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A B S T R A C T   

Medialization laryngoplasty is one of the primary surgical interventions in the treatment of glottal insufficiency 
due to vocal fold paralysis, paresis, or atrophy. During the surgery, an implant is laterally inserted into the larynx 
to medialize the affected vocal fold toward glottal midline, with the goal of improving glottal closure during 
phonation and voice production efficiency. While implants of different materials and geometry designs have been 
used, the effect of implant design on the voice outcome remains unclear. In this simulation study, the effect of 
implant stiffness was investigated in an MRI-based model of the vocal folds after medialization laryngoplasty. 
The results showed that implant stiffness had a significant impact on the phonation threshold pressure, glottal 
area waveform, and fundamental frequency, but only small effect on the closed quotient and other acoustic 
measures of the produced voice. The effect of implant stiffness also exhibited variability, depending on the 
stiffness conditions of the vocal fold and paraglottic tissues, indicating that individual differences need to be 
considered during the planning of medialization laryngoplasty.   

1. Introduction 

Medialization laryngoplasty is one of the primary surgical inter-
vention procedures in the treatment of glottal insufficiency due to vocal 
fold paralysis, paresis, or atrophy (Isshiki, 1989; Daniero et al., 2014; 
Crolley and Gibbins, 2017). During the surgery, an implant is laterally 
inserted into the larynx to medialize the affected vocal fold toward 
glottal midline, with the goal of improving glottal closure during 
phonation and voice production efficiency (Isshiki, 1989). A variety of 
implants has been developed using different materials (e.g. hydroxy-
apatite, titanium, silicone, and Gore-tex; Storck et al., 2007; Schneider 
et al., 2003; van Ardenne et al., 2011; Shen et al., 2013; Suehiro et al., 
2009) and with different geometry designs (e.g. Hoffman et al., 2011, 
2014; Devos et al., 2010; Frizzarini et al., 2012). While medialization 
laryngoplasty is often effective in improving the voice outcome, for 
some patients, particularly professional voice users, the voice outcome 
may remain unsatisfactory. While an unsatisfactory voice outcome 
generally indicates unsuccessful restoration of vocal fold geometry and 
stiffness conditions required for normal voice production, the specific 
factors contributing to the unsatisfactory outcome are often unclear. 

Many studies have investigated the effects of different implant 

designs (stiffness and shape) on voice outcomes after medialization 
laryngoplasty, often with variable or even conflicting results. For 
example, while Oreste et al. (2014) found that implants with a divergent 
medial surface shape achieved a better pressure/flow relationship under 
large medialization depth condition, a more recent study showed that 
implants with a rectangular medial surface consistently improved the 
cepstral peak prominence (CPP) of the produced voice (Reddy et al., 
2022). No optimal medial surface shape was identified by Zhang et al. 
(2015), which showed that rectangular implants had large impact on 
fundamental frequency but nonrectangular implants were slightly better 
in improving high-order harmonic excitation. Furthermore, Zhang et al. 
observed that implant stiffness had a much larger effect on the degree of 
acoustic improvement than implant medial surface shape. They rec-
ommended soft implants with comparable stiffness to the vocal folds, 
due to the reduced sensitivity of voice outcome improvements to 
implant insertion depth. Similar recommendation in favor of softer im-
plants was made by Smith et al. (2020). In contrast, the study in Reddy 
et al. (2022) showed that Silastic implants with a rectangular medial 
surface outperformed other implant design in improving CPP, although 
considerable variability was observed in their data. Cameron et al. 
further pointed out that design of implant stiffness should consider the 
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target airflow range, because stiffer implants generally provided better 
acoustic improvements and more stable pressure/flow relationship at 
higher airflow rates (Cameron et al., 2020). 

These conflicting findings likely result from the fact that implant 
insertion simultaneously impacts vocal fold geometry, stiffness, and 
position, all of which are important parameters determining voice pro-
duction at the laryngeal level (Zhang, 2016a). In addition to directly 
modifying vocal fold position, implant properties (geometry and stiff-
ness) and how the implant is inserted also determine the post-insertion 
geometry of the vocal folds, particularly the medial surface shape, which 
has an important role in determining voice outcomes (Zhang, 
2016a,2016b,2022). Secondly, after insertion the implant occupies a 
large portion of the space originally occupied by the pre-insertion vocal 
folds, with the post-insertion vocal folds compressed into a thin layer 
around the implant (Zhang et al., 2020). Thus, stiffness of the implant 
directly determines how the combined implant-vocal fold system vi-
brates. Lastly, patient-specific differences in geometry and stiffness of 
the affected vocal folds are expected to play some role in determining 
voice outcomes after medialization laryngoplasty, although not much is 
known at the present. 

Unfortunately, it is difficult to isolate these different effects of 
implant stiffness in animal or human models, which also do not allow 
control for vocal fold geometric and stiffness properties. In our previous 
study (Zhang et al., 2020), implant insertion and its impact on post- 
insertion vocal fold geometry were investigated using magnetic reso-
nance imaging (MRI). The goal of the present study is to further un-
derstand how voice production after medialization laryngoplasty is 
affected by implant stiffness at different stiffness conditions of the 
affected vocal fold due to patient-specific differences. In order to isolate 
effects of implant stiffness from the effects of vocal fold stiffness, a 
computational model developed in our previous studies was used, which 
allowed us to parametrically vary implant and vocal fold stiffness one at 
a time and observe their impact on voice production. While imaging- 
based vocal fold models have been developed in previous studies (e.g., 
Mittal et al., 2011; Vampola et al., 2016; Wu and Zhang, 2019; Smith 
et al., 2020; Chen et al., 2020; Movahhedi et al., 2021; Li et al., 2021), 
voice production after medialization laryngoplasty has not been sys-
tematically investigated. 

In this study, MRI images of larynges after medialization lar-
yngoplasty obtained from our previous studies were used to reconstruct 
a three-dimensional model of the combined implant-vocal fold system, 
thus assuring the clinical relevance of the simulations. While the post- 
insertion geometry of the implant-vocal fold system is expected to 
vary with implant and vocal fold stiffness (Zhang et al., 2020), in this 
study the MRI-derived geometry was intentionally kept constant while 
the stiffness of the vocal fold and implant was systematically varied. This 
research design allows us to focus on the direct effect of changes in vocal 
fold and implant stiffness on voice production, and isolate this effect 
from voice changes associated with differences in post-insertion vocal 
fold geometry due to the use of implants of varying stiffness, which is 
difficult to achieve in human or animal models. We believe that being 
able to isolate these two effects of implant stiffness (direct effect of 
implant being an integral component of the vibrating implant-vocal fold 
system and the impact of implant design on post-insertion vocal fold 
geometry which indirectly affects phonation) is essential to understand 
the source of variability in voice outcomes after medialization lar-
yngoplasty. The effect of implant design on post-insertion vocal fold 
geometry will be investigated in a future study. 

2. Methods 

2.1. MRI-based vocal fold geometry model 

A three-dimensional model of the human larynx after medialization 
laryngoplasty was reconstructed from MRI images of an excised human 
larynx (age 82, female). The larynx was harvested from autopsy at the 

Department of Pathology, University of California, Los Angeles within 
24 h postmortem. The larynx was stored at − 80 ◦C after dissection and 
thawed on the day of experiment. Before MRI scanning of the larynx, 
medialization laryngoplasty was performed using a Silastic implant, as 
described in (Zhang et al., 2020). Fig. 1a shows the geometry of the 
implant which had a rectangular medial surface shape and Young’s 
modulus of 1386 kPa. As in previous studies (Zhang et al., 2015), the 
superior edge of the thyroplasty window was at the level of the true 
vocal fold, while the inferior edge was parallel to and 2 mm from the 
inferior border of the thyroid cartilage. With the anterior edge placed 5 
mm posterolateral to midline, the window had an approximate size of 
10 mm × 5 mm. 

The larynx was scanned using a Bruker BioSpec 7 Tesla MRI (Bruker 
Biospin GmbH, Rheinstetten, Germany) with a 30-mm inner diameter 
surface coil. High-quality images with a spatial resolution of 0.1 mm ×
0.1 mm × 0.1 mm, as shown in Fig. 1b, were obtained through a stan-
dard rapid acquisition with relaxation enhancement imaging sequence. 
The MRI images were then segmented by the first author manually, and 
the implant, cartilages (including the thyroid, cricoid, and arytenoid 
cartilages), thyroarytenoid (TA) muscle, cover layer (the lamina propria 
and epithelium), and paraglottic space (including the lateral cricoar-
ytenoid muscle and connective soft tissue) were reconstructed using a 
commercial software (Simpleware, Synopsys, Inc.). The boundaries of 
different cartilages, soft tissue layers, and muscles are color coded in 
Fig. 1b. A three-dimensional model of the larynx and implant was then 
developed from the segmentation (Wu and Zhang, 2019) using Gaussian 
smoothing as shown in Fig. 1c. 

The prephonatory glottis was set to be nearly closed with a pre- 
phonatory glottal opening area of 3.3 mm2 or a glottal angle of 0.7◦, 
corresponding to a barely abducted glottal configuration. The left and 
right vocal folds were assumed to be symmetric about the glottal midline 
in geometry and stiffness, so only one vocal fold was considered in the 
simulation. 

2.2. Voice production model and simulation conditions 

Voice production simulations were performed as described in our 
previous studies (Zhang, 2015, 2017; Wu and Zhang, 2021). Readers are 
referred to these previous studies for details of the model formulation. 
Based on an eigenmode-based formulation of system governing equa-
tions, this model is computationally efficient and able to reproduce 
experimental observations (Farahani and Zhang, 2016; Zhang and Luu, 
2012). In brief, the glottal airflow is modeled as a one-dimensional 
quasi-steady flow with a viscous loss along the glottal channel. While 
the vocal folds are known to exhibit a nonlinear mechanical behavior, in 
this study the vocal folds are modeled as linear elastic materials, with 
the understanding that the elastic moduli represent tangent moduli that 
vary with tissue deformation. With this linear elasticity simplification, 
changes in vocal fold stiffness due to vocal fold deformation can then be 
modeled by appropriate variations in the elastic moduli of the vocal 
folds. Specifically, the vocal folds are modeled as a transversely 
isotropic, nearly incompressible, linear elastic material with an isotropic 
plane perpendicular to the anterior-posterior (AP) direction. The control 
parameters for the mechanical properties of the vocal folds include the 
transverse Young’s modulus Et, AP shear modulus Gap, and AP Young’s 
modulus Eap, AP Poisson’s ratio vap = 0.495, and densityρ = 1030 kg/m3. 
As in our previous studies, Eap = 4Gap was assumed in this study in order 
to reduce the number of control parameters. The implant was modeled 
as an isotropic linear elastic material with a Young’s modulus Eim. The 
paraglottic space, which includes the lateral cricoarytenoid (LCA) 
muscle and connective soft tissues, was also modeled as an isotropic 
linear elastic material with a Young’s modulus Epg, as in previous study 
(Wu and Zhang, 2021). All cartilages were fixed in the model. 

Table 1 lists the specific conditions simulated in this study. Three 
vocal fold stiffness conditions (L1, L2, and L3) were considered to 
represent individual physiological differences. For the implant, four 
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values for Eim were selected according to the implant used in previous 
experimental studies (Orestes et al., 2014; Zhang et al., 2015; Cameron 
et al., 2020). Due to the lack of experimental data on the stiffness of the 
paraglottic space, three values of the Epg were considered as in a previous 
study (Wu and Zhang, 2021), representing a range of paraglottic space 
conditions from the resting state (paralysis) to conditions of weak LCA 
activation (paresis or presbyphonia). For each stiffness condition, the 
subglottal pressure was varied in steps from 50 to 2400 Pa as in previous 
studies (Wu and Zhang, 2019,2021). Thus, a total of 648 simulations 
were performed, each simulating a 0.5-second-long sustained phonation 
at a sampling rate of 44,100 Hz. For each simulation, the produced 
sound was calculated from the airflow at the glottal exit using a 
monopole source model. 

2.3. Data analysis 

For each simulation, analysis was performed using the last 0.25-sec-
ond of the voice, during which vocal fold vibration generally has 
reached the steady state. A typical waveform of the glottal area and 
glottal flow is shown in Fig. 2. Phonation threshold pressure (Pth) was 
estimated as the minimum subglottal pressure that produced sustained 
vocal fold vibration. The mean glottal area Agmean and glottal area 
amplitude Agamp (half of the peak-to-peak amplitude) were calculated 
from the glottal area waveform. The closed quotient CQ was calculated 
as the percentage of the glottal cycle that the glottal flow rate remained 

Fig. 1. MRI-based vocal fold computational 
model. (a) Dimension of the implant used in 
medialization laryngoplasty and its recon-
structed geometry model. (b) Magnetic 
resonance images of the larynx after implant 
insertion and segmentation of different car-
tilages and muscles in three views. The 
dashed white lines in each view indicate the 
cut planes from which the other two views 
were generated. (c) The three-dimensional 
model of the vocal fold after medialization 
laryngoplasty reconstructed from the MRI 
images.   

Table 1 
Simulation conditions.   

L1 L2 L3 

Transverse Young’s modulus Et (kPa) 1 1 2 
AP shear modulus Gap (kPa) 10 20 10 
Implant Young’s modulus Eim (kPa) [5.5, 11, 22, 1386] 
Paraglottic space modulus Epg (kPa) [1, 4, 10] 
Subglottal pressure Ps (Pa) [50, 100, 200, 300, 400, 500, 600, 700, 

800, 900, 1000, 1200, 1400, 1600, 1800, 
2000, 2200, 2400]  

Fig. 2. Typical waveforms of glottal area and glottal flow rate under the con-
dition with Et = 1 kPa, Gap = 10 kPa, Epg = 4 kPa, Eim = 22 kPa, and Ps = 700 
Pa. In the bottom panel, the horizontal dashed line indicates the lower 10% of 
the glottal flow waveform, which is used to determine the open and closed 
phases of the glottal cycle. The closed quotient was calculated as the ratio be-
tween the closed phase and the period of the glottal cycle. 
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within the lowest 10% of the glottal flow waveform (Fig. 2). For voice 
acoustics, the fundamental frequency F0, sound pressure level SPL, and 
subharmonic-to-harmonic ratio SHR (Sun, 2002) were extracted using 
the VoiceSauce (Shue et al., 2011). 

3. Results 

Fig. 3 shows the effect of implant stiffness on phonation threshold 
pressure (Pth) under different vocal fold and paraglottic conditions. 
Generally, the implant stiffness had a significant impact on the phona-
tion threshold pressure, but the overall pattern of variation also 
depended on the stiffness condition of the vocal folds and paraglottic 
tissues. For example, for a paraglottic space stiffness Epg = 10 kPa, Pth 
decreased with increasing implant stiffness for the vocal fold stiffness 
condition with Et/Gap = 1/10 kPa, but this trend was reversed for the 
vocal fold stiffness condition with Et/Gap = 1/20 kPa. Similarly, opposite 
effects of the implant stiffness on the Pth also occurred for different 
paraglottic space stiffness conditions. For example, for vocal fold stiff-
ness conditions with Et/Gap = 1/20 kPa, the trend of variation of Pth with 
varying implant stiffness for a paraglottic stiffness Epg = 1 kPa was 
opposite of that for a paraglottic stiffness Epg = 4 kPa. 

Similar variability in the effect of implant stiffness on Pth has been 
observed in previous experimental studies (Zhang et al., 2015; Cameron 
et al., 2020). For example, Cameron et al. showed that Pth decreased 
with increasing implant stiffness in one human larynx but increased in 
another (Fig. 5b in Cameron et al., 2020). Thus, our results showed that 
larynx-specific differences in vocal fold and paraglottic tissue stiffness 
are one possible source of the observed variability in how Pth varies with 
implant stiffness. 

Fig. 3 also shows that this variability was larger for the stiffest and 
softest implants, and relatively smaller for the two intermediate implant 
stiffnesses (Eim = 11 and 22 kPa). In particular, conditions with Eim = 22 
kPa had the lowest mean value of the Pth across all conditions, indicating 
a relatively optimal implant stiffness. 

The variability in the dependence of phonation threshold pressure on 
implant stiffness appeared to be partially related to the ability of the 
vocal fold in maintaining adductory position when subject to airflow, as 
illustrated in Fig. 4. The figure shows the mean glottal area, glottal area 
amplitude, and closed quotient at different stiffness conditions and 
subglottal pressures. Comparison of Figs. 3 and 4 shows that for vocal 
fold conditions that were not able to maintain adductory position 
against the airflow (e.g., Et = 1 kPa, Gap = 10 kPa, Epg = 1 kPa), as 
quantified by a large change in mean glottal area with varying implant 
stiffness in Fig. 4, Pth decreased with increasing implant stiffness. In 
contrast, when the vocal folds were able to maintain adductory position 
against the airflow, as quantified by a small change in mean glottal area 
with varying implant stiffness (e.g., Et = 1 kPa, Gap = 20 kPa, Epg = 10 

kPa), Pth generally increased with increasing implant stiffness. For vocal 
fold conditions in between (i.e, small changes in the mean glottal area 
with varying implant stiffness), Pth first decreased then increased with 
increasing implant stiffness. Thus, the variability in the variation of Pth 
with increasing implant stiffness in Fig. 3 appears to result from the 
interplay of two conflicting effects of increasing implant stiffness: while 
increasing implant stiffness alone increased the phonation threshold 
pressure, implant stiffness increase also decreased mean glottal opening 
area, which lowers the phonation threshold pressure. 

Fig. 4 also shows that decreasing implant stiffness increased the 
mean glottal area, indicating that a softer implant results in a larger 
glottal opening. This effect was consistent across all vocal fold and 
paraglottic stiffness conditions but weakened with an increase in either 
vocal fold stiffness or paraglottic tissue stiffness. In contrast, the effect of 
implant stiffness on the glottal area amplitude and closed quotient were 
variable and inconsistent. This is confirmed in Table 2, which shows the 
results of multiple linear regression between selected output measures 
and model controls. While vocal fold stiffness had a significant effect on 
both the mean glottal area and glottal area amplitude, the effect on the 
closed quotient was statistically significant only for the AP stiffness. 

The effect of vocal fold and implant stiffness on the produced voice 
acoustics is shown in Fig. 5 and Table 2. The fundamental frequency F0 
increased significantly with increasing longitudinal vocal fold stiffness 
Gap, implant stiffness Eim, and subglottal pressure Ps. This trend indicates 
that stiffer implants led to a higher vocal pitch, as would be expected. 
Table 2 also shows that F0 decreased slighted with increasing transverse 
stiffness Et, contradicting previous findings. This was likely due to the 
small number of conditions with Et = 2 kPa that reached sustained 
phonation. The sound pressure level was primarily determined by the 
subglottal pressure and vocal fold transverse stiffness, although a small 
effect of implant stiffness can be observed in Table 2. Similarly, Table 2 
shows that CPP was primarily determined by the subglottal pressure in 
this study, and the effects of vocal fold stiffness and implant stiffness 
were insignificant. 

Fig. 5 and Table 2 also show that for conditions with large implant 
stiffness, large paraglottic space stiffness, and low subglottal pressure, 
vocal folds were more likely to exhibit subharmonic vibration, as 
quantified by high SHR values. Similar observation was made in our 
previous study (Wu and Zhang, 2021). Note that this region of high SHR 
values also had relatively high values of CQ. This suggests that for vocal 
folds that are not completely paralyzed, use of stiff implants is more 
likely to result in tight glottal conditions with irregular vocal fold vi-
bration and voice production with a rough voice quality. 

4. Discussion and conclusions 

The goal of this study was to investigate the effects of implant 

Fig. 3. Phonation threshold pressure (Pth) as a function of implant stiffness (Eim) under different vocal fold conditions (Epg and Et/Gap). The missing data in the right 
panel indicate conditions for which no sustained phonation was observed. 
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stiffness on voice production after medialization laryngoplasty. The ef-
fects of the implant are twofold. Once inserted, the implant becomes part 
of the vibrating structure and thus directly impacts vocal fold vibration 
and voice production. In addition, implant stiffness also affects vocal 
fold deformation during insertion and post-insertion vocal fold geome-
try, particularly the medial surface shape, thus indirectly impacting 
voice production. In this study, using an MRI-based model of vocal folds 
after medialization laryngoplasty, we focused on the first effect of the 
implant stiffness. Our results showed that implant stiffness had impor-
tant effect on the glottal area waveform, particularly the mean glottal 
opening, fundamental frequency of vocal fold vibration, and phonation 
threshold pressure. In contrast, implant stiffness had a much reduced 
effect on the closed quotient, glottal area amplitude, and CPP, indicating 

a small effect on the produced voice quality. These observations are 
consistent with the effects of the body-layer stiffness on voice production 
in a body-cover vocal fold model without implants. This is not surprising 
considering that by compressing and stretching the vocal folds, the 
implant occupies a large portion of the space of the original vocal folds 
(Zhang et al., 2020). In other words, the implant takes over the struc-
tural role of the body layer after implantation, except that the implant 
lacks the active control capability of the thyroarytenoid muscle. 

Our results also showed that the effect of implant stiffness can vary 
significantly subject to individual differences in the stiffness conditions 
of the affected vocal fold and paraglottic space tissues which include 
connective soft tissues and lateral cricoarytenoid muscle. This was 
particularly the case for the effect of implant stiffness on phonation 

Fig. 4. Selected measures of voice production as different vocal fold and implant stiffness conditions. The measures include the mean glottal area (Agmean), glottal 
area amplitude (Agamp), and closed quotient (CQ). Regions without data indicate conditions of no phonation. 

Table 2 
Results from multiple linear regression between selected output measures and model controls and the corresponding R2 values. Coefficients with an absolute value 
>0.1 are highlighted in bold. * denotes p > 0.05.  

Selected measures Agmean Agamp CQ F0 SPL CPP SHR 

Standardized coefficients Et -0.220 -0.491 0.014* -0.084 -0.408 0.083* -0.034* 
Gap -0.428 -0.438 -0.324 0.578 -0.125 0.003* 0.142 
Eim -0.101 -0.080* 0.007* 0.259 0.097 0.064* 0.142 
Epg -0.456 -0.068* 0.338 -0.049* 0.179 0.130* 0.0421 
Ps 0.377 0.621 -0.052* 0.610 0.825 -0.258 -0.328  

R2 0.513 0.573 0.248 0.782 0.692 0.099 0.367  
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threshold pressure. Depending on the stiffness condition of the vocal 
fold and paraglottic tissues, the phonation threshold pressure may either 
increase, decrease, or decrease then increase with increasing implant 
stiffness, as observed in previous experimental studies (Zhang et al., 
2015; Cameron et al., 2020). This indicates a potential role of larynx- 
specific differences in vocal fold stiffness in determining voice out-
comes of medialization laryngoplasty, and that such differences need to 
be taken into consideration during the planning of medialization 
laryngoplasty. 

Our results further showed that this variability was largely related to 
the implant’s ability to provide lateral support to the vocal folds against 
the glottis-opening effect of the airflow. When the implant was too soft 
to provide sufficient lateral support, variations in vocal fold and para-
glottic tissue stiffness had a more noticeable role in determining the 
mean glottal opening (Wu and Zhang, 2021) and thus the phonation 
threshold pressure. On the other hand, implants that were too stiff often 
led to a tight glottal configuration and thus irregular vibration. In our 
previous study (Wu and Zhang, 2021), we showed that the implant 
stiffness has to be higher than 10 kPa. The results in the present study 
showed that implants with intermediate stiffness Eim = 22 kPa had an 
overall low phonation onset across different vocal fold conditions. This 
indicates a potentailly optimal implant stiffness range around 10-22 kPa. 

While our results showed a small effect of implant stiffness on the 
closed quotient and CPP, it should be noted that the post-insertion vocal 
fold geometry was intentionally kept constant in this study, in order to 
isolate the two effects of implant stiffness on voice production, as dis-
cussed above. Previous studies showed that the medial surface shape 
plays a dominant role in determining the closed quotient and CPP. With 
the medial surface shape kept constant in our study, it is not surprising 
that we only observed small variations in the closed quotient and CPP. In 

reality, post-insertion vocal fold geometry highly depends on implant 
stiffness, among many other factors including surgeon experience and 
the biomechanical state of the vocal folds. The effect of implant stiffness 
on post-insertion vocal fold geometry will be investigated in future 
studies. 

Another limitation was that only one larynx geometry derived from 
MRI reconstruction of a Silastic-medialized vocal fold was investigated. 
The implant-vocal fold deformation during implant insertion is expected 
to vary with implant stiffness and geometry as well as individual dif-
ferences in vocal fold geometry and stiffness, which is likely to influence 
the impact of implant stiffness on voice production. For example, 
because of the relatively large vertical thickness of the post-insertion 
medial surface in this study, the phonation threshold pressure was 
relatively high, resulting in no phonation in many conditions (especially 
with high vocal fold stiffness like Et/Gap = 2/10 kPa). Generalization of 
the findings of this study thus requires further studies using different 
post-insertion vocal fold geometry from different individuals and with 
different implants. 

Finally, a few simplifications were made in the computational model 
in order to achieve a computational speed required for parametric 
simulations as in our study. These include simplifications on both the 
fluid and structure sides of the model. The glottal flow was simplified to 
a one-dimensional quasi-steady flow with an ad-hoc flow separation 
model. While vocal folds are known to exhibit nonlinear mechanical 
behavior, in this study they were simplified as linear elastic materials. 
While these simplifications are often made in phonation models and our 
previous studies showed that the model was able to reproduce experi-
mental observations, the findings of this study need to be verified in 
models in which the different physical components are more accurately 
represented and in well-controlled experiments. 

Fig. 5. Selected acoustic output measures at different vocal fold and implant conditions. See the text for the definition of the different measures. Regions without 
data indicate conditions of no phonation. 
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