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Abstract 

Healthy speech requires proper function of the velopharyngeal mechanism, which 

consists of the hard palate, velum (soft palate), lateral and posterior pharyngeal walls, and the 

musculature that drives movement of these structures. The function of the VP mechanism is to 

close the VP port, an orifice between the velum and pharyngeal walls, and completely separate 

the nasal and oral cavities. When the VP mechanism cannot achieve this closure, VP 

dysfunction results. In speech, VPD manifests as hypernasality, nasal air emission, and fatigue, 

in addition to frequent unintelligibility. VP dysfunction is a common occurrence for children 

with repaired cleft palate; approximately 1 in 1000 children are born with cleft palate and 25% 

have VP dysfunction after primary palate repair. VPD is also associated with 22q11.2 deletion 

syndrome, and VPD in this population is not easily treated. The critical barrier for prevention 

and effective treatment of VPD has been the primarily observational nature of studies 

examining the VP mechanism. Insights into VP function and its relationship with anatomy are 

limited by the number and types of measurements that are feasible in vivo, and causal 

relationships cannot be examined due to the sheer number of clinical cases required to isolate 

the effects of pre-repair or surgically reconstructed anatomy. 

Our understanding of the complex relationship between VP structure and in vivo function 

remains limited. In this dissertation, I developed methods to empower this investigation. The 

levator veli palatini is the primary muscle of VP closure, so knowledge of its in vivo function is 

essential to understanding VP mechanics during speech. Therefore, I developed a method to 

measure LVP lengths and velocities during speech production using dynamic MRI. Results 

obtained using this method revealed that LVP shortening and contraction velocity scale with VP 
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port depth. In the 22q11.2 DS population, the relationship between anatomy and function is 

likely more complex than in healthy individuals. Simulations using a computational model 

optimized for anatomical parameter sensitivity revealed that LVP cross-sectional area is a 

disadvantageous feature in all 22q11.2 DS anatomies. However, no other anatomical measure 

was consistently disadvantageous for VP closure across all anatomies, supporting an anatomy-

informed, rather than “one size fits all”, approach to treatment of VPD in children with 22q11.2 

DS. Finally, we do not understand how each muscle of the VP mechanism affects VP closure, 

which limits our ability to prevent and treat VPD. I developed a novel MRI-finite element 

modeling framework to probe the roles of two VP muscles – the palatopharyngeus and 

palatoglossus – in VP closure.  

Ultimately, the framework developed in this dissertation integrates the wealth of 

literature with MRI-based anatomy and validation to provide new insights into VP 

biomechanics. Coupling imaging and computational modeling empowers us to unravel the 

complexities of the VP structure-function relationship and improve the lives of children born 

with cleft palate and those living with VPD.   
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1 Chapter 1 
 
 
 

Introduction 
 
 
 

Nothing in life is to be feared, it is only to be understood.  
Now is the time to understand more, so that we may fear less.  

- Marie Curie 
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1.1 Overview 

Speech is an integral part of everyday communication, but often overlooked is the 

complex coordination of muscles required to achieve healthy speech. In particular, proper 

function of the velopharyngeal (VP) mechanism is vital for healthy speech. The VP mechanism 

consists of the hard palate, velum (soft palate), posterior and lateral pharyngeal walls, and the 

musculature that drives movement of the passive soft tissues (Figure 1.1). The VP mechanism 

functions to completely close the velopharyngeal port, separating the nasal and oral cavities, 

during speech and swallowing. Five muscles insert into or are intrinsic to the velum; of these, 

the levator veli palatini (LVP) is the primary muscle of VP closure (20,67,82,111,169). 

 

 
Figure 1.1 Velopharyngeal Mechanism Anatomy 
The VP mechanism consists of the hard palate, velum, pharyngeal walls, and the associated 
musculature. The primary muscle of VP function is the levator veli palatini. 
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When the VP mechanism is unable to achieve consistent closure of the port, 

velopharyngeal dysfunction (VPD) occurs (Figure 1.2). This leads to hypernasality, nasal air 

emission, and fatigability during speech and often unintelligibility. VPD can result from a variety 

of causes, including genetic syndromes or cleft palate. The most common congenital cause of 

VPD is 22q11.2 deletion syndrome, and 75% of children with 22q11.2 DS have a velopharyngeal 

abnormality (31,95,194). Cleft palate is one of the most common birth defects in the United 

States (159), and 25% of children with repaired cleft palates have VPD (136).  

 

 

Figure 1.2 Velum at rest, Healthy closure versus closure in VPD  
In a healthy anatomy, the VP port completely closes, separately the nasal and oral cavities. However, in 
velopharyngeal dysfunction (VPD), the VP port is not completely sealed, so air can escape into the nose 
and nasal cavity.  

The critical barrier for preventing VPD has been the primarily observational nature of 

studies examining the VP mechanism in healthy individuals and those with VPD. These studies 

have amassed data on velopharyngeal anatomy (e.g. (10,59,68,82,98,103,106,158,169,185)), 

velum movement (e.g. (81,104,142,189)), muscle activations (e.g. (14,20,107,108,113,143)), 
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and VP closure force (e.g. (112,143,144)). However, insights into VP function and its 

relationship with anatomy are limited by the number and types of measurements that are 

feasible in vivo. Outcome studies have reported and compared surgical success rates (e.g. 

(48,152,176,197,204,225)) but cannot provide the underlying cause of surgical success or 

failure. Cause-and-effect relationships cannot be examined due to the sheer number of clinical 

cases required to isolate the effects of pre-repair or surgically reconstructed anatomy. 

In both healthy speakers and individuals with VPD, the relationship between anatomy 

and VP function is not well understood. Previous studies have hypothesized that certain VP 

dimensional extrema exist, such as a minimum ratio between velum length and VP port 

dimensions (187), outside of which healthy speech is unachievable (173). These hypotheses are 

supported by imaging results demonstrating that individuals with VPD have significantly 

different anatomical dimensions than healthy speakers (68,103,167) and a computational 

modeling study highlighting the effect of VP port depth on closure (88). However, there is 

lacking data as to the anatomical dimensions and functional outcomes that constitute a healthy 

structure-function relationship and how this relationship differs in individuals with VPD. An 

increased understanding of this relationship is vital for prevention of VPD where possible (e.g. 

due to a failed cleft palate repair) and development of effective treatments for VPD.  

We believe that investigation of the VP mechanism is an ideal opportunity to couple 

novel magnetic resonance imaging (MRI) techniques with computational modeling. With recent 

advances in MRI, we can capture VP anatomy with sufficient resolution to visualize all of the VP 

musculature or in vivo during natural speech production. These MRI methods not only expand 

our understanding of in vivo LVP function but also empower the use of computational models 
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to provide novel insights difficult to reveal with experimental methods alone. Computational 

models can be used to determine cause-and-effect relationships, ask “what if” questions, and 

generate new hypotheses to advance the study of VP function in healthy individuals and 

individuals with VPD. 

The levator veli palatini (LVP) is known to be the primary muscle of VP closure, but our 

knowledge of LVP behavior during speech is limited, even in healthy individuals. In vivo LVP 

function determines the possible LVP force generation due to the force-length and force-

velocity relationships of skeletal muscle (12,36,51,66,78,84,180). Therefore, evaluation of in 

vivo lengths and velocities is critical to an increased understanding the VP structure-function 

relationship. In Chapter 2, we developed a new method to quantify LVP muscle lengths and 

velocities during speech using dynamic MRI. Using our method, we demonstrated that LVP 

shortening and contraction velocities differ between sounds in healthy individuals. These LVP 

functional measures correlated with VP port depth, suggesting that an individual’s VP anatomy 

influences in vivo function in healthy speech. 

In a clinical population, such as children with 22q11.2 DS, how do alterations in VP 

anatomy affect function? There are inconsistent findings about how VP anatomy differs in 

patients with 22q11.2 DS compared to healthy individuals (45,56,77,97,185,215,226), but the 

importance of these anatomical alterations is how they affect functional outcomes. In Chapter 

3, we adapted an existing computational modeling framework to investigate the effect of 

anatomic variability on VP closure in children with 22q11.2 DS and how that closure differs 

from healthy children. We first showed that this framework was able to distinguish between 

healthy and 22q11.2 DS anatomies. We then used the model to probe which features in 
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22q11.2 DS anatomies most affect VP closure. The model predicted that LVP cross-sectional 

area most disadvantaged closure in all 22q11.2 DS anatomies. However, comparable changes in 

anatomic measures affect VP closure to different degrees, and not every 22q11.2 DS anatomy is 

affected in the same way. These results support a clinical approach where patient anatomy is 

considered when devising surgical intervention for VPD in all patients but especially those with 

22q11.2 DS. 

 We first focused on the LVP as the primary muscle of VP closure, but in addition to the 

LVP, there are four other muscles of the VP mechanism:  musculus uvulae, tensor veli palatini 

(TVP), palatopharyngeus, and palatoglossus. Electromyography (EMG), anatomical dissection, 

and computation modeling studies have shown that the musculus uvulae is a space occupier 

and velar extensor, which assists the LVP in achieving VP closure (8,26,86,108,165,205). 

Previous work suggests that the stiffness in the anterior velum from the TVP tendon benefits VP 

closure, but TVP muscle activation has little effect on velum movement (13,80). However, how 

the palatopharyngeus and palatoglossus affect VP function is not fully understood. Isolating the 

contributions of each muscle is challenging using experimental methods alone. Therefore, in 

Chapter 4, we constructed a finite element model of the VP mechanism to probe the roles of 

the palatopharyngeus and palatoglossus muscles in VP function. Our simulations predicted that 

palatoglossus, and to a lesser extent, the palatopharyngeus, act as LVP antagonists, but the 

effect of both muscles’ contraction is dependent on the current state of LVP activation. 

 Ultimately, we developed a novel framework to investigate the VP mechanism that 

combines MRI and computational modeling. Both imaging and modeling results demonstrate 

the effect of VP anatomy, especially VP portal dimensions, on LVP function and consequently 
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VP function and speech. We also hypothesize that the roles of the LVP antagonist muscles vary 

based on velum position and are likely context dependent, as previously postulated 

(107,145,189). Lastly, which we discuss in Chapter 5, this imaging-modeling framework lays the 

foundation for investigation of VP mechanics in other populations, especially individuals with 

repaired cleft palate.   

1.2 Background 

1.2.1 Velopharyngeal Mechanism Anatomy  

The velopharyngeal (VP) mechanism consists of the bony hard palate, velum (soft 

palate), lateral and posterior pharyngeal walls, and associated musculature (Figure 1.3). The 

orifice between the velum and pharyngeal walls is called the VP port. The muscles of the VP 

mechanism coordinate to close the VP port, which completely separates the nasal and oral 

cavities. This complete closure of the VP port is required for production of oral speech sounds. 

(Only three sounds in English are produced properly without VP port closure.) In healthy 

individuals, elevation and retraction of the velum accounts for the majority of VP port closure 

(163). Anteriorly, the velum is attached to the posterior edge of the hard palate, called the 

posterior nasal spine (PNS). The velum is a passive soft tissue composed of tendinous, 

muscular, adipose, connective, and glandular tissue (53,110), that courses from the PNS to the 

uvula. Velum displacement and deformation toward the posterior pharyngeal wall is caused 

primarily by levator veli palatini (LVP) muscle contraction. Thus, the LVP is the primary muscle 

of VP closure (20,67,82,111,169). The LVP consists of two muscle bundles, each of which 

originate on the petrous portion of the temporal bone (82). The two LVP halves course 
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anteriorly, inferiorly, and medially to insert into the velum, where they interdigitate to form the 

LVP sling (26).  

 The second of five VP muscles is the musculus uvulae, which is intrinsic to the velum and 

courses posteriorly from the anterior velum along the nasal surface of the velum. The musculus 

uvulae adds bulk to the nasal surface of the velum to maximize contact between the velum and 

posterior pharyngeal wall (8,83). In isolation, the musculus uvulae can minimally extend the 

velum, and activation of the musculus uvulae reduces the LVP activation necessary to achieve 

touch closure (86). Thus, the musculus uvulae assists the LVP in achieving VP closure by acting 

as a space occupier and velar extensor (86,108,205).  

 The tensor veli palatini (TVP) muscle originates at the base of the medial pterygoid plate 

of the sphenoid bone and the lateral edges of the Eustachian tube (1,13). The path of the TVP 

runs nearly parallel to the LVP path, coursing medially and inferiorly until the hook of the 

hamulus. The TVP muscle terminates in a tendon that courses around the hamulus and inserts 

into the anterior velum to form the palatal aponeurosis. This aponeurosis stiffens the anterior 

velum posterior to the hard palate and acts as a buffer between the soft velar tissue and bony 

hard palate (163). Contraction of the TVP muscle has been suggested to tense and slightly 

depress the anterior velum, which would aid in VP closure (1,49,70). However, TVP stimulation 

resulted in negligible velum movement (80), and an anatomic study observed that the TVP 

inserts on the hamulus (13), limiting the effect of TVP contraction on velar movement. Despite 

these disagreements, the stiffness in the anterior velum from the TVP tendon that limits 

anterior velum elevation is agreed to be advantageous for VP closure.  
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Figure 1.3 Five muscles of the velopharyngeal mechanism 
 

 At rest, both the palatopharyngeus and palatoglossus muscles are positioned 

anatomically as antagonists to the LVP muscle (82,130,206). The palatopharyngeus is oriented 

primarily vertically and courses inferiorly from the velum to insert into the lateral pharyngeal 

walls. The palatopharyngeus is generally agreed to be more active during swallowing than 

speech (163), but given the anatomic orientation of the palatopharyngeus, anatomic and EMG 

studies postulate that palatopharyngeus contraction adjusts velum position during elevation 

(107,189). The palatoglossus muscle courses from the lateral velum to insert into the lateral 

aspect of the tongue and has been shown to be active (131) and inactive (20) in velum 

lowering. An EMG study reported that both muscles coactivate with the LVP and suggested that 

they position the tongue and velum during speech. However, muscle activity for both muscles 

was to be found to be more variable than that of the LVP and possibly sound-specific (145).  
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1.2.2 Velopharyngeal Dysfunction 

 Velopharyngeal dysfunction (VPD) is a condition in which the VP mechanism cannot 

close the VP port consistently or completely when closure is required, e.g. during oral speech 

production (Figure 1.4). VPD manifests as hypernasality, nasal air emission, and other speech 

impairments in which air escapes from the oral cavity into the nasal cavity or nose during 

speech (156,196). Speakers with VPD can become fatigued and are often unintelligible. 

Additionally, individuals with hypernasal resonance disorders tend to be perceived as less 

intelligent, less reliable, and less kind than those with normal resonance and even those with 

other voice disorders (117). 

 

Figure 1.4 Healthy closure and Velopharyngeal dysfunction with all 5 muscles 
The VP mechanism can complete close the VP port in a healthy speaker, but not in an individual with 
velopharyngeal dysfunction (VPD). During speech, air can escape from the oral cavity into the nasal 
cavity and nose to cause hypernasality and nasal air emission.  
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The term VPD does not attempt to suggest the cause of incomplete VP closure (115,224) 

and encompasses three types of disorders. VP insufficiency is caused by an anatomic or 

structural defect that prevents complete closure, such as a velum that is too short to 

sufficiently reach the posterior pharyngeal wall (224). VP insufficiency is the most common type 

of VPD (115). The second disorder, VP incompetence, is due to neuromuscular causes that lead 

to poor mobility of the VP structures. Lastly, VP mislearning is a behavioral condition that leads 

to misarticulation during specific sounds. The VP mechanism is capable of completely closing 

the VP port consistently but remains partially open during speech production. This dissertation 

is primarily concerned with VP insufficiency and VP incompetence, as these are structural or 

neuromuscular disorders that cannot be successfully treated with speech therapy alone. These 

disorders require surgical or prosthetic intervention. The most common surgical options are 

pharyngeal flap and sphincter pharyngoplasty, both of which decrease the size of the open VP 

port (224). In the case of VPD due to failed cleft palate repair, surgical options also include 

Furlow palatoplasty (32,162,195) and palatal re-repair (198,199). VP mislearning, on the other 

hand, is successfully treated only by speech therapy. Of note, however, is that many individuals 

with VP insufficiency develop misarticulations (VP mislearning) to compensate for the inability 

to achieve VP closure (196) and require speech therapy even after the structural defects have 

been repaired. 

 The most common cause of VP insufficiency is failed cleft palate repair (115). 

Approximately one in 1000 children are born with cleft palate, making it one of the most 

common birth defects in the United States (159). Children born with cleft palate undergo 

surgery typically between six and twelve months of age with the goal of reconstructing the 
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altered VP anatomy to promote proper function (Figure 1.5). Between 20 and 30% of patients 

with repaired cleft palate will have VPD (137,181,222). At present, the type of cleft palate 

repair surgery is based on surgeon preference, rather than patient anatomy. Reconstruction of 

the LVP sling is a primary goal of primary repair (118), but the other muscles are rarely, if ever, 

considered during repair. Some surgical techniques involve fracturing the hamulus to release 

the TVP (42,47,93,153), and it is unknown how the VP muscles, other than the LVP, are 

reoriented during surgery. Although not the focus of this dissertation, we believe the 

framework introduced here will promote the development of surgical plans based on patient 

anatomy that optimize structure and function post-surgery.  

 

Figure 1.5 Unrepaired cleft palate (before surgery) and cleft palate repair surgery 
VP anatomy, primarily levator veli palatini (LVP), is reconstructed to promote healthy function 

VPD can also result from a genetic syndrome, such as 22q11.2 deletion syndrome, also 

known as velocardiofacial syndrome. 22q11.2 DS is caused by a chromosomal deletion and 

affects approximately one in 4000 births (15,18). The phenotypes of 22q11.2 DS vary from 

patient to patient, but 75% of children with 22q11.2 DS have a palatal anomaly (31) and 

22q11.2 DS is the most common congenital cause of VPD (95,194). Hypernasality is a common 
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indicator of 22q11.2 DS and can be due to a variety of VP anatomical anomalies, including but 

not limited to cleft palate (18). Treatments for VPD in the 22q11.2 DS population are generally 

less successful than in non-syndromic cases (16,43,129,141,201). This is due in part to the 

complex etiologies of VPD in children with 22q11.2 DS and the difficulty distinguishing the 

structural causes of VPD from the neuromuscular causes (18,96).  

1.2.3 Magnetic Resonance Imaging to Evaluate Velopharyngeal Anatomy and Function 

 Before rapid advances in magnetic resonance imaging (MRI) over the past 30 years, our 

knowledge of VP anatomy came primarily from anatomical dissection (111). However, VP 

anatomy is not accessible without disturbing the overlying tissues, so anatomical landmarks can 

be destroyed and relative locations distorted. In addition, dissection does not allow for the 

study of VP anatomy in living subjects.  

 MRI allows for visualization of the VP structures of interest in living subjects without 

disturbing tissues superficial to the VP structures. Since development of these sequences, VP 

anatomy has been studied extensively using MRI in healthy adults (e.g. (10,54,164,169,171, 

172)), healthy children (e.g. (100,166,173)), children born with repaired cleft palate before and 

after primary repair (e.g. (106,173,174,210)), adults with repaired cleft palate (e.g. (68,103, 

167)), and in individuals with 22q11.2 deletion syndrome (e.g. (56,98,158)). These imaging data 

sets have promoted discovery of a sex-related differences in LVP length measures in adults that 

do not appear consistently in pre-pubescent children, as well as race-related differences in 

velar length and thickness in children and adults (101,166,171,172). These MRI studies have 

also revealed that adults with repaired cleft palate have shorter and thinner LVP muscles with 

more acute angles of origin, shorter and thinner velum, shorter and smaller musculus uvulae 
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muscles, and greater pharyngeal depths than healthy adults (68,103,165,167). Three-

dimensional (3D) sequences are the current gold standard when acquiring MRI data for study of 

VP anatomy. 3D image sequences can be post-processed to identify planes containing the 

structures of interest (175), rather than depending on correct selection of imaging plane during 

two-dimensional acquisition, which can be challenging and time-consuming, as 3D data sets.   

 Rapid acquisition MRI techniques allow for visualization of VP structures during speech 

production (6,9,19,50,91,175,193), but thus far, dynamic MRI has been limited primarily to 

research. Clinically, nasopharyngoscopy and videofluoroscopy are used to assess VP function 

(175,223). Nasopharyngoscopy provides a top-down view of the VP port during speech but with 

possible camera distortion (177); it allows for excellent qualitative evaluation of speech, but 

quantitative information is not feasible. Videofluoroscopy requires exposure to radiation and is 

limited to the midsagittal plane. Neither modality allows for visualization or measurement of 

the LVP muscle during speech. 

 Dynamic MRI is not limited to a specific plane and allows the user to choose the imaging 

plane best suited for the current investigation. Four imaging planes have been recommended 

for optimal study of VP function (50,175):  mid-sagittal to evaluate velum elevation, frontal to 

assess lateral pharyngeal wall motion, axial to view the VP port, and oblique-coronal to visualize 

the LVP during VP function. Ideally, dynamic MRI would be captured three-dimensionally in real 

time to assess multiple planes simultaneously. Although this is not yet achievable, simultaneous 

acquisition of two intersecting planes during real-time speech production has been 

demonstrated for the mid-sagittal and oblique-coronal planes (55). Simultaneous images in 
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these two planes promotes investigation of in vivo LVP muscle function and its effect on velum 

elevation.  

 With dynamic MRI, there is a trade-off between temporal resolution, spatial resolution, 

and signal-to-noise ratio (125). Most of the VP structures are small, so small variations in 

structure size or location could be important to function; therefore, optimal in-plane spatial 

resolution is under 2 x 2 mm2 (125). Frame rate is of particular importance when imaging VP 

function, as the velar elevation can occur in under 100 milliseconds (104). Many of the first MRI 

studies to assess VP function had frame rates under 6 frames per second, requiring the use of 

sustained phonation (e.g. (3,54,92,214)). While nasopharyngoscopy and videofluoroscopy 

produce video displays (175), dynamic MRI collects images at distinct time points. Therefore, 

the minimum frame rate for effective imaging is 10-20 frames-per-second (150,175,207). Gated 

sequences have been used to increase frame rate (91,94,193), but differences between 

repetitions of a speech sample limit the use of gated sequences for evaluation of VP function 

during speech (151). Frame rates over 100 frames-per-second have been achieved (60,61) but 

required an in-plane spatial resolution larger than sequences with frame rates between 15.8 

and 30 frames-per second that fulfill recommended spatial resolution requirements (55,175).  

1.2.4 Computational Modeling of the Velopharyngeal Mechanism 

 The velopharyngeal (VP) mechanism demonstrates complex morphological changes in 

vivo that benefit from investigation with a three-dimensional (3D) modeling framework. 

Although observational and experimental studies have generated tremendous insights into VP 

function (e.g. (90,101,166,175,211)), there are limits to the types and quantity of data these 

methods can provide. Computational modeling is a powerful tool that can integrate the wealth 
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of literature describing the VP mechanism to investigate cause-and-effect relationships, ask 

“what if” questions, and isolate the effect of specific parameters on function. The type of  

modeling framework used can be optimized for the relationships being investigated. 

 Understanding velum and VP muscle deformation is crucial to interpretation of VP 

function; to represent the velum shape changes observed during speech production, we utilize 

3D finite element modeling. The first two finite element modeling investigations of the VP 

mechanism were limited to two dimensions and used vector forces to represent muscle 

contributions (22,203). Insights from these models and experimental studies examining velum 

and VP port configurations during closure (e.g. (89,142,179)) demonstrated the importance of 

3D representations of the VP mechanism that include the velum, posterior wall, and 

musculature.  

  In our 3D finite element models, we model each of the VP muscles as a transversely 

isotropic, hyperelastic, nearly incompressible material (24). In hyperelastic materials, stress and 

strain are related by: 

 

where S is the second Piola-Kirchoff stress tensor, W is the strain energy density function, and C 

is the right Cauchy-Green strain tensor. This constitutive model uses an uncoupled form of 

strain energy to simulate near-incompressibility (216). The model separates the dilatational 

(volumetric) and deviatoric (distortional) tissue responses (217) and utilizes physically-based 

strain invariants (Figure 1.6) that relate material parameters to physically meaningful measures 

(39), resulting in the following strain energy density function:  

𝑺 = 2
𝜕𝑊

𝜕𝑪
  (Equation 1.1) 
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Volume changes are penalized in the volumetric portion of the strain energy density function 

(Wvol), where K is the bulk modulus and J is the relative change in volume: 

The first term of the deviatoric component of the strain-energy density function (Wdev) 

represents the strain energy due to along fiber stretch (λ) and muscle activation (α). Muscle 

activation (α) scales the force-length relationship of muscle fibers (factive) and is added to the 

passive force (fpassive) determined by fiber length (λ). W1 assumes a peak isometric stress (σmax) 

that occurs at optimal fiber length (λOFL). The deviatoric component of the strain energy density 

function (Wdev) includes the contributions from along-fiber shear (B1) and cross-fiber shear (B2), 

where G1 and G2 are the along-fiber and cross-fiber shear moduli, as shown below: 

 
 
 
 

 
 

 
Figure 1.6  Physically-based strain invariants

(Equation 1.2) 𝑊(λ, α, B1, B2, J) = 𝑊vol(J) + 𝑊dev(λ, α, B1, B2) . 

W vol(J) =           ln(J)2          
K 

2 

(Equation 1.3) 

    λ             = σmax [fpassive(λ) + α  factive(λ)]          

 

dW1 

dλ 

λ 

λOFL 

Wdev(B1, B2, λ, α) = W1(λ, α) +  G1B12 +  G2B22 

(Equation 1.5) 

(Equation 1.4) 

where 
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Two previous studies of the VP mechanism implemented this constitutive model to 

represent muscle in finite element simulations of VP closure (86,87). The first study examined 

the effect of LVP overlap on VP closure force with a model of the velum, posterior pharyngeal 

wall, and LVP muscle and validated with literature closure force data (87). The other study 

quantified the effect of musculus uvulae activation on VP closure by comparing VP closure 

simulations in models with and without inclusion of the musculus uvulae (86). Both studies 

provided new insight into VP function but had geometries based primarily on average adult 

anatomical measurements, rather than subject-specific geometry and validation. 

Computational models based on subject geometry have simplified LVP and other VP 

structure geometry to investigate various aspects of VP or upper airway function (88,126–128). 

Inouye et al. used a geometric model of the LVP, velum, and posterior pharyngeal wall, which 

we adapt in Chapter 3, to probe the effects of anatomy on healthy VP closure in adults (88). 3D 

models of the upper airway that include the velum have been built with subject-specific 

geometry to investigate obstructive sleep apnea, but the muscles were either not included or 

grouped together in one mid-velar layer (126–128). 
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2.1 Abstract 

Purpose:  To develop a method able to quantify levator veli palatini (LVP) muscle shortening 

and contraction velocities using dynamic magnetic resonance imaging (MRI) throughout speech 

samples and relate these measurements to velopharyngeal portal dimensions. 

Method:  Six healthy adults (three males and three females, M = 24.5 years) produced syllables 

representing four different manners of production during real-time dynamic MRI scans. We 

acquired an oblique-coronal slice of the velopharyngeal mechanism, which captured the length 

of the LVP, and manually segmented each frame. LVP shortening and muscle velocities were 

calculated from the acquired images.   

Results:  Using our method, we found that subjects demonstrated greater LVP shortening and 

higher maximum contraction velocities during fricative and plosive syllable production than 

during nasal or vowel syllable production. LVP shortening and maximum contraction velocity 

positively correlated with velopharyngeal port depth.  

Conclusions:  In vivo LVP function differs between manners of production, as expected, and an 

individual’s velopharyngeal portal dimensions influence LVP function. These measures 

contextualized with the force-length and force-velocity muscle relationships, provide new 

insight into LVP function. Future studies could use this method to investigate LVP function in 

healthy speakers and individuals with repaired cleft palate and how function relates to 

velopharyngeal anatomy.
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2.2 Introduction 

The velopharyngeal (VP) mechanism consists of the velum, lateral pharyngeal walls, 

posterior pharyngeal wall, and associated musculature. Proper function of the VP mechanism is 

necessary for acceptable and perceptually normal speech production. During oral speech 

production in healthy individuals, the VP muscles, primarily the levator veli palatini (LVP), move 

the velum superiorly and posteriorly into contact with the posterior pharyngeal wall (82,169). 

This action, in conjunction with lateral wall contraction seals the VP port, completely separating 

the nasal and oral cavities, which is required for oral speech production. VP dysfunction (VPD) 

occurs when the VP mechanism is unable to close the port completely and is a common issue 

for individuals with repaired cleft palate. How VP anatomy affects function in healthy 

anatomies is unknown; furthermore, an understanding of how this structure-function 

relationship differs in repaired cleft palate remains limited. The LVP is the primary muscle of VP 

closure (20), so a method to measure in vivo LVP function is needed to empower investigation 

of the VP structure-function relationship. 

The LVP is one of over 600 skeletal muscles in the body (132), all of which are 

characterized by two properties intrinsic to skeletal muscle and related to muscle force-

producing capability:  force-length and force-velocity relationships. These two fundamental 

relationships describe how muscle length and contraction velocity affect the muscle’s force-

generating potential. Maximum isometric active force is produced when a muscle is at or near 

optimal length, and force decreases as the muscle lengthens or shortens away from optimal 

length (36,51,66,84,180). For non-isometric contraction, the velocity of the muscle contraction 
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affects its force-generating potential.  As contraction velocity increases, force decreases until a 

maximum velocity is reached at which no force can be generated (12,78).  

If muscle force-generating potential is diminished due either to muscle length, muscle 

velocity, or both, two possibilities exist.  Either the LVP cannot achieve the force necessary for 

effective closure of the VP mechanism, and thus, hypernasality and dysfunctional speech result; 

or if closure is possible, greater LVP muscle activation is required to achieve closure, and 

repeated activations cause fatigue during speech. A computational modeling study predicted 

that certain advantageous VP anatomies could produce nearly twice the degree of closure, as 

measured by closure force, as less advantageous anatomies for the same LVP activation level 

(88). In that study, the disadvantageous anatomies required greater amounts of LVP shortening, 

moving the muscle farther away from optimal fiber length, and consequently, decreasing the 

force-generating ability of the muscle. These results highlight the need for further investigation 

into the relationship between VP anatomy and LVP muscle lengths and velocities. In order to 

test the hypotheses posed above and quantitatively establish what constitutes healthy LVP 

function, a new experimental method to capture LVP muscle lengths and velocities in vivo is 

needed. 

The goals of this study are to (i) develop a new methodology for determining LVP muscle 

shortening (length change) and muscle velocities during speech production using real-time 

dynamic MRI; and (ii) demonstrate our method’s utility to advance understanding of in vivo LVP 

function by comparing LVP function in syllables that represent four different manners of 

production and relating these LVP functional measures to VP anatomy. We describe a method 

for calculating LVP muscle shortening and contraction velocity from oblique-coronal static and 
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dynamic MRI that can be utilized with any speech sample, and our method is exhibited for a 

sampling of English syllables. We predict that measures derived from our method will be able to 

distinguish oral consonants requiring high oral pressures from vowels and nasal consonants, 

which require lower oral pressures (4). Additionally, we expect that our LVP functional 

measures will correlate with VP port depth. We applied our method for calculating LVP length 

and muscle velocity to six adults with healthy VP anatomy producing a sampling of English 

syllables. Based on these results, we examined the relationship between VP anatomical 

parameters and LVP muscle shortening and velocity.   

2.3 Methods  

Participants 

Six Caucasian healthy adults, consisting of 3 males and 3 females, between the ages of 

21 and 29 years old (M = 24.5 years, SD = 3.3 years) with body mass index less than 27, 

participated in this study.  All participants were native English speakers, and none reported 

history of musculoskeletal disorders, sleep apnea, or neurologic disorders that could affect the 

study’s region of interest.  Additionally, each participant was judged by first author to have 

normal resonance. No subjects had any contraindications for magnetic resonance imaging 

scans.  Informed consent was obtained for each participant, and this study was approved by the 

institutional review board of the University of Virginia. 

Magnetic Resonance Imaging 

 All participants were scanned using a Siemens Avanto 1.5 Tesla magnetic resonance 

(MR) scanner with head and neck coil arrays.  After localizer scans, two three-dimensional (3D) 
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anatomic scans were performed while each participant was at rest. Each subject was instructed 

to breathe normally through the nose and swallow as infrequently as possible to minimize 

velum motion and image blurring. A high-resolution, T2-weighted turbo-spin-echo scan with 

the optimized SPACE (sampling perfection with application optimized contrasts using different 

flip angle evolution) protocol (147) was used to acquire images in both static scans (details in 

Table 2.1). Sagittal images acquired from the first 3D scan were used to identify an oblique-

coronal plane containing the length of the LVP.  Images from the second 3D scan were parallel 

to this oblique-coronal plane.  Scan time for each static scan was slightly more than 8 minutes.   

Images of the VP mechanism during speech were acquired using a real-time spiral gradient 

echo (GRE) sequence (55). This sequence allows for simultaneous acquisition of two non-

parallel slices. For most effective evaluation of velar and LVP motion during speech, a mid-

sagittal slice and an oblique-coronal slice along the length of the LVP (parallel to the static 

oblique-coronal plane) were chosen.  Images from the static oblique-coronal scan were used 

determine the optimal location for the dynamic oblique-coronal slice. Each dynamic slice has 

temporal resolution of 18.2 frames-per-second (fps) and spatial resolution of 1.2 x 1.2 mm2 

with a 156 x 156 mm2 field-of-view and slice thickness of 8 mm. Each participant completed 

eight dynamic scans while producing a different English syllable for 6.6-second real-time scan. 

Participants were asked to produce two plosive consonant syllables (/bʌ/, /kʌ/), two fricative 

consonant syllables (/sʌ/, /fʌ/), two nasal consonant syllables (/mʌ/, /nʌ/), and two vowel 

syllables (/æ/, /i/). Participants repeated the chosen syllable three times at a self-selected 

comfortable pace during the dynamic scan. Duration of each vowel syllable production was no 

more than 0.5 seconds for any subject.
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Static 3D MRI parameters 
Pulse Sequence SPACE: T2 turbo-spin-echo, flip angle: 150  
Field of View 256 x 256 x 159/119 (sag/ob-cor) mm3 
Repetition Time 1000 ms 
Echo time 121/122 (sag/ob-cor) ms 
Echo train length 59 ms 
Averages 2 
Resolution 1.0 mm isotropic 
Length of scan 8 min 22 s for 1 static volume 

Table 2.1 Static MRI Protocol, 1.5 T 
 

Image Analyses 

Both the high-resolution static images and real-time oblique-coronal dynamic images 

were analyzed to determine LVP muscle lengths during speech (Figure 2.1). In the static images, 

in which the LVP body can be easily identified, we defined reference lines and quantified the 

relationship between these reference lines and the LVP path. Then, in the lower-resolution 

dynamic images that capture velum movement, once the reference lines were placed, we used 

the previously quantified relationship to determine the LVP path in each dynamic frame. All 

image analyses were completed in OsiriX (183). The high-resolution static oblique-coronal 

image corresponding to the location of the dynamic oblique-coronal slice was determined by 

location recorded by the scanner and manually confirmed. On the chosen static image, we 

placed two inferior-superior (vertical in 2D image) reference lines on each lateral edge of the VP 

port (Right Lateral Line, Left Lateral Line, Figure 2.1). Additionally, we placed two lateral 

reference lines (horizontal in 2D image) at the superior and inferior boundaries of the velum 
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(Superior Velum Line, Inferior Velum Line, Figure 2.1). These references lines were chosen 

specifically because their locations are easily identifiable in both the high-resolution static 

image and the lower-resolution dynamic images. All references for image analysis are detailed 

in Table 2.2.  

The body of the LVP in the oblique-coronal image was identified similarly to previous 

studies (100,164,175) with the origin designated the LVP origin point (LOP). We estimated the 

path of the LVP as a two-segment, three-vertex line with each vertex positioned on the LVP 

body. The vertices were defined such that one vertex is the LOP; the middle vertex, called Velar 

Boundary Point (VBP), lies along the Left Lateral Line (LLL), and the final vertex, noted Mid-

Velum Point (MVP), is halfway between the Right Lateral Line (RLL) and LLL. With the LVP path 

determined, scaling factors were defined to quantify the relationship between the LVP path 

vertices and the Superior and Inferior Velum Lines (SVL and IVL respectively). The mid-velum 

scaling factor, MVf, is the in-plane vertical distance between MVP and SVL divided by the velar 

thickness. Similarly, the velar boundary scaling factor, VBf, is the in-plane vertical distance 

between VBP and SVL divided by the velar thickness. These factors were determined per 

subject (Figure 2.1C) and led to the following relationship between LVP path vertices and 

reference lines:  

MVPx = (LLLx + RLLx)/2 

MVPy = SVLy – MVf * (SVLy – IVLy) 

VBPx = LLLx 

VBPy = SVLy + VBf * (SVLy – IVLy). 
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A dynamic image acquired with the velum at rest and the selected static image were 

manually aligned using anatomical features and landmarks clearly distinguishable in both 

images, such as head outline, bottom teeth profile, and VP port location. Reference lines and 

LVP origin point (LOP) from the higher resolution static images were overlaid on the dynamic 

image (Figure 2.1D).  The Left and Right Lateral port reference lines (LLL, RLL) and LVP origin 

point remained constant throughout each dynamic image series. The Superior and Inferior 

Velum lines were placed manually in each dynamic image based on current velum location. The 

intravelar segment of the LVP was estimated as a straight line segment between Mid-Velum 

Point and Velar Boundary Point, and the extravelar segment was estimated as a straight line 

segment from Velar Boundary Point to LVP Origin Point.  The total length measurement of the 

LVP was the sum of the intra- and extravelar segment lengths. LVP length was calculated for 

each frame of every dynamic series. LVP resting length was defined as the maximum LVP length 

calculated across all frames in each dynamic series. For each frame, LVP shortening, in units of 

mm, was calculated as the difference between resting length and LVP length in the current 

frame, i.e. LVPrest – LVPframe. The largest shortening value calculated for each sample was 

defined to be the maximum shortening for the given speech sample. Normalized LVP 

shortening for each frame was calculated as LVP shortening divided by resting length, and 

maximum relative LVP shortening was determined for each speech sample. LVP lengths were 

plotted versus time to create a time course of LVP length throughout each speech sample 

(normalized example in Figure 2.2A).
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Plane Reference Definition 

ob
liq

ue
-c

or
on

al
 

Levator Origin Point (LOP) point located at LVP origin 
Superior Velum Line (SVL) in-plane horizontal line denoting the superior-posterior boundary of velum 
Inferior Velum Line (IVL) in-plane horizontal line denoting the inferior-anterior boundary of velum 
Right Lateral Line (RLL) in-plane vertical line at the right lateral boundary of the VP port 
Left Lateral Line (LLL) in-plane vertical line at the left lateral boundary of the VP port 

Mid-Velum Point (MVP) point identified on LVP path located in the middle of the velum           
(equidistant from the RLL and LLL) 

Velar Boundary Point (VBP) point identified at the intersection of LVP path and LLL 
  Measure Definition 

m
id

-s
ag

itt
al

 pharyngeal depth posterior nasal spine to posterior pharyngeal wall along plane of hard palate 

sagittal angle angle between line defined by anterior boundaries of 3rd and 4th cervical 
vertebrae and the line along LVP length 

velar length length of curvilinear line from posterior nasal spine to the tip of the uvula 
through the middle of the velum 

ob
liq

ue
-c

or
on

al
 

port depth 
linear distance from the anterior, mid-sagittal point on the surface of the velum 
to the posterior, mid-sagittal point in the oblique-coronal plane on the surface 
of the posterior pharyngeal wall 

velar thickness (VT) in-plane vertical distance between superior velum line and inferior velum line 
(also defined in mid-sagittal plane as distance from velar knee to velar dimple) 

ΔMV  in-plane vertical distance between MVP and SVL  
ΔVB in-plane vertical distance between VBP and SVL 

Table 2.2 Reference point and lines and measurements taken for image analysis 
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Figure 2.1 Imaging planes, reference lines, and measurements used for analysis.  
A. Static, midsagittal view displays oblique-coronal imaging plane along the length of LVP; pharyngeal 
depth (defined as posterior nasal spine to PPW along plane of hard palate); velar length; and sagittal 
angle (the angle between the line defined by anterior boundaries of 3rd and 4th cervical vertebrae and 
line along the LVP length).  
B. Static oblique-coronal view, defined in A, displays the LVP origin point (LOP) and four reference lines 
used to calculate LVP length, as well as velopharyngeal port depth. In the image plane, two reference 
lines are horizontal:  superior velum line (SVL) and inferior velum line (IVL); two are vertical:  right lateral 
line (RLL) and left lateral line (LLL). C. Static, oblique-coronal view with boundaries denoted by white 
dotted box in B. The two-segment path of LVP is determined such that the end vertex (mid-velum point) 
lies halfway between RLL and LLL; the middle vertex (velar boundary point) lies on LLL; and the end 
vertex is the LOP.  
C. Once the path is determined, scaling factors are defined to quantify the relationship between mid-
velum and velar boundary points and superior and inferior velum lines for dynamic analysis. Velar 
thickness (VT), ΔMV, and ΔVB are defined as the in-plane vertical distances between SVL and IVL, MVP 
and SVL, and VB and SVL respectively. The scaling factor MVf is ΔMV divided by VT; similarly, scaling 
factor VBf is ΔVB divided by VT.  
D. Dynamic, oblique-coronal image with velum at rest displays reference lines and points with LVP path 
calculation. As the velum moves vertically in plane throughout the image series, SVL and IVL are 
adjusted in each frame. MVP and VBP are recalculated, and the two-segment path of the LVP is 
determined for that frame. 
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We fit a piecewise cubic spline to the LVP length versus time data in MATLAB (The 

Mathworks Inc, Natick, MA, USA). We then computed the derivative with respect to time of the 

cubic spline and evaluated the derivative at each time point in the dynamic series to determine 

LVP muscle velocity. Non-normalized LVP lengths were used to calculate LVP velocities in units 

of mm/second, and normalized LVP lengths were used to calculate normalized LVP velocities in 

units of muscle lengths/second (Figure 2.2). Positive velocities correspond to muscle 

lengthening and negative velocities to muscle shortening. Therefore, maximum contraction 

velocity for each speech sample was defined as the minimum calculated velocity (most 

negative). 

Mid-sagittal dynamic images were used to confirm VP closure during analysis of oblique-

coronal images. In each subject’s static, oblique-coronal image, acquired with the velum was at 

rest, we measured VP port depth as the linear distance from the anterior, mid-sagittal point on 

the surface of the velum to the posterior, mid-sagittal point in the oblique-coronal plane on the 

surface of the posterior pharyngeal wall. In each subject’s static, mid-sagittal image, acquired 

while the velum was at rest,  we made three additional anatomical measurements:  pharyngeal 

depth, defined as linear distance between the posterior nasal spine (PNS) and the posterior 

pharyngeal wall along the plane of the hard palate; velar length, defined as the curvilinear 

length from PNS to the tip of the uvula; and sagittal angle, the angle between the line defined 

by anterior boundaries of 3rd and 4th cervical vertebrae and line along the LVP length.  

Statistical Analysis 

LVP shortening and maximum LVP contraction velocities were tested for normality using 

the Shapiro-Wilk test. Assumptions of normality for LVP shortening and normalized shortening 
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values were met (p = .153 and p = .267 respectively) but were violated for LVP contraction 

velocities and relative contraction velocities (p < .001 for both). However, following a 

logarithmic transformation, assumptions of normality were met for both contraction velocities 

and relative contraction velocities (p = .443 and p = .604 respectively).  Mauchly’s Test of 

Sphericity indicated that assumptions of sphericity had not been violated for any LVP function 

measure:  shortening:  χ2(5, N = 48) = 3.115, p = .684; normalized shortening:  χ2(5, N = 48) = 

2.298, p = .807; contraction velocity:  χ2(5, N = 48) = 1.657, p = .895; and relative contraction 

velocity:  χ2(5, N = 48) = 1.688, p = .891.  

 Differences in LVP shortening and maximum LVP contraction velocities between types of 

sounds were analyzed using a repeated measures Analysis of Variance (rANOVA). Pairwise 

differences between types of sounds were compared using paired t tests with Holm-Bonferroni 

corrected critical values to minimize the effect of multiple comparisons and to control the 

familywise (Type I) error rate.  The relationship between VP port depth and each LVP function 

measure (shortening or maximum contraction velocity) was analyzed using linear regression 

between each subject’s VP port depth measurement and average LVP measure across all 

sounds. Similarly, the relationships between each of pharyngeal depth, velar length, and 

sagittal angle and LVP shortening and maximum contraction velocity were analyzed using linear 

regression. 
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Figure 2.2 Time course of normalized LVP length and muscle velocity  
Normalized LVP length is relative to resting length. Subject is producing /kʌ/ three times during the 6.6 
second scan.  
A. The length of the LVP shortens for the first utterance and relaxes slightly before shortening for the 
second and third utterances. Maximum shortening is calculated as the difference between the shortest 
LVP length and LVP resting length, defined per subject.  
B. Muscle velocity is the time derivative of LVP length.  Negative velocity indicates muscle shortening, 
and maximum contraction velocity is defined as the minimum calculated (most negative) muscle 
velocity. 
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2.4 Results 

Across all speech samples for all subjects, LVP shortening relative to resting length varied 

an average of 1.7% between the three productions of the sample syllable. LVP shortening 

measured during vowel and nasal consonant syllables was consistently lower than shortening 

during plosive and fricative syllable production for all but one subject. For that subject, 

shortening during /kʌ/ was similar to shortening during vowel production for all three 

productions, and shortening was greatest during other plosive and fricative syllable production.  

LVP shortening relative to resting length varied significantly between manners of production, as 

determined by a rANOVA, F(3, 33) = 43.86, p < .001. Subjects demonstrated the greatest LVP 

shortening during production of fricative, M = 17.8, 95% Confidence Interval (CI) [14.7, 20.9], 

and plosive, M = 17.5, 95% CI [14.4, 20.6], syllables. Maximum LVP shortening values (% resting 

length) measured during both plosive and fricative speech samples were significantly greater 

(ps < .001) than those during nasal consonant production, M = 10.1, 95% CI [7.5, 12.8], or vowel 

production, M = 13.9, 95% CI [11.2, 16.6] (Figure 2.3A, Table 2.3). The LVP shortened 

significantly more (p < .001) during vowel production compared to nasal production (Table 2.3, 

Figure 2.3B). Additionally, maximum LVP shortening (mm) significantly differed between each 

manner of production, F(3, 33) = 39.54, p < .001. The magnitudes of shortening were 

significantly different (ps < .001) between all pairs, except for between plosives and fricatives 

(Table 2.4).  

A similar trend held true for LVP maximum contraction velocities; maximum contraction 

velocities varied significantly across the four manners of production, F(3, 33) = 16.00, p < .001. 

Relative maximum contraction velocity (muscle lengths/second) was highest during fricative 
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syllables, M = 0.67, 95% CI [0.50, 0.90], followed by plosive syllables, M = 0.62, 95% CI [0.48, 

0.81] (Figure 2.3B). Maximum contraction velocities for both fricatives and plosives were 

greater than contraction velocities demonstrated during vowel, M = 0.38, 95% CI [0.31, 0.47], 

or nasal consonant production, M = 0.34, 95% CI [0.25, 0.48] (Table 2.3). In addition, maximum 

contraction velocities (mm/second) varied significantly between sound types. F(3, 33) = 16.09,  

p < .001.  

The relationship between each measurement and VP port depth was examined to 

provide insight into how LVP function relates to subject anatomy. Average maximum shortening 

(mm) across speech samples positively correlated with VP port depth, R2 = 0.89, F(1, 4) =  32.57, 

p = .005 (Figure 2.4A).  Similarly, maximum contraction velocities (mm/second) positively 

correlated with VP port depth, R2 = 0.82, F(1, 4) =  18.26, p = .005 (Figure 2.5A). Maximum 

contraction velocities also positively correlated with pharyngeal depth, though to a lesser 

extent than with port depth, R2 = 0.69, F(1, 4) =  9.02, p = .040. Neither LVP shortening nor 

maximum contraction velocity correlated positively or negatively with sagittal angle or velar 

length (Figure 2.4 and Figure 2.5). Relative maximum shortening and relative maximum 

contraction velocity also positively correlated with VP port depth, R2 = 0.86, F(1, 4) =  23.60,  

p = .008 and R2 = 0.71, F(1, 4) =  9.99, p = .034, respectively. 
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Figure 2.3 Maximum shortening and contraction velocity across sounds 
A. Maximum shortening, relative to resting length, for the four types of sounds (bars indicate mean ± 
95% confidence interval) 
B. Maximum contraction velocity in muscle lengths per second across the four types of sounds (bars 
indicate ± 95% confidence interval). P values and significance were determined using paired t tests with 
Holm-Bonferroni corrected critical values. **p<0.01; ***p<0.001; ****p<0.0001 

 

  

Normalized Shortening (% Rest) Shortening (mm) 

Mean 
Standard 
Deviation 

Lower 95% 
CI 

Upper 95% 
CI Mean 

Standard 
Deviation 

Lower 
95% CI 

Upper 
95% CI 

Plosives 17.5 4.9 14.4 20.6 8.4 2.7 6.7 10.1 
Fricatives 17.8 4.8 14.8 20.9 8.5 2.7 6.8 10.3 

Nasals 10.1 4.2 7.5 12.8 4.8 2.2 3.5 6.2 
Vowels 13.9 4.2 11.2 16.6 6.7 2.3 5.2 8.1 

  Relative Contraction Velocity (lengths/sec) Contraction Velocity (mm/sec) 

 Raw 
Mean# 

Standard 
Deviation# 

Trans- 
formed 
Mean^ 

Lower 
95% 
CI^ 

Upper 
95% 
CI^ 

Raw 
Mean# 

Standard 
Deviation# 

Trans- 
formed 
Mean^ 

Lower 
95% 
CI^ 

Upper 
95% 
CI^ 

Plosives 0.67 0.31 0.62 0.48 0.81 32.2 15.1 29.3 22.1 38.9 
Fricatives 0.74 0.35 0.67 0.50 0.90 35.4 18.0 31.8 23.6 43.0 

Nasals 0.39 0.21 0.34 0.25 0.48 18.5 10.6 16.2 11.6 22.6 
Vowels 0.40 0.15 0.38 0.31 0.47 19.3 8.0 18.0 14.1 23.0 

# - Raw Mean and Standard Deviation calculated from un-transformed data 
^ - Due to violation of normality assumption, means and confidence intervals were calculated from data following logarithmic 
transformation and then back-transformed to determine Transformed Mean and Confidence Intervals  

Table 2.3 Means, standard deviations, and confidence intervals for LVP shortening and 
contraction velocity
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Normalized 
Shortening 

(% Rest)          
p value 

Shortening 
(mm)           

p value 

Relative Contraction 
Velocity 

(lengths/sec)              
p value 

Contraction Velocity 
(mm/sec)                        

p value 
Plosives Fricatives 0.704 0.656 0.477 0.469 
Plosives Nasals <0.001 <0.001 <0.001 <0.001 
Plosives Vowels <0.001 <0.001 0.002 0.002 
Fricatives Nasals <0.001 <0.001 <0.001 <0.001 
Fricatives Vowels <0.001 <0.001 <0.001 <0.001 
Nasals Vowels <0.001 <0.001 0.471 0.469 

Table 2.4 P values for all pairwise comparisons  
P values calculated using paired t test with significance determined using Holm-Bonferroni corrected 
critical values. 
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Figure 2.4 Maximum shortening correlations with anatomical measures 
Maximum shortening, measured in mm, positively correlates with velopharyngeal port depth (A) and 
moderately positively correlates with pharyngeal depth (B). Maximum shortening does not significantly 
correlate with sagittal angle (C) or velar length (D).  
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Figure 2.5 Maximum contraction velocity correlations with anatomical measures  
Similar to maximum shortening, maximum contraction velocity, measured in mm/second, positively 
correlates with velopharyngeal port depth (A). Maximum contraction velocity also significantly positively 
correlates with pharyngeal depth (B) but does not significantly correlate with sagittal angle (C) or velar 
length (D). 
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2.5 Discussion 

The purpose of this study was to develop a new method for evaluating LVP muscle 

behavior during real-time speech using dynamic MRI and demonstrate this method by 

comparing LVP function between sounds and probing the relationship between VP anatomy 

and in vivo LVP function. Experimental investigation into how VP anatomical variability affects 

LVP function was impossible without a method to measure LVP function in vivo. Our described 

method combines static and real-time dynamic MRI, both acquired in the plane of the LVP, to 

measure LVP length and velocities during speech production. Our results demonstrate that our 

method is capable of determining the variation in LVP function between different manners of 

production, as well as providing LVP muscle shortening and velocity measures that can be used 

to investigate the VP structure-function relationship.  

 Our dynamic LVP shortening results are comparable to LVP shortening values reported 

in previous studies.  Average LVP shortening was reported to be 19% during sustained fricative 

production (54), similar to the our average shortening of 17.8% during dynamic fricative syllable 

production (SD = 4.8). Ettema et al. reported greatest amounts of LVP shortening during 

fricative production, followed by vowel, and lastly nasal production. The present study found 

the same progressive decrease in LVP shortening, and the real-time nature of our method 

enabled us to demonstrate that LVP contraction velocities are greater during plosive and 

fricative syllable production than during nasal or vowel production. Our shortening results also 

compare favorably to length changes reported during real-time production of the nonsense 

word “ansa”. Perry et al. reported average LVP shortening values across ten subjects, ranging 

from 5% during /n/ to 16% during the final /a/ production (175). In our six subjects, LVP 
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shortening ranged from 10.1% (SD = 4.2) during nasal production to 17.8 % (SD = 4.8) during 

fricative production. 

 Relating LVP shortening and velocity measurements to VP port depth provided new 

insights into the relationship between VP anatomy and in vivo LVP function. We found that 

both LVP shortening and maximum contraction velocities positively correlate with VP port 

depth. This suggests that individuals with a shallower VP port require less muscle shortening 

and shortening at a slower rate than individuals with a deeper VP port do. Additionally, 

maximum contraction velocities positively correlated with pharyngeal depth, whereas LVP 

lengths and velocities did not correlate with either sagittal angle or velar length (ps > .05, Figure 

2.4 and Figure 2.5). VP port depth and pharyngeal depth are both indicative of the physical 

distance the LVP must contract to achieve VP closure. These correlative relationships imply that 

a subject’s VP port dimensions affect LVP muscle function and provide evidence to support the 

hypothesis that a range of ratios between VP portal and LVP muscle dimensions exists, outside 

of which healthy VP closure is unachievable (88,173,187).  

 Given the context of the force-length relationship, our dynamic MRI-based method 

provides new and valuable insights into LVP muscle mechanics during speech. Our method 

facilitates novel functional insights during speech that are similar to insights gained using 

ultrasound imaging to investigate lower limb muscle mechanics during walking and other 

locomotion (28,41,121). These in vivo imaging methods are required to evaluate typical muscle 

behavior and its effect on function in healthy and pathological populations. During speech 

production, when the LVP contracts and shortens to close the VP port the muscle moves away 

from optimal length, reducing force-generating capacity. When less shortening occurs, due to 
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either the type of sound or the speaker’s VP anatomy, the LVP is operating near the peak of the 

force-length curve. The reduction in LVP force-generating capability is minimal for our observed 

range of shortening (5.6% to 26.3% across all subjects, Figure 2.6A) if we assume that optimal 

fiber length occurs at resting length, similar to previous studies (e.g. (87)). However, the 

ascending limb of the force-length curve becomes very steep as fibers continue to shorten from 

optimal fiber length. As the LVP muscle shortens more substantially, force-generating potential 

sharply decreases. Further studies are needed to determine how much the LVP shortens in 

individuals with repaired cleft palate and if that level of shortening results in a meaningful 

reduction in muscle force generation. 

Our method provides measurements of LVP contraction velocities during speech, which 

are functionally meaningful due to the force-velocity relationship of muscle. As muscle velocity 

increases, the force produced decreases until a maximum velocity (vmax) is achieved at which no 

force can be produced. Vmax of the LVP is unknown, but using the fiber type distribution (Moon, 

et al., 1998) and known vmax for each fiber type (Larsson & Moss, 1993), we estimate LVP vmax as 

1.5 lengths/second. In our limited speech sample, the LVP operated at contraction velocities 

between 0.39 and 0.74 muscle lengths/second. Contraction velocities of this magnitude lead to 

substantial reductions in LVP force-generating potential (Figure 2.6B). For effective production 

of sounds with higher contraction velocities, the LVP would need greater activation to achieve 

the force required, leading to possible muscle fatigability, especially in individuals with 

undersized LVP muscles. There is a tradeoff, however, between muscle force generation and 

power production. Muscle power, i.e. the product of force and contraction velocity, is 

maximized near 0.3vmax. In our group of healthy adults, the LVP is operating close to 0.3vmax for 
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many of the sounds included, leading to near maximal power output. The contraction velocities 

observed in healthy speakers yield enough force to achieve sufficient closure for plosive and 

fricative sounds while remaining near peak power. However, LVP contraction velocities and 

their effects on force generation, power production, and VP function in individuals with 

repaired cleft palate are unknown and warrant investigation.   

An understanding of how differences between repaired cleft and healthy anatomies 

affect VP function remains limited.  More severe cases of VPD tend to have a shorter effective 

velar length, defined as the linear distance from posterior nasal spine to center of LVP muscle 

(81). Additionally, hypernasality persisted when total velar length did not increase after 

secondary palate repair (44,63). Other studies have proposed that there exist VP dimensional 

extrema, e.g. minimum ratio of velar length to pharyngeal depth (187) or range of LVP lengths 

and angles of origin (173), outside of which healthy speech is unachievable. LVP muscles from 

children with cleft palate consist of more connective tissue and less contractile tissue within the 

muscle, a higher proportion of type II, fast-twitch fibers, and noted hypoplasia compared to 

muscles from noncleft children (120,124). By adulthood, individuals with repaired cleft palate 

demonstrate shorter and thinner LVP muscles, reduced LVP volume, more acute LVP angles of 

origin, and greater pharyngeal depths than healthy adults (68,103,167). These inherent 

morphological and structural differences between healthy and repaired anatomies lead to the 

hypothesis that LVP shortening magnitudes and velocities differ between healthy speakers and 

individuals with repaired cleft palate. Future studies can utilize this method to investigate this 

hypothesis and the effects of altered anatomy on LVP function.   
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Figure 2.6 Fundamental relationships of skeletal muscle.  
A. Force-length relationship. Active muscle force is maximized at optimal fiber length. Active force-
generating potential decreases as the muscle shortens or lengthens from optimal fiber length. At 26.3% 
shortening from optimal fiber length (the maximum demonstrated in our subjects), LVP active force-
generating capability is approximately 13% less than maximum active force. 
B. Force-velocity-power relationship. A muscle produces maximum muscle force when muscle 
contraction velocity is zero. As a muscle shortens more quickly, it can produce less force. A muscle can 
produce no force when contraction velocity reaches vmax.  Muscle power, defined as force*velocity, is 
maximized when contraction velocity is ~0.3vmax. We estimated LVP vmax from levator fiber type 
distribution and muscle fiber type vmaxs (119,146). For the demonstrated range of LVP contraction 
velocities (0.39 to 0.74 muscle lengths/second), muscle force is decreased between 73% and 88% from 
maximum. However, at these contraction velocities, the LVP is producing near maximum power.  
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A critical limitation of this study is the dynamic imaging frame rate of 18.2 fps. Velar 

elevation can occur in or under 100 ms (104), making the minimum frame rate for effective 

imaging of the VP mechanism at least 10 fps (150,175,207). Our frame rate of 18.2 fps is well 

above that minimum, but there is the possibility that our images missed the exact instant of 

maximum LVP shortening. This would result in possible random underestimation of true LVP 

shortening values and possible addition of noise to our measurements. Despite this possibility, 

we were able to capture differences between sounds representing different manners of 

production greater than the potential noise. As stated above, our LVP shortening results 

compare favorably with shortening values determined from dynamic scans at 30 fps (175), 

giving us confidence that our method is able to capture LVP behavior trends. Additionally, our 

reported contraction velocity values are average velocities over the 55 ms between frames, 

rather than instantaneous velocities, so our reported values could possibly underestimate true 

maximum LVP contraction velocities. Future studies would benefit from a higher frame rate to 

minimize the time over which the velocity measurement is averaged, moving closer to a true 

instantaneous velocity measurement. A higher frame rate would be especially important when 

examining specific phonemes in various contexts, such as differentiating LVP behavior in a 

connected speech sample.  

There are other limitations of this study that should be mentioned. First, the oblique-

coronal plane containing the length of the LVP must be chosen appropriately during scanning; 

otherwise, it is impossible to make accurate LVP muscle length measurements. In healthy 

anatomies, these planes can be found in a straightforward manner using anatomical landmarks. 
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However, it is unknown whether a plane containing the entirety of the LVP exists in individuals 

with repaired cleft palate or how systematically it can be determined during scanning.    

Second, the LVP is estimated as the union of two line segments, a simplification of the 

LVP path in healthy individuals and possibly an oversimplification in pathological populations. 

However, our measurements of healthy LVP shortening were comparable with previously 

reported length measurements. Manual image registration and segmentation requires a 

substantial time commitment for data analysis; future work is necessary to automate these 

procedures. Therefore, we sought a balance between anatomic accuracy and time burden for 

analysis. LVP geometry has been simplified to reduce computation time in previous 

computational studies (22,87,203), including one with a two-segment representation of the LVP 

(88), and these studies nevertheless provided meaningful insights into the relationship between 

VP anatomy and function. The other VP muscles could affect the VP structure-function 

relationship; in particular, the musculus uvulae can act agonistically to the LVP as a velar 

extensor and reduce the burden of the LVP during VP closure (86,108). Without the musculus 

uvulae, we found positive correlative relationships between LVP function and VP portal 

dimensions, but inclusion of the musculus uvulae in our analysis could help explain the 

variability in our correlations and should be considered in future studies.   

Finally, the speech sample in our protocol included only four manners of production and 

a mix of voiced and voiceless consonants. As with all consonant-vowel productions, there is a 

coarticulatory effect (21), and the results of our consonant-vowel samples could vary with 

inclusion of different vowels. However, the purpose of our study was to introduce a new 

method capable of measuring in vivo LVP function, and our results support hypotheses that LVP 



 
 

 
 

46 

function differs significantly between manners of production and provided insight into how VP 

anatomy affects LVP function. Future studies should consider inclusion of multiple vowels in 

consonant-vowel samples to examine differences in production. Additionally, our study 

reported shortening and contraction velocities across a speech sample and did not distinguish 

between phonemes within the syllables. Future studies should collect audio recordings during 

image acquisition that can be further analyzed, e.g. spectrographic analysis, to determine 

phoneme-specific LVP lengths and velocities.  

This study introduces a method for measuring in vivo LVP function, which promotes an 

increased understanding of the relationship between VP anatomy and LVP function. Our 

method can be applied to a variety of real-time speech samples, from isolated syllable 

utterances to full sentence production, and our results augment the limited existing literature 

reporting LVP shortening during speech. We also presented, to our knowledge, the first 

evaluation of LVP muscle shortening velocity during speech and laid the groundwork for 

experimental investigation of VP structure-function relationship. Results from our limited 

samples and sample population suggest that certain VP anatomical dimensions strongly 

influence in vivo LVP function, and consequently, achievable force generation and overall VP 

function. Future studies should explore LVP behavior and its relationship with VP anatomy with 

a more comprehensive speech sample in both healthy speakers and individuals with repaired 

cleft palate. The method presented here could be used to elucidate this relationship, as well as 

compare LVP function between healthy and clinical populations. An increased understanding of 

the VP structure-function relationship will lead to increased prevention of VPD and more 

effective treatments for individuals with dysfunctional speech disorders.
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3 Chapter 3 

 
 
 

The Effect of Anatomical Variability on Velopharyngeal Closure in 
Children with 22q11.2 Deletion Syndrome 
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"It matters not what someone is born, but what they grow to be.” 
 - Albus Dumbledore, Harry Potter and the Goblet of Fire (author:  J.K. Rowling) 
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3.1 Abstract  

Objective:  The purpose of this study is to establish a computational modeling framework 

capable of distinguishing between healthy and 22q11.2 DS anatomies based solely on anatomic 

dimensions. We also sought to identify which anatomical features in 22q11.2 DS anatomies 

most influence velopharyngeal (VP) closure.   

Methods:  We created computational models for 13 children with 22q11.2 DS and 26 healthy 

control children, which included representations of the levator veli palatini (LVP), velum, and 

posterior pharyngeal wall. We activated the LVP to simulate VP closure and calculated LVP 

shortening, minimum LVP activation to touch closure, and maximum closure force. In our 

22q11.2 DS models, we substituted the healthy control value for each input parameter to 

determine the effect on closure.  

Results:  Our model predictions of LVP shortening, minimum LVP activation, and maximum 

closure force were significantly different (p = 0.0025, p = 0.0170, p < 0.0001 respectively) 

between healthy and 22q11.2 DS anatomies. Substitution of healthy control LVP cross-sectional 

area values increased maximum closure force in every 22q11.2 DS anatomy. However, 

substitution of most input parameters had a variable effect across the 22q11.2 DS anatomies. 

Conclusions:  The anatomical differences in 22q11.2 DS lead to model-predicted functional 

differences. Overall, increases in LVP cross-sectional area, or LVP strength, could be beneficial 

to children with 22q11.2 DS with (or without) VP dysfunction. However, patient anatomy 

should be considered when devising VP dysfunction treatments for children with 22q11.2 DS. 
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3.2 Introduction 

22q11.2 Deletion Syndrome, also known as velocardiofacial syndrome, is a microdeletion 

syndrome caused by gene deletion on chromosome 22. Over 180 different physical and 

behavioral features have been associated with this genetic syndrome, including clinical 

phenotypes affecting nearly every organ system (182,194). 75% of patients with 22q11.2 DS 

demonstrate some velopharyngeal (VP) structural abnormalities (31,95), and 22q11.2 DS is the 

most common congenital cause of velopharyngeal dysfunction (VPD) (95,194). VPD in 22q11.2 

DS individuals has a complex and multi-faceted etiology and can occur with or without 

occurrence of overt or submucous cleft palate (95). VPD in 22q11.2 DS is treated with a variety 

of surgical procedures, including Furlow Z-plasty (16,43,141), intravelar veloplasty (27,139), 

pharyngeal flap (17,184,208,222,227), Honig velopharyngoplasty (201,218), and sphincter 

pharyngoplasty (17,129,141,221,222,227). Success rates for VPD treatment in 22q11.2 DS range 

from nearly all failures to equivalent with non-syndromic VPD depending on the treatment 

technique and the criteria for success (200). This treatment success rate discrepancy could be 

due to the many contributory causes of VPD in patients with 22q11.2 DS, including 

morphological variations of VP structures, and the considerable difficulty in distinguishing 

structural causes of VPD from other, non-anatomical causes.   

 There are inconsistent findings about how VP anatomy in patients with 22q11.2 DS 

differs from healthy individuals, especially concerning velar dimensions. For example, the velum 

has been shown to be shorter and thinner in 22q11.2 DS when compared to healthy controls 

(226), shorter than healthy with no report of thickness (56), thinner but not shorter (97), and 

neither shorter nor thinner (185). Several studies have demonstrated greater pharyngeal depth 
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in individuals with 22q11.2 DS (56,77,97,215), while others found no significant differences in 

pharyngeal depth measures (45,185). However, there is general agreement that the levator veli 

palatini (LVP) muscles differs significantly from healthy in several measures:  LVP length (56,97), 

thickness (56,97,158), origin-to-origin distance (56,97), and angle of origin (56,97). VP 

dysmorphology in 22q11.2 DS has a negative effect on speech outcomes (18,95,226), but how 

individual anatomical measures affect VP function in 22q11.2 DS is unknown.  

 Computational modeling is a powerful tool that can be used to increase our 

understanding of VP mechanics. Models can integrate the wealth of literature about VP 

anatomy and function with data from magnetic resonance imaging (MRI) and knowledge of 

physical relationships to investigate cause-and-effect relationships that are unfeasible, time-

consuming, or impossible with experimental methods or clinical trials. Previous models of the 

VP mechanism have demonstrated this utility by simulating VP closure and evaluating velar 

configurations during VP closure (22), determining how LVP overlap alters closure (87), 

quantifying the contributions of the musculus uvulae to closure (86), investigating the effects of 

LVP angle of origin and palatopharyngeus on VP closure (203), and probing the effect of 

anatomical variability on closure in healthy adult males (88). However, no modeling study to 

date has examined the effect of pathological anatomies on VP closure and which altered 

anatomical features most affect VP function.  

The goals of this work were to investigate how differences in 22q11.2 DS anatomies affect 

VP function. Specifically, this study aimed to i) test the hypothesis that the modeling framework 

can distinguish between anatomies from healthy children and those with 22q11.2 DS and ii) 

identify which anatomical features in 22q11.2 DS anatomies most influence VP closure. We 
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adapted an existing computational modeling framework (88) to represent anatomies from 

children with 22q11.2 DS and age-matched healthy controls. Our model predicted differences 

between 22q11.2 DS and healthy control anatomies and that comparable changes in different 

anatomical features in isolation affect VP closure to varying degrees.  

3.3 Methods 

Participants 

 In accordance with local institutional review boards, a total of 39 participants were 

included in the study. The 22q11.2 DS group consisted of thirteen children (four males, nine 

females) diagnosed with 22q11.2 deletion and confirmed with fluorescence in situ hybridization 

assay. The mean age for this group was 8.5 years (SD = 2.6 years). All but one of the participants 

were self-reported to be of European descent for three generations (white) with one half-

Hispanic. The remaining participant is half-white, half-African American. Four had normal 

resonance, six had mild hypernasality, one had moderate hypernasality, and two had severe 

hypernasality, as judged by two trained speech-language pathologists. Participants were 

excluded if there was evidence of overt cleft palate or history of cleft palate surgery that could 

affect regions relevant to this study. None of the participants with 22q11.2 DS had any other 

genetic disorders and were at least six months post-adenoidectomy or tonsillectomy.  

 The group of healthy controls consisted of 26 children (11 males, 15 females) with 

normal velopharyngeal anatomy and judged by two trained speech-language pathologists to 

have normal resonance. All control participants were native English speakers. The control group 

was age- and sex-matched to the 22q11.2 DS group to control for the effects of growth and sex. 
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The mean age for this group was 7.7 years (SD = 2.6 years). Additionally, all participants in the 

control group were self-reported to be of European descent for three generations (white), 

except for one healthy control of African-American descent, to control for the effect of race on 

velar length and thickness (101). 

Magnetic Resonance Imaging 

 We utilized a child-friendly MRI protocol to allow for successful image acquisition 

without the use of sedation (99,100,170). For participants with 22q11.2 DS, additional 

modifications were enacted to ensure data collection (97,98). Images were acquired with each 

participant at rest and breathing nasally in a supine position to minimize motion in our region 

of interest. Participant image data were collected across four MRI sites using sequences with 

comparable parameters, all of which have been described previously (100–102,170,175). At 

MRI site one, we used a 3D turbo-spin-echo (TSE) sequence called Sampling Perfection with 

Application optimized Contrasts using different flip angle Evolution (SPACE) on a Siemens 3 Tesla 

Trio system (Erlangen, Germany) (147). MRI site two also used the SPACE sequence with similar 

parameters to site one on a Siemens 3 Telsa Skyra system (Erlangen, Germany). The final MRI 

site used a T2-fluid attenuation inversion recovery (FLAIR) sequence on a General Electric 3 

Tesla scanner. Five healthy control participants were imaged at the MRI site four using a TSE 

sequence on a 1.5 Tesla Philips Gyroscan system. 

Measurements from MRI 

 In each participant’s MRI data, we completed a series of nine measurements that have 

been described previously and used routinely in MRI studies of the VP mechanism in healthy 
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individuals (54,60,101,155,166,169,171,175,188,209), those with repaired cleft palate 

(68,103,167), and individuals with 22q11.2 DS (56,97,102,158). Measures in the oblique-coronal 

plane, defined to lie along the length of the LVP, and mid-sagittal plane included dimensions of 

the LVP, velum, and VP port (Table 3.1). In addition, the cross-sectional area (CSA) of the LVP 

was measured at five locations along the LVP’s length:  mid-sagittal, each origin, and at the 

velar boundary on each side (Figure 3.1). These five measurements were averaged to calculate 

the LVP CSA measurement. For healthy controls, all measurements were completed five times 

in OsiriX software (183). For participants with 22q, measurements were completed in Amira 6 

Visualization Volume Modeling software (Visage Imaging GmbH, Berlin, Germany). 

 

 

 

 

  Measurement Description  

M
id
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 Effective Velar Length linear distance from posterior nasal spine to velar knee 
Velar Thickness distance from velar knee to velar dimple 

Velum-LVP Angle angle between line connecting PNS to center of mid-sagittal 
LVP and line defining oblique-coronal plane 

LVP Cross-sectional Area two-dimensional (2D) area of LVP muscle in plane 

O
bl

iq
ue

-c
or

on
al

 Origin-to-origin distance between right and left points of origin of LVP muscle 

Extravelar LVP length length of LVP muscle between origin and point of LVP insertion 
into the body of the velum 

Velar Insertion Distance distance between points of LVP insertion into the body of the 
velum on right and left sides 

VP port depth mid-sagittal anterior-posterior distance of VP port  
VP port width in-plane width of the VP port 

                              (LVP = levator veli palatini, VP = velopharyngeal) 

Table 3.1 Measurements from static MRI data 
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Figure 3.1 Model Inputs  
Measures taken in the mid-sagittal and oblique-coronal planes used as model inputs (also see Table 3.1). 
Additional LVP cross-sectional area measurements were made at the velar boundary and origin of each 
LVP side. 

Modeling Framework 

Measurements from MRI were used to create line segment representations of the 

velum, LVP, and posterior pharyngeal wall in three-dimensional (3D) space, as described 

previously (88). Representation of the LVP muscle included active contraction along the 

muscle’s length, which incorporates the force-length relationship of muscle (36,51,66,84,180). 

Maximum force occurs when the muscle is at optimal length, i.e. LVP stretch = λLVP = 1, and 

force decreases as the muscle lengthens or shortens, i.e. λLVP >1 or λLVP < 1 (Figure 3.2). As in 

previous studies (87,88), we assume LVP optimal length occurs at resting length. The line of 

action of the LVP muscle runs along its length, so we assumed that active muscle force is 

proportional to LVP CSA. Muscle peak isometric stress (σmax) was chosen to be 0.03 MPa after 

parametrization determined that 0.03 MPa best reproduced experimental closure force data 

(114) for healthy adult male anatomies (88). Therefore, LVP muscle force was determined as: 

FLVP = σmax * CSA * PFL(λLVP) * actLVP, (Equation 3.1) 
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where = σmax is peak isometric stress, CSA is LVP cross-sectional area, PFL(λLVP) is percentage of 

maximum force possible based on LVP stretch (λLVP), as determined by the force-length 

relationship, and actLVP is LVP muscle activation, ranging from 0% (rest) to 100% (full 

activation). 

 The velum was modeled as a simple spring with resting length equal to measured 

effective velum length. The Young’s modulus was 1 kPa (23,88), and velum CSA was defined to 

be the product of velum thickness (VT) and velar insertion distance (VID). The velum spring 

constant is defined as the product of Young’s modulus and velum CSA, i.e.  

Velum stretch (λvelum) is defined as the ratio of stretched effective velum length to resting 

effective velum length. Velum force is calculated as:  

 The posterior pharyngeal wall (PPW) was represented as a rigid body with width equal 

to VP port width. Geometric configurations of the velum, LVP, and PPW were determined for 

rest and LVP contraction with closure force calculated based on the geometry at VP closure and 

static force balance. An inferior force equivalent to the superior component of velum force was 

included to keep the LVP in the oblique-coronal plane (Figure 3.3). 

kvelum = Evelum * VT * VID. (Equation 3.2) 

Fvelum = kvelum * (λvelum – 1).  
 

(Equation 3.3) 
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Figure 3.2 Force-length curve of skeletal muscle 
The force-length relationship of skeletal muscle was used to determine active muscle tension based on 
amount of LVP shortening.  
 
 
 
 
 
 
 
 
 

 

Figure 3.3 Model configuration in the oblique-coronal (top) and mid-sagittal planes 
(A) at rest, (B) during VP closure, and (C) with forces designated used to determine model outputs 
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Simulations 

 Simulations of VP function were driven by activation of the LVP, ranging from 0% to 

100%, which was a simulation input variable. LVP activation caused the LVP to contract and the 

velum to move posteriorly and superiorly. Primary simulation outputs were maximum LVP 

shortening, measured as resting LVP length – shortest LVP length, i.e. λLVPrest - λLVPmin; LVP 

muscle force required to attain closure; minimum LVP activation required to attain initial 

contact the posterior pharyngeal wall; and maximum VP closure force, measured as the 

magnitude of the total force exerted on the posterior pharyngeal wall during closure. We 

assume that lower minimum LVP activation, higher closure force, and less LVP shortening is 

indicative of better VP function.  

 We completed two sets of model simulations. First, for each anatomy, we created a 

model for each set of measurements (5 per healthy control and 1 per child with 22q11.2 DS). 

We simulated closure with each model to determine if our modeling framework can distinguish 

between healthy and 22q11.2 DS anatomies. Output values from the 22q11.2 DS anatomy 

model simulations were used as the baseline for the second set of simulations. In the second 

set, for each 22q11.2 DS anatomy, we perturbed input parameters in isolation to determine 

how each parameter affects VP closure within the physiologic range for our healthy child 

subjects. For each age and gender in our healthy control cohort, we calculated the average 

value for each input parameter to serve as the matched healthy control value. Then, for each 

22q11.2 DS anatomy, we substituted this healthy control value for one parameter while holding 

all input parameters at their measured value. We repeated this for each model input and 

compared simulation outputs to the baseline output values.  
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Analysis 

In first set of simulations, for each model output, we grouped the healthy anatomy 

values separately from the 22q11.2DS to establish two groups. We used an F test to determine 

if the variances between the two groups were equal before performing a two-tailed Student’s t 

test to compare differences between the healthy control and 22q11.2 DS groups. Because each 

healthy control anatomy was represented by five models, we used the average output value 

across the five models for further analysis. Additionally, for both the healthy control and 

22q11.2 DS anatomy groups, to determine the predictive power of each input parameter on 

model outputs, the relationship between each input parameter and each model output was 

analyzed using linear regression.  

 We also performed a cluster analysis that utilizes multi-dimensional data for each 

subject’s anatomy in MATLAB (The Mathworks Inc., Natick, MA, USA). Each anatomy is 

represented by a data point in n-dimensional space, where each of n dimensions represents a 

different variable included in the cluster analysis. In our first cluster analysis, we included all 

MRI measures that served as inputs to the model (9 in total). Each anatomy is a point in 9-

dimensional space, with x1 = effective velar length measure for that anatomy, x2 = velum-LVP 

angle for that anatomy, and similarly for x3 – x9. The distance between each pair of anatomies is 

determined using Euclidean distance. To start, each anatomy is its own cluster, and two clusters 

are combined using Ward’s method, which minimizes the within-cluster variance that results 

from combining the two clusters. This process continues until all anatomies are contained in 

one cluster. Our second cluster analysis was focused on output metrics, and we included 

maximum closure force, minimum LVP activation, LVP shortening, and resting LVP length as 
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cluster variables. Before inputting variables into the cluster analysis, we standardized the range 

of each variable across all anatomies to give each variable equal weighting in the analysis.  

  For the second set of simulations, we calculated the percent change in parameter value 

relative to the measured value for each input parameter and each 22q11.2 DS anatomy. For 

each input parameter, we calculated the change in output metric (compared to baseline) when 

the healthy control average value was substituted for the measured input parameter. We 

calculated both the raw change in output metric, i.e. outputsubstituted – outputbaseline, and the 

relative change for each output metric, i.e. (outputsubstituted – outputbaseline )/outputbaseline. Lastly, 

the relationship between percent change in each input parameter and raw change in output 

metric was analyzed using linear regression. 

3.4 Results 

Our first set of simulations revealed that our modeling framework is able to distinguish 

between healthy and 22q11.2 DS anatomies. For all model output parameters except minimum 

LVP activation for touch closure, our assumption of equal variances between the healthy and 

22q11.2 DS anatomy groups was upheld (p > 0.05), and we used a t test assuming equal 

variances for the following comparison. However, for minimum LVP activation, the assumption 

of equal variances was violated (p < 0.0001), so we used a t test assuming unequal variances for 

LVP activation comparison between our groups. Model predictions of LVP muscle force 

required were not significantly different between healthy and 22q11.2 DS anatomy groups (p > 

0.05); however, minimum LVP activation and LVP shortening were both significantly lower (p = 

0.0171 and p = 0.0025 respectively) in the healthy group than in the 22q11.2 DS anatomy group 
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(Figure 3.4). The model predicted higher maximum closure forces for the healthy control 

anatomies than 22q11.2 DS anatomies (p < 0.0001). 

 

 

Figure 3.4 Model predictions of outputs 
Assuming that lower minimum LVP activation, less LVP shortening, and greater closure force are 
indicative of better VP function, healthy anatomies are more advantageous for achieving VP closure. A. 
Model predictions of LVP muscle force required are variable across the healthy and 22q anatomies; 
however, differences between groups were not statistically significant. B. Minimum LVP activation to 
touch closure, as predicted by the model, is significantly higher for 22q anatomies than for healthy 
control anatomies. C. Predictions of maximum closure force are significantly lower for 22q anatomies 
compared to healthy control. D. Similar to minimum LVP activation, LVP shortening is greater in 22q 
anatomies than healthy controls. 
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Model-predicted LVP muscle force required for closure positively correlated with VP 

port depth in healthy anatomies (R2 = 0.7142, p < 0.0001), indicating that deeper VP ports 

require more LVP muscle force for closure. This relationship was not significant in the 22q11.2 

DS anatomies (Figure 3.5A). No other parameter was a statistically significant predictor of 

muscle force required. Minimum LVP activation significantly correlated with VP port depth in 

both healthy (R2 = 0.6278, p<0.0001) and 22q11.2 DS anatomies (R2 = 0.4380, p = 0.0137) 

(Figure 3.5C). Additionally, in 22q11.2 DS anatomies, minimum LVP activation significantly 

correlated with LVP CSA (R2 = 0.4171, p = 0.0171). Closure force in 22q11.2 DS anatomies 

significantly positively correlated with origin-to-origin distance (R2 = 0.3967, p = 0.0211), 

extravelar LVP length (R2 = 0.3222, p = 0.0430), and LVP CSA (R2 = 0.8819, p < 0.0001). Closure 

force in healthy anatomies also positively correlated with LVP CSA (R2 = 0.7304, p < 0.0001) 

(Figure 3.6). Finally, in both healthy and 22q11.2 DS anatomies, LVP shortening positively 

correlated with VP port depth (R2 = 0.7759, p < 0.0001 and R2 = 0.6339, p = 0.0011 respectively) 

(Figure 3.5B), and LVP shortening in healthy anatomies positively correlated with VP port width 

(R2 = 0.2086, p = 0.0190). All regression results can be found in Table 3.2. 
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Figure 3.5 Model outputs versus VP port depth 
(A) Muscle force required positively correlated with VP port depth in healthy anatomies but not 
22q11.2Ds anatomies. However, both (B) LVP shortening, and (C) minimum LVP activation positively 
correlated with VP port depth for both healthy and 22q11.2DS anatomies. 
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Figure 3.6 Maximum closure force versus LVP CSA 
In both healthy and 22q11.2DS anatomies, maximum closure force significantly positively correlates 
with levator veli palatini cross-sectional area (LVP CSA). 
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Muscle Force Required Minimum LVP Activation Closure Force LVP Shortening 

healthy 22q11.2DS healthy 22q11.2DS healthy 22q11.2DS healthy 22q11.2DS 

Input 
Parameter 

R2 p value R2 p value R2 p value R2 p value R2 p value R2 p value R2 p value R2 p value 

Effective Velar 
Length 

0.0348 0.3616 0.0916 0.3149 0.0086 0.6517 0.0003 0.9533 0.0008 0.8941 0.0706 0.3801 0.0015 0.8494 0.0053 0.8129 

Velum-LVP 
Angle 

0.0011 0.0874 0.2577 0.0766 0.0009 0.8875 0.0824 0.3416 0.0073 0.6767 0.1309 0.2245 0.0483 0.2808 0.0228 0.6221 

Velar 
Thickness 

0.0276 0.4172 0.2868 0.0593 0.0000 0.9769 0.2075 0.1177 0.0765 0.1715 0.2039 0.1214 0.0082 0.6602 0.2335 0.0944 

Origin-to-
Origin 0.0766 0.1711 0.0017 0.8923 0.0419 0.3157 0.2411 0.0884 0.0011 0.8743 0.3967 0.0211 0.0047 0.7383 0.2001 0.1254 

Extravelar LVP 
Length 

0.0777 0.1678 0.0018 0.8896 0.0222 0.4678 0.1884 0.1384 0.0637 0.2137 0.3222 0.0430 0.0377 0.3417 0.1013 0.2891 

Velar Insertion 
Distance 

0.0610 0.2238 0.1307 0.2249 0.0327 0.3764 0.1923 0.1339 0.0200 0.4910 0.1305 0.1712 0.0788 0.1648 0.0030 0.8592 

VP Port Depth 0.7142 <0.0001 0.0692 0.3851 0.6278 <0.0001 0.4380 0.0137 0.0114 0.0915 0.0756 0.3634 0.7759 <0.0001 0.6339 0.0011 

VP Port Width 0.1252 0.0761 0.1434 0.2020 0.1322 0.0678 0.0068 0.7885 0.0026 0.8044 0.0093 0.7538 0.2086 0.0190 0.0017 0.8925 

LVP CSA 0.0111 0.6091 0.0981 0.2973 0.0993 0.1169 0.4171 0.0171 0.7304 <0.0001 0.8819 <0.0001 0.0117 0.5986 0.0419 0.5024 

Table 3.2 Regression results between model input parameters and model outputs. 
 Statistically significant results (p<0.05) in bold.  Plots of example statistically significant regression relationships are in Figure 3.5 and Figure 3.6. 
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When clustering all input parameters, the sets of parameters from 22q11.2 DS 

anatomies clustered together with two exceptions; both 10-year-old female anatomies with 

normal resonance clustered with healthy control anatomies (Figure 3.7A). Only two normal 

resonance 22q11.2 DS anatomies clustered with healthy anatomies when clustered by model-

predicted closure force, minimum LVP activation, LVP shortening, and geometrically calculated 

LVP length at rest (Figure 3.7B). The remaining 22q11.2 DS anatomies clustered separately from 

healthy anatomies. One of the 10-year-old female normal resonance anatomies remained 

clustered with healthy, while the other moved to the 22q11.2 DS cluster. The 9-year-old male 

normal resonance anatomy moved from the 22q11.2 DS input cluster to the predominantly 

healthy anatomy cluster. 

Our second set of simulations revealed that the advantageousness of certain anatomical 

features varies widely across 22q11.2 DS anatomies. For example, substitution of healthy values 

of LVP CSA led to the greatest decreases in minimum LVP activation, ranging from 51% 

decrease to a 79% decrease (Figure 3.8). Substituting effective velar length decreased LVP 

activation for all but one 22q11.2 DS anatomy, whereas substituting healthy velar thickness 

increased LVP activation for all 22q11.2 DS anatomies. When substituting the healthy control 

value for VP port depth, results were mixed; for normal resonance and some mild hypernasality 

anatomies, LVP activation increased, but for the moderate and severe hypernasality anatomies, 

LVP activation decreased. Table 3.3 contains the percent change in each output metric for 

substitution of each input parameter grouped by resonance category. 
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Figure 3.7 Clustergrams of Model Inputs and Outputs  
A. Only two normal resonance 22q11.2DS anatomies cluster with the healthy anatomies when including 
all input parameters as cluster variables; the remaining 22q anatomies cluster together separately from 
healthy. B.  Similarly, when clustering based on model-predicted closure force, minimum LVP activation, 
LVP shortening, and geometrically calculated LVP length at rest, all but two 22q anatomies cluster 
separately from healthy 
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Figure 3.8 Effect of various parameter substitutions on minimum LVP activation 
Substitution of healthy control LVP CSA values decreased minimum LVP activation in every 22q11.2 DS 
anatomy while substitution of healthy velar thickness increased model predictions of minimum LVP 
activation. Substitution of most anatomical parameters, such as effective velar length and VP port 
depth, advantaged some anatomies and disadvantaged others, as determined by model predictions of 
minimum LVP activation. 
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Muscle Force Required Minimum LVP Activation 

normal 
resonance 

mild/mod 
hypernasality 

severe 
hypernasality 

normal 
resonance 

mild/mod 
hypernasality 

severe 
hypernasality 

Input Parameter mean S.D. mean S.D. mean S.D.  mean S.D. mean S.D. mean S.D.  

Effective Velar Length -15% 24% -25% 17% -32% 8% -15% 24% -25% 17% -32% 8% 

Velum-LVP Angle 5% 51% -4% 29% 14% 32% 5% 51% -4% 29% 14% 32% 

Velar Thickness 31% 25% 48% 36% 78% 28% 31% 25% 48% 36% 78% 28% 

Origin-to-Origin 37% 30% -665% 2023% -234% 549% 30% 24% 83% 154% 9% 154% 

Extravelar LVP Length -11% 14% -22% 6% -34% 0% -12% 14% -26% 6% -36% 0% 

Velar Insertion Distance -3% 15% -2% 11% -1% 1% -2% 20% -2% 16% -5% 2% 

VP Port Depth 61% 50% 42% 65% -36% 23% 71% 59% 50% 76% -39% 24% 

VP Port Width 5% 12% 6% 11% 21% 18% 9% 21% 10% 16% 25% 21% 

LVP CSA - - - - - - -55% 24% -51% 10% -79% 2% 

  
Closure Force LVP Shortening 

normal 
resonance 

mild/mod 
hypernasality 

severe 
hypernasality 

normal 
resonance 

mild/mod 
hypernasality 

severe 
hypernasality 

Input Parameter mean S.D. mean S.D. mean S.D.  mean S.D. mean S.D. mean S.D.  

Effective Velar Length 2% 8% 12% 12% 145% 139% - - - - - - 

Velum-LVP Angle 6% 15% 15% 32% -42% 82% - - - - - - 

Velar Thickness -9% 10% -24% 34% -100% 0% - - - - - - 

Origin-to-Origin -31% 25% -80% 26% -100% 0% -18% 12% -57% 20% -59% 36% 

Extravelar LVP Length 23% 27% 66% 64% 288% 183% -2% 3% -10% 7% -6% 2% 

Velar Insertion Distance -1% 8% -5% 15% 15% 15% -4% 17% -2% 11% -8% 7% 

VP Port Depth -27% 18% -3% 67% 287% 331% 18% 15% 10% 15% -13% 9% 

VP Port Width -6% 21% -11% 15% -63% 52% 12% 25% 5% 8% 5% 3% 

LVP CSA 233% 180% 226% 249% 1995% 1476% - - - - - - 

Table 3.3 Relative changes in model outputs for substitution of healthy control value  
Age-, sex-matched healthy control values were substituted into 22q11.2 DS anatomies for each input 
parameter 
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Lastly, changes in input parameters affected the model outputs in varying amounts, as 

indicated by the slope of the line of best fit between the change in input parameter (from 

measured baseline) and the raw change in model output from baseline. For example, changes 

in velum-LVP angle have the greatest effect on changes in minimum LVP activation, followed by 

changes in VP port depth (Figure 3.9). As noted above, substitution of healthy LVP CSA resulted 

in the greatest decreases in minimum LVP activation. However, LVP CSA demonstrated the 

greatest changes in parameter value between baseline and the healthy control value, which 

leads to the large changes in minimum LVP activation. Regression analysis results, including 

slope, R2, and p values, for all relationships between percent change in input parameter and 

raw change in output are in Table 3.4.
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Figure 3.9 Effect of relative changes in input parameters on minimum LVP activation 
When healthy LVP CSA values were substituted into 22q11.2 DS anatomies, all 22q11.2 DS anatomies 
demonstrated the greatest decreases in minimum LVP activation compared to substitution of other 
input parameters. Substitution of velum-LVP angle values demonstrated the greatest effect on minimum 
LVP activation per percent change in parameter value. This positive correlative relationship indicates 
that increases in velum-LVP angle disadvantage VP closure and increase minimum LVP activation.  
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  Muscle Force Required Minimum LVP Activation Maximum Closure Force LVP Shortening 

Input Parameter slope R2 p value slope R2 p value slope R2 p value slope R2 p value 

Effective Velar Length -0.0851 0.8750 <0.0001 -0.4229 0.4555 0.0114 0.1289 0.8985 <0.0001 N/A N/A N/A 

Velum-LVP Angle 0.2197 0.9276 <0.0001 1.2653 0.7473 0.0001 -0.2656 0.8953 <0.0001 N/A N/A N/A 

Velar Thickness 0.0431 0.6310 0.0012 0.4580 0.3871 0.0232 -0.0274 0.3137 0.0465 N/A N/A N/A 

Origin-to-Origin -2.0619 0.1208 0.2445 -0.8357 0.0497 0.4641 -0.3242 0.1638 0.1702 -42.9976 0.7748 0.0001 

Extravelar LVP Length -0.0268 0.3110 0.0477 -0.2299 0.1843 0.1432 0.2110 0.5150 0.0057 -4.9410 0.3698 0.0275 

Velar Insertion Distance 0.0305 0.8096 <0.0001 0.2488 0.6992 0.0004 -0.0529 0.6591 0.0008 14.8230 0.9812 <0.0001 

VP Port Depth 0.1350 0.7553 0.0001 0.9631 0.8247 <0.0001 -0.3158 0.8159 <0.0001 15.5637 0.9402 <0.0001 

VP Port Width -0.0253 0.6181 0.0014 -0.2601 0.3418 0.0359 0.1756 0.6410 0.0010 -9.3149 0.7518 0.0001 

LVP CSA N/A N/A N/A -0.1392 0.6538 0.0008 0.0584 0.2081 0.1172 N/A N/A N/A 

Table 3.4 Regression results between percent change of each model input parameter and change in model output 
Inputs and outputs were relative to each subject baseline valuerelative to baseline model output value respectively. Statistically significant 
results (p<0.05) in bold. An example plot of these regression analyses in Figure 3.9. 
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3.5 Discussion 

In this study, we aimed to investigate how differences in 22q11.2 DS anatomies affect VP 

function by adapting a previously developed computational modeling framework. Model 

predictions of minimum LVP activation to closure, maximum closure force, and LVP shortening 

were significantly different between the healthy control and 22q11.2 DS anatomies. Healthy 

and 22q11.2 DS anatomies primarily cluster separately when considering either model input 

parameters or a subset of model outputs. In addition, the effect on VP closure is not consistent 

when healthy input parameters are substituted into 22q11.2 DS anatomies one at a time; 

comparable changes in anatomic measures affect VP closure to varying degrees.  

A primary assumption of our modeling framework is that lower LVP activation, higher 

closure force, and less LVP shortening are indicative of an advantageous anatomy with better 

VP function, as mentioned in (88). The modeling predictions presented here support with that 

hypothesis. These three outputs statistically differ between healthy and 22q11.2 DS anatomies 

with the healthy control anatomies remaining more advantageous across the three outputs 

(Figure 3.4). Within the 22q11.2 DS group, the average closure force was highest for the normal 

resonance group (0.32 +/- .19 N), compared to the mild or moderate hypernasality group (0.24 

+/- 0.14 N) and the severe hypernasality group (0.028 +/- 0.024 N), though none of these 

differences were statistically significant. This is due at least partially to our small and unequal 

sample sizes, and we expect these differences would be significant with a larger number of 

participants in each resonance category.  

Model predictions of LVP muscle force required to achieve closure were mostly 

consistently across our healthy and 22q11.2 DS anatomies. Similar to above, we assume that an 
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anatomy with biomechanical advantage for VP closure would have a lower LVP muscle force 

required than a more disadvantageous anatomy. Therefore, to produce the same closure, the 

disadvantageous anatomy requires greater LVP muscle force, which is possible with a larger LVP 

CSA, less LVP shortening, or higher levels of activation. Given that the LVP muscles in children 

with 22q11.2 DS are smaller and shorter (56,97,158) than healthy children and have 

comparable or deeper VP ports (56,77,97,215), this likely means greater levels of LVP activation 

and probable fatigue.  

Cluster analysis revealed that measures of VP anatomy taken as a group are 

distinguishable between healthy and 22q11.2 DS anatomies, as expected given the many 

anatomical differences noted previously (56,77,97,215,226). However, one 9-year-old male 

normal resonance 22q11.2 DS anatomic switches from the 22q11.2 DS input cluster to the 

healthy output cluster. Although the majority of his anatomic measures are similar to the 

remaining 22q11.2 DS measures, some features of his anatomy drive his closure to more 

resemble closure in healthy anatomies. Although this particular anatomy has a small LVP CSA 

more similar to 22q11.2 DS anatomies, it also has a long LVP and shallow VP port. This allows 

for minimal LVP shortening, and due to the force-length relationship, less reduction in muscle 

force production compared to an anatomy with a shorter LVP or deeper VP port.  

No one anatomic measure is able to explain the variability demonstrated in VP closure 

across our subjects. Although our regression results demonstrate that model outputs correlated 

strongly with certain anatomic measures, no single parameter is sufficient to predict VP closure 

for a given anatomy. Interestingly, in healthy anatomies, muscle force required for closure is a 

predictor of minimum LVP activation for touch closure (R2 = 0.8025, p < 0.0001), but this does 
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not hold for 22q11.2 DS anatomies (Figure 3.10). Because the LVP is appropriately sized and 

positioned to compensate for the rest of VP factors in healthy anatomies, LVP activation follows 

from required muscle force in a straightforward manner. However, the variability in LVP 

measures among children with 22q11.2 DS confounds this relationship. 

 

 

 

 

 

 

 

 

Figure 3.10 Minimum LVP activation versus muscle force required 
In healthy anatomies, minimum LVP activation required for touch contact strongly positively correlates 
with LVP muscle force. However, for 22q11.2DS anatomies, this correlative relationship does not hold. 
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LVP CSAs were lower in all 22q11.2DS anatomies than healthy matched controls, and 

changes in VP closure result from those differences. For all 22q11.2 DS anatomies, substitution 

of healthy LVP CSA values decreased minimum LVP activation and increased maximum closure 

force more than any other input parameter substitution. CSA is an important muscle parameter 

because maximum muscle force is proportional to CSA. Increases in LVP thickness and 

reductions in hypernasality have been demonstrated with continuous positive airway pressure 

(CPAP) therapy, a sort of resistance training for the LVP and other VP muscles (11,30,105,109). 

However, additional studies are needed to determine the long-term efficacy of these and other 

therapies on increasing LVP CSA and improving VP function.   

For the purposes of this study, we assumed that LVP muscle in individuals with 22q11.2 

DS has the same intrinsic properties as muscle from a healthy individual. Although little is 

known about the inherent properties of LVP muscles in individuals with 22q11.2 DS, there are 

documented differences between cleft palate and healthy LVP muscle (73,74,124). However, 

our modeling framework was able to distinguish between healthy and 22q11.2 DS anatomies 

based solely on anatomical measures, even with our assumption that 22q11.2 DS muscle 

behaves the same as healthy muscle. 

The simplicity of this modeling framework has significant advantages, such as 

computational efficiency and ease of parameter adjustment, but there are some drawbacks 

that warrant mentioning. Our framework represents each component as a line segment, 

simplifying all geometries and not allowing for analysis of soft tissue deformation of the 

muscles or velum. However, for rapid adjustment of parameters, as is necessary for this type of 

computational analysis, low computational cost outweighed geometric complexity. Results 
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from this work could empower design of future computational modeling studies with greater 

complexity, e.g. finite element analysis.    

Additionally, our modeling framework represents the velum as a spring with spring 

constant proportional to velar thickness, meaning that thinner velums are more advantageous 

for VP closure in our models. The velums in our 22q11.2 DS participants were consistently 

thinner than those in the healthy matched controls, consistent with previous studies (97,226) 

and at odds with another (185). Therefore, substituting the larger healthy velar thickness values 

into 22q11.2 DS anatomies results in higher minimum LVP activations (Figure 3.8). However, a 

too thin velum could result in increased transpalatal transmission of sound and lead to 

increased perception of hypernasality (79,97,138,158). Therefore, optimal velar thickness is a 

balance between thin enough to minimize resistance to stretch and thick enough to prevent 

transmission of sound.  

The current simplicity of our model limits our ability to consider the roles of other VP 

muscles in VP closure. Although the LVP is the primary muscle of VP closure (20,82,169), the 

LVP cannot account for variability in closure between sounds and subjects (114). In particular, 

the musculus uvulae assists the LVP in VP closure (20,82,169), but as an intrinsic velar muscle, 

our current modeling framework is ill-equipped to consider its contribution. However, a main 

purpose of this study was investigation of 22q11.2 DS anatomies, and the musculus uvulae 

might not exist in these individuals or be severely hypoplastic (97). Our model also assumes 

symmetry between right and left sides of LVP muscle, which is often assumed in studies of 

individuals with healthy VP anatomy (169,211). However, this assumption is likely invalid for 

individuals with 22q11.2 DS, given documented asymmetries in LVP thickness (158) and upper 
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airway measures (31). The current modeling framework could be extended to represent 

asymmetry in future studies, or a more complex modeling techniques could be utilized to 

quantify the functional effect of VP structural asymmetry.   

This study demonstrated that our computational modeling framework is able to 

distinguish between 22q11.2 DS and healthy anatomies based solely on measurements of 

anatomic features. In particular, our model predicts that differences in LVP CSA between 

healthy and 22q11.2 DS anatomies lead to VP functional differences. However, comparable 

changes in anatomic measures do not affect VP closure equivalently. Although 22q11.2 DS 

anatomies differ consistently from healthy for some anatomic measures, this assumption is not 

valid for all VP anatomic measures. Patient anatomy should be considered when performing 

surgical intervention for VPD in all patients but especially those with 22q11.2 DS.
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4 Chapter 4 
 
 

 
The Roles of the Palatopharyngeus and Palatoglossus Muscles in 

Velopharyngeal Closure Revealed by a Computational Model 
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4.1 Abstract 

Proper function of the velopharyngeal (VP) mechanism requires coordination of multiple 

muscles to achieve the closure necessary for healthy speech. However, the contributions of the 

palatopharyngeus and palatoglossus muscles to closure, especially relative to changes in levator 

veli palatini (LVP) activation, warrant further investigation. The goals of this study were to (i) 

construct a 3D finite element model of the VP mechanism, including the LVP, musculus uvulae, 

palatopharyngeus, and palatoglossus, with geometry based on one subject's VP anatomy, (ii) 

validate the model with comparisons to subject-specific dynamic MRI and experimental closure 

force measurements, and (iii) probe the contributions of the palatopharyngeus and 

palatoglossus muscles to VP closure at various LVP activation states and compare their 

contributions to those of the LVP and musculus uvulae. Model predictions of velum shape 

matched well with in vivo velum shapes observed in dynamic MRI. In isolation, both the 

palatopharyngeus and palatoglossus move the velum anteriorly and inferiorly away from the 

posterior pharyngeal wall, but shortening of neither muscle resulted in large velum 

displacement. Palatoglossus activation had a greater effect on decreases in closure force than 

palatopharyngeus activation. For both muscles, the magnitude of this effect was dependent on 

current LVP activation.  
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4.2 Introduction 

The velopharyngeal (VP) mechanism is a multi-component valve consisting of the hard 

palate, velum (soft palate), lateral and pharyngeal walls, and associated musculature. The 

muscles of the VP mechanism coordinate to completely seal the VP port, separating the nasal 

and oral cavities during speech and swallowing. Much of VP port closure is accomplished by 

elevation and retraction of the velum, but pharyngeal wall movement may also contribute 

(163). Proper function of the VP mechanism is required for healthy speech, and velopharyngeal 

dysfunction (VPD) occurs when complete closure is not possible. VPD is especially common in 

individuals with repaired cleft palate (115), but the disadvantageous biomechanics leading to 

VPD are not well understood. However, for improved design and more effective 

implementation of treatments for VPD, a thorough understanding of healthy VP mechanics is 

needed (163), particularly regarding the contributions of each muscle to VP closure. 

Five muscles have velar insertions, but the levator veli palatini (LVP) is the primary muscle 

of velar elevation (20,67,82,111,169) and the muscle most considered during primary cleft 

palate repair (118). The musculus uvulae assists the LVP in VP closure as a slight velar extensor 

and space occupier near the superior surface of the velum (8,26,83,86,108,178). However, 

these two muscles cannot account for the variability in velar elevation and VP closure force 

measured during speech in healthy individuals (107,114,189). The palatopharyngeus and 

palatoglossus muscles coactivate with the LVP during phonation, but activity in these muscles 

was more variable than LVP activity and likely sound-dependent (107,131,145). 

Palatopharyngeus activation adjusted velar position when velum was elevated (189), and the 

effect of palatoglossus contraction is postulated to depend on velar elevation (130). 
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Additionally, a given velar position is hypothesized to result from different muscle activation 

patterns (107,145). Despite decades of insightful experimental work, the roles of these two 

muscles are still debated and unlikely to be resolved using available experimental methods 

alone.  

Computational modeling has demonstrated utility in investigation of VP function (22,86–

88,203). Models can integrate our knowledge of VP anatomy, physical properties, and 

kinematics from literature to systematically investigate causal relationships. In particular, 

models can predict quantities that are challenging to measure experimentally or isolate the 

effects of a specific feature or parameter, such as muscle contraction, on VP closure and velum 

deformations. This is nearly impossible with observational studies due to limitations in possible 

in vivo measurements and the sheer number of trials necessary to isolate the effects of specific 

parameters. Previous finite element modeling studies to examine VP function have included 

only the LVP or LVP and musculus uvulae (86,87) or been limited to two dimensions and used 

force vectors to represent muscle contraction (22,203). A recent study included all five VP 

muscles to investigate muscle activation in obstructive sleep apnea but grouped all the muscles 

together in one layer and did not simulate VP closure (128). To explore the roles of individual 

muscles in VP closure and how these contributions could differ in various contexts, a three-

dimensional (3D) model that includes individual geometric representations of each muscle is 

necessary.  

The goals of this study were to (i) construct a 3D finite element model of the VP 

mechanism, including the LVP, musculus uvulae, palatopharyngeus, and palatoglossus, with 

geometry based on one subject's VP anatomy, (ii) validate the model with comparisons to 
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subject-specific dynamic MRI and experimental closure force measurements, and (iii) probe the 

contributions of the palatopharyngeus and palatoglossus muscles to VP closure at various LVP 

activation states and compare their contributions to those of the LVP and musculus uvulae. We 

created a model that could replicate mid-sagittal velum configurations demonstrated in 

dynamic magnetic resonance imaging (MRI) and corresponded well with experimental closure 

force data. The model predicted that palatopharyngeus and palatoglossus contraction both 

oppose VP closure but palatoglossus activation had a greater effect on closure force decreases 

than palatopharyngeus activation. For both muscles, the magnitude of this effect was 

dependent on current LVP activation, as was the effect of musculus uvulae activation on closure 

force. 

4.3 Methods 

Imaging 

 One healthy adult male, aged 27 years with body mass index under 27, with normal VP 

anatomy and perceptually healthy speech was scanned on a 1.5 Tesla Siemens Avanto scanner 

with head and neck coil arrays. The static, anatomical scan consisted of a three-dimensional 

(3D), high-resolution, T2-weighted turbo-spin-echo (TSE) scan called Sampling Perfection with 

Application optimized Contrasts using different flip angle Evolution (SPACE) (147) with 256 x 

256 mm2 field-of-view and 1 x 1 x 1 mm3 resolution (Table 2.1). Using a real-time spiral gradient 

echo sequence (55), we acquired images of the VP mechanism during production of /sʌ/ and /i/ 

in the mid-sagittal and oblique-coronal planes simultaneously. The oblique-coronal plane was 

defined to lie along the length of the LVP muscle. Dynamic images in each slice were acquired 
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at 18.2 frames-per-second with 1.2 x 1.2 mm2 in-plane resolution with 156 x 156 mm2 field-of-

view and 8 mm slice thickness.  

Model Geometry 

We manually outlined the following structures in the static MRI data with boundaries 

defined similar to previous MRI studies (54,168,169) using OsiriX image processing software 

(183):  velum, posterior pharyngeal wall, LVP, musculus uvulae, palatopharyngeus, 

palatoglossus, and tensor veli palatini (TVP) tendon. The control points defining these outlines 

were imported into Autodesk Inventor Professional 2018 (7), the outlines of each structure 

were reconstructed and smoothed, and the 3D rendering of each structure was created by 

lofting between outlines (Figure 4.1). The 3D geometry was meshed into tetrahedral elements 

using Trelis Meshing Pre-processor (37). A mesh sensitivity study was carried out using a 

nominal model of the velum, posterior pharyngeal wall, and LVP muscle. The relevant material 

properties and boundary conditions as described below were applied to the nominal model, 

and 100% activation was applied to the LVP to simulate closure. Three mesh densities (mesh 

sizes 1 to 3) were tested with 451710, 164775, and 68521 elements respectively. Maximum 

closure force, velum posterior displacement (retraction), and velum superior displacement 

(elevation) were calculated for each mesh. All outputs differed by less than 0.5% between mesh 

sizes 1 and 2. We preceded with mesh size 2 for the full model due to simulation accuracy and 

for computational efficiency. 
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Figure 4.1 Creation of model geometry from three-dimensional static MRI 
  

Material Properties 

 Each muscle was modeled as a transversely isotropic, hyperelastic, quasi-incompressible 

material (24,216). A full description of the constitutive model has been published previously 

(24). Briefly, the strain energy density function separates the deviatoric and dilatational tissue 

response and is defined as:  

 

where λ is along-fiber stretch, α is muscle activation, B1 is along-fiber shear, B2 is cross-fiber 

stretch, and J is volume strain. W1 incorporates the known force-length relationship of muscle 

with active and passive components (228), in which activation () scales the active force-length 

curve. Stress and strain are related by:  

 

𝑊(λ, α, B1, B2, J) = W1(λ, α) + G1B12 +  G2B22 + 𝑊vol(J) , (Equation 4.1) 

𝑺 = 2
𝜕𝑊

𝜕𝑪
  (Equation 4.2) 
, 
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where S is the Second Piola-Kirchoff stress tensor and C is the right Cauchy-Green deformation 

tensor. Fiber directions for each muscle were determined using Laplacian flow simulations 

(71,85), and each muscle contracts along its fiber direction.  

 The velum was modeled as a nearly incompressible, Neo-Hookean material with a 

Young’s modulus of 40 kPa. The TVP tendon was also modeled as nearly incompressible, Neo-

Hookean with a Young’s modulus of 270 MPa, similar to (72). The posterior pharyngeal wall was 

represented as an immovable rigid body consistent with previous studies (85,86).  

Boundary Conditions 

 The anterior face of the velum was fixed in all directions to replicate attachment to the 

bony hard palate. Similarly, the surface representing the LVP origin was held fixed to represent 

attachment to the petrous portion of the temporal bone (25,82). For both the 

palatopharyngeus and palatoglossus, the extravelar end of each muscle was attached to a 

nearly incompressible Neo-Hookean block with Young’s moduli of 750 kPa and 500 kPa 

respectively. Both of these muscles interdigitate with other musculature, rather than attach to 

bony structures. To represent the constraint on velar displacement caused by the tensor veli 

palatini (TVP) muscle, the lateral surface of the TVP tendon was attached to a nearly 

incompressible Neo-Hookean block with Young’s modulus of 3 MPa. Finally, a frictionless sliding 

interface was set between the superoposterior surface of the velum and the anterior face of 

the posterior pharyngeal wall.  
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Model Comparison to Dynamic MRI   

 In the mid-sagittal slice of each dynamic imaging series, we outlined the velum and 

posterior pharyngeal wall in each frame. We determined the frame of maximum velar elevation 

and used the corresponding dynamic MRI velum shape for comparison with the model. For 

model velum shape, we used mid-sagittal velum shape predicted by the model at a given set of 

muscle activations and compared these shapes to MRI velum shapes by computing the 

geodesic distance between each pair of curves under the elastic Riemannian metric (202). This 

type of distance measurement has been exhibited for a variety of shape analyses and 

comparisons, including distal femur shapes in osteoarthritis (213) and endometrial tissue 

surfaces (116). We calculated the geodesic distance between each model velum shape and MRI 

velum shape and determined the minimum for each MRI velum shape (Figure 4.2). We also 

compared the geodesic distance between our model at rest and an MRI velum shape at rest. 

 

Figure 4.2 Comparison of model and MRI velum shapes  
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Simulations 

 All simulations were conducted in the nonlinear implicit finite element solver FEBio 

(133) and were quasi-static. To simulate VP function, we applied various levels of activation 

independently to each muscle, ranging from 0 (passive) to 1 (fully activated). In each 

simulation, we measured closure force, defined as the force exerted on the posterior 

pharyngeal wall by the velum, at each time step. 

 We performed four sets of simulations. The first set consisted of eight simulations, in 

which we fully activated the LVP and between one and three additional muscles. Closure forces 

predicted by these simulations were compared to experimental closure force data (114). In the 

second set of simulations, we perturbed activation of each muscle to best replicate the mid-

sagittal velum shapes from dynamic MRI described above. For comparison with dynamic MRI, 

we determined mid-sagittal velum shape at 50%, 60%, 70%, 80%, 90%, and 100% of total 

simulation time to represent a larger range of muscle activation patterns.  

The goal of our third set of simulations was to probe the question:  for each muscle, 

how much does the velum close the VP port for an observed range of a muscle fiber 

shortening? To explore this, we activated each muscle in isolation and calculated average fiber 

length for the activated muscle at each time step in our simulations. We compared fiber length 

to velum displaced distance, defined as the posterior distance the velum has displaced toward 

contact with the posterior pharyngeal wall. Velum displaced distance equals zero at the start of 

simulations, and for this model geometry, closure occurred at 10.2 mm, so maximum velum 

displaced distance was 10.2 mm. If muscle contraction resulted in anterior velum displacement, 

then velum displaced distance is negative. We defined mechanical advantage for closure to be a 
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metric of the effect muscle fiber shortening has on velum displaced distance, a pseudo muscle 

moment arm (191). We calculated this metric as the derivative of fiber length with respect to 

velum displaced distance; therefore, negative values signify that fiber shortening results in 

posterior velum displacement (toward closure). Larger magnitudes of mechanical advantage for 

closure indicate that the velum displaces less for a given amount of fiber shortening compared 

to a muscle with a lower magnitude of mechanical advantage for closure.  

 Finally, in our fourth set of simulations, we wanted to investigate how activation of each 

muscle affects closure force and how this effect varies in different contexts, i.e. different 

muscle activation states. Therefore, we activated the LVP to 25% and then fully activated each 

other muscle in isolation with LVP activation constant at 25%. These simulations were repeated 

for LVP activation states of 50%, 75%, and 100% for the musculus uvulae, palatopharyngeus, 

and palatoglossus. Additionally, we wanted to examine how the effect of LVP contraction on 

closure changes in different contexts. We held the musculus uvulae at 25% activation and fully 

activated the LVP. We repeated this for 50%, 75%, and 100% musculus uvulae activation and 

those activation states for the palatopharyngeus and palatoglossus. We calculated closure force 

throughout these simulations and calculated the derivative of closure force with respect to 

muscle activation for each simulation to quantify how changes in closure force related to 

changes in muscle activation. 

4.4 Results 

When activating the LVP to 100% in isolation, our model predictions of closure force 

compare favorably with experimental closure force data (114); 89% of our simulation data fell 

within the experimental data mean and standard deviations of closure force (Figure 4.3). Our 
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simulations predicted greater maximum closure force for coactivation of LVP and musculus 

uvulae (MU) compared to LVP only simulation (1.38 N versus 1.23 N), as expected given the 

results of a previous computational modeling study (86). When the palatopharyngeus (PP) 

coactivated with the LVP, the model predicted a slight decrease in closure force (1.01 N), but 

when the MU was also activated with the LVP and PP, maximum closure force was nearly 

recovered (1.22 N). When the palatoglossus (PG) was activated, the model predicted a decrease 

in closure force for all simulations with the lowest maximum closure force predicted during LVP, 

PP, and PG coactivation (0.14 N). 

 

Figure 4.3 Model predictions of closure force  
Model closure force predictions compare favorably with experimental data when the palatoglossus (PG) 
remains passive. Model predictions of velum shapes at full activation are shown. 

Our model was able to reproduce velum shapes demonstrated in dynamic MRI and 

predicted different muscle activation patterns for /i/ and/sʌ/. At rest, model velum shape 

corresponded well with the velum shape observed at rest in the dynamic MRI (Figure 4.4). The 
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geodesic distance between the two shapes was 0.1603, and 92% of their within-shape areas 

overlapped. Our model predicted that the best match for /i/ occurred when LVP, MU, PP, and 

PG were at 45%, 20%, 35%, and 0% activation respectively, leading to a geodesic distance of 

0.2254 (Table 4.1). Of the twenty model-predicted velum shapes with the shortest geodesic 

distances to /i/ velum shape, all occurred at 44.5 to 47.5% LVP activation, 15 to 30% MU and PP 

activations, and under 5% PG activation. For /sʌ/, our model-predicted closest velum shape 

occurred at 79% LVP and 12% MU activation with both the PP and PG passive, yielding a 

geodesic distance of 0.2116 (Table 4.1). Of the twenty model-predicted shapes closest to /sʌ/, 

LVP activation ranged from 59.5 to 81% with no more than 16% MU activation, PP activation 

less than MU activation, and 0% PG activation. For both /i/ and /sʌ/, our model is able to 

represent the anterior and velar knee regions of the dynamic MRI velum shape well. However, 

the inferoposterior velum (uvula) is much longer in the model than observed in MRI. There is 

the possibility that the anterior region of the model velum is too compliant and allows for too 

much anterior velum stretch, which leads to more velum tissue in contact with the posterior 

pharyngeal wall; however, the fixed anterior boundary and the constraint on anterior velum 

movement by the lateral TVP tendon attachment limits the anterior velum from displacing too 

far posteriorly (under 2.75 mm in 100% LVP activation simulation). Another possibility is 

segmentation error in our dynamic images due to noise in the region of the image (see 

Discussion). Our model predictions suggest that there are multiple possible muscle activation 

patterns capable of producing a given velum configuration, but the range of relative activations 

between muscles could be limited.  
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Figure 4.4 Velum shape comparisons between dynamic MRI and model predictions  
 
 
 
 
 
 

 

Table 4.1 Geodesic distances between pairs of velum shapes 
 

MRI 
Shape 

Model Activation geodesic 
distance   LVP MU PP PG 

rest rest 0 0 0 0 0.1603 

/i/ 
closest 45 20 25 0 0.2254 
farthest 25 30 35 15 0.2900 

rest 0 0 0 0 0.2401 

/sʌ/ 
closest 79 12 0 0 0.2116 
farthest 25 30 35 15 0.3298 

rest 0 0 0 0 0.3045 
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When activating each muscle in isolation, the LVP was the only muscle able to produce 

closure. 18.6% activation of the LVP resulted in touch closure when average along-fiber 

shortening of the LVP was 6.7 mm (Figure 4.6). Contraction of the MU resulted in slight 

extension of the posterior velum but not enough for any contact between the velum and 

posterior pharyngeal wall (Figure 4.5). Activation of the PP resulted in inferior displacement of 

the velum with the posterior velum (uvula) displacing anteriorly. Similarly, PG activation 

resulted in anterior velum movement. Contraction of both the palatopharyngeus and 

palatoglossus increased the distance between the velum and posterior pharyngeal wall.  

 

Figure 4.5 Model-predicted velum shapes in muscle isolation simulations 
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Figure 4.6 Fiber lengths and mechanical advantage for closure  
We related these quantities to velum displaced distance for each muscle during muscle isolation 
simulations.  
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When examining the mechanical advantage for closure of each muscle, both the LVP 

and MU had negative values, as expected, which indicates that shortening of their fibers is 

advantageous for closure. The low magnitude of LVP mechanical advantage suggests that small 

amounts of LVP fiber shortening result in greater posterior velum displacement toward closure 

than comparable along-fiber shortening of the MU. Additionally, the LVP mechanical advantage 

magnitude increases as the velum moves closer to the posterior pharyngeal wall. This indicates 

that more LVP shortening is required to displace the velum a given distance as the velum nears 

the posterior pharyngeal wall. Conversely, the large positive values for PP and PG mechanical 

advantage imply that large changes in their fiber lengths produce minimal velum displacement 

and in the direction opposite of closure.  

Finally, our fourth set of simulations revealed that the effect of MU, PP, and PG 

contraction on closure force is dependent on the LVP activation state. MU activation 

consistently increases closure force in all simulated LVP activation states (Figure 4.7). When LVP 

is at 25% activation, the immediate effect of MU activation on closure force is greater than the 

effect of low MU activation levels in other activation states. However, as MU activation 

approaches 100%, the increase in closure force with MU activation, i.e. d(Closure Force)/d(MU 

act), decreases. In the 50% LVP activation state, when the MU is near 43% activation, increases 

in MU activation result in the greatest increases in closure force across the MU activation 

simulations. For 75% and 100% LVP activation states, as MU activation increases, so do 

corresponding increases in closure force until 65% and 79% MU activation respectively. Thus, 

the effect of MU activation on closure force primarily increases as MU activation increases 
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when the LVP is at higher activations, whereas in lower LVP activation states, the effect of MU 

activation on closure force decreases as MU activates above 50%. 

In all LVP activation states, PG activation results in immediate reduction in predicted 

closure force (Figure 4.8). The effect of PG activation on closure force was dependent on LVP 

activation state and changed as PG activation increased. With the LVP held at 25%, less than 

17% PG activation results in separation of the velum from the posterior pharyngeal wall, i.e. 

closure force is zero. The effect of PG activation on decreases in closure force, i.e. magnitude of 

d(Closure Force)/d(PG act) is greater when the LVP is at a higher activation. Overall, the PG is 

able to lower the velum out of posterior wall contact, and thus reduce closure force, more than 

the MU is able to increase closure force, as indicated by the relative magnitudes of d(Closure 

Force)/d(muscle act).  

Similar to the PG activation, PP activation reduced closure force in all LVP activation 

states (Figure 4.9), though to a lesser degree than PG activation. The change in closure force 

per change in muscle activation was smaller for the PP than for the PG. The small effect of PP 

activation on closure force supports the hypothesis that the PP adjusts velar position during 

elevation when the LVP is activated.  

In all the muscle activation states simulated, 100% activation of the LVP produced closure 

(Figure 4.10). The effect of LVP activation on increases in closure force gets larger as LVP 

activation increases, i.e. d(Closure Force)/d(LVP activation) has positive slope, for nearly all LVP 

activations in all activation states. Low levels of LVP activation most increase closure force 

when the MU is activated; however, by 50% LVP activation, these differences have converged. 
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Overall, the effect of LVP activation on closure force is dependent on LVP activation state, 

similar to the MU, PP, and PG muscles.  

 

 

Figure 4.7 Effect of musculus uvulae activation on VP closure force 
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Figure 4.8 Effect of palatoglossus activation on VP closure force  
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Figure 4.9 Effect of palatopharyngeus activation on closure force 
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Figure 4.10 Effect of LVP Activation on closure in various activation states 
 



 
 

 
 

100 

4.5 Discussion 

In this study, we created a novel 3D subject-specific finite element model of the VP 

mechanism to investigate the effect of palatopharyngeus and palatoglossus contraction on VP 

closure and compare these effects to comparable activation of the LVP and musculus uvulae. 

Our model was able to reproduce velum shapes demonstrated in subject dynamic MRI and 

compared favorably with experimental data of VP closure force. Model predictions suggest that 

the palatopharyngeus works to position the velum during VP closure and slightly opposes LVP 

contraction. Contraction of the palatoglossus resulted in decreased velar contact with the 

posterior pharyngeal wall and lower closer forces; thus, the palatoglossus could contribute to 

velum lowering or VP opening during speech, as previously hypothesized (130). Our model 

predicted muscle fiber shortening in four VP muscles and used these shortening predictions to 

compare mechanical advantage for closure between muscles. We also simulated isolated 

activation of each muscle in various LVP activation states and demonstrated that for each 

muscle, the effect of muscle activation on closure force varies with LVP activation. This work 

demonstrates insights possible using computational modeling that are not feasible with current 

in vivo experimental methods alone. 

Our predictions of muscle activation pattern during /sʌ/ differ from experimental 

measurements of LVP, palatopharyngeus, and palatoglossus activations during sustained 

phonation, while our predictions for /i/ are closer to the reported experimental range (107). 

We predicted 79% LVP, 12% MU, 0% PP, and 0% PG activation to best replicate the velum shape 

during /sʌ/. Experimentally, palatopharyngeus activation was greater than zero during 

sustained /s/ production for all subjects with PP activation higher than LVP activation in two of 
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five subjects. These differences could be due partly to differences between sustained and 

natural speech production, as well as variability between individuals. However, the closure 

force predicted at 79% LVP and 12% MU activation with 0% PP or PG activation is 0.777N, which 

corresponds well to experimental measurements of /s/ production, ranging from 0.595N to 

0.813 N in males, depending on the phonetic context. The model predictions for /i/ muscle 

activation pattern (45% LVP, 20% MU, 25% PP, and 0% PG) are more similar to experimental 

data (107). All 5 subjects in (107) had higher levels of PP and LVP activation than PG activation. 

The model predictions of closure force at that activation pattern is 0.186N, which is below the 

range reported in (114):  0.476 ± 0.128 N. However, our predictions of muscle activation 

patterns given velum deformations provide insight into relative muscle activations without 

invasive methods. This could be especially beneficial in cases where in vivo collection of these 

measurements is not possible, e.g. in children with repaired cleft palate or genetic syndromes.  

The variability in muscle activations between subjects is high (107,114), suggesting the 

importance of subject-specific comparisons. Therefore, we compared LVP shortening predicted 

by the model to dynamic MRI measurements from Chapter 2. At model-predicted activation for 

/sʌ/, average LVP along-fiber stretch is 0.768, corresponding to 23.2% shortening. In dynamic 

MRI, this subject demonstrated 16.8% maximum shortening during /sʌ/ production, which 

corresponds well to the model-predicted extravelar LVP shortening of 19.4%. Similarly, for /i/, 

this subject demonstrated 14.8% LVP shortening in dynamic MRI, and the model predicted 

18.6% total LVP shortening with 14.7% extravelar LVP shortening. The higher levels of 

shortening predicted by the model, especially intravelar shortening, could result from the free 

lateral boundaries of the velum in our model. In vivo, the lateral velum is attached to other soft 
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tissues, limiting its ability to contract laterally. Future modeling work should explore the 

possible effect of this constraint on LVP shortening and velum deformation.  

Overall, the model predictions of closure force and muscle activation compare favorably 

with in vivo experimental data of these quantities (114). This experimental data provides 

invaluable insight into VP function but demonstrates the variability between individuals, which 

leads to difficulties drawing conclusions from average or limited data sets. In addition to inter-

subject variability, there is the possibility of experimental error or inconsistencies. The force 

bulb used to measure in vivo closure force was calibrated using rigid wooden surfaces (144); 

however, the velum is a soft tissue and would not deform the force bulb in the same manner as 

a rigid object, which could lead to variations in closure force measurements. Additionally, 

placement of electromyography electrodes is challenging for these muscles, and one study 

demonstrated that electrode placement in the palatoglossus affects the measurement of 

activity (38).These possible experimental errors and inter-subject variability motivate our 

subject-specific framework, in which we validate our model with subject-specific dynamic MRI 

in addition to experimental data available in the literature. 

Our model predictions of velum shape aligned well with velum shapes observed in 

dynamic MRI, especially in the anterior and middle regions of the velum. Our model predicted 

additional velum length along the posterior pharyngeal wall that was not observed in dynamic 

MRI. One possibility is that dynamic MRI is not capturing the uvula during velar elevation. Slice 

thickness in our dynamic images is 8mm, which is approximately the width of the uvula in this 

subject. The two-dimensional images are averaged through their thickness. Therefore, if the 

imaging plane was not centered around the uvula, either due to plane orientation or 
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asymmetric uvular motion during speech, the uvula could appear as noise in the dynamic 

image. Future studies should compare model-predicted velum shapes to MRI shapes at several 

time points during velar elevation to determine when the model stops adequately representing 

the velum shapes observed in dynamic MRI.  

Experimental studies have shown mixed results regarding the effect of tensor veli 

palatini (TVP) activation on velum movement, ranging from no effect to depression of the 

anterior velum (1,13,49,70,80); however, the importance of the stiff TVP tendon in the anterior 

velum was noted (13,80). Preliminary computational modeling work agreed with these findings; 

the model predicted that the TVP muscle benefits closure primarily by its constraint on anterior 

velum movement, rather than by its activation (160). Because of this and for computational 

efficiency, our model incorporates the TVP tendon attached to a passive Neo-Hookean block, 

rather the entire TVP muscle. We tuned the stiffness of the block attachment to best represent 

the effect of the TVP muscle. We compared simulations of 100% LVP activation in the model 

described here to 100% LVP activation simulations in a model similar to ours with the addition 

of TVP muscle and hook of Hamulus geometry. A stiffness of 3 MPa for the attachment block 

yielded less than 5% difference in closure force predictions and less than 1% difference in velum 

posterior and superior displacement. However, in future modeling studies of repaired cleft 

palate anatomies, the effect of the TVP on velum movement should be considered. The TVP is 

shorter and oriented differently in these anatomies compared to healthy (65); thus, the effect 

of the TVP on velum movement could differ from healthy anatomies and should be further 

investigated.  
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Our model assumes a consistent velum stiffness throughout its length, similar to (86,87),  

of 40kPa. Although velum stiffness has been shown to vary throughout its length from stiffer 

near the hard palate to more compliant at the uvula (23,53,110), the use of 40kPa 

corresponded well with experimental data and in vivo velum configurations. Additionally, the 

experimental velum stiffness measurements include the TVP tendon and musculature of the 

velum. Inclusion of the TVP in the anterior velum of our model geometry results in a stiffer 

anterior velum than posterior velum in our model, similar to experimental findings.  

The model predictions of closure force are dependent on velum stiffness, and the 

stiffnesses of the palatopharyngeus and palatoglossus attachments blocks. We performed a 

sensitivity analysis perturbing the stiffnesses of each material down by 50% (half stiffness) and 

up by 100% (double stiffness). We performed four simulations for each set of velum, 

patalopharyngeus block, and palatoglossus block stiffnesses:  100% LVP activation, 100% 

coactivation of the LVP and musculus uvulae, 100% coactivation of the LVP and 

palatopharyngeus, and 100% coactivation of the LVP and palatoglossus. Although the 

magnitudes of closure force were affected, the relative closure forces between the simulations 

remained the same. Our conclusions regarding the effect of palatopharyngeus and 

palatoglossus contraction on closure force remain valid, although the magnitudes of these 

effects could vary depending on velum stiffness and these boundary conditions.   

 Our model geometry is based on the orientation and location of muscles determined 

using MRI data from one subject. For the palatopharyngeus muscle geometry, we included the 

palatopharyngeus bundle identifiable in MRI, but anatomical studies report that the 

palatopharyngeus is likely two or more muscle bundles (62,206). In addition to the bundle with 
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primarily superior-inferior oriented fibers, the other major bundle courses more posteriorly 

from the velum to the superior constrictor (62) and was not included in our model. Based on 

anatomical dissection, the action of the bundle is hypothesized to act as partial VP port 

sphincter in conjunction with superior constrictor muscle, which could affect the closure forces 

and velum configurations predicted by the model. However, even with inclusion of only the 

primarily inferiorly oriented palatopharyngeus bundle, our model predicted the lowering effect 

on velar position suggested by previous studies (145,189). Consideration of this additional 

bundle should be considered in future modeling studies of the VP mechanism.  

A critical assumption of our model is that optimal fiber length for each muscle occurs at 

muscle resting length. Sarcomere lengths in these muscles are currently unknown, but recent 

developments in minimally invasive in vivo imaging of sarcomeres could enable this 

investigation (186). Optimal fiber lengths different from resting length for any or all of these 

muscles would affect model predictions of closure force. However, predictions of fiber 

shortening and velum displaced distance would remain the same, as would the conclusion that 

for each muscle, the effect of muscle activation on closure force varies between LVP activation 

states.  

 Limitations of this framework include the lack of viscoelastic and force-velocity effects in 

our constitutive formulation. Further model developments should include these effects, which 

would likely reduce force production but remain near peak muscle power in the LVP, given in 

vivo LVP muscle velocities measured previously (Chapter 2). In vivo muscle velocities of the 

other VP muscles have yet to be investigated. Even with alterations in muscle force and closure 

force, our demonstration of fiber length and velum displaced distance remains insightful, as it 
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quantifies the differences in mechanical advantage for closure between the VP muscles. 

Inclusion of these effects would allow for investigation of the timing between muscle activation 

and contraction and how this could differ in individuals with VP dysfunction.  

 In conclusion, we created a novel 3D finite element model of the VP mechanism to 

probe the contributions of the palatopharyngeus and palatoglossus muscles to VP closure, 

quantify their effects on closure, and compare to the effects of the LVP and musculus uvulae on 

closure. Our model predictions of closure force compare favorably with experimental closure 

force data and agree with a previous computational modeling predictions of the advantageous 

effect of musculus uvulae contraction on VP closure (86). Our results suggest that the 

palatoglossus acts primarily to lower the velum away from the posterior pharyngeal wall, 

opposing the LVP, and the palatopharyngeus pulls the velum inferiorly for possible velum 

positioning during closure. For both muscles, as well as the LVP and musculus uvulae, the 

magnitude of their effect on closure is dependent on the current level of LVP activation. The 

framework presented here is, to our knowledge, the first to couple MRI and finite element 

model for investigations of VP closure mechanics. Future modeling studies should include 

additional healthy subjects, especially across a range of ages, sexes, and races, to examine the 

effect of anatomical variability on palatopharyngeus and palatoglossus function. The framework 

also empowers subject-specific investigation of VP dysfunction biomechanics. In particular, 

future work could utilize this framework to determine which anatomical or mechanical features 

contribute to VP dysfunction in a patient’s anatomy and use these insights to inform treatment 

that optimizes patient outcomes. 
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5 Chapter 5 
 
 
 

Conclusions 
 
 
 
 

“Roads? Where we’re going, we don’t need roads” 
- Dr. Emmett Brown, Back to the Future 
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5.1 Summary 

In this dissertation, we focused on three questions critical to improving our 

understanding of velopharyngeal (VP) biomechanics:  How does anatomy affect VP function in 

healthy individuals? How do anatomical alterations in children with VP dysfunction affect the 

structure-function relationship? And how, if at all, do the palatopharyngeus and palatoglossus 

contribute to VP closure? To answer these questions, we first developed a novel method to 

measure in vivo levator veli palatini (LVP) function using dynamic magnetic resonance imaging 

(MRI). Second, we coupled MRI with computational modeling to isolate the effects of specific 

anatomic or mechanical perturbations on VP closure, such as increasing LVP cross-sectional 

area in children with 22q11.2 deletion syndrome or altering muscle activation in muscles 

hypothesized to be LVP antagonists. Using these methods, we revealed a previously unknown 

relationship between VP anatomy and LVP muscle function:  LVP muscle shortening and 

contraction velocity scale with VP port depth. Additionally, we quantified the effect of altered 

anatomical features on VP closure in children with 22q11.2 DS and probed the effects of 

palatopharyngeus and palatoglossus contraction on VP closure. These insights further our 

understanding of the VP structure-function relationship, and the methods developed here can 

be employed for further investigation of VP biomechanics in healthy and impaired speech 

populations.  
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5.2 Contributions 

5.2.1 In Vivo Measurements of Levator Veli Palatini Shortening and Contraction Velocity  

Although in vivo levator veli palatini (LVP) lengths have been reported previously 

(54,170,175,209), this dissertation is the first to place this functional measurement in the 

context of the force-length relationship (36,51,66,84,180). In our sample of healthy adults, LVP 

muscle shortening did not substantially reduce the force-generating potential of the LVP. 

However, the ascending limb of the force-length curve steepens sharply as fibers continue to 

shorten from optimal fiber length, greatly decreasing the muscle’s force generating ability. 

Individuals with repaired cleft palate demonstrate greater pharyngeal depths (167), and LVP 

shortening likely increases as the VP port deepens (see Section 5.2.2). Therefore, the sharp 

decreases in potential force generation given greater LVP shortening could have important 

implications in individuals with repaired cleft palate.  

 Because of our novel methodology and adequate frame rate, we were able to calculate 

in vivo LVP muscle velocities for the first time. Velar velocities during speech have been 

reported from electromagnetic articulography (EMA) and cineradiography studies (52,104), but 

they were conducted in the mid-sagittal plane, which is unable to capture LVP function. Muscle 

contraction velocity is an especially important functional metric given the force-velocity 

relationship (12,78). Muscle force-generating ability declines substantially with even minimal 

contraction velocity, although there is a balance between muscle velocity and power, 

calculated as the product of muscle force and velocity. In our healthy subjects, the measured 

contraction velocities corresponded to near maximal power output. However, given that LVP 

contraction velocities scale with VP port depth (Chapter 2), the deeper VP ports seen in 
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individuals with repaired cleft palate could lead to greater contraction velocities. These higher 

velocities would lead to both reduced force generation and less muscle power.  

5.2.2 Relationship between Levator Veli Palatini Shortening and Velopharyngeal Port Depth 

 The results of this dissertation are the first to demonstrate the relationship between 

LVP shortening and VP port depth. We showed this in both healthy adults using dynamic MRI 

and in children using computational modeling predictions (Figure 5.1). When comparing 

between the methods, the model overpredicts LVP shortening but by a mostly consistent offset 

in our healthy adult subjects. Our model predictions of LVP shortening correspond to the 

maximum closure possible given a subject’s anatomy, which in combination with the model’s 

simplification of the intravelar segment, could account for this offset. 

Most MRI studies do not measure VP port depth and instead report pharyngeal depth, 

measured from the posterior nasal spine of the hard palate to the posterior pharyngeal wall 

(2,10,101,172,175). Tian and Redett found no meaningful predictors of maximal LVP shortening 

in a group of healthy adults, but they measured only pharyngeal depth, not VP port depth 

(209). In Chapter 2, we found that relative LVP shortening moderately correlated with 

pharyngeal depth (R2 = 0.6378), but this relationship did not reach statistical significance          

(p = 0.0568). VP port depth is measured in the oblique-coronal plane of the LVP and is more 

indicative of the distance the LVP must shorten to achieve VP closure. However, this plane is 

often left out of imaging studies in favor of a mid-sagittal or axial plane. The results presented 

in this dissertation support previous work (175) emphasizing the importance of the oblique-

coronal plane for understanding VP anatomy, function, and the relationship between them. 
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Figure 5.1 Relationship between LVP shortening and VP port depth 
Both our dynamic imaging and computational modeling results demonstrate the relationship between 
LVP shortening and VP port depth.  
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5.2.3 Functional Differences Caused by Alterations in 22q11.2 DS anatomies 

 Differences between 22q11.2 DS and healthy VP anatomies are well-documented in MRI 

studies (45,56,77,97,185,215,226), though specific differences are debated and anatomical 

departures from healthy likely vary between individuals. Acquiring functional data in this 

population has been challenging due to behavioral constraints and movement artifacts that are 

common in this, and any, pediatric population (102). Therefore, the functional implications of 

these anatomical differences had not been assessed until this dissertation. Speech outcomes in 

children with 22q11.2 DS have been reported but to our knowledge never related to subject-

specific anatomical measures. The modeling framework adapted in Chapter 3 allowed us to fill 

in the functional gap between anatomy and speech outcomes in children with 22q11.2 DS.  

 Additionally, this dissertation hypothesizes that differences in LVP cross-sectional area 

(CSA) play a large role in the reduced VP function of children with 22q11.2 DS. Our model 

predicted improved VP closure in all of our 22q11.2 DS subjects when LVP CSA was set equal to 

the age-, gender-matched healthy control value. In general, LVP thickness is reported in 

anatomical studies of LVP, rather than CSA (11,56,158). Thickness gives a one-dimensional 

estimate of CSA, and we would expect that increases in thickness imply increases in CSA. 

However, LVP thickness measurement is dependent on the oblique-coronal plane orientation 

through the LVP and location along the LVP length; in the oblique-coronal plane, the location of 

greatest LVP thickness might not correspond to the location of greatest CSA. Muscle force 

scales with muscle CSA (123), assuming LVP fibers are oriented along the LVP length), signifying 

the importance of LVP CSA when considering VP function. 
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5.2.4 Subject-specific Three-dimensional Finite Element Model of the VP Mechanism 

In this dissertation, I have developed the first three-dimensional (3D) finite element 

model of the VP mechanism that includes geometric representation of four VP muscles – LVP, 

musculus uvulae, palatopharyngeus, palatoglossus, as well as representation of constraints 

placed on the velum by the tensor veli palatini. A previous finite element model to probe VP 

function included four VP muscles but was two-dimensional with simplified rectangular 

geometry of the velum and used force vectors to represent muscle contraction (22). Other 

existing finite element models examining VP closure included at most two muscles with no 

representation of the remaining musculature by force vector, constraint, or otherwise 

(86,87,203). A recent finite element model of the upper airway, including velum, included fiber 

directions for all VP muscles but combined them into one thin geometric layer within the velum 

to examine airway collapse in obstructive sleep apnea patients (128). With four muscles 

represented individually in our model, we could isolate and quantify the effects of each 

muscle’s activation on VP closure and compare between muscles. 

We sought to answer two questions about the contributions of each muscle to VP 

closure:  (i) How much does the velum displace posteriorly (toward closure) for a range of 

muscle fiber shortening? (ii) How does muscle activation affect closure force and how does this 

effect change with changes in LVP activation or velar elevation? To explore these questions, we 

developed two new metrics to quantify the effectiveness of a muscle at contributing to VP 

closure, or a pseudo “muscle moment arm”, for this biomechanical system. For a muscle’s 

contribution to posterior velum displacement, we defined mechanical advantage for closure as 

the derivative of fiber length with respect to velum displacement toward closure. Secondly, we 
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quantified the change in closure force per change in muscle activation to probe how muscle 

activation affects closure force. In our modeling framework, this quantity can be calculated for 

various muscle activation states to investigate how the effect of muscle activation on closure 

force differs between levels of velar elevation and LVP (or other muscle) activation. These new 

metrics provide novel insights into the relative contributions of each muscle to VP closure and, 

in future modeling work, enable quantification of differences in VP muscles’ contributions to 

closure between healthy and clinical populations. 

 This 3D finite element modeling framework is also novel in its geometric construction 

and method of validation. Our 3D geometry was constructed from static MRI data of one 

healthy adult, rather than average measurements from the literature (87). Because of this, we 

were able to validate our model with data from subject-specific dynamic MRI, in additional 

validating against previously published closure force data (114). Our validation method 

empowered us to estimate muscle activation patterns without electromyography, which is 

likely difficult to acquire in many relevant clinical populations. Additionally, VP anatomy varies 

significantly between people, especially in a clinical population, so models based on averages 

across subjects are likely unrepresentative of most, or any, subjects. This dissertation 

establishes a novel coupled imaging-modeling framework that can be used to further our 

understanding of the VP mechanism in healthy and impaired speakers.
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5.3 Future Applications 

The work in this dissertation lays the groundwork for studies and clinical trials that will 

provide mechanistic understanding of VP function, as well as patient-specific treatment plans 

for cleft palate repair and VPD informed by patient anatomy and VP function. In particular, the 

methods developed in this dissertation empower future comprehensive longitudinal clinical 

studies combining MRI and computational modeling to improve understanding of the VP 

structure-function relationship, how this relationship evolves throughout development, and 

how it differs in the case of a cleft palate anatomy.  

One possible study involves collecting MRI data for a cohort of children from infancy until 

late adolescence or early adulthood. Ideally, we would enroll 100 or more patients born with 

cleft palate before primary repair and collect anatomical MRI of pre-surgical anatomy. By 

adapting previously developed MRI protocols (5,190,220), we hope to image these infants 

without sedation using a feed-and-sleep technique. Based on this MRI data, we would use the 

framework described in this dissertation to construct computational models of pre-repair 

anatomies, including the velum, posterior pharyngeal wall, and levator veli palatini (LVP) 

muscle. Depending on image quality, we will also attempt to include geometric representations 

of the other musculature in our models. With these models, we plan to perform virtual 

surgeries and predict the best surgery for a given anatomy. If we include VP muscles in addition 

to the LVP, even if possible only in a subset of subjects, we will explore how current surgical 

procedures reorient muscles other than the LVP, a topic of particular interest in the cleft palate 

research community. 
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  In addition to virtual surgeries, we could partner with an existing Coulter Foundation-

funded project to examine the fluid dynamics of feeding in our cohort of children. This project 

is currently running clinical trials on a novel feeding system for children born with cleft palate, 

and preliminary data indicates that many children feed more efficiently with this novel system 

(212). With the anatomical data provided by MRI, we could model different feeding systems in 

children with cleft palate and compare between systems to predict which system would 

provide the most efficient feeding for each patient. These predictions would then be validated 

against feeding evaluations performed by speech-language pathologists and parent/guardian 

feedback. We could then use our models to probe how differences in pre-surgical cleft palate 

anatomy influence the efficacy of different feeding systems 

 Approximately three months after each patient’s palate repair, we will acquire 

anatomical MRI of post-repair anatomy and use this data as the geometric basis for a new set 

of computational models. In particular, we want to simulate VP function and compare this 

patient-specific model’s predictions of VP function with the subject’s virtual surgery models’ 

predictions from above. A critical component of this study is collaboration with the plastic 

surgeon(s) performing palate repairs on our cohort of children. For completeness, we would 

want detailed notes of the type of surgery performed, and if possible, to observe the primary 

repairs of each patient in our cohort. This would empower comparison between our virtual 

surgery model predictions and our post-repair model predictions.  

 For each patient in our cohort, we plan to collect yearly anatomical MRIs, and starting at 

age 4, we will also collect dynamic MRIs during speech and swallowing. These dynamic data will 

be used as subject-specific model validation, as described in this dissertation, in addition to 
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speech-language pathologist (SLP) evaluations of speech. Each new set of MRI data will be used 

to construct subject-specific models that represent current VP function, and using growth 

curves derived from existing cross-sectional data, we will also predict future speech outcomes. 

This longitudinal MRI data will also serve as the basis for development of growth curves for 

velopharyngeal structures, e.g. velopharyngeal port dimensions and velum length, in repaired 

cleft palate anatomies.  

 When image quality allows, we plan to add additional structures to our model 

geometry, including the lateral walls, superior larynx, and simplified tongue geometry. This 

facilitates examination of different closure patterns, as well as quantification of the 

contributions of lateral wall contraction on VP closure. The primary role of the 

palatopharyngeus muscle is likely during swallowing to elevate the larynx in conjunction with 

slight velum lowering. With these additional structures represented, we could simulate 

swallowing in addition to velum elevation. Investigation of these other VP functions with our 

models is critical to providing surgeons with more information about how different surgical 

techniques affect function of the entire VP system, not just VP port closure.  

 We intend to collect MRI data and complete SLP speech evaluations yearly until each 

patient is approximately 18 years old. Given that 25-35% of patients with repaired cleft palate 

have VPD (136), we expect that approximately 25 of our recruited patients will require 

additional surgical intervention to achieve healthy speech. For these patients, we hope to work 

closely with clinicians and use our patient-specific models to predict the anatomical factor(s) 

leading to speech dysfunction and simulate various VPD surgical repairs, e.g. pharyngeal flap 

and sphincter pharyngoplasty. In particular, for this investigation, our models should include 
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more detailed and comprehensive geometry than the models described in this dissertation, as 

mentioned above. For instance, the contributions of the lateral walls are critical when 

evaluating the efficacy of a pharyngeal flap, and the effect of sphincter pharyngoplasty on 

swallowing should be explored before surgical intervention. In this cohort of patients with VPD, 

we will continue collecting anatomical MRI and dynamic MRI during speech production to 

empower construction of additional models. Predictions from these post-secondary repair 

models will be compared to predictions from the virtual surgeries using the pre-secondary 

repair model. Similar to the primary repair surgical data, we will record detailed notes on the 

surgical procedure to facilitate comparison between pre- and post-surgical model predictions.  

 An additional component to this study is the collection of yearly MRI data for a group of 

typically developing (TD) children from infancy to early adulthood. We hope to match the sexes 

and races of our TD cohort to our patient cohort to control for these effects when comparing 

between groups. Longitudinal collection of MRI data, both static and dynamic during speech, 

from TD children empowers comparison of VP structure growth curves between healthy 

children and those born with cleft palate. In addition, we plan to model VP function in our TD 

cohort and, similar to the repaired cleft patients, use existing cross-sectional data to predict 

how VP structures and function will change throughout development. These predictions will 

then be validated with subject-specific measurements from MRI at later ages.  

 This longitudinal study would provide an enormous database of anatomical and 

functional data across development. It would empower investigation of how VP structures grow 

in both TD and repaired cleft children and would provide critical insight into how the 

relationships between VP structures, e.g. VP ratio, change throughout development. From this 
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data, we could establish growth curves for healthy children and those born with cleft palate, 

and determine the optimal time to evaluate repaired cleft palate patients and determine the 

need for further surgical intervention. The modeling component to this study would provide 

key insights into the effect of various surgical techniques on future speech outcomes and 

supports the existing hypothesis that patient-specific surgical techniques informed by patient 

anatomy lead to improved speech outcomes. Overall, this study builds on the work described in 

this dissertation and would establish a physics-based, imaging-informed paradigm for treating 

cleft palate and VPD with improved outcomes for all those affected by cleft palate.  

Although this proposed trial is unfeasible due to funding, timing, and other constraints, this 

dissertation lays the foundation for many feasible future directions. These involve novel 

imaging techniques and computational modeling based on the work described in this 

dissertation that would provide new insights into the VP structure-function relationship for 

healthy and altered anatomies. 

Modeling of Individuals with Repaired Cleft Palate or Velopharyngeal Dysfunction 

 An immediate application of our coupled imaging-computational modeling framework is 

development of MRI-based models of individuals with repaired cleft palate and/or VPD. 

Collaboration with a speech pathology team experienced in child-friendly MRI provides an 

avenue for recruitment and imaging of children with repaired cleft palate using a child-friendly 

protocol (100,101,170). Our finite element models could probe the anatomical features, such as 

LVP or velum length, or mechanical parameters, such as velum stiffness, contributing to 

dysfunctional VP mechanics and predict which treatments could provide the optimal functional 

outcomes. The ideal age range for this type of study is between four and nine-years-old; within 
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this range, children with repaired cleft palate are evaluated to determine the need for 

secondary surgery.  

 We demonstrated the ability of our imaging-modeling framework to represent 

dysfunctional speech mechanics in a preliminary model of an adult with VPD (161). Using the 

model construction framework described in Chapter 4, we created a three-dimensional 

geometry including the velum, levator veli palatini, and posterior pharyngeal wall. We included 

both sides of the VP mechanism due to obvious asymmetries in the subject’s anatomy. Our 

model replicated both mid-sagittal and oblique-coronal plane velum motion captured during 

speech with dynamic MRI (Figure 5.2). This framework empowers investigation into the causes 

of VPD and subject-specific treatments and facilitates quantification of how the contributions of 

each VP muscle to closure differ between healthy and VPD anatomies.    

 

 

Figure 5.2 Preliminary VPD finite element model 
A preliminary finite element model based on an adult with VPD reproduced velum elevations and 
oblique-coronal motion demonstrated in the subject’s dynamic MRI.  
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Longitudinal Study  

 Cross-sectional studies have demonstrated that VP structures differ between ages (166), 

but how a given anatomy changes over time is unknown. Additionally, our understanding of 

how these structural changes affect function is limited, as the few VP functional studies in 

children do not relate observed function to structure (100,170,210,211). Our imaging-modeling 

framework lays the groundwork for a longitudinal study to elucidate changes in VP structure 

and function through development in both typically developing children and those born with 

cleft palate. VP muscles demonstrate a gender effect in adults (171), but this is not the case in 

prepubertal children (101), indicating that structural changes occur between child- and 

adulthood. When those changes take place and how that differs between individuals is 

unknown. With a longitudinal study, we could answer questions such as:  How do child 

anatomy and function relate to adult anatomy and function? Does VP closure remain consistent 

through growth? How does the timing of growth differ in children born with cleft palate? In the 

repaired cleft palate population, decisions regarding the need for secondary surgery are made 

during a time of possible tremendous anatomical and functional change. This longitudinal study 

would provide insight into these questions and lead to more optimized timing and type of VPD 

surgical treatment accounting for the effects of growth.   

Anatomically-based surgical plan 

 Our ultimate goal is to improve the outcomes of cleft palate repair surgery and 

eliminate the need for secondary surgeries by providing a physics-based framework to optimize 

repair surgery for each patient. Cleft palate is one of the most common birth defects in the 

United States, affecting 1 in 1000 births (159). Children born with cleft palate have repair 
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surgery typically between six and twelve months old, and the type of repair depends on 

surgeon preference. Currently, approximately 25% of patients with repaired cleft palate must 

undergo additional surgery to achieve adequate VP function (137). This high failure rate is due 

in part to the trial-and-error approach to surgical repair, instead of a mechanistic approach 

examining how pre-surgical structure will affect post-repair VP muscle function. Our framework 

could demonstrate the utility of considering patient-specific anatomy when devising surgical 

plans. With pre-surgical imaging and our computational modeling, various surgical techniques 

could be simulated and effects compared to predict the surgical technique leading to the 

optimal outcome. Results from these investigations would provide much needed insight into 

which surgical procedures are best suited for a given cleft palate anatomy. We hope that this 

would lead to a paradigm where subject anatomy is a primary consideration in surgical plans 

and outcomes are improved for all children born with cleft palate. 

Novel Imaging Techniques to Improve our Finite Element Models 

 To our knowledge, our MRI-modeling framework is the first to use subject-specific MRI 

to construct the model and validate with novel analyses based on subject dynamic MRI. 

However, with any model, we make certain assumptions for computational efficiency or lack of 

experimental data. Three assumptions – fiber direction, velum stiffness, and starting sarcomere 

length – could be investigated with the advancement of additional imaging techniques. 

 In vivo fiber directions are critical to validate fiber directions used in our finite element 

modeling framework, which are determined by flow simulations (71,85). Diffusion Tensor 

Imaging (DTI) provides an in vivo evaluation of muscle fiber direction (46,75) and has been 

suggested as a possible solution to elucidate unknown LVP fiber directions in individuals with 
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VPD (97,167). DTI has been successfully implemented in skeletal muscle, including the human 

tongue (64,192). However, most of the VP muscular structures are especially small, so the voxel 

sizes used in the tongue studies are likely too large for effective evaluation of intravelar muscle 

fiber directions. Additionally, because the tongue is located more externally, surface coils 

placed on the cheek improved the signal-to-noise ratio in a tongue DTI study (64). The velum is 

less accessible, and thus, an intraoral coil is most likely the best option for sufficient signal. Even 

minimal motion of the relevant structures during acquisition can obscure measured diffusion 

(148), so immobilization of the structures is typically implemented for effective imaging 

(64,76,154). The velum moves during breathing and swallowing, so scan time must be 

minimized to limit this movement or techniques developed to compensate for this motion. 

 In our framework, we assume a velum stiffness based on the range of literature values 

and best representation of velum deformation. However, when extending our framework to 

children with repaired cleft palate, we will need to carefully consider velum stiffness. The effect 

of scar tissue pattern and stiffness on velar stretch and VP closure warrants exploration. 

Reported values of velum stiffness are from adults with no history of velopharyngeal surgery, 

and scar tissue likely alters velum stiffness in children with repaired cleft palate. Magnetic 

Resonance Elastography (MRE) allows for in vivo measurement of soft tissue viscoelastic 

properties by propagating mechanical shear waves through the tissue and capturing the tissue’s 

response using MRI (135,149). MRE has been successfully utilized in the velum for a small 

cohort of healthy individuals and patients with obstructive sleep apnea (29,35), and the shear 

moduli compared favorably to the range of shear moduli determined using other methods 

(22,23,69,134). MRE of the velum is subject to many of the same drawbacks as DTI. Motion 
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artifacts are detrimental to accurate determination of shear moduli, as they are calculated from 

small displacements in the tissue of interest induced by the shear wave. The current method to 

induce shear waves into the velum, a vibrating mouth guard or bite bar, increases saliva 

production and increases the desire to swallow, during which the velum moves. One study 

mitigated this effect by using an oral appliance connected to a vacuum hose that extracted 

saliva during DTI acquisition of the tongue in two healthy adults (192). More investigation is 

required to determine what protocol adaptations are necessary for children to successfully 

complete these scans and to mitigate possible motion effects.  

 Finally, a critical assumption across this dissertation is that resting length of VP muscles, 

in particular the LVP, corresponds to optimal fiber length and is at the peak of the force-length 

curve. Resting sarcomere lengths are currently unknown in these muscles. Recently, the 

zebrascope, a new device leveraging laser-scanning second harmonic generation to image 

sarcomeres, was developed and made commercially available (186,229). The zebrascope’s 

utility has been demonstrated in a variety of limb muscles using a needle-size probe inserted 

into the muscle of interest (33,34,122,186,219). Use of the insertion probe is unlikely to be 

feasible for the LVP or other VP muscles. However, this system also employs a flat probe that 

can rest on the surface of exposed muscle and image sarcomeres. This surface probe could be 

utilized during cleft palate repair surgeries when the LVP is exposed to image sarcomeres in the 

LVP. This would lead to experimental testing of our assumption that LVP resting length 

corresponds to optimal length. Further protocol development is required to accelerate device 

set-up and image collection to minimize disruption during repair surgery.  
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Inclusion of Lateral Pharyngeal Walls in Finite Element Models 

 Although elevation of the velum is the primary driver in VP port closure, the lateral 

pharyngeal walls can contribute to complete closure of the VP port (90,163). Our simulations 

model a coronal closure pattern, reported in 51 to 55% of healthy individuals (40,58), but there 

are three other closure patterns that involve varying degrees of lateral wall contraction. Lateral 

wall motion could be especially important in children with repaired cleft palate who have 

limited velum mobility. These children are prime candidates for pharyngeal flap surgery to treat 

their VPD; the flap compensates for minimal velum movement but depends on lateral wall 

contraction for sufficient closure. Additionally, the superior constrictor, which lies beneath a 

layer of mucosa in the lateral and posterior pharyngeal walls, has been shown to activate 

during speech production (107). A better mechanistic understanding of lateral wall contraction 

and closure patterns could provide additional insight into the VP structure-function relationship 

and how it varies between individuals. Men were found more likely to demonstrate coronal 

closure, although this difference could be due to the greater velar lengths in men, which 

corresponded to coronal closure patterns (90). Our computational modeling framework could 

further explore this hypothesis in addition to probing the anatomical or mechanical factors that 

influence type of closure pattern. 

 Additionally, inclusion of the lateral pharyngeal walls empowers investigation of upper 

airway collapse in obstructive sleep apnea (OSA), which affects an estimated 20% of adults in 

the U.S. (57). Although obesity is associated with OSA, how weight gain affects the tissues and 

mechanics of the upper airway is unknown (29). Additionally, OSA is not only a concern for 

individuals with high body mass index but also for other populations, including individuals with 
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pharyngeal flaps to address VPD (37). Though Continuous Positive Airway Pressure (CPAP) 

mitigates OSA in most patients, approximately 30% of people do not tolerate it (157), and other 

treatments are effective in approximately 50% of people (140). Upper airway collapse in OSA 

has been modeled previously but not with geometric representation of the velar musculature 

involved (126–128). Our framework could probe how changes in mechanical and anatomic 

factors contribute to OSA in specific patients to better inform treatment options.  

5.4 Final Remarks 

Blowing out candles, sucking a straw, speaking easily and intelligibly – These normal tasks 

can be exceptionally challenging for individuals with velopharyngeal dysfunction (VPD). 

Decades of primarily observational work generated an extensive database of knowledge and 

led to developments in cleft palate repair surgical techniques and improved treatments for 

VPD. Currently, however, 25% of cleft palate repairs require secondary surgical treatment, and 

VPD is not easily treated in many complex clinical populations like 22q11.2 DS. Our 

understanding of the complex relationship between VP structure and in vivo function remains 

limited. In this dissertation, I endeavored to develop methods to empower this investigation. 

Because the levator veli palatini is the primary muscle of VP closure, knowledge of in vivo LVP 

function is critical to our understanding of VP function. No method to measure in vivo LVP 

function existed, so I developed a method to measure LVP lengths and velocities during speech 

production using dynamic MRI. We used this method to reveal that LVP shortening and 

contraction velocity scale with VP port depth. Moving forward, this method will enable 

investigation of additional relationships between VP structure and in vivo LVP function. In 

healthy and clinical populations. In the 22q11.2 DS population, the relationship between 
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anatomy and function is likely more complex than in healthy individuals, so I adapted an 

existing computational model to explore this relationship. Simulations revealed that LVP cross-

sectional area most disadvantaged closure in all 22q11.2 DS anatomies, even those from 

children with normal resonance. However, no other anatomical measure was consistently 

disadvantageous for VP closure across all anatomies, signifying the need for anatomy-informed, 

rather than “one size fits all”, treatments of VPD in children with 22q11.2 DS. Finally, our ability 

to prevent and treat VPD remains limited because the contributions of each VP muscle to 

closure are unknown. Using a novel imaging-finite element modeling framework, I 

systematically probed the roles of two VP muscles – the palatopharyngeus and palatoglossus – 

in VP closure, quantified the effects of each muscle on closure force and posterior velum 

displacement, and related these effects to contributions of the LVP and musculus uvulae.  

Recent advances in MRI have enabled collection of massive amounts of in vivo data and 

accelerated our knowledge of VP anatomy and function. When combined with computational 

modeling, MRI has the potential to forever change our approach to cleft palate repair and 

treatment of VPD. The framework developed in this dissertation integrates the wealth of 

literature with MRI-based anatomy and validation to provide new insights into VP 

biomechanics. Coupling imaging and computational modeling empowers us to unravel the 

complexities of the VP structure-function relationship and improve the lives of children born 

with cleft palate and those living with VPD.
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