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Pitch, as a sensation of the sound frequency, is a crucial attribute toward constructing a natural voice for communication. Producing intelligible sounds with normal pitches depend on substantive interdependencies among facial and neck muscles. Clarifying the interrelations between the pitches and the corresponding muscular activities would be helpful for evaluating the pitch-related phonating functions, which would play a significant role both in training pronunciation and in assessing dysphonia. In this study, the speech signals and the high-density surface electromyography (HD sEMG) signals were synchronously acquired when phonating [a:], [i:], and [ә:] vowels with increasing pitches, respectively. The HD sEMG energy maps were constructed based on the root mean square values to visualize spatiotemporal characteristics of facial and neck muscle activities. Normalized median frequency (nMF) and root-mean square (nRMS) were correspondingly extracted from the speech and sEMG recordings to quantitatively investigate the correlations between sound frequencies and myoelectric characteristics. The results showed that the frame-wise energy maps built from sEMG recordings presented that the muscle contraction strength increased monotonously across pitch-rising, with left-right symmetrical distribution for the face/neck. Furthermore, the nRMS increased at a similar rate to the nMF when there were rising pitches, and the two parameters had a significant correlation across different vowel tasks [(a:) (0.88 ± 0.04), (i:) (0.89 ± 0.04), and (ә:) (0.87 ± 0.05)]. These findings suggested the possibility of utilizing muscle contraction patterns as a reference for evaluating pitch-related phonation functions. The proposed method could open a new window for developing a clinical approach for assessing the muscular functions of dysphonia.
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INTRODUCTION

Phonation is an essential physiological process via which natural voices are produced to aid human communication during daily life activities (Alku, 2011). Fundamentally, a normal voice is characterized by loudness, pitch, and quality, among which pitch is considered the most significant contributor toward constructing intelligible sounds (Kryshtopava et al., 2017). A wide range of normal pitches can enhance vocalization with the rich capability to express one's interpersonal emotions for social communication (Kim et al., 2009; Craig et al., 2015). Pitches used to describe the sound on a scale from low to high are often characterized and quantified in terms of frequencies (in cycles per second or hertz) (Rinaldi et al., 2016). For instance, to deliver a speech or sing a song with high intelligibility, the produced sound should consist of pitches accompanied by harmonic overtones that are multiples of the fundamental frequency (Bishop and Keating, 2012). However, an abnormal pitch resulting in a sound/vocalization that is too high, too low, unstable, monotonous, and unpleasant to listen would lead to phonating difficulty, often known as dysphonia (Jani and Gore, 2014; Knuijt et al., 2014; Sommerville et al., 2017). Also, dysphonia remains a major health issue, especially, for individuals whose jobs require high speech intelligibility such as teachers, singers, lawyers, tour guides, and salespeople, among others (Rosen and Murry, 2000; Cutiva et al., 2013; Martins et al., 2014). Therefore, early examinations and diagnoses of the pitch-related functions of dysphonia could be of great importance for these high-risk populations.

The evaluation of the normality of pitch-related phonation function plays a significant role in diagnosing dysphonia. Currently, most of the methods for assessing the pitch-related phonation functions are based on the analysis of speech signals (Gerratt et al., 2016; Brajot and Lawrence, 2018; Murtola et al., 2019). However, the speech signals are easily affected by environmental acoustic noises and human-introduced interferences (Dennis et al., 2010; Balata et al., 2015). It is difficult to collect speech signals with high quality in a noisy environment, and therefore, the recorded noise-contaminated speech signals were unreliable for assessing pitch-related phonation functions. Moreover, speech signals only contain one-dimension acoustic information about speech, and it is usually insufficient to evaluate the physiological process of phonation activities, the analysis of which requires the dynamic information of the related muscular activities.

Notably, phonation is a complex process controlled by multiple articulatory muscles (Chhetri and Neubauer, 2015). The construction of a normal pitch relies on the oscillation rate of the vocal cords controlled by the contraction patterns of the inherent and extrinsic articulation of the facial and neck muscles associated with phonation (Horáček et al., 2016). The strength, contraction rate, and coordination of the facial and neck muscles are essential factors in the construction of normal pitches during phonation (Macdonald et al., 2012). Therefore, examining the muscular activities during pitch-related phonation tasks is crucial for evaluating the phonating function. It is noteworthy that surface electromyography (sEMG) is an important technique for detecting, recording, and interpreting the electrophysiological characteristics of muscular activities (Tang et al., 2018). Meanwhile, the sEMG approach is non-invasive, safe, easy to operate, and cost-effective when compared with other methods (Naik et al., 2015; Strazzulla et al., 2016), making it widely utilized for assessing the muscular function associated with phonation activities (Pettersen et al., 2005; Van Houtte et al., 2013; Khoddami et al., 2017; Kaneko et al., 2018; Xu et al., 2018). For instance, four channels of sEMG signals recorded while the subjects were phonating a set of vowels at an increasing pitch were utilized to study the electrical activities of scalenus, sternocleidomastoideus, and upper trapezius muscles (Pettersen et al., 2005). In another study, time-domain features of sEMG signals from two channels were used to assess the functions of the cricothyroid and thyrohyoid muscles in patients with dysphonia (Khoddami et al., 2017).

Up to date, most of the previous studies mainly focused on assessing pitch-related phonation functions individually using either speech signals (Gerratt et al., 2016; Brajot and Lawrence, 2018; Murtola et al., 2019) or sEMG recordings (Pettersen et al., 2005; Van Houtte et al., 2013; Khoddami et al., 2017; Kaneko et al., 2018; Xu et al., 2018), whereas the quantitative interrelationship between the pitches and the corresponding muscular activities during the pitch-related phonation remains unclear. It is noteworthy that the interrelations between the pitches and the corresponding muscular activities are an essential prerequisite for exploring the electrophysiological mechanisms of pitch-related phonation functions, and such mechanisms play an important role in pronunciation training and dysphonia diagnosing. Therefore, the synchronous analysis of both speech signals and sEMG recordings is necessary to clarify the interrelations between the pitches and muscular activities.

Furthermore, since the phonation process involves a large group of small facial and neck muscles that span a relatively large area (Dewan et al., 2017), dynamically evaluating the electrophysiological spatiotemporal properties of the entire group of coordinated facial and neck muscles could be helpful for the analysis of the pitch-related phonation functions. However, most of the existing studies utilized only a few surface electrodes (typical 2–4 channels) with limited coverage, and they rarely provided adequate neuromuscular information required for consistently accurate diagnoses (Pettersen et al., 2005; Khoddami et al., 2017). A small number of sEMG electrodes might miss important muscles and major electrical activities that would be essential for the dynamic assessment of the entire phonation process. Therefore, a large number of sEMG electrodes would be necessary to cover the whole group of facial and neck muscles in enough density so that the spatiotemporal properties and coordination activities of all the muscles could be studied systemically.

High-density sEMG (HD sEMG) is a non-invasive technique to measure sEMG signals with a two-dimension array of closely spaced electrodes, and it could provide comprehensive information for dynamic evaluation of the spatiotemporal characteristics of muscle groups (Johns et al., 2016; Zhu et al., 2017b, 2018b; Chen et al., 2018; Glaser and Holobar, 2018). When applied in the phonation study, the HD sEMG technique could be beneficial for collecting sufficiently relevant information to evaluate the properties of the facial and neck muscles across the entire phonation process. In this regard, a series of sequential energy maps constructed from HD sEMG recordings could be utilized to evaluate the muscular activities of the frontal neck while phonating vowel [a:] in our pilot studies (Zhu et al., 2017a, 2018a). Afterward, Bracken et al. utilized a 20-channel array of HD sEMG signals located around the anterior neck to evaluate the muscular activities when phonating in three manners (rest, low, and high pitches) (Bracken et al., 2019). Nevertheless, these studies only focused on myoelectric characteristics of the neck muscles without simultaneously considering the properties of speech signals that are commonly applied in clinical settings, and therefore, the interrelations between the speech signals and the sEMG recordings during pitch-related phonation have rarely been investigated.

In this study, we investigated the possibility of utilizing the acquired dual-signal (speech and HD sEMG signals) for systematically exploring the interrelations between the pitches (sound frequencies) and the corresponding muscular activities associated with pitch-related phonation. This purpose had been achieved by dynamically visualizing the electrophysiological spatiotemporal properties of the facial/neck muscles and quantitatively analyzing the correlations between sound frequencies and myoelectric characteristics when phonating with increasing pitches across different vowel tasks. The proposed method might open a new window for developing a clinically relevant approach for training the pronunciation and diagnosing the dysphonia.



METHODS


Subjects

Toward reducing the complexity of the subjects, a total of 14 healthy male volunteers (mean age = 24.7 ± 1.5 years) participated in this study involving a set of systematically designed phonation tasks. Before the experiments, all the subjects were enquired to ensure that they had no history of phonation difficulties, and a pure-tone audiometry test was conducted to ensure that they had no hearing problems. Then, the objective and experimental procedures of the experiments were clearly explained before the data collection session. All the subjects gave written informed consent and provided permission to publish their photographs/data for scientific and educational purposes. The protocol of this study was approved by the Institutional Review Board of Shenzhen Institutes of Advanced Technology (#IRB ID: SIAT-IRB-170815-H0178).



Experimental Procedures

In this study, the speech signals and the HD sEMG recordings were simultaneously acquired from all the recruited subjects when a subject phonated the back vowels [a:], front vowels [i:], and central vowels [ә:] with a continuously increased pitch. The speech signals were recorded at a sampling rate of 44,100 Hz via a headset-attached microphone placed above the first row of sEMG electrodes on the right side of the face, as seen in Figure 1A. Meanwhile, the HD sEMG signals were recorded by using a multichannel EMG recording system (TMSI, REFA, the Netherlands) at a sampling rate of 2,048 Hz. During the experiment, we implemented a hardware circuitry that could trigger the start of the data acquisition of both the speech and HD sEMG to achieve the synchronization of the two types of signals. By using double-sided small-sized tapes, a total of 120 channels of surface electrodes were evenly placed on the skin surface of the face and the neck, both with left/right symmetry (Figure 1B). The double-sided tapes were medical grade and had very strong adhesive strength to stick the electrode on the skin to avoid the interferences introduced by the electrode wire movements or lip motion. Before placing each electrode, the skin of the subject was carefully prepared with an abrasive skin preparation gel and then cleaned with alcohol cotton to remove any sweat and oil that could possibly reduce the adhesion of the double-sided tapes.


[image: Figure 1]
FIGURE 1. (A) Experimental setup to record the speech and HD sEMG signals simultaneously; (B) Placement of the high-density surface electrodes on the facial and neck muscles.


Each surface electrode is ~10 mm in diameter, and an inter-electrode distance of about 15 mm was ensured between two neighboring electrode centers to cover the phonation-related muscles in intensive densities. In this regard, a two-dimension (2D) array made up of 80 electrodes in a 5 × 16 grid was placed on the suprahyoid and infrahyoid muscles located in the front neck regions of each subject, as seen in Figure 1B. The electrodes were identified and labeled by 5 rows (E–I) and 16 columns (1–16). The remaining 40 electrodes were symmetrically placed over the facial muscles (including the masseter, the buccinators, the orbicularis oris, and the zygomatic minor muscles), with a 4 × 5 grid on both the left and right sides. The 2D facial electrodes were identified and labeled by 4 rows (A–D) and 10 columns (1–10), as seen in Figure 1B. The extra space in the middle between the left and right neck electrode arrays was to avoid the laryngeal prominence of the subjects, especially in male subjects. Afterward, a fabric electrode was placed on the left wrist of the subject to serve as the reference electrode.

The phonation experiments were individually carried out on all the recruited subjects in an electromagnetic-shielded and soundproofed room that allowed the collection of high-quality electric and acoustic signals. Three different phonating experiments were adopted in the current study to assess the muscle activation patterns and to explore the interrelations between the speech and HD sEMG signals. First, the subjects were asked to maintain a quiet state without phonating or moving their body parts for around 30 s so that the baseline for the speech and the HD sEMG signals could be determined. Then, the subjects were asked to pronounce [a:], [i:], and [ә:] vowels, respectively, in a sequential order with a monotonously rising pitch (from low to high) for three successive repetitions per trial. In each repetition, the target vowel was phonated for ~4 s and followed by a rest period of 6 s that comprised 3 s before the phonation and 3 s after the phonation to prevent the subjects from experiencing either muscle or mental fatigue that may compromise the fidelity of the signals. During the phonation, the speech signals and the HD sEMG recordings were synchronously acquired from all the subjects.



Analysis of the Speech Signals

The spectrogram of the speech signals during the phonation task was derived by using the short-time Fourier transform (STFT) method to perform the time-frequency analysis. The duration of the STFT analysis window was 20 ms, and the overlap width between two neighboring windows was 10 ms. The formula of the STFT method implemented in this study could be expressed as follows:

[image: image]

where x[n] is the segmental speech signal at time frame n and ω[n-m] is a Hamming window with the same duration as x[n].

To further illustrate the frequency domain features, the speech signals obtained during the phonation tasks were segmented into a series of frames with a duration of 250 ms, and the amplitude spectrum of each frame was calculated accordingly. Then, frame-by-frame spectral curves could be obtained to demonstrate the frequency-domain characteristics of the speech signals when the subject was phonating vowels in an increasing pitch. Afterward, the median frequency (MF) of the speech signals from all frames was computed. MF is defined as the frequency at which the spectrum is divided into two regions with equal amplitude; in other words, MF is the frequency at half of the power spectral density of the signals (Phinyomark et al., 2012). It can be expressed as given in Equation (2). Finally, the MF values were normalized by employing the min-max normalization method given in Equation (3).
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where Pj is the EMG power spectrum at frequency bin j and M is the length of the frequency bin.
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where nMF(i) is the normalized MF value of speech signals, MF(i) is the MF value in analysis window i, min(MF) is the minimum MF value, and max(MF) is the maximum MF value during the entire phonation.



Analysis of the HD sEMG Signals

A set of digital filters were used to enhance the quality of the HD sEMG signals obtained during the different phonation tasks. In this regard, we first used a third order Butterworth band-pass filter from 10 to 500 Hz to reduce baseline fluctuations. Then, a Butterworth band-stop filter was also applied to attenuate the power line interferences at 50 Hz and its harmonics. After the pre-processing, the filtered sEMG signal of each channel was sliced into a series of sequential 250 ms analysis windows, and the root-mean square (RMS) was computed for each analysis window to obtain the average energy distribution of the muscular activities as follows:

[image: image]

where RMS{sEMG[n]} is the RMS value of sEMG signals for each analysis window, sEMG[i] is the ith sample in the analysis window, and n is the total sample number of the analysis window.

Then, the frame-by-frame RMS values of all the 120 channels were computed to investigate the dynamic activities of the facial and neck muscles during the phonation with continuously increasing pitches. Besides, RMS values of the same time frame from different neighboring channels were joined together to form a 2D array according to the electrode positions so that a 2D energy map could be obtained to present the energy distribution of the corresponding region. In this way, an energy map with a size of 4 × 5 could be obtained for the left and right faces, respectively. A 5 × 16 energy map could also be generated for the neck region. Then, the energy maps of all the time frames were globally normalized for the face and neck region, respectively, so that the sequential energy maps in a frame-wise manner could help to demonstrate the spatial and temporal changes in energy and muscular activities during different phonation stages.

[image: image]

where nRMS(i) is the normalized RMS value of sEMG signals in channel i, RMS(i, j) is the RMS value of channel i in analysis window j, min[RMS(i)] is the minimum RMS value of channel i, and max[RMS(i)] is the maximum RMS value of channel i.



Correlation Analysis Between Speech and sEMG Signals

The nMF of the speech signals, as well as nRMS values of the HD sEMG signals per analysis window, was obtained and compared to investigate the correlations between the speech signals and muscular activities. The entire phonation process with a duration of 10 s was segmented into a series of analysis windows with a length of 250 ms, resulting in a total of 40 nMF and 40 nRMS values. Then, the correlation coefficients between the two groups of nMF and nRMS were calculated to analyze the interrelations between the speech and sEMG signals.




RESULTS


Features of the Speech Signals With an Increasing Pitch

In this study, the time-domain and time-frequency characteristics of the speech signals obtained during the phonation process of [a:] vowel using low to high pitch were analyzed as follows. The waveform characteristic of the speech signals in the time-domain is seen in Figure 2A. From this figure, the speech signals were observed to immediately rise to ~76 dB SPL (calibrated through a professional sound level calibrator, Model AWA6021A, Gester Instruments Co., China) at the commencement of the phonation, and about 4 s later, the volume of the signal fluctuated around 80 dB SPL, thus exhibiting a relatively stable phenomenon when the pitch increased continuously from low to high. The speech signals instantaneously returned to the baseline at the completion of the phonation task.


[image: Figure 2]
FIGURE 2. The amplitude and spectrogram of the speech signals when phonating the vowel [a:] with continuously increasing pitch. (A) The amplitude of the speech signal as a function of time; (B) The time-frequency spectrogram of the speech signal.


Meanwhile, the time-frequency characteristics of the speech signals along the time axis are presented in Figure 2B. According to the analysis herein, the time-frequency distribution during phonation revealed that the high intensity of the speech signals was obtained from low-frequency components, especially between 0 and 8 KHz, which covered the entire phonating activities. Additionally, the frequency values of the speech signals were observed to increase steadily with a corresponding rise in pitch when [a:] vowel was phonated. Also, the highest frequency components appeared at the end of the phonation, where the pitch also got to its peak.

A series of waveforms across the phonation process of [a:] vowel was constructed to characterize the amplitude spectrum of the speech signals. In this regard, the speech signals were segmented into 40 continuous windows of a length of 250 ms, otherwise known as frames from which the amplitude spectrum waveforms were later obtained and presented in a successive manner, as seen in Figure 3. Each spectrum showed the amplitude of each individual frequency within the corresponding time frame of speech to visualize the dynamic variation in the frequency domain. The amplitude spectrum of the frames (F1–F13) that correspond to the speech signals obtained before phonating the vowel [(a:)] was observed to have a low-frequency band with low intensities. Meanwhile, the amplitude spectra were observed to vary considerably between the 14th and 29th frames when the subjects began phonating at a low pitch and steadily increased to a high pitch. Specifically, at the beginning of the phonation task represented in frames F14–F16, the frequency band of the speech signals increased slightly to values below 10 KHz with a corresponding increase in the amplitude of the frequency. With a further increase in the pitches, the frequency band of the signals became even wider from frames F17–F29 with a band that was ~20 KHz. Meanwhile, the amplitude of the frequency also increased steadily from F17–F29 with a corresponding increase in pitches. Subsequently, the frequency band and the amplitude of the speech signals suddenly dropped when the subjects stopped phonating.


[image: Figure 3]
FIGURE 3. Amplitude spectra of the speech signal with an increasing pitch from a series of analysis windows (F1–F40).




Temporal Waveforms of the HD sEMG Signals Across the Phonation Process of [a:] Vowel With a Rise in Pitch

The temporal waveforms of HD sEMG signals are displayed in Figure 4 for showing the characteristics of facial and neck muscles, in which the waveform of a typical channel (E8) was presented to exhibit the variation of the sEMG amplitudes. At the onset of the phonation task, the temporal waveforms of the HD sEMG signals associated with the facial and neck muscles had relatively lower intensity, and as the pitch increases from low to high, the amplitude of the waveforms also increased correspondingly across all the channels. Meanwhile, at the offset of the phonation task, the HD sEMG waveforms were observed to have a sudden drop in amplitude to the baseline.


[image: Figure 4]
FIGURE 4. The temporal waveforms of the HD sEMG signals recorded from all the 120 surface electrodes on the facial and neck muscles during the phonation with rising pitch.


As seen in Figure 4, the HD sEMG waveforms were constructed for 120 channels that were divided into two parts: the first denotes the facial region (in the blue rectangle) consisting of 40 channels (from columns 1 to 10 and rows A to D) and the other part indicates the neck region (in red rectangle) consisting of 80 channels (from columns 1 to 16 and rows E to I). On the facial region (row A to D), the amplitudes of the sEMG waveforms obtained from the electrodes located around the mouth (from columns 3 to 8) were relatively smaller than those obtained from the signals on the outer part of the face (right side: columns 1–2 and left side: columns 9–10) during the entire phonating process. On the contrary, as shown in the neck region (rows E–I), the amplitudes of the sEMG signals turned out to be larger at the center of the neck area (from columns 6 to 11) than those at the edge of the neck (right side: columns 1–5 and left side: columns 12–16). Meanwhile, the sEMG signals on the first row of the neck region (E1–E16) also showed high intensities when phonating with an increasing pitch. Additionally, the symmetrical distributions of the HD sEMG waveforms were observed between the left and right sides for both facial and neck regions.



Dynamic HD sEMG Energy Maps When Phonating [a:] Vowel With Increasing Pitch

In this section, dynamic HD energy maps were constructed to analyze the characteristics of the facial and neck muscles during the entire phonation process. For visualizing the dynamic changes in muscular activities associated with facial and neck muscles during rising pitches, the earlier described RMS feature was computed from a series of analysis windows that resulted in feature matrices utilized for generating the HD sEMG energy maps presented in Figure 5. Note that different intensities of myoelectric activities are represented by the color gradient of the energy maps, in which the color toward red signified high intensity and that toward blue denoted low intensity.


[image: Figure 5]
FIGURE 5. The HD sEMG energy maps of the facial and neck muscles by using 40 analysis windows with a length of 250 ms during phonating vowel [a:] with pitch increase: (A) A typical frame of HD sEMG energy map visualizing the facial and neck muscle activities; (B) HD energy maps of the facial muscles; (C) HD energy maps of the neck muscles.


First, a typical dynamic HD sEMG energy map of the facial and neck muscles from an analysis window during the phonation process is displayed in Figure 5A. It could be seen that the map in the neck region had higher intensity, especially for muscles that appeared around the center of the neck. Thus, the muscles in the active neck region were distinctively separated into two parts symmetrically, in which the right side had slightly higher energy intensity than the left region of the neck. Meanwhile, low-intensity energy was observed on the top of the map that is symmetrical between the right and left sides. In addition, a highly symmetrical energy distribution was equally observed between the right and left sides. The energy map on the right side of the facial muscles had high intensity on the edge of the right face region, while the map on the left side of the facial muscles reflects high intensity on the left side of the facial muscles (Figure 5A).

Subsequently, a further analysis that involved the entire phonation process was done to observe if similar results could be obtained from a single channel described earlier. In this regard, the entire phonation task was segmented into 40 analysis windows of a length of 250 ms each, and a sequence of HD sEMG energy maps was constructed to reflect the dynamism of the myoelectric activities associated with the facial and neck muscles. Hence, a total of 40 frames of HD sEMG energy maps representing myoelectric activities of the facial muscles are shown in Figure 5B, while 40 frames of HD sEMG energy maps of the neck muscles are presented in Figure 5C.

At the onset of the phonation task (F1F10), the subjects were asked to assume a quiet state without moving. Hence, no activity could be seen for both the facial (Figure 5B) and neck (Figure 5C) muscles. Meanwhile, when the subjects began phonating, the HD sEMG energy maps became different between the facial and neck muscles, as could be seen from F11 to F30 in Figures 5B,C.

As seen in Figure 5B, the facial muscles were kept in unconspicuous activities on both the right and left sides from F11 to F20 even after the subject had already begun to increase the pitch. It was noticed that there was some delay in the facial muscle activation during the phonating process. Then, from F22 to F28, the intensity of the energy maps started constantly increasing to reach the maximum value on F28, and the high-intensity areas of the maps on the right and left sides were concentrated on the edge of the facial muscles. The active regions on the left side of the facial muscles appeared at the bottom left of the maps, while that on the right side of the facial muscles performed at the bottom right of the maps. Additionally, it was found that the HD sEMG energy maps of the facial muscles were symmetrically distributed on both the left and right sides, besides there were some differences between the two sides, in which the intensities of the left facial muscles were a little higher than that of the right facial muscles. After that, at the end of the phonating process, the myoelectric activities of the facial and neck muscles were diminished in a short time (from F29 to F30) when the subject prepared to stop pronouncing. Finally, after the subject went back to quiet, the high-intensity area of the energy maps disappeared from F31 to F40.

Then, it was observed that the muscular activities of the neck muscles (Figure 5C) were activated before the facial muscles (Figure 5B). The high intensity of the energy maps on the neck muscles started to emerge from the center of the map at the 11th frame in low intensity, while that of the facial muscles was activated at the 21st frame (Figure 5C). Afterward, the energy maps were maintaining a stable intensity along with the following five frames from F12 to F17. Later, from F18 to F28, the energy maps showed that the intensities in the center region of the neck muscles were gradually increased and spread upward to the upper locations when the subject was phonating vowel [a:] with continuous rising pitches. During the whole phonating process, the muscle activations were concentrated on the center of the neck muscles and split up into two parts by the centerline. Meanwhile, the energy maps clearly presented approximately symmetric activity regions on the left and right sides of the neck muscle. Also, the total intensity of myoelectric activities on both the right and left sides reached a maximum value at the 28th frame. Thereafter, at the end of the phonating process, the intensities of energy maps were diminished in the 29th frame in a short time. Finally, when the subject stopped phonating, the high-intensity area of the energy maps disappeared from F30 to F40 in Figure 5C. Besides, similar energy patterns of the dynamic HD sEMG maps on facial and neck muscles could also be observed in the other 14 subjects when they were phonating vowel [a:] with pitch increase.



Interrelations Between Sound Frequencies and Myoelectric Activities During Phonating [a:] Vowel

To quantitatively investigate the interrelations between the pitches of the speech signals and the intensity of the myoelectric activities while phonating vowel [a:] on a rising pitch scale, the nMF of speech signals and the nRMS values of sEMG recordings were compared across the entire phonating process. Then, the correlation coefficient between the nMF and nRMS features was computed across three repetitions of the phonation task, and the obtained result for a representative subject is presented in Figure 6.


[image: Figure 6]
FIGURE 6. (A) Comparison of the nMF of the speech signals and the nRMS of the sEMG recordings from one channel when phonating vowel [a:] with increasing pitch; (B) Correlation coefficients between the nRMS values of 120 channels of sEMG recordings and the nMF of the speech signal from three repeated tests.


In Figure 6A, the curves in blue showed the normalized nMF of the speech signals, while that in red represented the nRMS of the sEMG signals for a randomly selected channel. It could be observed that the waveforms of the nMF and nRMS features exhibited similar morphology in the first test session (test 1), in which the nRMS values (from sEMG signals) increased in a similar rate with the nMF values (from speech signals) at a constantly rising pitch. It could be seen that when the pitch reaches its maximum value, both the nMF and nRMS values rapidly declined in a similar manner until they both hit the baseline. This phenomenon is also observed for the other two test sessions (test 2 and test 3) in Figure 6A. The nRMS feature curve appeared before the nMF feature curve at the onset of the phonation task, while the nRMS feature curve disappeared after the nMF feature curve at the offset of the task. Furthermore, a significant correlation was observed between the nMF and the nRMS features (r = 0.95 in test 1, r = 0.92 in test 2, and r = 0.94 in test 3) at a p < 0.05 based on Pearson's correlation coefficient analysis. In other words, this analysis indicated that a strong correlation existed between sound frequencies and muscular activities associated with pitch-related phonation.

To further validate the above claim, the correlation coefficient between the nMF of the speech signals and the nRMS across the 120 channels of sEMG recordings in the three repeated tests was computed, and the obtained result is presented in the scatter plots seen in Figure 6B. The red, blue, and black scatterplots separately showed the correlation coefficients corresponding to test 1, test 2, and test 3. The correlation coefficients were closely clustered with an average value of 0.86 in test 1, 0.89 in test 2, and 0.88 in test 3 for a representative subject, indicating that there was a significant correlation between the nMF of the speech signals and the nRMS of the sEMG signals across the three repeated tests. Additionally, a few points were seen to be dispersed away from the center of the cluster, which could be a result of either random noises or unintentional body movements that must have occurred during the data acquisition session.



Averaged Dynamic HD sEMG Energy Maps When Phonating [i:] and [ә:] Vowels on a Rising Pitch Scale

The effects of the facial and neck muscle activities across different vowels ([i:] and [ә:]) during the normal phonating processes were also investigated using the HD sEMG energy maps from another subject. Each phonating task that contained 40 frames of energy maps was truncated to 24 frames (from frame 9 to 32). Then, two of the adjacent frames from the remaining 24 maps were averaged with non-overlapped epochs to construct 12 consecutive energy maps (F1–F12). It can be seen from Figures 7, 8 that the HD sEMG energy maps from the two phonating tasks showed the explicit difference with regard to the duration and strength of the facial and neck muscle contractions.


[image: Figure 7]
FIGURE 7. The averaged HD sEMG energy maps of the facial and neck muscles during the phonating vowel [i:] with a pitch increase.



[image: Figure 8]
FIGURE 8. The averaged HD sEMG energy maps of the facial and neck muscles during the phonating vowel [ә:] on a rising pitch scale.


Figure 7 showed the averaged dynamic sEMG energy maps when one subject was phonating [i:] vowel. When starting phonating, the high-intensity areas were first observed on the sEMG maps of the facial muscles (from F2 to F5), while the activities of the neck muscles were kept at low intensity. There was some delay in the neck muscle activation than the facial muscles during the phonating process. Then, from F6 to F10, the intensity on the energy maps of both the facial and neck muscles started increasing continuously to reach the maximum value on F10. The high-intensity areas of facial muscles were concentrated below the angulus oris on the right and left sides, while the areas were over the center of the neck muscles with high symmetrical distribution on the left and right sides of the neck. Meanwhile, the activated areas of the facial and neck muscles were expanded during increasing pitches (F6–F10). After that, the intensity of the maps was diminished in a short time at frame 11 when the subject prepared to stop phonating. Finally, the high-intensity area of the energy maps disappeared in frame 12 at the end of the phonating tasks.

The HD sEMG energy maps in Figure 8 represent a sample of the energy distribution of the facial and neck muscles when phonating the vowel [ә:] on a rising pitch scale, which was observed to be consistent in the other 13 subjects. Before the phonation, the maps showed a low intensity from the 1st through the 5th frame. Then, the intensities of the energy maps on the neck muscles were gradually increased from frame 6 to 10, while the maximum intensity was achieved in frame 10. The areas of the high intensity were also gradually expanded with the symmetrical distribution of both the left and right sides. Meanwhile, the high light areas of the map on the facial muscles first appeared at the bottom edge of the maps in low intensity (in F8), where the activation time was delayed than the neck muscles. After that, the intensities on the maps were increased until F10 on both the left and right sides of the face and the highlighted areas were enlarged when increasing pitches. Then, the intensity of the energy maps on the facial areas reduced at F11 and finally disappeared at F12 after the subject stopped phonating (Figure 8). The intensities of the neck muscles were higher than that of the neck muscles, which revealed that the neck muscles were more active than the facial muscles when phonating [ә:].



Correlations Between the nMF of the Speech Signals and the nRMS of the sEMG Recordings Across Different Vowel Tasks

In this section, the correlations between the nMF of the speech signals and the nRMS of the sEMG recordings were investigated for the three phonating tasks including the back [(a:)], front [(i:)], and central [(ә:)] vowels across subjects when the pitch increased from low to high, and the obtained results are shown in Figure 9 and Table 1.


[image: Figure 9]
FIGURE 9. (A) Comparison of the nMF of the speech signals and the nRMS of the sEMG recordings from channel E8 when phonating three different vowels [(a:), (i:), and (ә:)] with increasing pitch; (B) Correlation coefficients between the nRMS values of 120 channels of sEMG recordings and the nMF of the speech signal across three different vowels [(a:), (i:), and (ә:)].



Table 1. The average correlation coefficients between the nRMS of sEMG recordings from all channels and the nMF of the speech signals across all recruited subjects (p < 0.05).

[image: Table 1]

In Figure 9, the nRMS values from one channel of sEMG (red lines) and the nMF values (blue lines) from the speech signals for a specific subject were examined and compared across the three different phonating tasks [(a:), (i:), and (ә:) vowels]. From Figure 9A, it could be seen that the nMF of the speech signals was gradually rising when the phonating vowel [a:] was with a constantly increasing pitch and suddenly drop to the baseline after the maximum pitch is attained, indicating the end of the phonation task. Meanwhile, the nRMS of the sEMG recordings also exhibited similar characteristics as the nMF at the onset, intermediate, and offset points. However, the curve of the nRMS got initiated before that of the nMF at the onset of the phonation task and as well as hit the baseline after the nMF curve at the offset of the task. In like manner, the phenomenon observed between nMF and nRMS while phonating the [a:] vowel was also observed when phonating [i:] vowel and [ә:] vowel. In summary, significantly high correlations were recorded between the nMF of the speech signals and the nRMS of the sEMG signals during the three phonation tasks: [a:] (r = 0.95, p < 0.05), [i:] (r = 0.94, p < 0.05), and [ә:] (r = 0.91, p < 0.05).

Moreover, to investigate the interrelations between the nMF of the speech signals and the nRMS from the 120 channels of sEMG recordings across different vowel tasks, the correlation coefficient of the two parameters was calculated and displayed as box plots shown in Figure 9B. The blue-violet, yellow, and red boxes in Figure 9B show the correlation coefficients corresponding to phonating [a:], [i:], and [ә:] vowels, respectively. The correlation coefficients had overall average values of 0.90 ± 0.05 in [a:] vowel task, 0.82 ± 0.08 in [i:] vowel task, and 0.86 ± 0.04 in [ә:] vowel task, which revealed that there was a significant correlation between the nMF of the speech signals and the nRMS of the sEMG signals across the different phonating tasks. Additionally, a few overflows were observed to be dispersed away from the central areas in phonating [a:] and [ә:] vowels.

To further confirm if the correlations between the speech signals and the sEMG recordings are consistent across all of the individuals, the correlation coefficients between the nMF and nRMS values for all the 14 subjects were obtained when [a:], [i:], and [ә:] vowels were phonated from a low to a high pitch (Table 1). The results presented in Table 1 are expressed in terms of the mean and standard deviation values of the correlation coefficients across the three repeated tests for all 14 subjects. It could be observed from Table 1 that for the [a:] vowel, an average correlation coefficient of 0.88 ± 0.04 (p < 0.05), was achieved across subjects while a maximum correlations value of 0.95 and was recorded by subject 12, indicating a significant correlation between the nRMS and the nMF when phonating vowel [a:]. A mean correlation coefficient of ~0.89 ± 0.04 was recorded across subjects when the vowel [i:] was phonated, and of almost 0.87 ± 0.05 when phonating vowel [ә:], with 0.96 as the highest value (subject 4) also indicating significant interrelations between the nMF of the speech signals and the nRMS of HD sEMG recordings when phonating [i:] vowel with a continuous increase in pitch. Similarly, when the vowel [ә:] was phonated, an average correlation coefficient of 0.87 ± 0.05 was recorded across all participants with subject 5 attaining the maximum value (0.95) at p < 0.05, which also indicated significant correlations between the sound frequencies and muscular activities when the vowel [ә:] was phonated.




DISCUSSION

The principal objective of this study was to investigate the interrelations between the pitches and the corresponding muscular activities when phonating different vowels with increasing pitches, which would be helpful for evaluating the pitch-related phonating functions. This objective has been reached by dynamically visualizing the myoelectrical activities of the facial/neck muscles and quantitatively investigating the correlations between sound frequencies and myoelectric characteristics during different phonating tasks.

In this study, the speech and the HD sEMG signals were synchronously acquired from 14 subjects when phonating [a:], [i:], and [ә:] vowels with increasing pitches. The synchronous analysis of the speech and HD sEMG signals would clarify the interrelations between the pitches and the myoelectric activities of facial and neck muscles associated with pitch-related phonation. The sEMG signals display the potential difference between two separate electrodes above the muscles on the skin, which can be used to assess muscular function by recording electric potential activities generated by muscle cells that are from the inherent and extrinsic muscles. Moreover, phonating is a complex process controlled by multiple articulatory muscles, which contain the inherent and extrinsic muscles spanning a relatively large area of the face and neck. There were ~30 facial and neck muscles that are involved in a phonating movement. Therefore, a total of 120 channels of closely spaced electrodes were used to construct the 2D electrode arrays for recording the HD sEMG signals that were processed in the space dimension to assess global facial and neck muscle activities corresponding to pitch-related phonation. The use of the HD sEMG signals, which provided spatiotemporal information on muscular activities, could address the limitations that finite myoelectric information obtained from several muscles, which might not afford enough functional characteristics for dynamic assessment of the articulatory muscles associated with an entire phonation process. As it is known, the nMF of the signals is defined as the frequency value at which the signal power spectrum was divided into two sections of equal energy content, and it can afford an acceptably good representation of the sound frequency shift. Meanwhile, the nRMS values of the sEMG signals represent the average power of the myoelectric activities (Phinyomark et al., 2012). Therefore, the two parameters, nMF of the speech signals and the nRMS of the sEMG recordings, were extracted to quantitatively evaluate the correlations between sound frequencies and myoelectric features associated with pitch-related phonation.

During the phonating process, the characteristics of the speech signals demonstrated that the sound frequencies were increasing with the continuous rising of the pitches while the sound volume was kept on a stable scale (Figures 2, 3). These results indicated that the sound frequencies were tracked with the pitches, which was corresponding to the previous studies where the pitch was used to order sounds on a frequency-related scale (Lolli et al., 2015). In the current study, the results of the sound volume indicated that the effects on the muscle activities came from the variation of the sound frequency rather than the loudness.

Then, the temporal waveforms of HD sEMG signals across all the 120 channels on the facial and neck regions displayed that the myoelectric activities of the facial and neck muscles were orderly altered with the variation of the sound pitches (Figure 4). The sEMG waveforms from one electrode were different from each other even if it was from the two adjacent electrodes, which reveals that there was no cross-talk of the HD sEMG signals. The results suggested that the facial and neck muscles could produce synergetic muscle contractions to aid the movement of the passive and active articulators for constructing sound in high intelligibility with a wide scale of the pitch.

In this study, the typical normal phonating process (pitch rising) was divided into a sequence of duration, and the RMS values of the HD sEMG signals in each duration were calculated and visualized as pixels placed at a certain location of the electrode array on the facial and neck muscles. Thus, a series of 2D temporal sEMG energy maps of the facial and neck muscles were constructed for displaying the dynamic activities of the facial and neck muscles when phonating different vowels [(a:) in Figure 5, (i:) in Figure 7, and (ә:) in Figure 8]. Also, the spatial and temporal properties of the myoelectric activities were dynamically presented in the HD sEMG energy maps to visualize the muscular contraction patterns corresponding to the pitch-related phonation activities.

According to the HD sEMG energy maps, it was found that the facial and neck muscles were both activated during phonating tasks, and the strength of the facial and neck muscles gradually increased while the high-density areas of these muscles progressively enlarged when the pitches were continuously rising. These spatiotemporal properties of the facial and neck muscles corresponded to the physiological process of phonation as a transmission path of the airstream used for generating certain sounds, during which the airstream was expelled from the lungs through the throat (controlled by the neck muscles) into the mouth (controlled by the facial muscles) (Miller et al., 2009). Meanwhile, the sound pitches were determined by the oscillatory rates of the vocal cords with orderly opening and closing, which were controlled by the facial and neck muscles that were synergistically operated with alternate contracting and stretching in precision (Echternach et al., 2017). These coordinated sequences of the facial and neck muscles would produce myoelectric activities related to phonation activities. Moreover, when the sound pitches continuously increased from low to high, the vocal cords needed to vibrate faster and faster to reach the high pitches. During this pitch-increasing process, it could require more articulatory muscles and higher muscle strength to control the airstream transmitting faster for generating the faster vibration of the vocal cords, thus resulting in the higher intensities and larger areas of muscle activities on the face and neck. Additionally, the results of the energy maps also displayed that the intensities of the neck muscles were higher than that of the facial muscles, which reveals that the neck muscles would be the main contributors during phonating movements. The signals from the middle region of the neck demonstrated larger amplitude when compared with other regions, as could be observed from the columns 6–11 in Figure 4. When observing the energy distribution in Figure 5, similar consistent results were found for the activation patterns of the articulatory muscles with larger activities in the middle region of the neck in Figure 5A and middle frames in Figure 5B. This phenomenon is also based on the physiological characteristics of the phonating process, in which the vocal cords located inside of the larynx are the major organ to produce a natural voice, whose activities are controlled by the middle neck muscles.

Furthermore, the energy concentration was symmetrically distributed on the left and right sides of the facial and larynx regions, which indicated that the energy of muscles associated with phonation activities had a nearly equivalent intensity and durability on the right and left sides of the facial and neck muscles. Notably, there was a little difference between the left and right facial muscles, such as the intensities of the left facial muscles were a bit higher than that of the right one during phonation. This phenomenon would be based on personal habits in speaking and swallowing. For instance, if someone eats bolus by often using the left side of the teeth, the left facial muscles would be more exercised than the right one, which would lead to stronger muscles on the left face. Thus, when the subject phonated different vowels, the activities of the left facial muscles were higher than that of the right one. This result suggested that the HD sEMG energy maps might be a useful tool for guiding the subjects to rectify their undesirable habits in speaking and swallowing activities.

The HD energy maps obtained from different phonating tasks showed the effects of the facial and neck muscles across different vowels [(a:), (i:), and (ә:)]. Based on the HD energy maps, the high intensity of the maps on the neck region appeared before that of the facial areas, which indicated that the muscular activities from the neck muscles were activated before the facial muscles at the onset of the phonating [a:] and [ә:] vowels (Figures 5, 8). In contrast, the activities of the neck muscles presented a little more delay than the facial muscles when phonating the [i:] vowel (Figure 7). These results indicated that the styles of the pronunciation would produce different voices, which required sequential contractions of facial and neck muscles in a certain order. Moreover, the energy maps on the facial muscles showed that the high-intensity areas appeared on different muscles when phonating different vowels. For instance, when phonating back vowel [a:], the subject should first relax and open the mouth, while keeping the lips in a round shape; this manner of pronunciation would lead to the strong strength of the masseter muscles. Hence, the high intensities of the maps were concentrated on the edge of the face both on the left and right sides (Figure 5B). On the contrary, when phonating the front vowel [i:], the subject needed to extend the lips to the sides in a flat shape, which could cause the activation of the orbicularis oris muscles, resulting in the high-intensity activities around the mouth (Figure 7). Finally, when phonating the central vowel [i:], the mouth of the subject just needed to be opened slightly, and the lips should keep in relaxation. Thus, the strength of facial muscles was very weak, and there were low intensities presented in the energy maps of the facial regions (Figure 8). Moreover, no significant effects of the phonating task order on the HD sEMG results were found in our pilot experiments of this study.

Consequently, the dynamic properties of the HD sEMG energy maps were well corresponding to the physiological and biomechanical principles of phonation, which would make the HD sEMG method a simple and non-invasive tool for accurately visualizing the phonating process and assessing the temporal and spatial properties of facial and neck muscles associated with phonation functions. Moreover, it could also help researchers and laryngologists to better understand the dynamic muscular activities of the facial and neck muscles during phonation. The HD sEMG technique might pave the way for developing a clinically relevant approach to screen, diagnose the phonating disorder caused by muscle problems, and even provide a potential method to locate the abnormal muscles that lead to the phonating disorder. Furthermore, the findings from the proposed method are not only applicable to the assessment of phonating function but may also spur positive advancement in other rehabilitation areas, including swallowing function evaluation (Zhu et al., 2017b) and back pain rehabilitation (Hu et al., 2014), among others, that equally adopts sEMG maps.

Considering the fact that phonation is a complex process controlled by multiple articulatory muscles, the use of both speech signals and sEMG recordings are necessary indicators for the analysis of the pitch-related phonation activities (Zhu et al., 2017b; Murtola et al., 2019; Zhang et al., 2020). However, it should be noted that the correlations between the sound frequencies (pitches) and the muscular activities of facial and neck muscles during a pitch-related phonation remains unclear. In this investigation, the nMF of the speech signals and the nRMS of the HD sEMG recordings were measured and compared during a pitch increase across three different phonating tasks [(a:), (i:), and (ә:) vowels]. The results presented that the nRMS values (from sEMG signals) increased at a similar rate with the nMF values (from speech signals) when constantly increasing pitches (Figures 6, 9). These results demonstrated that a strong interrelation existed between the sound frequencies and the muscular activities associated with pitch-related phonation. Meanwhile, the results of the correlation coefficients showed that there were significant correlations between the nMF of speech signals and the nRMS of sEMG recordings across different vowel phonation tasks [back (a:), front (i:), and central (ә:)] (Table 1). The findings revealed that the muscular activity patterns of the facial and neck muscles related to phonation might be served as a reference for evaluating the pitch-related phonation functions.

The purpose of the present study focused on the normal phonating functions, so the patients with phonating disorders will be recruited for further study. The HD energy maps and the interrelations between the speech signals and the sEMG recordings obtained in this investigation might be used as the reference for further evaluating and diagnosing the phonating functions or dysphonia in clinical application.



CONCLUSIONS

In this study, the speech and the HD sEMG signals were simultaneously measured when the subjects were phonating vowels with an increasing pitch. The sequential energy maps constructed from multichannel sEMG recordings showed that muscle contraction strength increased monotonously as the pitch increased, and left-right symmetrical distribution was observed for the face and neck regions when phonating different vowels with increasing pitch. The nRMS parameter of the HD sEMG signals increased in a similar pattern to the nMF parameter of the speech signals when the pitch rose, and there were significant correlations between the two parameters across different vowel tasks. The present study suggested that the muscle contraction patterns might be used as a reference for the evaluation of pitch-related phonation functions that is important for dysphonia diagnoses. This study might also spur positive advancement in the evaluation of facial paralysis and diagnoses of other neuromuscular-inclined diseases.
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