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Abstract: Nowadays an ever increasing interest in
voice studies is present in the research and application
fields both under biomedical and bioengineering
scopes. Everyday more resources are assigned to this
research field looking for new methods easing the
study, evaluation and diagnose of voice pathology. In
this sense it is well known that the mucosal wave is a
fundamental phenomenon present in  voice
production, highly related to voice quality. In such a
way when a specific pathology is present in vocal folds
producing modifications in their dynamic model the
amount of mucosal wave is sensibly altered. The
present work uses results from inverse filtering to
derive a mucosal wave correlate from the glottal flow
derivative. Therefore two important estimates of the
phonation pattern (glottal excitation) and the vocal
fold behaviour (mucosal wave correlate) may be used
in pathology detection. A clinical study case
corresponding to the presence of a polyp on a single
vocal fold (unilateral) is conducted to evaluate the
pathological alteration produced on the dynamics of
the vocal folds and on the presence of mucosal wave.
The results illustrating the behaviour of the glottal
closure and vocal fold dynamics obtained before and
after treatment are given and discussed.
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1. INTRODUCTION

Voicing sounds produced by humans may be defined as
complicate pseudo-periodic signals resulting from the
transmission of a pressure wave through a gaseous
medium produced by the vibration of vocal folds (Glottal
Excitation or Source) exposed to a spectral
transformation as passing through suppraglottal organs
(filtering) up to its emission through the lips (radiation).
Using inverse filtering methods the glottal excitation
(source) may be obtained from the residual left after the
elimination of the vocal tract influence [1][2] (see Figure
1). Vocal fold dynamics is directly related with the
distribution of the different components of the histologic
structure of vocal folds [3]. The organization of these
components is known as the body-cover structure (see
Figure 2).
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Figure 1. lIterative inverse filtering methodology used in the
estimation of the glottal excitation (source)

The dynamic behaviour of the vocal folds may be
reproduced to a certain extent using biomechanical
equivalent models. The 3-mass model by Story and Titze
given in Figure 2 is complete description of the vocal fold
dynamics considering separately the components of body
and cover structures [4].

Figure 2. 3-mass model (1 body mass + 2 cover masses).

This model allows representing the mucosal wave
associated phenomena which take place on vocal folds
during phonation observable by stroboscopic inspection
to a certain extent [5]. More precise descriptions could be
obtained using more distributed masses to represent the
behaviour of the fold cover.

II. CASE REPORT

Voicing from a 34-year old female, non-smoker, theatre
actress, asking professional aid because of a four year
vocal production limitation compensated with vocal over-
effort was used in the study. The pre-surgery
(pathological) and the post-surgery conditions were
estimated from electroglottographic and video-
endoscopic examinations (by a rigid 70° stroboscope) as
well as from subjective GRBAS evaluation [6]. The
images and recordings produced for the present study
were obtained using the software MEDIVOZ.
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The final results from the pre-surgery study of the vocal
folds determined the presence of a gelatine-type polyp [7]
(pointed by the arrow in Figure 3 left) affecting the free
lip of the medial third of the left vocal fold, substrate-
attached and mildly edematous. Contra-lateral lesions
were not observed. The glottal closure produced during
phonation was incomplete and the mucosal wave on the
vocal cord affected was asymmetric and reduced.

Figure 3. The left and right templates respectively show the
conditions of pre- and post-surgery vocal folds in a gelatine-type

polyp.

The patient followed surgical treatment to excise the
lesion and to re-establish the anatomical healthy
condition of the vocal fold, respecting the vocal ligament,
the anterior commissure and Reinke’s space, to ease the
vibration conditions of the vocal folds for the mucosal
wave to be re-installed

III. METHODS

3.1 Sample collection

The voice recording protocol included three utterances of
vowel /a/ with a duration not shorter than 3 sec. for each
emission. Segments of 0.2 sec. were produced from the
recording central parts for the analysis. These segments
were processed to derive the average acoustic wave and
the cover dynamic component [8].

3.2 Estimating the glottal flow derivative and the
mucosal wave correlate

The dynamic behaviour of the vocal fold cover may be
described using a simplified 2-mass model if the average
acoustic wave is eliminated from the glottal excitation, as
the residual dynamics can be referred to the vocal fold
body mass [9][10]. This new dynamic system will
consider only the cover masses, related with the mucosal
wave phenomenon. The modelling of the mucosal wave
correlate will be described by the dynamic behaviour of
each of the four masses (two per vocal fold cover) to
external forces (induced by pressure differences) as a
general equation of the klnd

—K'j ”dt

i, l,le,j Ml,j dv, V]
fr,l _vr,/ rl

rl dr J‘(vr /I Vr/ Jdt =

where f, rl/ is the force actmg over the sub-glottal (i) or
supra-glottal () mass on the right () or left (/) vocal fold
on the direction of the vocal fold movement (considered
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normal to the larynx transversal section) v’{ is the
velocity of the mass considered M;{ , { will be the
loss parameter (viscosity and heat d1s51pat10n) K . f will
be the spring elastic constants of the springs hnklng the
cover masses to the body mass, and K ’/ will be the
elastic constant of the spring linking both masses This 2-
mass model explains the behaviour of the mucosal wave
observed when exploring the vocal folds in movement
during phonation to a certain extent enough for the
purposes of the present study, more complete descriptions
requiring more complex models. The separation of the
average acoustic wave from the cover dynamic
component allows the differentiate study of both
components, associated respectively to the movement of
the body and cover masses [11] .

3.3 Analyzing the glottal flow derivative and the
mucosal wave correlate

The analysis of the glottal source in the time domain
allows the evaluation of the normal or non-normal
phonation conditions depending on the resulting profile.
For such the following singular points during the open-
close phases of a glottal excitation with period given by T
have to be determined as: return interval (7,=t¢,), closed
interval (7,=t,-t,), open interval (7,=t.-t,) and closing
interval (T,=T-t.) (see Figure 4).
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Figure 4.  Singular points in the opening-closing phases of a
phonation cycle according to the L-F model.

To evaluate these points the direct glottal flow derivative
is not used, due to the uncertainty about the point where
the closure ends and the opening starts resulting from
higher order vibration cycles superimposed on that signal.
Instead, it may be shown that the mucosal wave correlate
provide more reliable indications about where that instant
is to be estimated. The derivative of the mucosal wave
correlate gives also precise hints to localize the end of the
return phase and the beginning of the closing phase. The
estimation of the different points may be carried out as
follows:
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» T, Return Interval. After full closure the static
pressure conditions (atmospheric) are re-
established by reversal flow. This process is
known as the return phase. It may be estimated
from the first minimum on the derivative of the
mucosal wave correlate.

» T. Complete Closure Interval. The glottal
pathway has been interrupted by full contact of
both vocal folds at the supra-glottal end. The
inertial behaviour of the flow of gas results in a
sharp pressure decay, arriving to a minimum.

» T, Open Interval . At the end of the closure
phase the open phase starts at the subglottal
end. Its starting may shown to be related with
the minimum observed on the mucosal wave
correlate.

» T Closing phase interval, the equivalent
section between vocal folds having arrived to a
maximum a decrease is initiated. Its start may
be estimated at the intersection of the line
extending from the end of the return phase with
the glottal excitation.

The amount of stress in the vocal folds and the mucosal
wave energy may be estimated from the profile of the
mucosal wave power spectral density [12].

III. RESULTS AND DISCUSSION

The results obtained on pre- and post-surgery for the
same patient are given in Figure 5. In the pre-surgery
exploration voice was defined by the presence of
roughness (tense and hoarse voice) and aerial leakage.
These characteristics can be appreciated in the profile of
the glottal excitation (upper template). The profile
presents a short period of 7=4.5 msec, expressing the
tension existing between vocal folds during phonation.
Tense voice is usually associated with a diminishing of
the mucosal wave amplitude/energy relative to that of the
average acoustic wave, as it may be assumed that the
highest the tension the less mucosal wave will be present.
In the case studied the diminishing in the mucosal wave
is not symmetrical as it affects most to the closure
interval of the phonation cycle, where it is more intense
during the return and open intervals (the closure interval
appears to be extremely short, as the polyp produces
incomplete closure). The profile of the glottal excitation
is almost a reflected version of the Liljencrants-Fant (L-
F) pattern [12] with respect to the vertical axis. This
asymmetry may be due to the influence of the vocal fold
affected by the polyp, where the mucosal wave appears
much more diminished. The presence of the polyp in the
medial third of the fold has produced a change in the
histological structure of the fold, resulting in an
increment in the lax conjunctive tissue on the fold cover
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[13], which becomes a more rigid dynamic structure
behaving as a single mass, i. e., the affected fold have
switched to a /-mass structure. The healthy vocal fold
keeps an intact histological structure as it appears that a
contact lesion is not present, and the reduction in the
mucosal wave is due to the tension associated to the
pathological vocal fold. The resulting dynamics of both
vocal folds diverges from the ideal 3+3-mass cover
model to become a 3+/ one.
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Figure 5.  Estimating time intervals on the glottal source and

the mucosal wave correlate. Top: pre-surgery. Bottom: post-
surgery.

A second characteristic of the excitation is the presence
of aerial leakage. The polyp has originated a mass
protruding in the glottal cleft where fold contact takes
place during the closed phase, impeding an effective
glottal closure and deriving a flow leakage. The
phonation times given in Fig.5 (top) show that the aerial
escape is marked by a rather short T, and an increment in
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the duration of the open interval T,. The flow injection
during the open phase is produced at the beginning of the
interval, the pressure decaying to the static conditions as
the aerial escape does not allow an efficient burst to be
injected. The result is a profile with a premature and
incomplete open phase which gives the mirror-like
reflection appearance to the profile when compared
against the well known L-F one.

The objective of surgery in this case was to restore the
vocal fold anatomy to normality by an excision to
eliminate the edema and stroma and the epithelial hiper-
keratosis. The post-surgical glottal excitation produced is
shown in Fig.5 (bottom). The resulting profile is much
more similar to the classical L-F one. The amount of
mucosal wave is now more balanced along the phonation
cycle, the tension observed during the closing phase
having disappeared. The 2-mass cover model behaviour
seems to have been recovered.

The normalization of the glottal excitation profile is
stated in the duration of the different intervals: the return
phase is more relaxed, the closure has been increased and
the burst due to flow injection recovers the classical
hunchback-like pattern. Aerial escape has almost
disappeared, although a slight leakage is still appreciable
as a result of the phonation gesture acquired during the
persistence of the pathology. Its complete elimination is
the role reserved for voice rehabilitation procedures to
grant the success of surgery and avoid the recursive
appearance of the pathology. The control of flow and the
improvement in the glottal closure efficiency result in a
larger and better conformed flow injection. The dynamics
of the vocal folds has been re-established with a better
adduction and a re-established mucosal wave pattern.

V. CONCLUSIONS

The mucosal wave correlates may serve to track the voice
quality during the rehabilitation phase to optimize the
altered functionality of the vocal folds. The mucosal
wave appears as a critical element for the study of voice
pathology, as it may help in determining the duration of
each phase and its relative relevance or condition.
Pathologies inducing an increment in tension produce a
reduction of the mucosal wave in certain parts of the
phonation cycle. The study of the mucosal wave profile
may serve as an indicator of the phonation conditions, not
only to determine the presence of pathology, but to
establish the evolution of treatment in an objective way.
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