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Abstract: Intense vocalizations, such as screaming and yelling, may yield negative vocal health consequences. The purpose of
this study was to investigate physiological and acoustic differences between emotional versus learned high-intensity voice
productions (i.e., primitive screaming versus trained belt for healthy yelling). We hypothesized that (1) angry screaming
would be produced with constrictive vocal tract and laryngeal actions, similar to swallowing physiology; and (2) trained belt-
ing would override natural constrictive tendencies to produce intense voice with reduced phonotraumatic risk. In this study,

we present single-subject magnetic resonance imaging and acoustic observations that are consistent with our hypotheses.
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1. Introduction

In both human and nonhuman primates, the primary functions of the larynx and supralaryngeal vocal tract relate to
swallowing and airway protection. Humans and nonhuman primates also use the vocal apparatus for emotional vocaliza-
tion that serves a critical function in socialization and affective communication." However, humans evolved neural and
anatomical mechanisms that make speech and highly specialized voicing possible.” It is currently hypothesized that,
though the inputs may differ, an integrated sensorimotor neural system controls both emotional and learned vocaliza-
tion.” Despite advances in understanding the human neural bases of emotional versus volitional vocalization,” ® very lit-
tle is known about the physiological mechanisms of voice production under extreme, uncontrolled emotional load. Both
voice and swallowing involve precise movements of the lips, tongue, jaw, velum, pharynx, and larynx that can be placed
under various levels of volitional control.” A protective, normal swallow is produced with propulsive tongue base retrac-
tion, upward, forward movement of the larynx (i.e., hyolaryngeal excursion), epiglottic inversion, arytenoid adduction/
approximation, a closed velopharyngeal port, and pharyngeal constriction.”” Given the primitive nature of both swallow-
ing and emotional angry screaming, this study sought to answer the question, are angry vocalizations produced with con-
strictive laryngeal and pharyngeal configurations as seen in swallowing physiology?

Emotional, primitive vocalization versus learned, trained voice production is a critical distinction with practical
applications. Any high activation, intense voice production—whether emotional or trained—has the potential to cause
phonotrauma.”” Understanding the physiological causes of phonotrauma is essential to clinical voice therapy and singing
pedagogy in order to teach voice users how to produce the desired sound in a manner that minimizes the risk for phono-
trauma and vocal fatigue. For example, in voice therapy, teaching high-intensity voice qualities such as belt (a quality
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often heard in contemporary singing styles, such as musical theater, pop, and/or rock) for healthy yelling can address the
common concern of being heard in noisy environments or over large distances.'’ While there have been many studies on
the acoustics and physiology of the belt voice”™'' and the effect of emotion on voice/speech acoustics and vocal tract
shapes,'”'® the physiologic and acoustic differences between trained belting and primitive angry screaming are still
unknown. Although phonotraumatic risks may differ, no prior study has compared primitive screaming with trained belt-
ing using magnetic resonance imaging (MRI) and acoustic data.
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The purpose of this study was to compare physiological and acoustic features associated with primitive, angry
screaming versus trained belt for healthy yelling. We hypothesized that (i) angry vocalizations would involve constricted
vocal tract and laryngeal gestures, similar to swallowing physiology, and (ii) trained vocalization would override innate,
constrictive tendencies to prevent vocal fatigue and phonotrauma. To test these hypotheses, we used real-time MRI and
acoustic measures to analyze emotional, uncontrolled angry screaming versus learned, controlled belting in a single,
vocally trained female subject. Our single-subject observations support these hypotheses that compared to trained belt,
angry screaming was produced with a more pressed source configuration and constrictive vocal tract actions that contrib-
ute to phonotrauma.

2. Materials and methods
2.1 Subject

At the time of scanning, the subject was a 30-year-old female certified in Estill Voice Training at the Estill Master
Trainer level with 14 years of singing experience in a variety of styles and a licensed speech-language pathologist specializ-
ing in voice and voice disorders. She denied illness or voice problems on the day of scanning and had a history of normal
video laryngeal stroboscopy (VLS).

2.2 MRI procedure and task

All MRI data were acquired using a 3 tesla Siemens MAGNETOM Verio scanner (Siemens, Munich, Germany) with a 20-
channel head and neck coil. Audio data were captured via optical microphone (FOMRI-I; Optoacoustics Ltd, Or Yehuda,
Israel). Imaging was performed in a single midsagittal two-dimensional (2D) gradient-echo real-time sequence at approximately
ten frames per second. Sequence parameters derived from DICOM metadata included repetition time (TR)=3.4ms, echo
time (TE) = 1.38 ms, slice thickness = 10 mm, flip angle = 8°, field of view =256 x 256 mm? and acquisition matrix = 128 x 84.
Images were interpolated to a 256 x 168 matrix, yielding a reconstructed pixel spacing of 1 x 1.5mm? however, the acquired
in-plane resolution, based on field of view and acquisition matrix, was 2.0 x 3.05 mm?. Accordingly, all linear measurements
are interpreted with respect to the acquired spatial resolution (2.0 x 3.05 mm?).

The female subject performed a variety of vocal tasks throughout an MRI scanning session of approximately
45min. Scream was the last task performed. Vocalization tasks were performed with natural breath cycles, resulting in
multiple repetitions of each task across the 30-s scan duration. The belt task was performed according to the Estill defini-
tion on the /e/ vowel at the subject’s most comfortable pitch in a controlled manner."" For the emotional vocalization
task, the subject was given the prompt, “Please scream like you have never been so angry in your whole life. Do not try
to control it.” There were no pitch or vowel specifications. The elicited task included intermittent sob-like segments. For
each vocal task, MRI images and recorded audio were compiled into video files in .avi format (see Mm. 1).
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Mm. 1. MRI video of all vocalizations.

2.3 MRI data analysis

The MRI DICOM files were imported into open-source software program Slicer (3D Slicer 5.8.1; National Alliance for
Medical Image Computing, Boston, MA) for visualization, analysis, and measurement.'” Individual timepoints from the
video files for each task were identified for analysis, and the corresponding DICOM file was selected for 2D MRI visuali-
zation and measurement. Quantitative MRI analysis was limited to six selected frames sampled from the dynamic acquisi-
tion rather than continuous frame-by-frame tracking. During the emotional vocalization task, the subject produced seven
screams with emotional sobbing after the fifth scream. As a result, five timepoints from the fifth scream were selected for
analysis (Fig. 1), which includes one timepoint pre-scream (PS), three time points during the scream (S1-S3, with subhar-
monics in S2), and one timepoint during post-scream sob. Since the belt production was relatively stable, only one time-
point was selected for analysis (Fig. 1). Quantitative 2D MRI measures were captured using Slicer’s linear and angular
measurement tools.

MRI measures were obtained for emotional vocalizations scream and sob as well as trained belt for a total of
three voice qualities (Fig. 2). Linear 2D MRI measures, defined similarly to previous work,'*'? included the following:
(1) lip opening, the vertical distance between the lips; (2) jaw opening, the distance between the anterior nasal spine and
the most anterior-inferior point of the bone marrow in the corpus mandibulae; (3) jaw protrusion, the length of a line
from the most anterior-inferior point of the bone marrow in the corpus mandibulae to the perpendicular intersection of
the line used to calculate larynx height; (4) larynx height, the perpendicular distance between the tuberculum anterius
atlantis of C2 and the line representing the vocal fold plane; (5) velar height, the perpendicular distance from the tip of
the uvula to a reference line representing the hard palate line (i.e., anterior to posterior nasal spine); and (6) pharynx
width, the smallest anterior-posterior distance between the back of the tongue and the oropharyngeal wall, superior to
the epiglottis. Of note, for larynx height, velar height, and pharynx width, a lower value indicates a higher position or
degree of narrowing and vice versa. The angular MRI measure, vocal fold tilt angle, was defined by the vocal fold plane
relative to the anterior surface of the cervical spine (Fig. 2). A larger angle reflects a greater degree of tilting.
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Fig. 1. Spectrograms of emotional vocalization, scream (PS, S1-S3) and sob (left) and trained vocalization, belt (right) obtained from MRI
audio. Black lines indicate timepoints for 2D MRI analysis.

2.4 MRI data reliability and analysis

To assess intrarater reliability, the primary author (K.P.) performed two sets of measurements at different timepoints.
Both sets of measurements consisted of 42 observations (7 measurements x 6 slices =42 observations per set). Absolute
mean differences between repeated measurements were 0.3-3.5mm and 0.7 degrees. Intraclass correlation coefficients
(ICCs) (two-way mixed, absolute agreement, and single measures) ranged from 0.958 to 0.999 for all measures, indicating
excellent intrarater reliability. Additionally, to calculate interrater reliability, author Z.Z. completed an additional set of 42
measurements. Absolute mean differences between repeated measurements were 0.3-3.5mm and 1.3 degrees. ICC values
ranged from 0.913 to 0.991 for all measures, indicating excellent interrater reliability. Linear and angular 2D measure-
ments were rounded from two decimal places to the nearest whole millimeter or degree. The true acquired spatial resolu-
tion (2.0 x 3.05) defined the practical precision limit of all linear 2D MRI measures. MRI data reported descriptively due
to single-subject sample size.

2.5 Acoustic analysis

Audio used for analysis was obtained from the MRI videos after spectral-subtraction scanner noise reduction applied dur-
ing video construction. Acoustic measures were extracted using the software VoiceSauce with a window size of 25 ms and
frame shift of 1 ms.”’ In this study, four measures were reported, including fundamental frequency (f0), H1"—H2" (the
amplitude difference between the first and second harmonic corrected for vocal tract resonance), H1"—H5k™ (the
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Fig. 2. MRI images representing linear 2D measurements (top left), angular measurement (top right), and the three voice qualities: scream
S2 (bottom left), sob (bottom middle), and belt (bottom right).
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Table 1. All 2D MRI measures in emotional (scream, sob) versus trained (belt) vocalization.

PS Scream 1 Scream 2 Scream 3 Sob Belt
Lip opening (mm) 40 25 60 57 29 46
Jaw opening (mm) 69 55 91 88 64 79
Jaw protrusion (mm) 81 81 69 71 73 77
Larynx height (mm) 44 30 21 23 46 21
Velar height (mm) 20 15 16 17 20 8
Pharynx width (mm) 16 9 4 5 13 10
Vocal fold tilt angle (°) 99 93 106 106 111 95

amplitude difference between the first harmonic and the harmonic nearest 5kHz corrected for vocal tract resonance), and
cepstral peak prominence (CPP). The timepoints used for acoustic analysis corresponded to the slices used for MRI mea-
surement. Formant frequency data are not reported because the vowel condition was not controlled across tasks.

3. Results
3.1 MRI data

The results of physiological MRI measures for scream, sob, and belt as performed by the primary author (K.P.) are sum-
marized in Table 1. In the angry scream, oral MRI measures across the selected four frames showed a pattern consistent
with increased lip opening and jaw opening and decreased jaw protrusion. Pharyngeal measures across four scream time-
points revealed decreased pharynx width as well as increased larynx height, velar elevation with closed velopharyngeal
port, and increased vocal fold tilt angle.

In contrast to the scream condition, sob was produced with smaller lip and jaw opening and slightly more jaw
protrusion. Sob was also characterized by the lowest velar position with opening of the velopharyngeal port, the lowest
vertical larynx position, widest pharynx, and greatest tilting of the vocal fold plane as compared to scream and belt. In
the belt condition, lip opening, jaw opening, and pharyngeal narrowing were increased relative to sob but decreased rela-
tive to scream. Jaw protrusion and velar elevation were highest during belt. Larynx height was similar between scream
and belt, with both qualities characterized by a high vertical larynx position. Vocal fold tilt angle was the smallest in belt,
with increased vocal fold tilt angle for scream and sob.
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3.2 Acoustic data

Acoustic measures of scream, sob, and belt, including f0, CPP, H1*—H2", and H1"—H5k", were calculated from one MRI
audio recording per task (Fig. 3). The f0 track was visually verified against the spectrogram.
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Fig. 3. {0, CPP, H1"—H2", and H1"—H5k" compared across the three voice qualities. S1-S3 are the three scream conditions in Fig. 1. PS was
not included because of no phonation.
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Fig. 4. Spectrum view comparison across emotional (scream, sob) versus trained (belt) voice qualities.

Scream was produced with an f0 over 1000 Hz (except for S2 where f0 was almost half due to subharmonics),
almost twice that of sob and belt. CPP is an acoustic measure of irregularity in vocal fold vibration, with low CPP values
being associated with low harmonic to noise ratio”' as well as voice disorders.”” CPP values were low for emotional vocal-
izations scream and sob but high in trained belt. Previous simulation studies have shown that H1"—H2" and H1"—H5k"
are primarily controlled by vocal fold vertical thickness as well as vocal fold approximation to a lesser degree, with thicker
vocal folds tightly approximated producing lower H1*~H2" and H1*~H5k".”*** Both H1*~H2" and H1*~H5k" were low-
est in scream (except for S2 due to subharmonics) and highest in belt, consistent with a more pressed source configura-
tion in scream. Spectrum view comparison (i.e., scream, sob, belt) is presented in Fig. 4. Intense vocalizations (i.e., scream
and belt) are produced with strong intensity in the higher harmonics (4 kHz+), whereas sob demonstrates a characteristic
intensity decrease in the upper frequencies.''

3.3 Vocal health

After the MRI scans of the emotional screaming and sobbing, the female subject experienced an immediate deterioration in
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her voice quality. The emotional vocalization scans were the last performed, and the participant did not experience voice dif-
ficulty earlier in the session. VLS performed four days after scanning revealed marked edema and hypervascularity as well as
small bilateral lesions of the true vocal folds. This acute vocal injury resolved over the course of 3 weeks (see Mm. 2).

Mm. 2. Female subject rigid VLS exams: baseline, 4 days after MRI, 8 days after MRI, 3 weeks after MRI.

4. Discussion

This study provides physiological and acoustic evidence for the differences between primitive, emotional screaming and
learned, volitional belting in a single vocally trained female subject. The exaggerated opening of the oral cavity during scream
is consistent with prior studies of angry speech.'™'® While oral cavity size increased in scream, drastic pharyngeal narrowing
was evident. High vertical larynx position, closed velopharyngeal port, and increased vocal fold tilt angle were also observed in
scream. Though swallowing was not imaged, this combination of posterior movement of the tongue base, elevated velum, and
constricted larynx and pharynx resembles the physiology of the normal swallow.”” Acoustic data suggest that these
constrictive vocal tract and laryngeal actions were accompanied by a similarly constrictive source configuration, potentially
involving increased vocal fold thickness and approximation. Scream in our study had the lowest CPP, H1"—H2", and
H1"—H5K", values consistent with the highest degree of vocal fold medial compression and vertical thickness in vocal fold
models.”*** Vocal fold compression and increased thickness are known to produce excessively high vocal fold contact pressure
during phonation,”® which may have contributed to the female subject’s acute vocal fold injury. To our knowledge, no physio-
logic or acoustic data from uncontrolled angry screaming currently exist, and prior studies using controlled, sustainable acting
and singing tasks'* ' or extreme vocal effects” are not directly comparable to the vocalization analyzed in the present study.
Compared to scream, belt was produced with a similar overall configuration but with decreased mouth opening,
a more forward tongue position, and larger pharynx width. In particular, the pharynx was about twice as wide in belt
than scream, indicating that the subject was able to override the innate tendency to constrict the vocal tract during belt.
The epilaryngeal narrowing observed in belt may have occurred at a degree that reduced vocal fold contact pressure.”®
Although MRI resolution precluded detailed vocal fold imaging, the less constrictive pharynx and more forward tongue
position may have been accompanied by a less pressed source configuration, potentially allowing the subject to belt
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without experiencing noticeable phonotrauma. Higher values in CPP, H1"-H2", and HI1'-H5k" also support the
presence of a less constricted source configuration during belt production.

The overall vocal tract configuration for belt in the 2D midsagittal view, including high vertical larynx position,
narrowed anterior-posterior pharynx, and forward tongue position with larger oral cavity, aligns with prior findings."’

Although the primary emotion behind the vocalization was anger, intermittent moments of uninhibited sobbing
followed the screaming. In comparison to scream, sob was produced with the least amount of oral cavity opening, which is
consistent with prior studies of sad speech.'®*’ Sobbing was also characterized by an elongated, widened pharynx, open velo-
pharyngeal port, and low laryngeal position, which is opposite that of the normal swallow.”” Reduced constriction and narrow-
ing in the vocal tract during expression of sadness, relative to anger, aligns with prior work.'® This long, wide vocal tract con-
figuration for emotional sob is also very similar to previous reports of sob quality production during trained singing tasks,'’
but the lowered velum appears unique to emotional sobbing. Compared to scream, emotional sobbing also yielded relatively
higher H1*—H2" and H1"—H5k", suggesting a less pressed source configuration that may decrease phonotraumatic risk.

It is noteworthy that belt and scream were characterized by equally high vertical larynx position despite substantial
differences in 0 (i.e., doubled in scream), whereas belt and sob had drastic differences in laryngeal height despite similar f0.
Although vocal fold tilt angle was smallest in belt, scream and sob had similarly large vocal fold tilt angle. This large vocal fold
tilt angle could have been achieved in different ways for scream versus sob via anterior, downward movement of the thyroid
cartilage and/or anterior, superior movement of the cricoid cartilage. Although multiple muscular actions for changes in laryn-
geal height and laryngeal tilting have been proposed,” ** these mechanisms and the relationship between them still are not
fully understood and warrant future investigation. Vocal fold configuration and contact pressure may differ based on laryngeal
height and/or tilting conditions, which also need to be investigated in future studies.

Both scream and belt were produced with an increased mouth opening and decreased pharynx width. These findings
are consistent with prior MRI work that has described belt quality as “megaphone shaped,”""** with large lip/jaw opening and
small, narrow pharynx observed in the 2D midsagittal view. In fact, the vocal tract configuration in scream appeared as an
exaggerated megaphone shape. Such vocal tract adjustments are often associated with an increased F1, which allows amplifica-
tion of higher order harmonics and a belt-like voice quality (Fig. 4). On spectrogram visualization (Fig. 1), belt appeared rela-
tively stable. However, scream appeared unstable, exhibiting irregular harmonics at the beginning, going through a brief period
of subharmonics, followed by stable harmonics that decrease in frequency and intensity toward the sob. Strong source-filter
interaction may have occurred but cannot be quantified without three-dimensional vocal tract geometry.

The single subject sample size is a significant limitation of this study. This work could be further improved by
increased spatial resolution and improved MRI image quality, particularly at vocal fold level and in the tracheal region. Also,
the MRI analysis was based on selected frames rather than full dynamic quantitative analysis. Belt stability was judged qualita-
tively, and the single-frame belt comparison is another limitation. Pitch and vowel conditions were not controlled across tasks
because authentic emotional vocalization cannot be produced with controlled pitch and vowel, but task discrepancy does com-
plicate the scream versus belt comparison. The MRI environment poses inherent challenges to vocalization tasks, including
scanner noise and supine subject positioning. Participant vocal injury may have been compounded by fatigue and cumulative
session effects. Future research may aim to include vocal fold imaging during emotional versus trained vocalizations as well as
airflow measures.
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5. Conclusion

In this single vocally-trained subject, select midsagittal MRI frames and matched acoustic samples suggest similarities
between primitive mechanisms of swallowing and screaming. Compared to a controlled belt task, production of emotion-
driven screaming appears consistent with larger jaw and lip opening, greater midsagittal pharyngeal narrowing, similar
high vertical larynx position, more tilted vocal fold plane, more constrictive vocal fold configuration, lower acoustic peri-
odicity, and higher risk of vocal fold injury. Whether these hypothesis-generating observations can be generalized to a
larger number of subjects warrants future investigation.
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