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Abstract

Introduction. The rapid technological evolution in Magnetic Resonance Imaging
(MRI) has recently offered a great opportunity for the analysis of voice production.

Objectives. This article is aimed to describe main physiological principles at the
base of voice production (in particular of vocal tract), and an overview about liter-
ature on MRI of the vocal tract. This is presented in order to analyze both present
results and future perspectives.

Method. A narrative review was performed by searching the MeSH terms “vocal
tract” and “MRI” in Pub Med database. Then, the obtained studies were subse-
quently selected by relevancy.

Results. Main fields described in literature concern technical feasibility and op-
timization of MRI sequences, modifications of vocal tract in vowel or articulatory
phonetics, modifications of vocal tract in singing, 3D reproduction of vocal tract and
segmentation, and describing vocal tract in pathological conditions.

Conclusions. MRI is potentially the best method to study the vocal tract physi-
ology during voice production. Most recent studies have achieved good results in
representation of changes in the vocal tract during emission of vowels and singing;
Further developments in MR technique are necessary to allow an equally detailed
study of faster movements that participate in the articulation of speaking, which will
allow fascinating perspectives in clinical use.

Key words
Real time MRI; dynamic MRI; sequence; vocal tract; speech research; vowels; sing-
ing; overtones; phonetics; voice physiology; speech science.
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Resumen

Introduccion. La rapida evolucion tecnoldgica en la resonancia magnética (MRI)
ha ofrecido recientemente una gran oportunidad para el analisis de la produccion
de voz.

Objetivos. Este articulo tiene como objetivo describir los principales principios
fisiolégicos en la base de la produccién de la voz (en particular, del tracto vocal)
y una descripciéon general de la literatura sobre resonancia magnética del tracto
vocal. Esto se presenta con el fin de analizar tanto los resultados actuales como las
perspectivas futuras.

Meétodo. Se realiz6 una revision narrativa mediante la bisqueda de los términos
MeSH “tracto vocal” y “MRI” en la base de datos PubMed. Los estudios obtenidos
se seleccionaron posteriormente por relevancia.

Resultados. Los campos principales descritos en la literatura se refieren a la viabi-
lidad técnica y optimizaciéon de secuencias de resonancia magnética, modificaciones
del tracto vocal en una vocal o fonética articulatoria, modificaciones del tracto vocal
en el canto, reproduccion 3D del tracto vocal y segmentacion y descripcion del tracto
vocal en condiciones patologicas.

Conclusiones. La resonancia magnética es potencialmente el mejor método para
estudiar la fisiologia del tracto vocal en el momento de la produccién de la voz.
Los estudios mas recientes han obtenido buenos resultados en la representacion de
cambios en el tracto vocal durante la emision de vocales y el canto. Se necesitan mas
desarrollos en la técnica de RM para permitir un estudio igualmente detallado de los
movimientos mas rapidos que participan en la articulacién del habla, lo que permi-
tira perspectivas fascinantes en el uso clinico.

Palabras clave

Resonancia magnética en tiempo real; resonancia magnética dinamica; secuencia;
tracto vocal; investigacion del habla; vocales; canto; armonicos; fonética; fisiologia de
la voz; ciencias del habla.

Introduction
MRI is a powerful imaging technique used in radiology to generate anatomical and
functional image of the human body.

MRI scans offer numerous advantages in observing anatomy such as its absence of
ionizing radiation, non-invasive methods, and excellent contrast in the representation
of soft tissue.

Historically, an important limitation was, and still is in certain instances, the
time-consuming nature of examination. Often, a fair amount of time is needed to
obtain areas of various regions of the body.

Continuous technological evolution of MRI, which consist in magnetic fields and
radiofrequences (RF) used to obtain anatomical images based on some parameters
—e.g. Tl and T2, which are different and intrinsic to each tissue—, led to birth of
dynamic and real time MRI by use of fast MRI sequences [1].
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This has allowed representation of moving organs and new applications in studies related
to intestinal and cardiac imaging, and has opened interesting and promising perspectives in
other fields, like speech research.

MRI is increasingly used in studies of speech as it enables noninvasive visualization of
the vocal tract and articulators, thus providing information about their shape, size, location,
motion and position.

However, the use of MRI is limited by some intrinsic characteristics caused by its high tech-
nological complexity, such as the elevated cost of use and possibility of causing claustrophobia
in patients. Additionally, the use of magnetic fields and gradients prevents it from being safe to
use on patients with implants or ferromagnetic material/devices present in their bodies.

The production of voice, sound, and spoken language is the result of the dynamic and
fast-moving interaction of organs and anatomical structures. This function needs the inter-
action and the coordination of the respiratory muscles that control the lungs and the breath
flow, which initiates vocalization and provides the energy to produce sound; the vocal folds (in
voiced sounds), which convert the airflow in an audible vibration that produces the pitch and
the tone; and upper airways, including the mouth and nasal cavities, which act as a resonating
chamber or more precisely as an acoustic filter.

Particular attention with MR1 is paid to the vocal tract, and the rapid movement and artic-
ulation of its anatomical structures.

The Acoustic Theory of Language production

In speech production, we identify a sound source, which is either a reaction to the vibrating
vocal folds (in voiced sounds), or a turbulent flow of air due to some constriction of some
parts of the vocal tract (in voiceless sounds), or a combination of the two (Image 1). The
periodicity in the acoustic waveform is a consequence of the recurring vibration of the vo-
cal folds. This periodicity characterizes the voiced sounds and determines sinusoidal sound
waves. The production of most voiceless sounds is the result of turbulent airflow localized in
some part of the vocal tract [2].

The shape of the vocal tract, which is modeled as an acoustic filter (filter applied to the
sound produced by the source through the property of resonance), can be analyzed to a large
extent independently of the source itself.

In speech production, formants are the spectral peaks of the sound spectrum that result
from acoustic resonance in the vocal tract. The idea that the source and the filter make an
(almost) independent contribution to the spectrum of the combined sound output in speech
production [3-5] is a critical part of the acoustic theory of language production.

If the characteristics of the source change but the filter stays the same, the two spectra of
the sound output remain very similar.

It 1s possible to change the pitch by producing a sound of the same phonetic quality and
varying the fundamental frequency, as vocal folds vibrate with the same shape of the vocal tract.

The position of the noise source, which participates in the production of consonants, in
contrast to that of the glottal source, varies with the point of articulation. Points of articula-
tion can be found anywhere from the labiodental region to the glottal region.

49
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Image 1. Magnetic Resonance Image (MRI) done by the authors
with annotated anatomy of the vocal tract.

For instance, in fricative consonants, the noise source is represented by a turbulent air flow,
which is the result of a jet of air being conveyed at high speed through a narrow passage by
the teeth. This causes fricative production of [s] and [z] (alveolar fricatives) and [f] and|[3]
(postalveolar fricatives), or palatal and velar fricative by pressure on the palate [6].

In the production of a vowel, the vocal tract can be considered as a tube from vocal folds
to the lip with a constantly varying cross-sectional area between.

The right-angled curve at the junction of the pharynx and oral cavity is not important in
regards to spectrum estimation, as the air flow propagates perpendicular to the vocal tract itself.

Resonance in the straight tube occurs when standing waves are produced from air pressure
waves that cancel and reinforce each other at various points along the tube itself (Image 2).

One of the most influential models is the three-parameter model of speech production, in
which the vocal tract is represented by four interconnected cylinders [7].

The first tube to consider models the constriction position of the vowel. Radiological anal-
ysis of vocal production has shown that it is accompanied by narrowing or constriction in the
vocal tract, in a similar manner to how the vocal tract is restricted at a point of articulation in
the production of consonants.

i
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Image 2. Magnetic Resonance Image (MRI) done by the authors with
annotated major resonance cavities of the vocal tract: oral cavity (over
the tongue) and pharyngeal cavity (posterior to the tongue).

After identifying the constriction, a cavity will appear behind it, extending from the glottis
to the constriction, and a cavity will be in front of it, extending from the front of the constric-
tion to the lips, so the vocal tract can be divided into three cylinders representing the posterior
cavity, constriction, and anterior cavity. A fourth tube represents the lip configuration, which
is an important articulatory parameter in vocal production [2,4].

With vowels [i], the constricted tube is closer to the anterior part of the vocal tract; with
vowels [u], the constriction is close to the soft palate; and with open vowels [a], the constric-
tion is in the pharynx.

Additionally, the vowels differ in diameter, in the area of constriction, and in the extent of
the opening of the lips.

In the case of nasal consonants, two acoustic pathways are formed from the glottis to the
nasal cavity and from the glottis to the oral cavity following the opening of the velar door.

One method for modeling nasal consonants is to input three tubes: one for the nasal cavity,
other for the oral cavity (closed at the articulation point of the nasal consonant), and another
one for the pharyngeal cavity [4,7,8].
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The spectra of nasal consonants are characterized by nasal formants, which are due to the
combined nasal-pharyngeal tube.

Knowledge of the physiology of the vocal tract is important both for the MRI study of the
vocal tract itself and for the understanding of pathologies and rehabilitation therapies [9].

Method

A narrative review was performed by searching the MeSH terms “vocal tract” and “MRI”
in the PubMed database. Only researches in English were considered. Studies that use func-
tional MRI with activation of areas of the brain associated with the vocal tract, studies on
swallowing, and studies involving other imaging methods (e.g. CT) were excluded. Only ex-
perimental studies were included (excluding reviews). Studies were selected by relevancy, in-
cluding studies that explore MRI morphological analysis of the entire vocal tract.

Results

Magnetic Resonance Imaging of Vocal Tract

Several articles have been published in literature regarding the application of MRI in the
study of the vocal tract and in “speech research” (Table 1), a relatively new field that was first
studied the mid-1990s.

Table 1. types of main vocal tract MRI studies in literature

Aim of main vocal tract MRI studies N° of articles
Describe modifications of vocal tract in singing 11
Analyze technical feasibility and optimization of MRI sequences 14
Describing vocal tract in pathological conditions 5
3D reproduction of vocal tract and segmentation 8
Vocal tract in vowel or articulatory phonetics 17
Others 11

Note. Types of main vocal tract MRI studies in literature (searched in PubMed with key
terms “vocal tract” and “MRI” and selected by relevancy), divided by aim/objective of the
study. N.B.: some articles are counted in more than one field.

Discussion

In addition to the study and representation of the vocal tract through MRI, aimed at con-
firming the acoustic theory of language [10], one of the first fields of interest was the tech-
nical aspect regarding the feasibility of MR study and the optimization of sequences. There
are known studies with magnets from 0.5 T up to 3 T, EPI, GRE, SSFSE sequences [ 1], with
temporal resolutions reached in the order of tens of milliseconds. However, effort to reach
best temporal resolution came at the expense of the spatial resolution with a consequent
search for the best trade-off and optimization of the MR technique [11].

MR images can also be obtained and analyzed on different planes. The most useful and
widely-utilized is the sagittal plane.
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The research also led to the development of dedicated coils and microphones.

MRI also allows you to obtain 2D images, which are especially useful for evaluation on a
single plane, usually at mid-sagittal plane. Sometimes, MRI creates 3D images, allowing a
better definition, and the possibility of reproduction of the conformations of the vocal tract
through 3D printers. Reproduction using 3D printers has made it possible to compare the
original sound with those emitted by instruments that use 3D reproduction [12].

Together with the development and optimization of MR sequences, several studies have
evaluated the different applications in post-imaging such as identification of “anatomical
landmarks” and analysis of segmentation in different portions of the vocal tract [13]. This is
done by comparing different segmentation programs and developing a protocol for the appli-
cation of segmentation programs, and its correlation with the emitted sound.

His direction provides an interesting prospect of use in future clinical practice and speech
rehabilitation.

A computational analysis of the vocal tract associated with automatic analysis of the seg-
mentation can work to identify the necessary compensatory movements of the articulators
during speech production [14].

Separately, some studies have evaluated variations in the vocal tract in professional singers
while they perform certain singing techniques.

In the singing voice, vocal tract adjustments are needed to change sound quality or increase
carrying power [15]. Using MRI, such adjustments have been observed in professional sopra-
nos |16], opera tenors [17], and male altos [18]. In the last ones, some observed that falsetto
stage register is associated with a narrowing of the pharynx and larynx, with increases of lip
and jaw opening, using different vocal strategies than tenors.

In 2020, our group analyzed the conformation of the vocal tract in a professional diphonic
male singer. Using a 1,5 T' MRI scanner and commercially available FIESTA sequence [1],
we described in detail the conformation of the vocal tract in different overtone singing tech-
niques (L-technique, J-technique, and NG technique), and one effect (Ezengileer) applied to
L-technique. For each overtone technique we evaluated MRI movement of the lips, tongue,
and velopharyngeal closure and the relationship among the tongue and pharyngeal posterior
wall/soft palate. In particular, in L- technique (or “double cavity technique”), that consists in
a scale of pitches with a sound similar to a lingual consonant, we demonstrated the division
of the oral cavity in two chambers, divided by lingual tip attached to hard palate and modula-
tion of pitches mostly by tongue movement and changing of conformation of size and shape
of oral and pharyngeal cavity, according to fundamental frequencies and formants [19]. We
also observed velum movements, noticing a specific use of the velum in a Tuvan traditional
style called “Ezengileer”, in which the velum movements, which open and close rhythmically
the velo-pharingeal port, add a percussive effect to the sound produced; we have observed
also an important role of the velum in the NG technique, in which the velum movement, in
cooperation with the tongue, produces a sound that is similar to what happens in a sequence
composed of a nasal velar consonant, followed by a velar plosive consonant (as the name of
the technique, “NG” suggests).
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In 2017, Hagedorn et al. [20] applied rtMRI (i.e., real time MRI) in a study of the vocal
tract of an apraxic subject to demonstrate the production of covert, intrusive speech gestures
in repetitive and non-repetitive speech, and the multiple hidden initiation gestures when at-
tempting to produce complex change and articulation of multiple parts of vocal tract. A silent
articulation of consonants suggests that rtMRI is able to capture alteration of speech, such as
apraxic speech, as previously described in literature.

Yamasaki et al [21,22] suggest that reduced anterior-posterior dimensions of the larynx
may be a morphological characteristic of patients with vocal nodules. They found that ha-
bitual VT adjustment of dysphonic patients are different at rest and during phonation. Fur-
thermore, some therapeutic exercise can promote positive VI change and reduce differences.

Conclusions

Magnetic Resonance Imaging is potentially the best method to study the vocal tract physi-
ology during voice production, thanks to its non-invasiveness, absence of ionizing radiation,
and possibility to analyze the entire vocal tract during movement of each of its parts. This,
together with the co-recording of emitted sound, can provide detailed information on the
physiology of speech.

Most recent studies have achieved good results in representation of changes in the vocal
tract during emission of vowels and singing, which require slower movements, while further
developments in MR technique are necessary to allow an equally detailed and commercially
available study of faster movements that participate in the articulation of speaking.

MRI of vocal tract, although promising, is subject to the typical limitations of MRI, 1.e.,
the impossibility of performing the examination in claustrophobic subjects or with metal ob-
jects or medical devices —not compatible with MRI and requiring the absolute collaboration
of the patient in absence of dental prostheses— that can alter the images obtained or prevent
the examination.

In the future, detailed analysis of the movement of anatomical structures and the segmen-
tation of the vocal tract could perhaps offer some good prospects for its clinical use even in all
conditions that require speech therapy rehabilitation.
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