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Abstract
The effect of subglottic stenosis on vocal fold vibration is investigated. An idealized stenosis is
defined, parameterized, and incorporated into a two-dimensional, fully-coupled finite element
model of the vocal folds and laryngeal airway. Flow-induced responses of the vocal fold model to
varying severities of stenosis are compared. The model vibration was not appreciably affected by
stenosis severities of up to 60% occlusion. Model vibration was altered by stenosis severities of
90% or greater, evidenced by decreased superior model displacement, glottal width amplitude, and
flow rate amplitude. Predictions of vibration frequency and maximum flow declination rate were
also altered by high stenosis severities. The observed changes became more pronounced with
increasing stenosis severity and inlet pressure, and the trends correlated well with flow resistance
calculations. Flow visualization was used to characterize subglottal flow patterns in the space
between the stenosis and the vocal folds. Underlying mechanisms for the observed changes,
possible implications for human voice production, and suggestions for future work are discussed.
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1 INTRODUCTION
Subglottic stenosis (SGS) is a narrowing of the airway within the subglottal region of the
larynx or upper trachea (see Fig. 1). In most patients it results from damage to the airway
lumen caused by prolonged intubation and/or tracheotomy. It can also occur congenitally, as
a result of external trauma, from disease, or idiopathically (Giudice et al., 2003; George et
al., 2005; Herrington et al., 2006). Symptoms include respiratory problems such as dyspnea,
stridor, and croup (Lesperance and Zalzal, 1998; Bailey et al., 2003; Poetker et al., 2006). It
can also be associated with changes in voice quality, in which case it can present as
hoarseness and/or dysphonia (Giudice et al., 2003; Poetker et al., 2006). Symptoms
generally worsen as the severity (i.e., greater narrowing) of the stenosis increases.
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The Myer-Cotton grading scale is used to classify SGS severity according to the percent
occlusion of the airway (Grade I: 0 to 50% occlusion; Grade II: 51 to 70%; Grade III: 71 to
99%; Grade IV: 100%) (Myer et al., 1994). Lower grades (Grade I or mild Grade II) may
require little to no treatment, but more severe cases require more prompt and extensive
treatment. Initial treatment for such cases often involves tracheostomy (placement of a
tracheal tube) in order to ease respiration, but when the airway is severely compromised,
surgery is required. While simple operations can be performed for Grades II and III, Grades
III and IV call for open reconstructive surgeries, with tracheal resection and partial
cricotracheal resection being the most effective (Bailey et al., 2003; Herrington et al., 2006).
These types of surgeries have been shown to affect voice quality (Smith et al., 1993; Smith
et al., 2008).

Understandably, research related to SGS has focused primarily on treatments that will
effectively obtain the goals of restoring airway patency and decannulation (tube removal). A
subject less studied in relation to SGS, however, has been the management of laryngeal
function, particularly the voice. A number of studies have considered voice quality due to
SGS before surgery (Zalzal, 1988; Cotton, 1991; Zalzal et al., 1993), but the purpose of the
assessments was for simple comparison with postoperative voice quality, and, therefore, no
detailed qualitative or quantitative data about voice quality in the patients were reported.
Ettema et al. (2006) sought to quantify voice quality in SGS patients through a perceptual
voice analysis. According to their assessment, roughly 50% of their SGS patients had
moderately to extremely affected voice quality. However, the majority of these patients had
other negative risk factors besides SGS that would contribute to poor voice quality,
including multiple stenoses, vocal fold impairment, and previous airway surgery. Thus, it is
unknown whether effects on the voice were due to the subglottic stenosis or other factors.
Furthermore, some patients with higher grade stenoses retained normal voice quality,
suggesting that SGS may affect some voices and not others. Because of the uncertainty
about the connection of SGS to voice quality, it is of interest to further study the subject.

While a few studies have focused on airway models with a subglottic stenosis, to the best of
the authors’ knowledge, none have explored the effect of SGS on vocal fold vibration. In
three studies (Cebral and Summers, 2004; Brouns et al., 2007; Mihaescu et al., 2008) the
airway with SGS was modeled using three-dimensional geometry from human image data
sets. Computational simulations of respiratory airflow were performed. Brouns et al. (2007)
parametrically varied the severity of the stenosis. However, these studies focused solely on
the effects of SGS on respiration and did not include vocal fold vibration.

Other studies related to subglottal geometry have explored how subglottal shape influences
vocal fold motion and other factors related to phonation. It was proposed by Li et al. (2006)
that the pre-vibratory inferior vocal fold surface angle has little effect on the intraglottal
pressure distributions that provide the driving force for vocal fold oscillation. A follow-up
study was recently performed by Smith and Thomson (2012) which showed that inferior
vocal fold surface angle does directly affect vocal fold motion. Specifically, it was
concluded that changing the angle influenced vocal fold motion by altering vocal fold
stiffness and net flow-solid energy transfer. Grisel et al. (2010) recently found that changes
in the subglottal shape after medialization thyroplasty surgery can significantly increase
turbulence through the glottis, which may cause an abnormal voice, breathiness, and chaotic
vocal fold vibrations. They showed that turbulence can be reduced with medialization of the
subglottis.

While these prior studies have provided insight into the influence of subglottal geometry on
phonation, further exploration is needed to understand this interaction. In the present study,
the influence of varying subglottal geometry due to SGS on vocal fold vibration was
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considered using a two-dimensional, fully-coupled finite element model of the vocal folds
and laryngeal airway. The model enabled identification of the effects of the stenosis itself,
absent other contributing factors. Systematic changes to subglottal geometry were made by
varying the severity of a parameterized subglottic stenosis.

2 METHODS
2.1 Computational Model

A computational model simulating two-dimensional laryngeal air flow and the resulting
vocal fold flow-induced vibration was developed. A stenotic region was included in order to
simulate an airway with SGS. The model was created and solved using ADINA (ADINA
R&D, Inc., Watertown, MA), a commercial finite element software package which
specializes in solving systems that involve fluid-structure interactions and which has been
employed in previous studies of biological fluid-structure interactions, including those of the
vocal folds and airway (e.g., Bertram, 2009; Pickup and Thomson, 2011; Pei and Yu, 2011;
Wang et al., 2012).

The model consisted of separate and distinct, but fully-coupled, fluid and solid domains
which represented the airway and vocal folds, respectively (see Fig. 2). The solid domain
was defined using an idealized exterior vocal fold geometry similar to that which has been
used in previous experimental and computational studies (e.g., Scherer et al., 2001;
Thomson et al., 2005). For reasons of meshing convenience and model simplicity, the
inferior edge of the vocal fold rose from the subglottic region at a fixed angle; i.e., there was
a slope discontinuity at the junction of the subglottic region and the inferior edge of the
vocal fold. Regarding this feature, it is noted that many previous computational and
experimental vocal fold studies have included a similar slope discontinuity (e.g., Scherer et
al., 2001; Thomson et al., 2005; Erath and Plesniak, 2006). Second, and more importantly, it
has been recently shown that the inferior surface angle does not significantly change the
transglottal pressure distribution, but that it does change model response by effectively
changing the vocal fold bending stiffness (Smith and Thomson, 2012). Thus the smooth
transition could, in theory, influence the model response. However, smoothing this transition
would only involve changing the geometry in a very small region close to the base of the
vocal folds. Consequently, the change in the model bending stiffness and hence model
vibration would likely be minimal.

The solid domain was comprised of four material layers representing the (1) epithelium, (2)
superficial layer of the lamina propria (SLLP), (3) intermediate and deep layers of the
lamina propria (ligament), and (4) muscle (body) (Hirano et al., 1981).

The body, ligament, and SLLP material stiffness characteristics were defined using
nonlinear stress vs. strain curves based on the equation

(1)

where σ and ε are scalar values for stress and strain, respectively, and A and B are constants
that govern the stress-strain curve shape. This material response equation has been used
elsewhere (Alipour-Haghighi and Titze, 1991) to approximate the high strain portion of the
stress-strain curve for vocal fold tissue. A value of B = 10.5 was used for each material.
Values of A = 22.5, 112.7, and 839.4 Pa for the SLLP, ligament, and body layers were
chosen. These corresponded to elastic moduli of 0.4, 2, and 14.9 kPa at a strain of ε = 0.05
for the three respective layers. The epithelium was defined as a material with a linear stress-
strain curve and a Young’s modulus of 50 kPa. Stress-strain data points from Eq. (1) for the
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three nonlinear SLLP, ligament, and body layers were input into ADINA. Similarly, points
from a linear stress-strain curve with a slope of 50 kPa were input for the epithelium layer.
Stress values for compressive (negative) strains were defined using σ(−ε) = −σ (ε). The
solid domain solver employed the strain energy density-based hyperelastic Ogden material
model with the total Lagrangian formulation to relate the two-dimensional stress and strain
tensors (see Bathe, 1996 and ADINA, 2010 for details). The model allowed for large
deformation and large strain. The model used a 6th order least squares fit to the input stress-
strain data points, resulting in uniaxial stress-strain curves for each material layer based on
the resulting Ogden material constants.

Damping was estimated using the Rayleigh scheme (e.g., Bathe, 1996; Hunter et al., 2004),
which forms the damping matrix (D) in the equations of motion from a linear combination
of the mass (M) and stiffness (K) matrices,

(2)

The coefficients α and β are parameters that define a material’s damping ratio (ζ) as a
function of frequency (f in Hz) according to the relation

(3)

For the present model damping coefficients of α = 56.549 and β = 3.979 × 10−5 were used,
yielding a damping ratio in the range of 0.0475 to 0.0575 over the frequency range of 100 to
300 Hz. All solid layers had densities of 1070 kg/m3 and Poisson’s ratios of 0.49.

A parameterized stenosis profile (described in Sec. 2.2) was incorporated into the wall of the
fluid domain directly upstream of the vocal fold, connecting to the inferior-most point of the
vocal fold profile. The stenosis profile was rigid. The fluid was defined as air with a density
of 1.2 kg/m3 and a viscosity of 1.8×10−5 Pa·s. The flow was governed by the unsteady,
laminar, incompressible Navier-Stokes equations and driven by a pressure applied to the
inlet. The outlet boundary pressure was set to zero. A fluid-structure interaction boundary
condition was employed along the fluid-solid interface to couple the fluid and solid
domains. Under this condition the fluid and solid domain equations were solved such that
the displacement and stress distributions in the fluid domain along the interface were equal
to the displacement and stress distributions along the interface in the solid domain. The
symmetry line was a slip wall boundary condition. No-slip wall boundary conditions were
applied to the remaining domain edges.

The fluid domain grid was comprised of quadrilateral 4-node elements. The number of
nodes in all of the cases was the same (around 45 000), with biased meshing in the stenotic
region (finer mesh for higher severity) in order to maintain reasonable aspect ratios in the
narrowest region and to resolve the flow across the stenosis. The solid model was meshed
uniformly with 3-node triangular elements, resulting in around 51 000 nodes.

The initial gap between the vocal fold and the symmetry line was 0.05 mm. To prevent
collapse of the fluid domain mesh, a rigid contact line was placed 0.03 mm above the solid
model medial surface, prohibiting motion of the vocal fold model closer than 0.02 mm to the
symmetry line. This maintained a minimum total effective gap width of 0.04 mm. This
contact line location was selected based on a recent study using a very similar vocal fold
model (Shurtz, 2011; Thomson and Shurtz, in review). It was shown that reducing the
minimum gap width from 0.05 mm to 0.001 mm resulted in the vibration frequency
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changing by less than 1%, the glottal width and flow rate waveforms being largely
unaffected (except for lower flow rates during “closure”), and minimal changes to the model
vibratory motion. It was also shown that a minimum gap width greater than 0.01 mm was
desirable in order to avoid introducing spurious intraglottal pressures caused by extreme
aspect ratios during closure.

Fluid-structure interaction (FSI) simulations were performed in ADINA beginning with the
coupled fluid and solid models in their undeformed configurations as shown in Fig. 2. The
initial condition was a zero inlet pressure, which was linearly increased to the desired
driving pressure in 0.01 s. As the pressure increased and the solid domain deformed, the
fluid boundary deformed with the solid domain via the FSI boundary condition along the
FSI interface. The interior fluid mesh deformation was updated using an Arbitrary-
Lagrangian-Eulerian (ALE) scheme. The solution was allowed to proceed with a time step
size of 2.5×10−5 s at inlet pressures of 300, 600, and 900 Pa for each case of stenosis. The
99% case was run for 10 000 time steps to allow for plenty of time for steady-state vibration
to be reached. For the other cases 6000 time steps were sufficient. Reynolds numbers
corresponding to these three inlet pressures, calculated using glottal flow rate and glottal
width at each time step of an oscillation cycle and then averaged over the cycle, were
approximately 650, 1500, and 2500, respectively.

2.2 Stenosis Definition
As illustrated in Fig. 3, the SGS geometry was derived from computed tomography (CT)
data from a patient presenting with subglottic stenosis. The CT images had a pixel resolution
of 0.45×0.45 mm in the transverse plane with 2 mm spacing between images. Twelve
images, starting approximately at the inferior edge of the vocal folds and extending
inferiorly through the stenosis to where the trachea returned to an approximately constant
cross-section, were used to define the stenosis. The images were imported into a custom
MATLAB code in which each luminal cross section was approximated as an ellipse. The
major and minor radii of each ellipse were determined, from which the elliptical area (Ae) of
each cross section was calculated. To determine the error in approximating the cross-
sectional area as an ellipse, the actual area of the airway was estimated for each slice using
MATLAB code and compared to the area found by the elliptical approximations. The
resulting error in the elliptical area ranged from 0.15% to 5.86% of the actual area for
individual slices, with an average error of 2.44%. A rational polynomial curve was fit to the
area data points in order to obtain an expression for Ae as a function of distance z along the
airway, yielding

(4)

where z is the inferior-superior height of the airway, ranging from z = 0 (inferior) to z = 22
(superior) for the profile. Here z and Ae have units of mm and mm2, respectively.

Because the stenosis was incorporated into a two-dimensional computational model, the
elliptical area profile was converted to an equivalent profile for a rectangular airway, where
the profile represented the lateral airway width (vertical dimension of fluid domain in Fig. 2)
and a constant out-of-plane depth was assumed. The profile was then scaled and
parameterized (for further details, see Smith, 2011). Using this stenosis definition, six
models with increasing degrees of stenosis severity (0%, 30%, 60%, 90%, 95%, and 99%)
were created and are shown in Fig. 4. A 0% case corresponded to an airway without a
stenosis. The 30%, 60%, and 90% cases corresponded to stenosis grades I, II, and III,
respectively, according to the above-mentioned Myer-Cotton grading scale (Myer et al.,
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1994). Two additional grade III stenosis cases, 95% and 99%, were created in anticipation of
more sensitive changes in this region of high stenosis severity. While the Myer-Cotton
grading scale is based on the percent occlusion in three-dimensional area of the laryngeal
airway, the percentage here represents the reduction in lateral airway width which
equivalently reduces the area based on a unit out-of-plane depth.

2.3 Verification
Simulations were performed to ensure that the results were reasonably independent of grid
density, time step size, and convergence criteria. These were first performed using the 0%
case with a 600 Pa inlet pressure. The study included sequentially varying the grid density
by factors of two, the time step size by factors of two, and solver convergence criteria by
factors of ten. Results were compared by analyzing glottal width waveforms, where glottal
width was defined as twice the minimum lateral distance between the vocal fold medial
surface and the symmetry line. Oscillation frequency was also considered in comparing the
waveforms and was calculated using the time between consecutive glottal width peaks.
Figure 5 shows the results of the time-dependence and grid-independence studies. While
there was minimal difference between waveforms from the model time step and the time
step-halved simulations, more variation was present between waveforms from the grid-
independence simulations. Compared to the model grid simulation, the grid-doubled
simulation only yielded a change of up to about 2.5% in glottal amplitude and 1.2% in
frequency. The waveforms were therefore deemed to be satisfactorily close. Results of the
convergence criteria independence studies (not shown) showed even less variation than the
time step independence study results.

The same independence studies were also carried out on the model with 90%, 95%, and 99%
stenoses, again at 600 Pa inlet pressure. Time step and convergence criteria studies for all
three degrees of stenosis gave similar outcomes to 0% stenosis. Grid independence study
results for the 95% case were also similar to those for the 0% case, and the 90% case had
even less variation between grid densities. As seen in Fig. 6, the model with 99% stenosis
yielded more variation. Much of the variation is manifest as a phase difference. During the
transient state the simulations resulted in greater differences among the waveforms than with
no stenosis. As the model achieved steady vibration, there was less variation between the
model grid and grid-doubled waveforms, as shown in the bottom plot of Fig. 6, with about
5% and 3% differences in glottal amplitude and frequency, respectively. It can also be seen
that there are differences in the waveforms between the two grid densities.

To further examine the effects of grid refinement on model response, flow patterns in the
subglottis were visualized and compared for varying grid densities. Figure 7 shows velocity
vector fields for the 0% and 99% stenosis cases using the model grid and grid-doubled
densities. The plots show the flow at the same phase of the oscillatory cycle (during glottal
opening, t/T ≈ 0.375, where the time during the cycle, t, is normalized by the oscillation
period, T). While the 0% case showed essentially the same flow patterns for both grid
densities, the 99% stenosis case resolved flow features differently with a finer grid. As
opposed to a large recirculation zone dominating the space between the stenosis and the
vocal folds, the grid-doubled density model showed multiple smaller recirculation zones in
the same area. Also, the finer grid resolved a vortex that shed off of the narrowest portion of
the stenosis and traveled downstream, whereas there was no distinct vortex shed off of the
stenosis in the model grid density simulation. Most of these flow differences were upstream
of the medial-most region of the vocal fold that experienced the bulk of vibration.

While it is thus apparent that a finer grid for the 99% case brought about some changes in
the overall model response, the measures discussed here, such as glottal width waveforms
and frequencies, were still generally similar in terms of shapes and trends between the
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different grid density model results. Importantly, as is shown below (Sections 3.1 and 3.2),
the differences observed here are smaller than the effects of increasing stenosis severity
from 95% to 99% at 600 Pa. Thus while some quantitative changes would result from using
a finer grid, particularly with respect to flow rate-related quantities, it is not expected that
the basic conclusions about the influence of SGS on vocal fold vibration would change.

3 RESULTS
3.1 Overview of Model Responses

For all of the stenosis cases and inlet pressures, the models eventually reached a steady-state
vibration. For most it was reached by approximately 4000 time steps (0.1 sec), an exception
being the models with the 99% stenosis that achieved steady vibration by approximately
6000 time steps (0.15 sec). Once steady-state vibration was considered to have been
reached, there was less than 0.7% change in frequency and glottal width amplitude between
oscillation cycles.

Figure 8 shows model motion for the 0%, 95%, and 99% cases at 600 Pa. Eight phases at
even intervals of the oscillatory cycle are shown. Phase times are normalized by the
oscillation period T. Motion profiles for the 0% case showed that the glottis was “closed”
(i.e., at its maximum allowed closure) at t/T = 0 and 0.125. At these phases the point of
contact was moving superiorly in a wavelike fashion, and the glottis was beginning to take
on an overall convergent profile. The next three phases captured glottal opening with a
convergent glottal profile. At t/T = 0.625 the glottis was near its maximum opening, and the
last two phases were of glottal closing with a divergent profile. As the profiles are followed
throughout the cycle, motion resembling a mucosal wave is apparent across the medial
surface.

Motion was essentially identical for the 0%, 30%, 60%, and 90% cases at 600 Pa. The 95%
case exhibited slightly different motion in that it appeared that glottal opening occurred
slightly earlier in the cycle such that the glottis reached its maximum opening sooner
(somewhere around t/T = 0.5). At t/T = 0.625 the glottis was somewhat divergent, indicating
that it was in the closing phase by this point. At t/T = 0.75 the glottis displayed a noticeably
flatter divergent profile. Superior (streamwise) deformation of the model for the 95% case
was somewhat less than the 0% case. All of these changes, however, were very subtle. The
99% case, on the other hand, yielded significantly different motion than any of the other
cases. The glottis appeared to stay closed longer (until t/T = 0.25), but then it clearly reached
its point of maximum opening sooner, around t/T = 0.5. It then closed with a more rounded
divergent profile than the other cases. Both the amplitude of the glottal opening and the
superior deformation of the model were visibly less for the 99% case.

Model oscillation frequency, averaged over ten steady-state cycles, is shown for all cases in
Fig. 9. For the lesser severities of stenosis, the frequency remained fairly constant at about
201, 229, and 246 Hz with inlet pressures of 300, 600, and 900 Pa, respectively. Frequency
was not affected until the stenosis severity reached at least 90%. The change between 90%
and 95% was evident but relatively minor, as the frequency only dropped at most by about
10 Hz for any of the inlet pressures. Frequency decreased more considerably between the
95% and 99% stenosis cases, with reductions of around 20 Hz and 45 Hz at 600 and 900 Pa,
respectively.

3.2 Glottal Width
Glottal width was measured by calculating twice the minimum distance between the medial
surface and the symmetry line. Figure 10 contains plots of glottal width waveforms over a
steady-state cycle for all cases and inlet pressures. At an inlet pressure of 300 Pa, glottal
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width waveforms for the 0% to 95% cases were essentially the same as the 0% case
throughout the entire cycle. Peak values were about 0.67 mm. The 99% case, however,
yielded a peak that was 20% lower in magnitude and that occurred considerably sooner in
the cycle. At 600 Pa, the 99% case again had a significantly lower peak glottal width (26%
less) than the 0% case, which peaked at about 0.95 mm. The peak glottal width occurred at
about t/T = 0.5, rather than t/T = 0.625 as in the rest of the cases. The 95% case at 600 Pa
also differed somewhat from the lesser severities with a 6% drop in the peak value and a
temporal shift in the location of peak glottal width. These results for both the 95% and 99%
cases are consistent with the model behavior seen from the motion profiles. For an inlet
pressure of 900 Pa, again the 95% and 99% cases were most affected. As with the results at
600 Pa, the differences between these and the 0% case consisted of smaller peak glottal
width values and shifts in where the peak occurred. The trend was increasing change with
increasing stenosis severity. Here the peaks for the 95% and 99% cases dropped 13% and
26%, respectively, from the 1.14 mm maximum glottal width of the other cases. Minimum
values for glottal width at 900 Pa showed that the 95% case did not appear to completely
close, while the 99% case was closed for a longer portion of the cycle than the cases of
lesser severity.

3.3 Flow Rate
Flow rate was measured by calculating twice the integral of the velocity across the glottal jet
and multiplying it by 2.135 cm (corresponding to a scaled characteristic depth; see Smith,
2011). Flow rate waveforms, corresponding to the same cycles as the glottal width plots, are
also shown in Fig. 10. The 0% case yielded peak flow rates of 269, 614, and 915 ml/s and
average flow rates of 108, 250, and 421 ml/s at 300, 600, and 900 Pa, respectively. The flow
rate trends closely followed the patterns of the glottal width waveforms. Again, essentially
no change occurred until 90% or greater stenosis severity. As with glottal width, significant
decreases in peak flow rates occurred for the 99% case at 300 Pa, and for the 95% and 99%
cases at 600 and 900 Pa. The decreases were substantially greater than for glottal width. For
the 95% stenosis case, peak flow was reduced by 31% and 35% at 600 and 900 Pa,
respectively, and for the 99% stenosis case, peak flow decreased by 71%, 78%, and 79% at
each of the three respective pressures. Flow rate was more sensitive to the stenosis than
glottal width, as evidenced by slight decreases in the peak flow rate which occurred for the
95% case at 300 Pa (19%) and 90% case at 600 and 900 Pa (12% and 13%). As also seen in
the glottal width waveforms, the flow rate peaks for the differing cases occurred earlier in
the cycle than for the 0% case and lower severities of stenosis. One effect not seen in the
glottal width waveforms is that the flow rate waveforms for the 99% cases take on a very
different shape than the waveforms for the other cases. Additionally, the 95% case at 900 Pa
showed high minimum flow rates compared to the other cases, which were all grouped
around the same minimum values.

Maximum flow declination rate (MFDR), defined as the slope of the flow rate waveform at
its steepest descent, was noticeably different for the cases which deviated from the 0% case.
This parameter has significance in terms of radiated sound production as briefly discussed in
Sec. 4. Figure 11 shows how MFDR changed with stenosis severity. MFDR was fairly
steady up until 90% stenosis, at which point it began to decrease. The decrease in MFDR
became greater with increasing stenosis severity at each inlet pressure, and the amount of
change between severities also increased as pressure increased. At both 600 and 900 Pa inlet
pressure the decreases in MFDR were substantial, with reductions of one order of magnitude
occurring by the 95% case.
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3.4 Flow Resistance
Airway resistance was calculated to compare the relative effects of the stenosis and of the
glottis on the flow. Airflow resistance over a given segment length is calculated as a ratio of
the associated pressure drop to the flow rate (ΔP/Q). The pressure drop in this case was
taken as the pressure difference across a section of airway (the stenotic region or the glottis),
and the flow rate used for both sections was measured directly in the glottis. Resistance was
normalized by dividing the pressure difference by the inlet pressure, and the instantaneous
flow rate at each time step in a steady state cycle by the average flow rate (averaged over the
steady state cycle), as follows:

(5)

Average normalized resistance R* (also averaged over the steady state cycle) for all cases is
given in Fig. 12. Resistance across the stenosis steadily increased with increasing stenosis
severity, gaining two orders of magnitude by 90% stenosis. Resistance across the glottis, on
the other hand, was essentially the same until 90% or greater stenosis severities, at which
point it decreased as stenosis severity increased. At 90% and 95% stenosis severities,
resistance values across the stenosis and glottis were approximately of the same order of
magnitude, and at 99% the two resistance magnitudes were very close.

3.5 Subglottal Flow Visualization
Subglottal flow was visualized in order to characterize the effects of the stenosis on the flow
patterns. Figures 13 through 15 show important flow features for select cases (animations of
these cases are available as supplementary content on the journal website). Note the
different velocity scale in each figure. The visualizations show the degree to which the
subglottal flow was altered as the severity of the stenosis increased. The 0% case (Fig. 13)
exhibited smooth, relatively undisturbed flow through most of the oscillatory cycle, with a
small recirculation zone upstream of the vocal fold as the flow was obstructed by the closing
of the glottis. At 60% stenosis (Fig. 14) the recirculation zone during glottal closing was
significantly larger, spanning most of the airway when the glottis was closed, and the
velocities in the subglottis, particularly through the stenotic region, increased to around 5 m/
s (from around 1.5 m/s in the 0% case). A vortex appeared just downstream of the stenosis
peak during glottal closing. This vortex did not travel downstream and eventually dissipated
as the glottis reopened. In the 95% case (Fig. 15) even more significant change in the flow
was seen. Velocities near the stenosis increased to values in the range of 20 m/s,
recirculation existed during the entire cycle, and a stronger vortex in the flow was created as
the flow separated off the stenosis peak. The vortex in this case appeared during the opening
phase and traveled downstream, dissipating somewhat but still remaining present throughout
the cycle. These flow features were also similarly present in the 90% and 99% cases.

On the superior surface of the models, towards the lateral wall, some “rippling” of the
surface is seen. This is attributed to compression of the extremely soft cover layer against
the rigid lateral boundary. Such an effect is likely not present in the actual vocal folds
(perhaps because there may be a more gradual transition between tissue types in this region),
but it may appear in experimental models. The deformations are generally stationary (i.e., do
not oscillate), and because the vocal fold vibration mainly occurs in the medial surface of
the model, these artifacts are not expected to significantly affect the model vibratory
response.
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4 DISCUSSION
In general, the vocal fold model used for this study exhibited motion that compared well
with that of the human vocal folds. The mucosal wave-like motion of the medial surface is a
characteristic feature of vocal fold vibration and has been shown to be an important factor in
sustained vocal fold self-oscillation (e.g., Hirano, 1981; Titze, 1988; Boessenecker et al.,
2007). In addition, quantifiable values such as glottal width, flow rate, and frequency were
in the range of those measured during human phonation (e.g., Jiang and Titze, 1993;
Schuberth et al., 2002; Doellinger and Berry, 2006).

The purpose of this study was to explore how the presence of subglottic stenosis affected
vocal fold vibration. The results showed that only with stenosis severities of around 90%
and above were the responses of the vocal fold model and airflow significantly altered. In
particular, glottal width, flow rate, frequency, and vertical deformation of the model tended
to decrease with increasing stenosis severity. Flow resistance across the glottis also
decreased with stenosis severities above 90%, becoming comparable in magnitude to the
trans-stenosis resistance. These changes were more sensitive at higher inlet pressures (i.e.,
change was introduced at a lesser severity of stenosis as inlet pressure increased). These
observations suggest the possibility that only patients with the most severe cases of SGS
would experience voice-related changes directly caused by SGS-induced flow disturbances.
This may support the idea Ettema et al. (2006) put forth that other negative factors
associated with SGS, such as multiple stenoses, vocal fold motion impairment, and previous
airway surgery play a more significant role in affecting the voice in SGS patients than the
stenosis itself.

A primary cause of many of these changes was the flow resistance caused by the stenosis.
The steady increase in flow resistance across the stenosis was due to an increasing pressure
difference across the stenosis as the degree of stenosis severity increased. As the pressure
decreased across the stenosis, the pressure difference across the glottis also decreased. At
higher severities of stenosis, the decrease in pressure difference across the glottis was
significant enough in relation to flow rate that it caused glottal resistance to decrease
substantially. Additionally, a decrease in the pressure gradient across the glottis also
decreased the driving force on the vocal folds, thus contributing to the smaller glottal width
and reduced vertical deformation of the vocal fold model.

Disturbances in subglottal flow were apparent with 60% stenosis and increased with
increasing stenosis severity. The disturbed flow features included recirculation, vortex
shedding, and increased velocities. This is consistent with the findings of previous research
on the effect of SGS on respiration, which showed decreased pressure, turbulent flow, and
increased shear stress in the stenotic region (Cebral and Summers, 2004; Brouns et al., 2007;
Mihaescu et al., 2008). The presence of vortices and other turbulence in glottal flow can
contribute to hoarseness or breathiness in the voice (e.g., Grisel et al., 2010). However, the
subglottal flow pattern alterations seen in this study were likely less significant in
influencing vocal fold motion than the increased flow resistance caused by the stenotic
constriction. It is important to note that this study was based on a two-dimensional, laminar
flow model. As stated above, the Reynolds numbers calculated within the glottis and
averaged over the oscillation cycle ranged from 650 to 2500 for the three inlet pressures.
However, the maximum instantaneous Reynolds numbers reached between 1700 and 5400
for the three pressures. Consequently, subsequent studies with three-dimensional flow,
including possible turbulence effects, are recommended.

The decrease in frequency with increasing stenosis severity was likely caused by the lower
amplitude motion. Because the model materials were defined using nonlinear stress-strain
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curves, its stiffness increased with increasing deformation. At increased stenosis severities,
the model exhibited reduced vibration amplitude and deformation. With decreased
deformation the effective stiffness of the model was also reduced, resulting in a lower
vibration frequency. This also likely explains the reason for the frequency of the models
increasing with increasing inlet pressure.

The changes in model vibration suggest that the voice can be affected by the presence of
subglottic stenosis. Certain factors are a good measure of how the voice may change. First,
vibration frequency is a key characteristic of the sound of the voice. With stenosis severities
of about 95% and above, changes in frequency were substantial enough to be recognized as
a change in pitch of the voice. In addition, MFDR is related to vocal acoustic power (Titze
and Sundberg, 1992; Titze, 2000) and intensity (Titze, 2000; Titze, 2006). The considerable
decrease in MFDR for high stenosis severities would potentially be manifest as a lowered
intensity of the voice or as a difficulty in speaking loudly.

A few considerations regarding this model’s response and suggestions for future research
are here presented. First, it is possible that the low sensitivity of the model’s response at
lesser SGS severities is related to factors specific to this model. One factor that affects
model response is geometry. The present model employed simplified two-dimensional
geometry. Using a three-dimensional model with more realistic geometry could allow for
additional phenomena to be manifest. A few examples are here discussed, starting with the
basic difference in percent airway reduction between two- and three-dimensional models.
The relationship between width reduction and area reduction in a two-dimensional model is
different than in a three dimensional model, especially in cases where the SGS is circular or
elliptically-shaped. The presently discussed results suggest that it is the reduction in area,
rather than the reduction in width alone, that is of primary importance in altering flow
resistance and hence vocal fold vibration, and this should be taken into consideration in
future work with three-dimensional models. Another possible three-dimensional effect may
be found in a three-dimensional vocal fold model that exhibits anterior-posterior vibratory
asymmetry like that which has been observed in experiments (Pickup and Thomson, 2010).
A glottis that is opening and closing in a spatially asymmetric manner will yield a different
area waveform than that of a symmetric glottis. The nature of the difference between area
waveforms of such a symmetric vs. an asymmetric glottis would need to be determined on a
case-specific basis, but it is conceivable that the maximum area during glottal opening could
be somewhat reduced for the asymmetric case. Since the degree to which the stenosis affects
vocal fold vibration is largely dependent on the relative flow resistance across the stenosis
compared with that across the glottis, a glottis with anterior-posterior asymmetry and thus
reduced maximum glottal area could exhibit reduced sensitivity to the presence of SGS.
Finally, three-dimensional models would contain different flow patterns due the presence of
out-of-plane wall boundaries as well as three-dimensional flow motion. For example,
vortices generated at the endpoints of the major axis of an elliptically-shaped stenosis could
lead to jet axis switching. Additional asymmetric flow features (e.g., the Coanda effect) may
arise in the space between the stenosis and the vocal folds. Phenomena such as these would
result in different velocity and pressure profiles than what would be predicted by two-
dimensional simulations. The degree to which they would be both present and significant
depends on factors such as the stenosis shape, Reynolds number, and distance between the
stenosis and the vocal folds.

While the above-mentioned phenomena may be observed in a three-dimensional model, it is
here speculated that such changes would not result in substantially different conclusions
than those presented here. As seen in this model, altered flow patterns (e.g., by introducing a
stenosis) produce little effect on model response. As discussed above, the changes in
vibration with increasing stenosis severity are largely due to increased flow resistance,
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which is primarily due to reduced area. In a three-dimensional scenario, a reduction in area
will likely affect a similar change in flow resistance. However, this hypothesis would benefit
from further study using three-dimensional simulations and/or experiments.

A second consideration is that the model response is very sensitive to material properties.
The human vocal folds are similarly highly sensitive to changes in tissue properties. While
the stress-strain properties of the present model are generally similar to previously published
data for vocal fold tissue, human tissue properties vary widely, and the present model
represents only one case. By changing parameters of the material definition, vocal fold
model response could change. For example, a more flexible SLLP would be expected to
yield a model with increased amplitude. This may result in a less severe SGS being able to
alter the model response due to lower flow resistance across the more open glottis. While
material property differences would yield some quantitative differences in model response,
it is not expected that the basic conclusions of this study would change.

Furthermore, varying the position and properties of the stenosis may result in more or less
model sensitivity. If the stenosis were to be physically connected (and much closer) to the
vocal folds, the actual vocal fold geometry would be modified, and model vibration would
be affected. Using a material model for the stenosis, rather than a rigid profile, could create a
more compliant stenosis that may be sufficiently deformable so as to alter the nature of the
trans-stenosis and trans-glottal flow resistances. In such a case, phasing between stenosis
and vocal fold vibration would be important.

The above discussion suggests the need for further exploration of the role of SGS on voice
production. Future work including three-dimensional models, excised larynges, and physical
experiments using synthetic models will be useful approaches. Other subjects of interest
include an in-depth investigation of the extent to which the changes in vibration can be
solely attributed to pressure drop across the stenosis (e.g., by comparing stenotic models
with non-stenotic models driven by lung pressures equivalent to the trans-glottal pressures in
the stenotic cases); an examination of the influence of varying position, geometry, and
material properties of the stenosis; and an analysis of the effects on vibration of acoustic
resonances in the space between the stenosis and vocal folds. Regarding the latter, exploring
the relationships between stenosis position relative to the vocal folds, acoustic resonances,
and model output would be of interest.

5 CONCLUSIONS
A two-dimensional finite element model was used to simulate the flow-induced vibration of
the vocal folds with varying degrees of subglottic stenosis. The results showed that the
presence of up to a 60% stenosis did not significantly alter model response, while a stenosis
of 90% or greater influenced several factors related to vocal fold vibration. Superior model
displacement, glottal width amplitude, and flow rate amplitude decreased with increasing
stenosis severity above 90%. The model sensitivity to subglottic stenosis increased with
increasing pressure, and changes in vibration correlated with changes in flow resistance.
Subglottic stenosis caused a substantial pressure drop in the subglottis, which appeared to be
a significant contributing factor to changes in output variables such as flow resistance and
glottal width. A stenosis significantly altered the subglottal flow patterns with as low as 60%
stenosis. The flow pattern alterations increased with increasing stenosis severity, although
the changes in flow patterns did not appear to be directly responsible for changes in model
vibration. Rather, the changes in model response were attributed to increased flow
resistance. Very high (95% to 99%) severities of stenosis led to significant decreases in
frequency and maximum flow declination rate, suggesting that at these severities, subglottic
stenosis may directly contribute to changes in voice sound level and quality.
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HIGHLIGHTS

• Subglottic stenosis included in vocal fold fluid-structure interaction model.

• Model flow-induced response to varying severities of stenosis investigated.

• Model response significantly affected only by severe stenosis.

• Changes in model response attributed to increased flow resistance.

• Stenosis-induced flow patterns shown.
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Fig. 1.
Left: Sagittal view of the human larynx, including the vocal folds and subglottal, glottal, and
supraglottal regions (adapted from Gray’s Anatomy of the Human Larynx,
www.bartleby.com, used with permission). Right: CT images at four different elevations of
a patient with subglottic stenosis (SGS) and corresponding 3D reconstruction. In the CT
images the airway is colored green. Red dashed lines overlaid on the 3D reconstruction
denote approximate vertical location of each slice.
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Fig. 2.
Solid (top) and fluid (bottom) domains. The shaded area corresponds to the region occupied
by the undeformed solid model.
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Fig. 3.
Stenosis definition process. Top left: CT image from a patient with SGS. Top right: Luminal
cross-section approximated as an ellipse. Bottom: Elliptical airway areas (circles) at
different airway elevations and rational polynomial curve fit (solid line).

Smith and Thomson Page 19

J Fluids Struct. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Fluid domains for each severity of stenosis.
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Fig. 5.
Top: Time step independence study results for model with 0% stenosis, comparing glottal
width for three time step sizes during the first 0.04 sec of the simulations. ––––– Model time
step, - - - - - - - Doubled time step, – – – – - Halved time step. Bottom: Grid independence
study results for model with 0% stenosis, comparing glottal width for three grid densities.
––––– Model grid density, - - - - - - - Grid-halved density, – – – – - Grid-doubled density.
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Fig. 6.
Top: Grid independence study results for model with 99% stenosis, comparing glottal width
for three grid densities during the first 0.04 sec of the simulations: ––––– Model grid
density, - - - - - - - Grid-halved density, – – – – - Grid-doubled density. Bottom: Glottal
width waveforms plotted over a steady state cycle, comparing two grid densities for the
model with 99% stenosis: ––––– Model grid density, – – – – - Grid-doubled density.
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Fig. 7.
Subglottal flow velocity plots, comparing flow patterns using two different grid densities
(top: model grid; bottom: grid-doubled), for the model with 0% stenosis (left) and 99%
stenosis (right). Color represents velocity magnitude and arrows show velocity direction.
Color legend values are for velocity in meters per second. Images show flow at t/T ≈ 0.375.
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Fig. 8.
Profiles of the model medial surface for 0%, 95%, and 99% stenosis cases at 600 Pa inlet
pressure at eight phases of the oscillation cycle.
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Fig. 9.
Model oscillation frequency for all stenosis cases at three inlet pressures.
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Fig. 10.
Glottal width waveforms (top) and flow rate waveforms (bottom) over a normalized steady-
state cycle for all stenosis cases at the three inlet pressures.
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Fig. 11.
Maximum flow declination rate (MFDR) for each stenosis case at three inlet pressures.
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Fig. 12.
Average normalized resistance R* across the glottis (solid symbols) and stenosis (hollow
symbols) for three inlet pressures.
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Fig. 13.
Subglottal flow velocity magnitude (color) and direction (arrows) for the 0% stenosis case at
600 Pa. Upper image shows flow at t/T ≈ 0 (closed glottis). Lower image shows flow at t/T
≈ 0.6 (around maximum glottal opening).
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Fig. 14.
Subglottal flow velocity magnitude (color) and direction (arrows) for the 60% stenosis case
at 600 Pa. Upper image shows flow at t/T = 0 (closed glottis). Center image shows flow at t/
T = 0.625 (maximum glottal opening). Lower image shows flow at t/T ≈ 0.82 (during glottal
closing).
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Fig. 15.
Subglottal flow velocity magnitude (color) and direction (arrows) for the 95% stenosis case
at 600 Pa. Upper image shows flow at t/T = 0 (closed glottis). Center image shows flow at t/
T = 0.375 (during glottal opening). Lower image shows flow at t/T ≈ 0.75 (during glottal
closing).
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