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Abstract Introduction Speech, one of the main functions affected by cleft palate, involves a
complex orchestra of sound deformation by various organs including the larynx,
pharynx, epiglottis, palate, tongue, lip, and other structures complementing them.
Although the effects of palatoplasty are traditionally evaluated subjectively, objective
parameters have seldom been described to compare the pre- and postrepair functions.
The study tries to extract the palatal and pharyngeal muscles while uttering various
Hindi syllables and tries to find the percentage contraction of these structures as an
objective assessment.
Materials and Methods Digital Imaging and Communications in Medicine (DICOM)
images while uttering each syllable of the Hindi syllable are obtained by subjecting a
healthy volunteer to a dynamic magnetic resonance imaging (MRI). Using freeform
geomagic software, 3D models of the structure of the pharynx and palate were
created, which were then used to create a finite element model. Different anatomical
constraints were applied to the muscles obtained. The finite element model was tested
for convergence and a suitably fine mesh was used to obtain the results. The
percentage of contraction of the palate and pharynx for uttering different syllables
was thus evaluated.
Results The palate and the posterior pharyngeal walls yielded different contractions
for different syllables independent of each other. The highest contraction for the palate
and posterior pharyngeal wall was for the syllable /k/ and the lowest regarding the
palate was for /h/ and /eː/ for the pharyngeal wall.
Conclusion Using computational modeling, quantification of speech in terms of
percentage contraction of the palate and pharynx has been attempted for the Hindi
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Introduction

The mechanism of speech is complex and determined by
dynamic deformations of the structures involved in speech
including the larynx, epiglottis, pharynx, tongue, palate, and
lip.1

The speech apparatus is affected at the level of the palate
and posterior pharyngeal wall in cases of the cleft palate,
which is one of the common congenital deformities.2 The
idea of cleft palate repair is to address the same by reorient-
ing the abnormally oriented muscle fibers, especially of the
levator and palatopharyngeus muscle. While exhaustive
research has been done to assess the result of such repairs
subjectively by evaluating the quality of speech, very little
work has been done to assess speech objectively. In the
recent publication by Rizzo et al,3 subjective and objective
analyses of repaired palates were compared in terms of
speech improvement, which is the effect of the repair. Since
even a well-repaired palate might sometimes not be able to
produce the satisfactory speech desired due to the need for
speech therapy, it is imperative to understand if the problem
in speech lies in the structural anatomical reconstruction or
in the dearth of adequate speech therapy. To facilitate the
same, it would be important to understand the normal
contraction rates or deformation of the various soft-tissue
structures involved in speech while uttering these syllables
in normal individuals so that the repaired palates can then be
compared from the preoperative status.

The finite element analysis is an effective tool for under-
standing contraction rates in the palatal muscles to assess
speech. A full-fidelity model of the speech apparatus (ac-
counting for deformation, acoustics, and surrounding anato-
my) is a complex and challenging task that might not be
feasible with the currently available tools. However, a sim-
pler modelwithminimal assumptions is a viable approach to
this challenging problem. Hence, in this work, the contrac-
tion of palatal muscles is analyzed using a finite element
model validated using the actual contractions observed. This
approach is similar to theworks of Takenaka et al4 andArnela
et al5 in which computed tomography (CT) scans and mag-
netic resonance imaging (MRI) were used to generate the
finite element models, which were later simulated to obtain
responses during speech. Besides biomechanical response,
the finite element analysis is used to analyze other aspects of
speech such as acoustic resonance,6 vibration and sound
propagation,7 and articulation.8

Therefore, the main objectives of this study are to acquire
Digital Imaging and Communications in Medicine (DICOM)
data for the various syllables of the Hindi language using
dynamicMRI and use computationalmodeling to analyze the

maximum contraction rates of pharyngeal and palatal
muscles while uttering them. Once these data are compiled,
the authors wish to further extrapolate this study to estab-
lish a database of palatal and pharyngeal muscle contraction
rates while uttering these syllables for future references and
research by performing a large-volume study.

Materials and Methods

After obtaining a written and explained consent, a healthy
volunteer well versed in the Hindi language was asked to
phonate each Hindi syllable at a habitual pitch and loudness.
After a baseline MRI of his head and neck at rest, adopting the
protocol used by Vampola et al9 with mild modifications, he
was asked to phonate each syllable until the soft palate and
pharyngealmovements completed thecontraction–relaxation
cycle for an average of 10 times for each syllable using a
dynamic MRI of 3-T GE 3T Discovery 50W. Sagittal fiesta
sequences were used with repetition time (TR) of 4.2, echo
time (TE), minimum frequency, of 224, number of excitations
(NEX) of 1, bandwidth of 125, and slice thickness of 6mm. The
3D reconstructed images from the DICOM images for each
modelwere then extracted at themaximum level of distortion
using geomagic freeform software. The central palate and
posterior pharynx at the level of the superior constrictor
were considered for the studyand comparedwith their resting
positions. Using the freeform geomagic software, various 3D
images of muscles contributing to the palate and pharyngeal
wall of the speech apparatus were extracted.

The3D imageswereused to create afiniteelementmodel of
the palate and the posterior pharyngeal wall, as shown
in ►Figs. 1 and 2. It is seen that the palate comprises several
muscles, namely the palatopharyngeus, levator palati, and
tensor palati, and structures like the uvula,while the posterior
pharyngealwall principally consists of the superior constrictor
muscle contributing to speech. Themuscle groups (palate and
posterior pharyngeal wall) contract in the direction of their
respectivemusclefibers to simulate speech. Different anatom-
ical constraints are applied to the muscles to capture the
muscle movements during speech accurately using the finite
element analysis software (COMSOL). The speech muscles are
assumed to be passive, and an isotropic hyperelastic model is
adopted with parameters taken from studies of previous
literature. The contraction loads are applied such that the
maximum contraction is obtained in the direction of muscle
fibers. The contraction is defined as the percentage change in
the largest dimension in the direction of muscle fibers. This
parameter,which isused tomeasure themuscle contraction, is
independent of the muscle and its features. Hence, this

language. Once validated with a larger population, the database may be used to
quantify speech deformities due to structural pathologies in terms of palatal and
pharyngeal contractions and help us assess the effectiveness of corrective surgeries for
them.
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measure can be applied to models taken from different sub-
jects and can yield reliable measurements. The vectors of
muscle action are designated based on these studies and
also demonstrated by finite element analysis.10 The use of
dynamic MRI to assess the different sites of the speech
apparatus has been attempted in the past too.11,12 These
dynamic MRI data are used to validate the finite element
model. A flowchart outlining the iterative simulation and
validation process is shown in ►Fig. 3. The finite element
model is tested for convergence and a suitably fine mesh is
used to obtain the results. The reference for the contribution of
each palatal and pharyngeal muscle taken into consideration
for computation was from the study by Anderson et al.13

Since the syllables are the simplest and basic building
blocks of speech, this effort to record the functional DICOM
images while uttering them and later extracting models
helps us to analyze the muscle effort for each such syllable.
Since the number of words that are present in the language
far exceeds the researchable possibility at the moment, this
endeavor can at least help us to understand the basic effort
for uttering the units making each part of speech, and later
may be extrapolated for words using artificial intelligence
(AI) or future technologies.

Studies using finite element analysis for speech have been
performed in the past, but their fidelity and endpoints have
differed from our present study. For instance, the initial
studies considered 2D planar models with a simplistic
representation of soft palate muscles.14 Later, slightly
more complex models using simple 3D representations
were used.15 Although these were 3D models, they did not
include all the palatal muscles involved in speech. Recently,
modelswith higher fidelity have been used that were created
from scanned images.16,17

Results

The results obtained from the finite element simulations are
shown as a bar plot in ►Fig. 4. The bar plot indicates
contractions in the soft palate and the superior constrictor
needed for each syllable. The palate and the posterior
pharyngeal walls yielded different contractions for different
syllables independent of each other. The highest contraction
for the palate and posterior pharyngeal wall was for the
syllable /k/ and the lowest with regards to the palate was for
/h/and /eː/ for the pharyngeal wall (►Fig. 5).

Fig. 2 Schematic showing important parts of the model.

Fig. 1 The entire model with overall dimensions.
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Discussion

A literature search for objective assessment of speech
revealed decreased importance in the past. Speech has so
far been evaluated in a subjective manner comparing its
qualitywith that of a normal healthy person. For speech to be
legible and comprehensible, the larynx has to be rightly
contorted by the various structures so that sound travels
through the pharynx, soft palate, lips, and tongue. Various
structures deform themselves and get into complex align-
ments with the other structures, which are responsible for
the uniqueness of the sound produced for each syllable.

To understand the deformation of various soft-tissue
structures involved in speech production, we need to first
capture or image them. Various investigations and software
like ultrasonography,18 X-ray microbeam technique,19,20

electromagnetic midsagittal articulometer,21 static,22

dynamic electropalatography,23,24 glossometry,25 and func-
tional MRI26 have been attempted in the past.

Similar models in the past have tried to simulate velo-
pharyngeal opening and closure, but models using real-time
data to mimic the utterance of every syllable have been
attempted for the first time as far as the authors are
concerned in languages including Hindi.14 Certain studies27

have tried to evaluate the levator palati shortening along
with their angle of inclination while uttering short words
using MRI and have given their observations.

Srodon et al28 studied velopharyngeal closure using finite
element analysis but did not add further information related to
deformationsduringsyllableproduction inanyof thelanguages.

Ha et al29 studied the anatomical and physiological varia-
tions of the levator palati muscle of the palate in their size,
muscle fiber inclination, etc., during vocalization. They found
that muscle activity decreased progressively from rest to

Fig. 3 Flowchart showing the steps performed to obtain results.

Fig. 4 Individual contractions for each of the 45 Hindi syllables. The bars represent the contractions for the soft palate and the superior
constrictor for each syllable. For example, for uttering Aa, the soft palate contracted �5.1% and the superior constrictor contracted 20%.
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pronouncing nasal consonants, low vowels, high vowels, frica-
tive, and consonants in both repaired and normal palates.

In our study, however, we could not find such observa-
tions against the sonority scale. Since the sonority scale is
influenced by the airflow through the voice box, diaphragm
muscles and the lungs rather than the contractions of palatal
and pharyngeal structures the scale is not correlating with
the percentage of contractions of these structures studied.

Harper et al30 have studied the rhotic pharyngeal gestures
in English-speaking and non-English-speaking individuals
and have shown that it is difficult to acquire the production
of pharyngeal gestures in the English rhotic approximant.

Although the results of our study are based on observa-
tionsmade on DICOMdata obtained from an adult, not much
change in the parameter is expected as compared with
children and adolescents, as already described previously
by other authors,31 despite children having a smaller struc-
ture than adults. In addition, the percentage of contraction
used in the study to quantify muscle contraction is indepen-
dent of the muscle and is solely based on the muscle’s initial
and final states. Hence, the results can be easily applied to
other models created from other subjects. This measure also
ensures reliability due to its independence from the muscles
and their particular features. Loudness, pitch, and timber-
dependent variables do not affect the parameters being
measured since the maximum difference in the lengths of
the muscle at rest and maximum contraction while uttering
the syllable is taken into consideration here.

Our next stage is directed towardmore extensive research
with a bigger sample size to increase the significance of the
study.

Since the sonority scale depends on the airflow through
the voice box, diaphragm and lungs and seldom influenced
by the contractions of the palatal or pharyngeal structures,
the scale seems to be not correlatingwith contraction rates of
these structures as shown by the results. In the future, these
resultsmay enable one to quantify the speech abnormality in
structural pathologies like cleft palate in terms of palatal and
pharyngeal muscle contraction and help in assessing the
improvement after corrective surgeries. However, this
study's limitation is that the model is capable but limited
only by the available data. The model will become more
robust and versatile if more data are available.

Conclusion

Quantification of speech is an important aspect that is
seldom researched. The authors have tried to effectively
reconstruct speech models for the entire spectrum of sylla-
bles of the Hindi language. Future research should focus on a
larger sample size to validate and then evaluate the possibil-
ity of using the dataset to evaluate speech after procedures
like palatoplasty.
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Fig. 5 Percentage contraction of the palate and posterior pharyngeal wall for each syllable. The lowest contraction of the palate was for / / and
the lowest contraction of the pharyngeal wall was for /eː/. The highest contraction of the palate and wall was for /k/.
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