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Towards Dynamic Magnetic Resonance | maging of the Vocal Tract

during Speech Production

Abstract

The most recent and significant magnetic resonaneging (MRI) improvements allow for the
visualization of the vocal tract during speech pigitbn, which has revealed to be a powerful
tool in dynamic speech research. However, a synctaton technique with enhanced temporal
resolution is still required.

Objectives Hypothesis and methods. Throughout this work, a technique for the dynamic
study of the vocal tract with MRy using the heart’s signal to synchronize and trigger the
imaging acquisition process is presented and destriThe technique in question is then used
in the measurement of four speech articulatory rpatars in order to assess three different
syllables (articulatory gestures) of European Paoitsg Language.

Study design: Transversal.

Results: The acquired MR images are automatically reconsicliso as to result in a variable
sequence of images (slices) of different vocalttshapes in articulatory positions associated
with Portuguese speech sounds.

Conclusions: The knowledge obtained as a result of the proposgthiigue represents a direct
contribution to the improvement of speech synthagigrithms, thereby allowing for novel
perceptions in coarticulation studies, in additiemproviding further efficient clinical guidelines

in the pursuit of more proficient speech rehahibia processes.

Keywords: Dynamic Study; Vocal Tract Shape; Synchronizatiechhique; Articulators

MovementsPortuguese Speech Sounds



1. I ntroduction

The initial application of Magnetic Resonance Imag{MRI) presentecby Baer et al. [1]
constituted a new challenge in speech productigeareh, particularly as far as vocal tract
visualization is concerned. Initially, most of tbtudies presented essentially relied on MRI
acquisitions of vowel production [2, 3], followed lzonsonants [4, 5], for different speech
languages, such as French [6, 7], German [8, 9Dapdnese [10, 11].

Several approaches have been proposed for the sfutig vocal tract based on MRI ranging
from static to dynamic studies. Due to the mosemeéémprovementen MRI systems, which
have allowed for the visualization of the movemeritshe vocal tract organs during speech
production some recent works/studies have been produced imrtee of real-time imaging
acquisition [12, 13]. MRI allows for the acquisiticof multiplanar images (slices) wita
relatively high image quality and resolution of tstifsues, without producing any harmful
effects on patients. As such, it has been considerda one of the most promising tools for
vocal tract studies [14-17].

Due to the fact that speech production is a complak intrasubject mechanism, most of the
reviewed studies are rather limited; this becauaaymanatomical and physiological aspects of
the vocal tract are different amongst the subjetis participated in the study, thus resulting in
considerable individual and inter-speaker varigbih the process. This can be exemplified by
the fact that a subject is usually unable to regggtproduce a particular sound in an identical
manner [18, 19].

The European Portuguese (EP) speech langimgme of the richest in terms of vowel
phonologies and nasals sounds. Despite this, kdowlef the EP speech language remains
scarce, namely as far as the speech productionamisoi and the resulting coarticulation from
magnetic resonance images are concerned. Our @ppieahus a pioneer in terms of the
dynamic study of EP sounds based on MRI. Additignate have developed a protocol for the

vocal tract study during speech production basedlRhwhich was an urgent necessity.



The main objective obur research was the evaluation of the employment ldiRd dynamic
technique so as to study the vocal tract duringggech productiariTherefore, throughout this
paper, the image sequences of the vocal tract simpenumber of different articulatory
positions,which have been attained by using the heart’s signal to synchronize and trigger the
MRI acquisition process, are presented and discussethermore, in order to demonstrate the
applicability of the approach adopted by us, thesssent of articulatory gestures during the

syllable utterance by four articulatory parameteisbe dealt with in the present paper.

This paper is organized as follows: in the followingtsen, the specificities of the vocal tract,
in addition to several approaches for its dynamiRIMwhich have been considered, are
presented. Nexthe equipment used, the corpus of speech whichstuaised and the proposed
MRI dynamic protocol are described. Following thhe sequence of Cine-MR images for each
syllable, which was obtained is disclosed and degulisin the final section of this paper, a

number of conclusions are presented and furtheyestigns for future work are indicated.

1.1. Vocal Tract ’s Specificities

The primary function of the human vocal tract is #réculation of sound involving a set of
organs, called articulators, which work togethepider to produce speech. The vocal tract is
similar to an inverted L-shaped tube of a signiitdangth extending from the vocal folds to the
lips, in addition to a side branch leading to theat cavity. The articulators include the lips, the
tongue, the teeth, the palate (the hard and stdtepar velum) and the pharynx which form a
set of cavities for the air flow during speech preiibn, Figure 1.

Due to the wide range of movements and flexibilityamumber of theocal tract’s organs, in
particular, of the tongue, it is difficult to examsi and measure their exact movements
Furthermore, a phenomenon known as coarticulatiay occur, as a result of the overlapping
of adjacent articulats or due to the simultaneous movemehtwo articulators during differén

phonemes. This being the case, in [20] some prelmigsults required to study coarticulation



and articulatory compensations during normal rigadt speech production are presented.
Subsequently, in [3] midsagittal distances, meakimeboth static and real-time MR images
from the same speaker and sound are compared, yhdeetonstrating that the adopted real-

time technique provides accurate and reliable m&biron about this phenomena.

1.2. Approachesfor Dynamic MRI

Dynamic studies aren important and complex challenge in terms of spepaduction
research, mostly because of the fact that commomh $d&ners are limited when it comes to
accomplishing a suitable speed/resolution relatiorthese studies, kinematics informatias
based on the acquisition of a gated image sequeititeseveral repetitions of speech in order to
reconstruct the impression of articulatory movemener a long period of time. Furthermore,
vocal tract movements can be imaged directly in-tie@e studies. However, high temporal
resolution is required to perform motion trackimglanalysis in a successful manner.

Previous studies have used distinct techniquesderdo image the dynamic vocal tract in
various situations, such those based on fast MRjimgasequences, on tagged MRI images or
on suitable synchronization methods. The adaptafi@mn ultrafast MRI sequence to achieve a
dynamic continuous monitoring of the vocal tract’s movements has been the approach most
commonly employed, allowing for resolutioosup to 4 frames/sec [20], 8-9 frames/sec [9, 13],
24 frames/sec [5] and 30 frames/sec [11].

Most MRI systems have the capability to acquire gesa following an external stimulus
(trigger) with an adjustable delay. Considering i that feature, as well as making the delay
varies continuously, the acquisition and reconsibnoof pseudo-moving images are possible in
the case of repetitive periodic motion, thus peingtunder-sampling. This technique is widely
used for cardiac studies and may be explainedliasvio The accomplishment of an enhanced
feature represents the regularity of the periodienmmenon. This in turn, leads to the

obtainment of superior resultsthe under-sampling acquisition scheme.



In [21] a dynamic MRI technique in single-plane @isgion through utterance repetition, by
reconstructing pseudo-time-varying images of thealdract along with a simultaneously
recorded audio signal is described. According ® aluthors, dynamic MRI is a potentially
useful tool, allowing one to overcome the main dsantages of this imaging technique, such as
the limited image acquisition time.

In a study described in [22hy using a flashing light synchronized with an extermajger
(cardiac gate), the subjects synchronized the aumber with MRI acquisition to assess the
feasibility of the imaging of the velopharynx ofulid during the repetitive speech production
process. Four consonant-vowel syllables were evaata single-slice location ranging from
22 to 29 seconds. Next, in [23] theigae’s shape and dynamics from MR images using manual
synchronization of speech and audio data are aglyz

Other studies have been carried out by using effteconstruction, from audio simultanelgus
recorded during the imaging acquisition process. Kéhyecomponents of a speech sequence are
identified by the associated position in Fourieaca Due to the high intensity of noise present
during MRI acquisition, simultaneous speech augicording continues to be a challenging
problem, as reported in [3]; additionally, the sbunput of the intercom does not provide the
quality required for an accurate segmentation efsfieech signal.

As verified by [24], the noise and speech wavefaenorded at the end of the acquisition of an
MRI sequence, reveal the high intensity of MR ngiseduced during the acquisition process,
which can change the resultant speech waveformordow to the authors, the relatively loud
and disturbing noise produced during image acduisis regarded as an important drawback of
MRI in speech research.

Recently, alternative systems have been presemteatder to obtain high quality speech
recordings for the subsequent analysis and modetiirthe acoustic-articulatory relation from

MR images, using an optical microphone [25hmioise cancellation method [26].



Based on a stroboscopic technique (temporal afjagaplied to a visual phenomenon), in [27] a
rapid MRI capable of acquiring a sequence of imagestructed from multiple productions of
the same utterance (170 repetitions for each sothdugh MR scanner noise based
synchronization is introduced. In this approacimeaonstrains may be identified regarding the
efforts and mistakes made by a subject due touhgerous repetitions required, in addition to
the MR noise non-periodicity.

Initial results on impaired articulation followingpngue surgery and reconstruction were
presented in [9]; revealing the immediate clinicalevance of the study in terms of
compensatory articulatory strategies employed bypttients with articulatory impairments. As
demonstrated in former studies, the combined usecoftistic recordings during an MR rapid
image sequence allowed for the collecting of uselfada in the evaluation of tongue and
velum’s movements.

In [28] a novel non-invasive imaging technique edltagged Cine-MRI is presented capable of
inferring muscle activity within the tongue from tissue deformation. “Tagging” is a method
which aids the tracking of the motion of objectergl MR image series, and it is particularly
useful in cardiac imaging for thgiantitative assessment of myocardial’s strain or deformation

In the MR images obtainethe “tag lines or grid” appear as dark regions creating a pattern of
distortion, which is modified as the object moves.

The inexistence of a specific-protocol or a specificgggis the main aspect to be overcdme
by dynamic studies. In addition, the quality of teeulting images is still strong conditioned by
the necessary compromise between temporal resolutitage acquisition speed and signal-
noise ratio.

Several approaches had been developed concernimgnead MR image sequences and
efficient trigger systems. However, the only trigggstem currently allowed in clinical practice
and conceived for use under the high magnetic igddthe one used by electrocardiogram

(ECG) monitoring.



Recent MRI systems allow for rapid image acquisgtiavith increasing temporal resolution
(over 20 frames/sec) for various clinical applioat. Most of those real-time applications [5,
12, 17] are based on ultra-fast imaging sequencdsdifterent acquisition speed strategies; in
particular the use of K-space (temporary image space for gtatata) spiral acquisition or
partial Fourier acquisition. Rapid MRI can be aghik by using multiple echoes to increase the
completion of the K-space, or through the prepanatif the magnetization process prior to the
sequence or alternatively, through the acquisibfoonly half of the K-space.

However, the technology which has been previouslscdbed causes the blurring of the MR
signal; moreover, [29] has demonstrated that ibesly compromises the quality of the images
acquired, thus making difficult for it to be applied in vocal tract imaw) due to the actual
anatomy. which is to be visualized (air-tissue baupdin addition to the complexity associated

with the extraction process the organs’ contours.

2. Methods

According to the regulated safety procedures forl MRbjects were previously informed about
the undergoing imaging exam and subsequently cisttluabout the procedures to be adopted,
whereupon they signed a consent form.

Furthermore, the subjects were trained so as torenbke correct articulation of the intended

Portuguese speech sounds and to achieve an adspeat#/acquisition synchronization.

2.1. Equipment and subjects

The images were acquired with the aidadbiemens Magneton Symphony 1.5T system. The
subjects lay in supine position and a head arrdywas used for MR signal receiving. After
placing the headphones on the subjects, their heads immobilized with the adjusting coil
pads (so as to prevent any involuntary movemenigjally, the MR-electrodes for ECG

monitoring were placed on the subjects.



An attempt was made to simultaneously record thejest’ speech during the image
acquisition by usig the imaging system’s intercom. However, this attempt did not guarantee the
quality required fothe study purposes and thus it was rejected.

The four subjects (two males and two females) whdetinok the experiment are young
volunteers, without any kind of speech disordersorider to reduce the required training time

for the experimenthe subjects who had therapy skills were chosen.

2.2.  Corpus of speech

For the dynamic study, the four subjects producedraé repetitions of three consonant-vowel
sequences of Portuguese syllables (/pa/, /may,dtwing the image acquisition process. These
syllables were chosen for the following reasons:

1) Syllable /pa/ and the syllable /ma/ - For theppse of carrying out a comparative study
between oral and nasal consonants;

2) Syllable /tu/ - Due to the fact that the artatidn of these two sounds produces different

modifications in the configuration of the vocaldrréeading to more imaging perceivable results.

2.3.  Protocol for MR dynamic study

A dynamic study was performed using an image pretapnization technique based on the
same principle adopted in MRI cardiac studies, Wit modification of a FLASH 2D MR
sequence using theatient’s heartbeat aa trigger, and considering the following acquisition
parameters: repetition time (TR) = 60 ms, Echo t{iit€) = 4.4 ms and fielef-view equal to
300 mm.

To trigger the speech production, the subjects vieseructed to try to synchronize the
utterances of the repeated syllables in questidh thieir cardiac rhythm. This was based on
their ECG monitorization through a synchronous soemidssion conveyed to theby their

headphones. The acquisition eachset of images from a single-slice (sagittal) ofmén



thickness lasted for about 23 seconds and resuitadeasonable, although variable, number of
images for each sequence, as can be observedure RigAdditionally, one image was obtained
for each cardiac cycle with an increasing drifsymchronism from a starting reference point in
the cardiac cycle (the peak of the R wave in Fi@)re

The adopted time-undersampling method, which wasssacy due to the important time
overhead presented by the actual MR equipmentdh siagle image acquisition, was based o
the assumption that the successive repeated patiethe utterances, one for each cardiac
cycle, were reasonably stationary in terms of patéend therefore, a reasonable accuracy rate
was expected. This was considered to be the bekbch&ir achieving a reasonable coverage of

the entire articulatory gesture, with the equipmermuestion.

2.4. Image analysis and measurements

The image analysis was performég using Dicomworks® software (version 1.3.5) and

consisted of the measurement of four commonly ugedch articulation parameters, Figure 3,

in speech synthesis systems:

1. Lips aperture (LA)the distance between the upper and lower lips;

2. Tongue tip constriction location (TL(: the distance between the tongue tip and the palate;

3. Tongue body constriction location (TBE the distance between the tongue body surface
and the palate;

4. Velic aperture (VEL): velum opening.

3. Results
The above mentioned approach allowed for the reaarigin of a variable number of images
according to the duration of theech patient’s cardiac cyclet. An average of 6 images (frames)

in the same slice position for each syllable witiesolution of 0.853 pixels/mm, was obtained.



Figure 4 shows the sequences of the movementedrtitulators performed by a female and
male subject during the repetition of the syllaldtea/ and /pa/. The articulatory configurations
of the different sounds can be observed in Figuiendge5 depicts the consonant /m/ and the
consonant /p/, which i®nfirmed by the lips’ closure, may be observed in image 6. Finally, the
vowel /a/, which is establishebly the lips’ aperture and tongue in the lower positions, is
depictedin images 1 and 2 for both subjects. As can be obdethe number of frames is not
the most important issue to be taken into consittgrgand,in most of the images no distinctive
features are tbe found. Due to the fact that an acoustic recordvag not possible during the
acquisition process, the image analysis could eadmpared with the speech signals.

It should be noted that in Figure 5, one of theuseges resulting from the repetition of the
syllable /tu/, as well as some of the contourshef $oft tissues involved, are only partially
displayed. In the case of the vocal tract in goestiresenting small differences, the successive
shapes which are produced are extremely difficuttdtect visually. Thus, in order to highlight
the quantity and quality of the incremental modifions between successive images, a set of
contours were extracted and placed side byigsifiggures 5¢c and 6

The sequence of images which is partiadigresented in Figure 5 depicts the evolution of the
male’s vocal tract shape during the production of theafyd /tu/, beginning with the plosive
consonant, characterized by a se@eadnitiating from lips’ closure (a), which is subsequently
followed by the approximation of the tip of the gme to the upper alveolar region (b).
Following this, the tongue moves retreats with dpening of the mouth so as to produce the

vowel /u/ (d), and then initiates the inverse pssder the following repetition (e).

4. Discussion
Tables 1 to 3 present the speech articulatorynmeters obtained among subjects in order to
assess various articulatory gestures. In orderry cat a comparative study between oral and

nasal consonants in addition to subject genders,ni@asures were considered: LA to assess



lips articulation and VEL to assess nasality durimg titterance of the consonants /m/ and /p/.
The vowel /a/ was selected in both contexts seéicthe tongue central position and thus does
not significantly alter consonant articulation.

In Table 1,one can observe that for both measured articulatomamaters, the standard
deviation (SD) values are higher for the femalgesttithan for her male counterpahs a result

of the decrease of LA values the velic apertureeimses, thereby demonstrating the nasality
component during the consonant uttering, namethencase of the female subject. The values
obtained for the male subject appear to be morenstant, which can be related to the adopted
time-undersampling method for the image acquisit®peech audio recording during the image
acquisition is thus necessary to obtain a moreratz@analysis of the obtained results.

For the syllable /pa/ the articulatory parameteesgnted in Table 2, demonstrate the opposite
reality of the previously described phenomena asdsuch, the variance is lower between
subject genders. During consonant utterances (laveralues) the velum opening is inferior
However, the results obtained for both subjectsaee variable.

In the case of the syllable /tu/, the articulatgegture is more visible becausiethe differences

in terms of the movement of the articulators ineolvHencgefour articulatory parameters were
measured. In Table 3, VEL is the most varied paramegsociated with the length of the
subject’s breath. TTCL occurs in frames 1, 2, 8, 9 and 10. In compariatgh the LA and
TBCL parameters, the VEL parameter presents a higdetHsis confirming the active role of
the tongue tip during consonant production. The Lfapeter has two major positions: in the
first five frames the lips were more closed, a tge@apening was verified in the following
frames. Additionally, the TBCL values are lower wiika TTCL values are higher.

When considering the differences among the subjebits dynamic study demonstrates the
existence of significant variability in sound pretions between subjects. This is not only due
to individual anatomic dferences, but also to the peculiarities of each subject’s movement and

gesture control that was considered as being egtyeimdividualized as was duly observed.
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5. Conclusions and Future Wor k

The use of MRI provides very useful and precise imolgmical information as to the positions
and shapes of the various articulators involvedspeech production, in addition to their
temporal dynamics. However, the existence of soestrictions in terms of the speed of
imaging acquisition due to the limited temporalofegon of current equipment and protocols
has been noted. In fact, improvements and refinesm@nprotocols are necessary in order to
obtain further advantages from the current equipments’ capabilities.

This paper tries to surmount the previously mentioimitations by describing a MR dynamic
technique, capable of acquiring images of the articulators’ movements during speech
production, based on synchronization and triggedhghe heart. Additionally, the different
organs’ shapes in some articulatory positions associated Ritftopean Portuguese speech
sounds have been analysed in MRI sequences, tsuftimg in novel perceptions of the
dynamic behavior of the articulators in question.

In the future, the authors intend to extend thekwmesented throughout this paper to other
European Portuguese speech sounds, in additionrséarnehing and testing image sequences

acquired by 3T (Tesla) MRI equipment with enhanceaptaal resolution.
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FIGURE CAPTIONS

Figure 1. MR midsagittal image (slice) indicating the vocal tract’s organs during vowel
production.

Figure 2. Schematic representation of the ECG mong@nd synchronization technique in the
acquisition of dynamic MRI sequences. (It shouldnmted that in this representation, the
number of shift positions were selected in accardamth a generically based viewpoint.)
Figure 3. The speech articulatory parameters whiie yvwmeasured.

Figure 4. Sequences of MR-images for each consauavet sequence of the /ma/ and /pa/
Portuguese syllables obtain from a female and a spdaker.

Figure 5. Contours extracted from midsagittal insagbtained in a dynamic study through the

under-sampling of the repetition of the syllabi€./t
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TABLE CAPTIONS

Table 1. Comparison of articulatory parameters fag thale and female subjects uttering

syllable /mal/.

Table 2. Comparison of articulatory parameters fatenrand female subjects uttering syllable
Ipal.

Table 3. Articulatory parameters measurements fonthle subject uttering syllable /tu/.
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Figure 3

Syllable /ma/ - female speaker

1 2

Syllable /pa/ - male speaker

Figure 4
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Syllable /tu/ - male speaker

Figure 5
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TABLES

Tablel
Measure [cm] of lip aperture (LA)
by frame number
Subject| Gender 1 2 3 4 5 6 Mean SD VAR
1 Male 1.29 1.41 1.76 1.52 1.52 1.29 1.47 0.18 0.03
2 Female| 0.82 | 0.59 | 047 | 0.00 | 0.00 | 0.00 | 031 | 0.36 | 0.13
Measure [cm] of velic aperture (VEL)
by frame number
Subject| Gender 1 2 3 4 5 6 Mean SD VAR
1 Male 059 | 059 | 0.70 | 082 | 082 | 1.05 | 0.76 | 0.17 | 0.03
2 Female | 0.59 0.47 0.59 0.82 1.17 1.29 0.82 0.34 0.11
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Table?2

Measure [cm] of lip aperture (LA)
by frame number

Subject| Gender 1 2 3 4 5 6 Mean SD VAR
3 Male 1.29 1.05 1.05 0.94 1.05 1.05 1.07 0.12 0.01
4 Female | 1.29 1.17 0.94 0.82 0.59 0.35 0.86 0.35 0.12
Measure [cm] of velic aperture (VEL)
by frame number
Subject| Gender 1 2 3 4 5 6 Mean SD VAR
3 Male 0.00 | 0.00 | 000 | 012 | 023 | 0.35 | 0.12 | 0.15 | 0.02
4 Female| 0.00 | 0.23 | 059 | 047 | 0.70 | 059 | 043 | 0.26 | 0.07
Table 3
Measure [cm] by frame number
Articulatory 1 2 3 4 5 6 7 8 9 10 Mean | SD | VAR
parameter
LA 035 | 035 | 035 | 035 | 035 | 059 | 059 | 0.59 | 0.59 | 0.59 0.47 0.13 | 0.02
VEL 0.00 | 0.00 | 0.00 | 0.00 | 0.12 0.35 0.80 | 0.70 | 0.70 | 0.82 0.34 0.35 | 0.13
TTCL 0.23 | 035 | 094 | 082 | 0.70 | 0.70 | 0.47 | 0.35 | 0.35 | 0.23 0.51 0.26 | 0.07
TBCL 0.70 | 059 | 0.59 | 047 | 0.47 0.47 | 047 | 047 | 047 | 0.70 0.54 0.10 | 0.01
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