analysis. Auditory 

feedback of a participant’s sung production of the target stimuli was captured by the speaker’s 

accelerometry signal and the very same segmentation procedure described above.   

Pitch Imitation Task sEMG.  The Pitch Imitation Task’s function in the experiment was 

to clarify the sternohyoid muscles’ role in pitch control. Therefore, analyses focused on the 

sternohyoid’s activity across sung interval context by contrasting the magnitude of the sEMG 

signal across two successive notes. Using the note-level segmentation described above, a mean 

value across the entire duration was generated and difference scores between mean sEMG 
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activities in the third note minus second’s activity comprise the basic data for analysis. These 

signed difference scores reflect the change in activity when singing specific intervals, where 

positive values indicate higher sEMG activity in the third note and negative values equate to less 

activity in the third note. 

Comparison of raw sEMG activations are not recommended given the vast differences in 

muscle morphology and subcutaneous tissue properties that vary from individual to individual 

(Konrad, 2006). For example, even small individual differences in subcutaneous fat present at 

recording sites will change the raw amplitude of the sEMG signal (Netto & Burnett, 2006). 

However, the use of difference scores across two successive events circumvents this issue as the 

dependent measures contrasts changes in sEMG signal within a participant and trial, thereby 

controlling to error variance associated with individual differences. As such, the other sensors 

activities were examined in the same fashion.  

Imagery and Reproduction Task sEMG. The analytical approach for measuring 

subvocalization during imagery emulates that of Pruitt, Halpern, and Pfordresher (2019), which 

makes use of a 200 millisecond-moving window to extract maximum average values to estimate 

peak muscle activity. This technique was used in lieu of the mean activity difference score 

approach employed for the Pitch Imitation Task data for two reasons. First, the focus on 

subvocal activity, rather than overt singing, leads to the possibility that the strength of the sEMG 

signal may not scale similarly, that is changes in sEMG activity during imagery may be more 

subtle and more difficult to contrast with difference scores. Second, difference scores across 

successive notes requires the participant to be accurately synchronizing each imagine note with 

the pacing sound (IAI or noise bursts). It is possible a participant may lag or lead in these 

imagined notes and therefore the difference score approach would not be sensitive to such 
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possibilities. Therefore, the analysis captures mean activity across a series of successive 

imagined notes. As such, note level segments surrounding the location of large interval 

manipulations were extracted and the moving window passed over this imagined note series. 

Specifically three note level segments were used, the first and second note of the large interval as 

well as the note immediately after the interval.  

Early interval manipulation targets always used note segments two through four for both 

six- and eight-note melodies. Six-note target melodies with late interval manipulations used 

notes four through six. Eight-note target melodies with late interval manipulations used notes six 

through eight. After extracting the note series for each target the moving window was passed 

over these segments, an average values was calculated for each window step, and the highest 

average is selected to serve as the sEMG measure of the trial. Control target melodies, which did 

not possess large intervals, were treated in a similar fashion where segments early in the sEMG 

data were extracted and average maxima generated. 

For the moving window analysis, it was critical to devise a method to normalize the data 

to control for individual differences in baseline muscle activity. This was accomplished by 

applying the moving window procedure to the first three seconds of the each rest trial. The 

average maximum value of the rest trials were then subtracted from obtained average maximum 

of target segments. These final values served as the core data for statistical analyses of this 

analytical approach.  

Results 

Pitch Imitation Task 

Acoustic Analyses. A two-way repeated measures ANOVA using factors of starting 

position (low, comfort, high) and target interval (e.g. downward Major 5th) was conducted to 
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examine how interval singing accuracy changed as a function of these factors. The results 

showed a main effect of starting position, F(2, 118)  = 27.54, p = 0.007, η2
p = .32, a main effect 

of target interval, F(4, 242) = 30.82, p < 0.001, η2
p = .34, and a significant starting position × 

target interval interaction, F(8, 476) = 20.27, p < 0.001, η2 = .25. The main effect of starting 

position on singing accuracy suggests that as participants either started singing higher or lower 

than their comfort pitch then their imitation accuracy suffered (see Figure 10). The significant 

interaction indicates that the accuracy with which participants produced target intervals 

depended on the relationship of that interval to the participant’s comfort pitch. In particular, 

accuracy suffered for downward target intervals starting in the lower position of the participant’s 

vocal range (downward Major 3rds M = 494.51, SD = 604.09; downward Major 5ths, M = 463.93, 

SD = 389.81). In such cases, the inability to imitate pitches at the extremities of one’s vocal 

range may be due to biological constraints based on the lower limit for harmonic vibrations in 

the vocal folds. For example, in this task, the span between an individual’s given comfort pitch 

and the lowest pitch target was 1000 cents (1200 cents is equal to an octave). Either, or both, the 

size of one’s vocal folds and limited vocal-motor control would contribute to the inaccuracy of 

imitating such a low pitch in their vocal range.   
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Figure 10. Line graphs depicting the starting position by target interval interaction from the singing 

accuracy data of the Pitch Imitation Task. Error bars reflect standard error.  

 

The very same interpretation can be applied to cases in which participants started in a 

position above their comfort range. Indeed, a similar pattern of results can be seen in Figure 10 

where interval deviations were much larger compared to low and comfort starting positions when 

target pitches moved higher into their vocal range. Albeit, this was a less marked effect 

compared to cases of starting in a lower position, but yet again can be attributed to vocal 

characteristics. The morphology and biomechanics of the larynx allows for the production of a 

wider range of higher frequencies than lower frequencies. In fact, it is well known that most 

individuals are capable of shifting between modal to falsetto modes of phonation (Zhang, 2016). 

Modal phonation is typical to speaking and singing in one’s comfort range. Falsetto phonation is 

characterized as being noticeably higher in pitch compared to modal voice and requires more 
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dramatic adjustments to larynx. This affords the ability to vocalize a wide array of frequencies 

that are higher in one’s vocal range. However, as individuals’ produced pitches that moves 

higher into their range, their ability to precisely control the F0 of these pitches diminish.   

 sEMG Analyses. Analyses presented here focus on sEMG during the overt singing of 

pitch sequences for the Pitch Imitation Task. All reported effects where Mauchly’s test detected 

sphericity violations remained significant after applying Greenhouse-Geisser corrections. It was 

first determined whether differences in sEMG activity between the second and third note varied 

across sensor, starting pitch (comfort, high, low), and target interval (e.g. upward Major 5th) 

using a three factor repeated measures analysis of variance (ANOVA). There was a significant 

main effect of sensor, F(4, 242) = 9.41, p < 0.001, η2
p = .29, and a significant main effect of 

target interval, F(4, 242) = 14.84, p < 0.001, η2
p = .32. Critically, there was a sensor × target 

interval interaction, F(16, 1026) = 10.21, p < 0.001, η2
p = .22, and a significant starting pitch × 

target interval interaction, F(8, 476) = 3.27, p < 0.01, η2
p = .09. Finally, there was also a three-

way interaction across these factors, F(32, 2048) = 1.69, p = 0.009, η2
p = .05. All other effects 

were not significant (ps > 0.07 for each).  

 Based on the pattern of results of this omnibus ANOVA, it was most effective to tease 

apart the interactions by focusing subsequent analyses within each sensor. Most pertinent to the 

experiments presented here concerns the pattern of results involving the sternohyoid muscles. 

For the left sternohyoid muscle, a two-way repeated measures ANOVA found a significant main 

effect of target interval, F(4, 242) = 5.86, p = 0.009, η2
p = .16, but no main effect of starting 

pitch, F(2, 118) = 2.31, p = 0.11. However, there was a significant starting pitch × target interval 

interaction in the left sternohyoid sensor, F(8, 476) = 2.21, p = 0.03, η2
p = .07. As can be seen in 
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Figure 11A, as hypothesized singing downward intervals resulted in the highest sEMG activity. 

Yet, sEMG activity varied across starting pitch when singing upward contoured intervals.  

To tease apart this interactive effect, a series of one-way ANOVAs tested for differences 

in starting pitch across all five interval targets. The results showed that starting on a high pitch 

and singing an upward Major 3rd interval led to more left sternohyoid activity, F(2, 130) = 4.21, 

p = 0.02, η2 = .11. Whereas starting on a low pitch and singing a upward Major 5th contour 

results in less activity compared to other starting pitches, F(2, 130) = 6.82, p = 0.002, η2 = .17. 

The ANOVAs for all other intervals were not significant (ps > 0.15).  

 The right sternohyoid muscle’s activity exhibited a similar pattern of results. The two-

way repeated measures ANOVA yielded a significant main effect of target interval, F(4, 242) = 

5.20, p < 0.001, η2
p = .15, but no main effect of starting pitch F(2, 118) = 1.08, p = 0.35. Again, a 

significant starting pitch by target interval emerged for the right sensor, F(8, 476) = 3.76, p < 

0.001, η2
p = .10. Figure 11B shows that like the left sternohyoid, the right sternohyoid’s activity 

was greatest when singing downward Major 3rd and Major 5th intervals. But similar to the left 

sensor’s data, activity in the right sternohyoid when singing upward intervals varied by starting 

pitch. As before, a series of one-way ANOVAs examined this interaction by comparing how 

sEMG activity varied across starting pitch within each target interval. When starting on a high 

pitch, sEMG activity was higher when singing upward Major 5th, F(2, 130) = 5.74, p = 0.005, η2 

= .15. ANOVA results for other target intervals were not significant (ps > 0.14). 
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Figure 11. Line graphs of the change in left and right sternohyoid muscle activity when singing target 

intervals at different starting pitches in the Pitch Imitation Task. Error bars represent standard error. 

 

Crucially, the two-way repeated measures ANOVAs focusing on each other sensor did 

not yield any significant effects. No main effects or interactions were observed for both the left 

and right upper lip muscles (ps > 0.22 and ps > 0.09, respectively). Likewise, the bicep sensor’s 

effects were also not significant (ps > 0.14).    

Relating Sternohyoid Activity to Sung Interval. The previous results verify that the 

sternohyoid muscles are engaged when lowering pitch. This begs the question whether the 

degree of activity varies as a function of sung interval size. Because the singing accuracy results 

showed that participants’ performances were hindered by the location of the starting pitch within 

their comfort ranges, these analyses focused only on comfort pitch starting positions. Two 

correlational analyses, separated based on left and right sternohyoid sensor, examined the 

association between sEMG activity and sung interval size across target intervals. As can be seen 

in Figure 12A, there was a significant correlation between produced interval and activity changes 

in the left sternohyoid, r(328) = -.51, p < 0.001, R2 = .26. Likewise, and shown in Figure 12B, 

there was a significant correlation between right sternohyoid activity changes and interval size, 

r(328) = -.53, p < 0.001, R2 = .28 
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Figure 12. Scatterplots depicting correlations between sEMG activity change and sung interval size. 

Panel A presents data from the left sternohyoid sensor and panel B is the right sensor. Dashed vertical 

lines correspond to target interval size. Each data point represents the mean value for each participant 

per target interval.  

 

Next, two correlational analyses examined the association between sung interval error 

rates to sEMG differences scores. The analysis again focused on trials with comfort starting 

pitches. There was no significant correlation between right sternohyoid activity differences and 

sung interval errors, r(328) = .06, p = 0.30. Nor was there a significant correlation between left 

sternohyoid activity changes and sung interval error rates, r(328) = .04, p = 0.46.  

 The results showing that changes in sternohyoid activity varied as a function of sung 

interval size and direction coheres, to some degree, with previous voice research. For example, 

studies that have made use of continuous vocal pitch changes, such as glissandos, observed the 

sternohyoid exhibited gradated activity as a function of fundamental frequency, with more 
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activity at lower pitches and less activity at higher pitches (Vilkman, et al., 1996; Roubeau et al., 

1997). The results of the correlations between each sternohyoid’s activity and sung interval very 

much mirrors these effects.  

Imagery and Reproduction Task  

Acoustic Analyses. It was first determined that an abundance of addition and deletion 

errors were committed by participants during their reproduction of target melodies. As a result, 

2038 (32.66%) trials were omitted from analyses since participants did not sing the correct 

number of notes.1  

A mixed multifactor ANOVA was conducted using distractor type (tonal, atonal, 

nonwords) as a between subjects factor and IAI condition (distractor versus noise) and target 

melody length (6- versus 8-notes) as repeated measures factors (see Figure 13). Again, cases 

where Mauchly’s test determined sphericity violations remained significant after Greenhouse-

Geisser corrections. The results showed no significant main effect of distractor type, F(2, 59) = 

1.72, p = 0.19. However, there were significant main effects associated with IAI condition, F(1, 

59) = 43.96, p < 0.001, η2
p = .42, and target melody length, F(1, 59) = 36.25, p < 0.001, η2

p = .38. 

In addition there was a significant distractor type × IAI condition interaction, F(2,118) = 4.56, p 

= 0.01, η2
p = .12, and significant IAI condition × target melody length interaction, F(1, 59) = 

8.37, p = 0.005, η2
p = .12. However, no significant distractor type × target melody length 

interaction was detected (p = 0.29) nor was there a significant three-way interaction (p = .57).  

                                                           
1 A subset of these omitted trials were subjected to analyses that accounted for the deletion or 

addition of notes and optimally matched the participant’s imitation to the best fit for the target 

sequences’ contour. As a result, the proportion of omitted trials was significantly reduced 

(21.28%), but it was thought prudent to focus acoustic analyses on cases where the correct 

number of notes were imitated. 
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Figure 13. Omnibus ANOVA results on the singing accuracy data of the Imagery and Reproduction Task. 

 

Given the pattern of main effects and the presence of the distractor type × IAI condition 

interaction, the next analytical step examined the potential differences in disruption across 

distractor types. Contrasts were generated by subtracting the mean contour error rate for the 

distractor condition minus the noise-burst control condition for each participant. The data were 

then subjected to a two-way mixed multifactor ANOVA using distractor type as a between-

subjects factor and melody length as a repeated measures factor (see Figure 14). The results 

showed a significant main effect of distractor type, F(2, 63) = 4.07, p = 0.02, η2
p = .12, but no 

main effect of melody length (p = 0.43) nor a significant interaction (p = 0.56). As there were no 

significant effects associated with melody length, the distractor contrast data were further 

collapsed across melody length to examine the effect distractor type on sung contour error. 

Holm-Bonferroni corrected p-value was used for determining significance of these of single-

sample t-tests for each distractor condition (p < 0.016). A single-sample t-test on change in 

contour error rates for tonal distractors was significantly different from 0, t(24) = 5.73, p < 0.001. 
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Likewise, the single-sample t-test on change in contour error rates for atonal distractors was also 

significant, t(25) = 2.57, p < 0.016. The single-sample t-test for nonword distractors was not 

significant though, t(14) = 0.76, p = 0.46. These results suggest that within-domain distractors 

exhibited greater disruptive effects than the cross-domain distractor, which partially aligns with 

the hypotheses outlined in the introduction. Tonal distractors led to the most disruption, likely 

due to the shared structural characteristics between targets and distractors.  Atonal distractors do 

not have an underlying musical key, but share domain, and they too significantly disrupted 

singing accuracy. Yet, an independent sample t-test did show significant differences between 

tonal and atonal disruption (p = 0.38). While nonword distractors’ did not lead to statistically 

significant disruptive effects.  The results, therefore, partially align with the hypothesized 

interference effects of within- versus cross-domain distractors.  

 

Figure 14. Bar graphs presenting the results of a between-subjects ANOVA using distractor minus noise-

burst control error rates to probe for difference in disruption across distractor types (e.g. tonal, atonal, 

or nonwords). Error bars represent standard error.  
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This conclusion should be qualified by the fact that  participants’ imitation of target 

melodies were saturated with errors, both in the form of not reproducing the correct number of 

notes as well as high contour error rates during noise-burst control conditions (M range 19 – 

21%). Therefore, it seems that participants were unable to maintain a clear memory trace for 

target melodies, even under noise-burst IAI conditions, and this largely contributed to 

participants’ underwhelming performance. As such, a series of correlational analyses aimed to 

examine the relationship among imagery, memory, and singing accuracy. Most of these 

correlations were not significant (see Appendix 5, ps > .10), however one correlation was 

illuminating as to why participants’ exhibited such poor singing accuracy. The correlation 

between self-reported auditory imagery vividness and singing mean accuracy during noise-burst 

IAI conditions was significant, r(64) = -.28, p = 0.03, R2 = .08. . This suggests that individuals 

who report degraded auditory imagery were more likely to exhibit poorer singing accuracy (see 

Figure 15), a recurrent finding in singing accuracy research (Pfordresher & Halpern, 2013, 

Greenspon, Pfordresher, & Halpern, 2017, Pruitt, Halpern, & Pfordresher, 2019). 

 

Figure 15. Scatterplots of correlation between imagery vividness and contour error rates in noise-burst 

control IAI conditions.  
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sEMG Imagery.  Results presented here derive from statistical analyses on the moving 

window analysis that makes use of maximum average data from key locations in the imagined 

sequences. Given the abundance trials where participants sang the incorrect number of notes, the 

data were confined for this analysis to trials with correct note number reproductions.  

This data were subjected to a mixed multifactor ANOVA with distractor type (tonal, 

atonal, nonwords) as the between-subjects factor and repeated measures factors of sensor, 

melody length, IAI condition (distractor versus noise-bursts), and target melody type (e.g. Early 

Down).  There were no statistically significant effects (ps > 0.08, see Appendix 6). The lack of 

any significant effects was surprising, especially the absent sensor × target interval interaction 

given the ascertained effects of singing large downward intervals observed in the Pitch Imitation 

Task analyses. This indicates that participants’ sEMG activity did not vary across target melodies 

with interval manipulations and does not support the hypothesis that subvocalizations correspond 

to imagined pitch changes. Furthermore, the non-significant main effects of distractor type, IAI 

condition, or melody length also indicate that participants’ subvocal activity did not change as a 

function of these independent variable manipulations.  

Relating sEMG Imagery to Singing Accuracy. The previous imagery subvocalization 

analyses yielded no significant effects or interactions, but that is not to say that participants did 

not seem to exhibit sEMG activity during imagery. Measured sEMG activity was higher in the 

left (M = 10.84, SD = 24.08) and right (M = 12.62, SD = 29.11) sternohyoid muscles compared 

to the control sensor on the bicep (M = 5.12, SD = 14.78. However there was only a marginally 

significant main effect of sensor (p = 0.08, see Appendix 6), even after controlling for individual 

differences through the use of rest contrasts. Moreover, the variability in the sternohyoid sensors 

further suggests some sort of activity occurring during imagery. This evokes the question of 
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whether sternohyoid activity was related to singing accuracy, similar to Pruitt, Pfordresher and 

Halpern’s (2019) finding that poorer singers exhibited greater subvocalizations. The results 

showed that the left sternohyoid’s mean sEMG activity during imagery was not significantly 

correlated with mean contour error rates, r(64) = .11, p = .44 (see Figure 16A) Likewise, the 

right sternohyoid’s activity was not significantly related to contour error rates either, r(64) = .08, 

p = .51 (see Figure 16B).  

 

Figure 16. Scatterplots depicting the non-significant correlations between sung contour error rates and 

sEMG activity. Panel A presents the left sternohyoid data and panel B is the right sternohyoid data. Each 

data point represents mean values.  
 

Discussion 

The purpose of this research was two-fold. The first goal was to verify previous voice 

research findings concerning the function of the sternohyoid muscle in pitch control. The results 

from the Pitch Imitation Task align with the hypothesis that the sternohyoid muscles serve an 

indirect role in lowering pitch, which corroborates findings from previous research examining 

extrinsic laryngeal muscles (Shipp, 1975; Shipp & Izdebski, 1975; Sapir, 1989; Ohala, 1977; 



sEMG STUDY OF SINGING AND MUSICAL IMAGERY                   46 
 

Vilkman et al., 1996; Roubeau, et al., 1997). An additional aim was to examine how the 

sternohyoid’s activity potentially related to singing accuracy, however no association was 

observed. The second goal was to explore conditions in which subvocalizations were recruited 

during intentional musical imagery. Unfortunately, the difficulty of the experimental paradigm, 

the Imagery and Reproduction Task, complicated the participants’ abilities to maintain the target 

sequences in memory and ultimately sing these target melodies accurately.  

A significant contribution of this research involved the use of sEMG to measure extrinsic 

laryngeal muscle activity during singing. Voice researchers have previously addressed these 

muscles function in both speech (Sapir, 1989; Ohala, 1977) and singing (Shipp, 1975; Shipp & 

Izdebski, 1975) contexts. However, the current studies made use of newer technologies, better 

experimental control, and less invasive techniques. It was therefore necessary to ensure that the 

results of this study cohered with previous research findings.   

The results of the Pitch Imitation Task did align with previous findings and yielded some 

novel results. The hypothesis that sternohyoid muscle activity would be highest for singing 

downward intervals was confirmed, supporting observations that these muscles act as a laryngeal 

depressors to create a vocal configuration for producing lower pitches (Ohala 1972; Roubeau et 

al, 1997; Belyk & Brown, 2017). A review by Vilkman et al (1996) previously address this 

notion, but found that a subset of studies reviewed reported the sternohyoid active when raising 

pitch as well. Results from the Pitch Imitation Task lend strong support for the sternohyoid’s 

selective role in lowering pitch rather than raising it, based on the near zero and negative 

difference scores when singing upward intervals. The exception to this was observed in the right 

sternohyoid’s activity when starting at a high pitch and singing a large upward interval, an 

observation potentially elucidated by results in the Pitch Imitation Tasks acoustic analyses.  
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One of the most interesting results was the moderate correlation between sung interval 

size and change in both sternohyoids’ activities. These observations suggest that sternohyoid 

muscle activity scaled as a function of continuous pitch change, an association that to a degree 

Roubeau and colleagues (1997) observed. Yet, no correlation was found between interval error 

rates and the sternohyoid activity. This pattern of results likely reflects the known biomechanical 

function of extrinsic laryngeal muscles, which exert indirect effects on pitch control through 

adjustments to the cartilages that house the larynx. Whereas finer configurations of the vocal 

folds are regulated by intrinsic laryngeal muscles, such as the criothyroid and thyroarytenoid 

muscles (Vilkman, et al, 1996; Zhang, 2016). In other words, singing accurately relies more 

heavily on the minute adjustment of the vocal folds rather than gross relations across other vocal 

apparatuses.  

The disparity between sternohyoid activity and singing accuracy is further accentuated by 

a comparison of how starting pitch led to distinctive effects across these measures. The pattern of 

variation in sternohyoid sEMG activity across sung intervals was mostly consistent when starting 

either lower, at comfort, or higher in participants’ vocal ranges (refer to Figure 11). On the other 

hand, starting pitch had pronounced effects on singing accuracy, as measured by sung interval 

deviation (refer to Figure 10). Starting on either a comfort pitch or a Major 3rd lower (five 

semitones) generally led to larger interval deviations when targets had a downward contour. Yet, 

beginning higher in the vocal range and singing downward intervals attenuated errors. This 

pattern likely reflects participants approaching the lower limits of the vocal range, which 

contributes to their inability to accurately imitate the lower target notes in these downward 

intervals.  
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 Many voice researchers characterize phonation in terms of four laryngeal biomechanical 

configurations observed across frequency ranges, two of which relate strongly to singing 

(Roubeau, Henrich, & Castellengo, 2009). Modal voice can be described as a neutral mode of 

phonation that involves typical vibration of the vocal folds with minor muscular adjustments, 

where men’s average F0 is around 120 Hz and women’s at 220 Hz (Berry, 2001). The typical F0 

range when men sing with modal voice varies from 78 to 370 Hz and between 147 to 370 Hz for 

women. The Pitch Imitation Task’s lowest possible imitated pitch was 58.27 Hz and 116.54 Hz 

for males and females respectively (Roubeau, Castellengo, Bodin, & Ragot, 2004). This is nearly 

an octave below the comfort range for both groups, well below the reported average F0 for modal 

voice, and veers into creak phonation mode (Berry, 2001). Creak phonation, colloquially 

described as “vocal fry,” exhibits slow irregular vibrations of the vocal chords. As a result, the 

ability to imitate pitches in this range proves very difficult given these biomechanical constraints, 

and likely account for poorer imitation of pitches in this range.  

 These constraints on vocal range and differing phonation modes similarly account for the 

elevated error rates observed when starting higher in one’s vocal range and attempting to match 

higher pitches. As can be seen in Figure 10, interval deviations grew when imitation upward 

Major 3rd and Major 5th intervals while starting at a higher position. The magnitude of these 

deviations were much smaller than cases of singing downward interval counterparts. One can 

attribute this difference to the characteristics of an individual’s vocal range, which yields the 

capacity to produce a broader range of higher pitches compared to lower pitches by virtue of the 

larynx’s biomechanics.  

Many of the higher target pitches of the Pitch Imitation Task fell well within most male 

and females modal voiced ranges. With exception to those female participants with the highest 
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assigned vocal range (D4) whose highest target pitch 523.25 Hz. Singing in at these frequencies 

involves falsetto phonation, which has a noticeably higher pitch with broader ranges for both 

males (165 to 660 Hz) and females (196 to 1046 Hz; Roubeau, Castellengo, Bodin, & Ragot, 

2004). Interestingly, previous fMRI studies of vocal tract configurations show that very little 

alterations are made when shifting between modal and falsetto phonation (Echternach, Sundberg, 

Arndt, Markl, Schumacher, & Richter, 2010). Most relevant here, is the elevation of the larynx 

through engagement of the infrahyoid muscles. The lack of change in sEMG activity across 

comfort versus high starting pitch singing coheres well with this finding.  

The results of the Pitch Imitation Task boded well for potentially detecting 

subvocalizations associated with specific pitch changes during imagery. Regrettably, the design 

of the Imagery and Reproduction Task may have undermined the ability to capture these subtle 

activities. Although the use of six- and eight-note melodies was intended to tax participants’ 

memory, and therefore encourage the use of subvocalization to maintain a trace of target 

sequences, it seems that melodies of this length were generally difficult to reproduce. A 

significant proportion of trials (32%) contained additions, and more commonly, deletions of 

notes. Additional analyses accounted for deletions by finding the optimal match between 

participant’s imitations and the intended target sequence in order to mitigate the number of 

omitted trials from analyses. However, the remaining 21% of trials contained multiple deletions, 

where participants often only sung four out of six or five out of eight notes. This is especially 

surprising given the effort to inoculate this possibility through the blocking trials with targets of 

the same length and experimenter instruction highlighting the number of notes for items at 

particular stages of the task. 



sEMG STUDY OF SINGING AND MUSICAL IMAGERY                   50 
 

Another factor that may have contributed to the poor singing accuracy involved the 

possible confusion of notes within target melodies. Williamson, Baddeley and Hitch (2010) 

found that nonmusicians were particularly susceptible to pitch proximity effects, where such 

individuals often confuse pitches that are perceptual close in frequency (e.g. B vs C) versus those 

that are more distant (e.g. B vs G). Given target melodies in the Imagery and Reproduction Task 

were mostly composed of intervals less than a tritone (600 cents), it is possible that such pitch 

similarity effects further hindered some participants’ performance.  

The replicated correlation linking degraded imagery vividness to contour error rates 

during noise-burst control conditions further illustrates the difficulty of the task. Even without 

the presence of distractors during imagery, individuals who reported less vivid auditory imagery 

committed more contour errors. Then the introduction of distractors further exacerbated 

performance. Within-domain distractors were particularly detrimental to singing accuracy, based 

off the pattern of t-test analyses described above. As such, the hypothesis concerning differing 

disruptive effects of distractor type was partially supported and such results align with previous 

work examining nonverbal auditory interference effects on working memory (Penchman & 

Mohr, 1992; Soemer & Saito, 2015) and auditory imagery (Smith, Reisberg, & Wilson, 1995).  

In conclusion, although the outcomes were mixed with respect to fulfilling the 

experimental goals of this research, a variety of contributions has emerged. Previous voice 

research findings were verified concerning the sternohyoid muscle’s role in pitch control via 

differing methodologies. This demonstration yields a variety of avenues and benefits for future 

research.  The use of sEMG circumvents much of the discomfort a participant may experience 

from such physiological studies that requires invasive techniques. This, in turn, affords broader 

samples through enhancing participants’ comfort and extending samples beyond those with voice 
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disorders. Although the Imagery and Reproduction Task paradigm was shown to be problematic, 

the Pitch Imitation Task shows promise for further sEMG study of overt singing and possible 

adaption for an imagery paradigm. 
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Appendix 1 

 

Please fill out the following information: 

Sex: ______ 

Age: ______ 

Years of Formal Education (e.g. High School = 12 years): ______ 

Occupation: _______________ 

 
 

Bucknell Auditory Imagery Vividness Scale 
 

The following scale is designed to measure auditory imagery, or the way in which you “think 
about sounds in your head.”  For the following items you are asked to do the following: 

 

Read the item and consider whether you think of an image of the described sound in your head.  

Then rate the vividness of your image using the following “Vividness Rating Scale.”  If no 

image is generated, give a rating of 1. 

  

Please feel free to use all of the levels in the scale when selecting your ratings. 

 

 

Vividness Rating Scale  

 

1  2  3  4  5  6  7 

 

 No Image        Fairly            As Vivid As 

 Present At All        Vivid          Actual Sound 

 

Vividness  Rating   

1. For the first item, consider the beginning of the song “Happy Birthday.”    

 The sound of a trumpet beginning the piece.                                                            ______  
         

2. For the next item, consider ordering something over the phone.                      
The voice of an elderly clerk assisting you.                            ______ 
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3. For the next item, consider being at the beach. 

 The sound of the waves crashing against nearby rocks.     ______ 
    

4. For the next item, consider going to a dentist appointment. 

 The loud sound of the dentist’s drill.                             ______ 

  

5. For the next item, consider being present at a jazz club. 

 The sound of a saxophone solo.       ______ 

 

6. For the next item, consider being at a live baseball game. 

 The cheer of the crowd as a player hits the ball.     ______ 

  

7. For the next item, consider attending a choir rehearsal. 

 The sound of an all-children’s choir singing the first verse of a song.  ______ 

 

8. For the next item, consider attending an orchestral performance of Beethoven’s Fifth. 

 The sound of the ensemble playing.       ______ 

 

9. For the next item, consider listening to a rain storm. 

 The sound of gentle rain.        ______ 

 

10. For the next item, consider attending classes. 

 The slow-paced voice of your English teacher.     ______ 

 

11. For the next item, consider seeing a live opera performance. 

 The voice of an opera singer in the middle of a verse.    ______ 

 

12. For the next item, consider attending a new tap-dance performance. 

 The sound of tap-shoes on the stage.       ______ 

 

13. For the next item, consider a kindergarten class. 

 The voice of the teacher reading a story to the children.    ______ 
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14. For the next item, consider driving in a car. 

 The sound of an upbeat rock song on the radio.     ______ 

 

 

Bucknell Auditory Imagery Control Scale 

 

The following scale is designed to measure auditory imagery, or the way in which you “think 
about sounds in your head.”  For the following pairs of items you are asked to do the following: 

 

 Read the first item (marked “a”) and consider whether you think of an image of the 
described sound in your head.  Then read the second item (marked “b”) and consider how easily 
you could change your image of the first sound to that of the second sound and hold this image.  
Rate how easily you could make this change using the “Ease of Change Rating Scale.”  If no 
images are generated, give a rating of 1. 

  

 Please read “a” first and “b” second for each pair.  It may be necessary to cover up “b” so 
that you focus first on “a” for each pair. 

 

 Please feel free to use all of the levels in each scale when selecting your ratings. 

 

 

Ease of Change Rating Scale 

 

1  2  3  4  5  6  7 

No Image            Could Change                                     Extremely Easy             
Present At All               The Image,          To Change 

                       But With Effort                                             The Image 
             

Change 

                        Rating 

 

1. For the first pair, consider attending a choir rehearsal. 

 a. The sound of an all-children’s choir singing the first verse of a song.   

 b. An all-adults’ choir now sings the second verse of the song.   ______ 

 

2. For the next pair, consider being present at a jazz club. 
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 a. The sound of a saxophone solo.        

 b. The saxophone is now accompanied by a piano.     ______ 

 

3. For the next pair, consider listening to a rain storm. 

 a. The sound of gentle rain.         

 b. The gentle rain turns into a violent thunderstorm.     ______ 

 

4. For the next pair, consider driving in a car. 

 a. The sound of an upbeat rock song on the radio.      

 b. The song is now masked by the sound of the car coming to a screeching halt. ______ 

 

5. For the next pair, consider ordering something over the phone. 

 a. The voice of an elderly clerk assisting you.       

 b. The elderly clerk leaves and the voice of a younger clerk is now on the line. ______ 

 

6. For the next pair, consider seeing a live opera performance. 

 a. The voice of an opera singer in the middle of a verse.     

 b. The opera singer now reaches the end of the piece and holds the final note. ______ 

 

7. For the next pair, consider going to a dentist appointment. 

 a. The loud sound of the dentist’s drill.       

 b. The drill stops and you can now hear the soothing voice of the receptionist. ______ 

 

8. For the next pair, consider the beginning of the song “Happy Birthday.”    

 a. The sound of a trumpet beginning the piece.       

 b. The trumpet stops and a violin continues the piece.    ______ 

 

9. For the next pair, consider attending an orchestral performance of Beethoven’s Fifth. 

 a. The sound of the ensemble playing.       

 b. The ensemble stops but the sound of a piano solo is present.   ______ 
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10. For the next pair, consider attending a new tap-dance performance. 

 a. The sound of tap-shoes on the stage.       

 b. The sound of the shoes speeds up and gets louder.     ______ 

 

11. For the next pair, consider being at a live baseball game. 

 a. The cheer of the crowd as a player hits the ball.      

 b. Now the crowd boos as the fielder catches the ball.    ______ 

   

12. For the next pair, consider a kindergarten class. 

 a. The voice of the teacher reading a story to the children.     

 b. The teacher stops reading for a minute to talk to another teacher.   ______ 

 

13. For the next pair, consider attending classes. 

 a. The slow-paced voice of your English teacher.      

 b. The pace of the teacher’s voice gets faster at the end of class.   ______ 

 

14. For the next pair, consider being at the beach. 

 a. The sound of the waves crashing against nearby rocks.     

 b. The waves are now drowned out by the loud sound of a boat’s horn out at sea. ______ 
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Appendix 2 

Goldsmith MSI Musical Sophistication Questionnaire 

For questions 1 – 15, rate your responses a the scale below which ranges from 1 to 7, with 1 

meaning complete disagree and 7 meaning complete agree. For questions, 16-18, choose your 

response from the bold selections within the box. I will speak aloud the question number and 

you will tell me your response.  

 Rating Scale 

# Question Response 

1 I spend a lot of my free time doing music-related activities.  

2 I enjoy writing about music, for example on blogs and forums.  

3 If somebody starts singing a song I don't know, I can usually join in.  

4 I can sing or play music from memory.  

5 I am able to hit the right notes when I sing along with a recording.  

6 
I can compare and discuss differences between two performances or 
versions of the same piece of music. 

 

7 
I have never been complimented for my talents as a musical 
performer. 

 

8 I often read or search the internet for things related to music.  

9 
I am not able to sing in harmony when somebody is singing a familiar 
tune.  

 

10 I am able to identify what is special about a given musical piece.  

11 When I sing, I have no idea whether I'm in tune or not.  

12 Music is kind of an addiction for me - I couldn't live without it.  

13 
I don’t like singing in public because I’m afraid that I would sing 
wrong notes. 

 

14 I would not consider myself a musician.  

15 
After hearing a new song two or three times, I can usually sing it by 
myself.   

 

16 
I engaged in regular, daily practice of a musical instrument (including 
voice) for ___ years. 0/1/2/3/4-5/6-9/10 or more 

 

17 
At the peak of my interest, I practiced ___ hours per day on my 
primary instrument.    0/0.5/1/1.5/2/3-4/5 or more 

 

18 
I can play ___ musical instruments  0/1/2/3/4/5/6 or more 
 

 

1 
Completely 

Disagree 

2 
Strongly 
Disagree 

3 
Disagree 

4 
Neither 
Agree or 
Disagree 

5 
Agree 

6 
Strongly 

Agree 

7 
Completely 

Agree 
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Appendix 3 
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Appendix 4 

 

Tonal IAI Creation and Selection 

Tonal IAIs were created by creating a series of pitch events presented at a rate of 1000 

milliseconds per IOI, which is the same tempo at which target melodies are presented. However, 

to reduce confusion with target melodies tonal IAI sequences were composed of notes with a 

sine-wave timbre and at a fundamental frequency roughly two octaves above the participant’s 

comfort range. IAIs were created by composing a set of eight-note seed melodies that are devoid 

of Major 5th intervals (seven semitones). They could contain intervals larger than a Major 5th, but 

it was ensured that such intervals did not occur at the third-to-fourth, fourth-to-fifth, or sixth-to-

seventh note transitions. These candidate distractors were then transposed to the key of F# 

Major, a tonal center that is intended to be distinct from target melodies, which primarily center 

on C Major.  All sequences were then reversed to create both forward and backward versions of 

the distractor sequences, resulting in a total of eight candidate IAIs. Then the final two notes of 

all these candidates were removed so to create corresponding six-note IAIs. Each sequence’s 

tonality was then verified by testing them with the Krumhansl-Schmuckler key finding algorithm 

(Krumhansl & Schmuckler, 1986; cf. Krumhansl, 1990). A brief stimuli evaluation study was 

conducted in order to determine which of the candidate distractors were rated as being the most 

perceptually tonal. Fifteen participants, 11 of whom possessed more than five years of musical 

experience, listened to and rated the 8 eight-note (four forward and four backward versions) 
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candidates and 8 six-note candidates (four forward and four backward version) three times each. 

They rated the “tunefulness” on a seven-point Likert scale (e.g. “1 – not tuneful at all” to “7 – 

very tuneful”). Thirteen of the 16 candidates had mean ratings above the neutral point (“fairly 

tuneful”, Range 4.09 – 5.23). Thus, the most highly rated candidate sequences were selected as 

distractors if their backwards and six-note counterparts were above the neutral rating value as 

well. The figure above shows the selected eight-note distractor sequences which served as tonal 

IAIs and the accompanying table reports the statistical results of the rating study. Lastly, all 

selected IAI sequences were correlated with the intended F# Major key as verified by the 

Krumhansl-Schmuckler key finding algorithm (r(23) ranges from 0.52 – 0.86, p < 0.05, two-

tailed). 

 

Atonal IAI Creation and Selection 

 

Atonal pitch sequence were created by assigning numbers to each note of the 12 

chromatic scale steps. Random permutations of 12 digits were generated and the atonal sequence 

is created by concatenating the corresponding notes into the randomly generated order.  A set of 

eight candidate atonal sequences were created to be used in a similar rating study described 

above for developing the tonal IAIs. These candidate distractors were selected based on the 

criteria: 1.) There were no seven semitone interval changes (i.e. Major 5th)  at the 3rd to 4th, 4th to 

5th, or 6th to 7th note transitions, 2.) There was no significant correlation with a tonic based on the 
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Krumhansl-Schmuckler key finding algorithm (Krumhansl & Schmuckler, 1986; described in 

Krumhansl, 1990). Four atonal IAI stimuli candidates were created and then the note order was 

reversed to produce forward and backward sequences. Six-note atonal sequences were created by 

taking each of the eight-note candidates and simply using the first six notes. These 16 sequences 

were then subjected to a rating study in order to identify which stimuli were perceived as the 

least tonal. Sixteen participants, nine of which were categorized as musicians based on five or 

more years of experience, evaluated the atonal candidates. They listened to the 16 sequences four 

times and rated the “tunefulness” on a seven-point Likert scale (1 being “not tuneful at all” to 7 

being “very tuneful”). The figure above depicts the selected atonal sequences to be used as IAIs 

and summarizes the results of this rating study. All selected atonal sequences were determined to 

not be strongly correlated with a tonal center based on the results of the Krumhansl-Schmuckler 

key finding algorithm (r(23) ranges 0.09 – 0.32, p > 0.05, two-tailed). 

 

Nonword IAI Sequence Creation and Selection 

Nonword IAIs were recorded sequences of consonant vowel (CV) nonsense syllables (see above 

Figure)/ These stimuli were created by using a similar procedure reported in Pruitt and 

Pfordresher (2015), where male and female models were digitally recording speaking each of the 

nonsense syllables multiple times. The models will be instructed to speak in a monotone fashion 

and to articulate the syllable as clearly as possible. The single best iteration of each syllable 

token is then selected based on the tokens’ articulatory clarity, presence of minimal pitch 

fluctuations, and a having a duration of less than or equal to 550 milliseconds.  After the creation 

of the forward sequences, backward nonword sequences are created by simply reversing the 

order of the first sequences and verifying the transformation does not unintentionally create 

lexical items.  
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Appendix 5 

Results of correlational analyses among various behavioral measures. Correlation coefficients 

are reported in each box with colored ovals depicting the strength of direction of the association 

between variables. None were statistically significant at α = 0.05 level despite some moderate 

relationships observed between measures,  
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Appendix 6 

Mixed Effect ANOVA on            

Moving Window Imagery Data  F df1, df2 p 

Distractor (tonal, atonal, nonwords) 2.31 2, 60 0.09 † 

Sensor 2.01 4, 240  0.08 † 

IAI (Distractor vs Control) 0.00 1, 60 0.98 

Target Length (6 vs 8 Notes) 0.18 1, 56 0.69 

Target Type (e.g. “Early Down) 0.29 4, 240 0.89 

Sensor × Distractor 0.95 8, 240 0.51 

Sensor × IAI  0.75 4, 240 0.59 

Sensor × Length 0.22 4, 224 0.94 

Sensor × Target Type 0.99 16, 960 0.48 

IAI × Distractor 1.69 2, 60  0.21 

IAI × Length 0.02 1, 56 0.91 

IAI × Target Type 0.04 4, 243 0.95 

Distractor × Length  0.42 2, 60 0.99 

Distractor × Target Type 0.07 8, 240 0.98 

Sensor × IAI × Length 0.04 4, 244 0.99 

Sensor × IAI × Distractor 0.51 8, 240 0.81 

Sensor × IAI × Target Type 0.61 12, 960 0.93 

Sensor × Distractor × Length  0.05 8, 224 0.99 

Sensor × Distractor × Target Type 0.62 32, 960 0.92 

IAI × Distractor × Length 0.87 2, 56 0.42 

IAI × Distractor × Target Type 0.61 8, 243 0.78 

Sensor × IAI × Distractor × Length 1.19 8, 224 0.32 

Sensor × IAI × Distractor ×         

Target Type 1.27 16, 972 0.14 

Sensor × IAI × Distractor × Length 

× Target Type 

0.80 32, 896 0.78 

                                      † represents marginal significance or p < 0.10 
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