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Abstract  

Cleft palates are one of the most common birth defects across the globe. The repair of cleft 

palates often includes the addition of a pharyngeal flap to assist with closure between the nasal 

and oral cavities. The failure rate of the pharyngeal flap placement is up to 30%, resulting in 

persistent velopharyngeal insufficiency, hyper-nasal speech, obstructive sleep apnea, and often 

requiring repetitive and expensive medical care. Many of these failures are caused by a lack of 

personalized surgical planning, using generic placement locations for the pharyngeal flaps. The 

generic placement of pharyngeal flaps is an insufficient method due to anatomical differences 

found in the patients receiving these surgeries. This study developed a proof-of-concept method 

for using principal component analysis to identify potential differences in anatomical shapes and 

compare them to clinical outcomes. An existing set of MRIs was used to identify shape 

variations found in patients with varying levels of velopharyngeal insufficiency. The 

identifications of these shape differences supported the ability to use the principal component 

analysis method for this kind of work.  Results of this study provided the framework for future 

modeling projects. Further work with a larger and more homogeneous data set is needed to 

validate and expand on the findings made in this pilot study.  
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CHAPTER 1: Introduction 

Orofacial clefts are one of the most common congenital birth defects across the world, affecting 

about 1 in 700 births [1]. Individuals affected by clefts have an estimated lifetime cost of 

$200,000 including multiple dental and craniofacial surgical procedures [2]. Clefts are also 

associated with higher risks of mental health problems, higher infant mortality rates, and higher 

risks of various cancer types, with these complications being exacerbated in developing 

countries.  Children left with unrepaired cleft palates face stigma and social isolation, decreasing 

socioeconomic opportunities [3]. Current cleft palate repairs can cost up to $70,000 in medical 

costs, with up to 30% of patients requiring a second surgery [4], [5]. Up to 40% of children with 

a repaired cleft palate continue to experience persistent velopharyngeal insufficiency (VPI) [6]. 

This occurs when full closure between the oral and nasal cavities is not complete and can result 

in hyper-nasal speech resonance and obstructive sleep apnea (OSA). To alleviate these 

symptoms, a common solution is the addition of a pharyngeal flap (PF), which is a small piece of 

tissue attached to the back of the soft palate. However, when placed in suboptimal positions, VPI 

can persist. Standard surgical plans are generalized and not specific to the patient. A more 

personalized analysis of an individual’s anatomy could increase surgical success, improve quality 

of life, and provide a more economical solution to current cleft palate practices.  

The goal of this study was to develop a proof-of-concept method to first identify shape variations 

in relevant anatomical structures of the pharyngeal system. This was done using post-operative 

magnetic resonance images (MRIs) from patients with pharyngeal flap placements to obtain a 

coordinate point system of their anatomies. Secondly these coordinate points underwent 

component analysis (PCA) to determine if there were identifiable regions of shape variation 

across the sample set. Finally, after determining regions of shape variation, patients with post-op 

improved hypernasality were compared to those continuing to experience persistent VPI and 

hypernasality symptoms to determine if there were patterns correlating specific anatomical 

characteristics to improved nasality scoring. The results of this pilot study provided the 

foundation for future modeling projects that may eventually lead to the application of statistical 

methods in VPI studies. Decreasing the need for repetitive surgical procedures could positively 

affect the lives of hundreds of thousands of children across the globe every year [2]. 

1.1 Cleft palate development and repair 

Palates develop during weeks 4-12 of the embryonic gestation period [1]. The palatal shelves are 

located under the tongue and as the jaw develops, they are supposed to grow towards each other, 

eventually fusing. When fusion fails, the result is a cleft palate. There are four subtypes of clefts, 

(a.) incomplete cleft palate only, (b.) unilateral complete cleft lip and palate, (c.) bilateral 

complete cleft lip and palate, and (d.) cleft lip only (Figure 1). Patients in this study had varying 

subtypes of clefts repaired. This unpreventable variable could add to shape variation post-

operation and can be avoided using stratification given larger sample sizes in future modeling 

projects.  
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Figure 1.  The subtypes of clefts. A. Incomplete cleft palate only. B. Unilateral complete cleft lip and palate. C. 

Bilateral complete cleft lip and palate. D. Cleft lip only. Image from Babai and Irving with permission under 

Creative Commons Attribution 4.0 [1]. 

Up to 40% of children with repaired cleft palates suffer from VPI which severely impacts speech 

development and overall quality of life [6]. To repair the cleft palate, a common surgical 

treatment, the PF, aims to correct this by narrowing the velopharyngeal port, by attaching a flap 

of tissue from the posterior pharyngeal wall to the soft palate (Figure 2). The PF is a widely used 

solution, occurring in over 85% of VPI repairs. PFs have a failure rate of up to 30% and carry 

substantial risk of symptoms such as OSA, airway obstruction, and flap dehiscence [6], [2]. 

These complications not only lead to persistent VPI but can seriously degrade the quality of life a 

child experiences post-repair, especially with prolonged hospital stays and increased exposure to 

anesthesia.  



3 
 

 

Figure 2. On the left is the lateral view of pharyngeal flap placement. The flap connects the posterior pharyngeal 

walls to the soft palate. On the right is a superior view of the pharyngeal flap. On either side, there are small gaps 

left in the pharyngeal port to provide adequate air during nasal breathing. Image from Roessingh, et al. adapted 

from Creative Commons Attribution [7].  

The leading causes of a failed PF are the flap width and/or flap height being inconsistent with the 

specific needs of an individual’s pharyngeal system. Airway obstruction can occur when a flap is 

too wide, but when the flap is too narrow it can produce residual hypernasality in cases where the 

lateral pharyngeal wall movement does not allow complete closure against the PF [8]. If the flap 

is placed too low, it increases the risk of flap failure. When placed below the plane of palatal 

closure, it can tether the flap and prevent full VP seal, causing OSA and hypernasality during 

speech. 

Clinicians and the children they treat would benefit from a method to better understand potential 

correlations between patient anatomy and resulting symptoms after the addition of a PF. This 

study used MRI derived segmented models to develop a PCA method that identified regions of 

anatomical differences in patients after receiving a PF. By utilizing existing de-identified MRI 

datasets from patients with and without persistent VPI, this study aimed to create a method for 

identifying anatomical shape variations that may contribute to surgical successes or failures. This 

preliminary framework will be needed to later understand surgical outcomes across various 

anatomical conditions  
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CHAPTER 2: Background 

The anatomy of the pharyngeal system works together to form closure between the nasal and oral 

cavities during speech and swallowing. When a patient has a cleft palate or repaired cleft palate 

the anatomy can fail to function normally. These complications can cause VPI and hypernasality 

to persist. Previous research includes many scalar measurement investigations. When volume 

measurements from MRIs were done using two-dimensional slices, there was more focus on the 

overall size of a structure than where that structure attaches to other regions, or how it functions 

[9], [10]. There is extensive documentation using MRIs that identify reductions in muscle length, 

velar thickness, and pharyngeal wall movement in children with persistent VPI, but this does not 

capture the multi-plane variation present in a three-dimensional (3D) system [11], [12], [13], 

[14], [15].  This study introduced PCA as a potential solution to identifying variation in a 3D 

space rather than using scalar measurements. 

2.1 Anatomy of the pharyngeal system 

Understanding the anatomy of the pharyngeal system in the context of cleft palates is essential 

for this work. The velopharyngeal mechanism is a muscular valve that connects the oral and 

nasal cavities and plays a crucial role in speech. It includes the soft palate (velum), the levator 

veli palatini (LVP), tensor veli palatini (TVP), palatoglossus, and the pharyngeal wall. During 

speech and swallowing, these structures contract to close the velopharyngeal port, separating the 

nasal and oral cavities. In children with a cleft palate, these structures are often misaligned or 

malformed. Most significantly, the LVP, responsible for lifting the velum, is often shortened and 

attached incorrectly [16]. The musculus uvulae, a key muscle for closure at the midline, may be 

absent or underdeveloped [17],[18], [19].  

The velum retracts and elevates during velopharyngeal closure [18] and the PF is attached to the 

velum during surgery [20]. In this study, the PF was treated as part of the velum to facilitate 

segmentation and analysis. The musculus uvulae is an intrinsic muscle of the velum and sits in 

the sling created by the levator bundles [18]. The musculus uvulae fills the gap between the 

velum and posterior pharyngeal wall when closed, creating a seal as shown in Figure 3. In adults 

with normal velopharyngeal anatomy, the musculus uvulae is cylindrical and oblong [11]. The 

musculus uvulae has a bulk section located just above the LVP muscle sling. However, in 

patients with repaired cleft palate, the musculus uvulae is lacking in volume and this bulk section 

is not present. Since this bulk section is located where the palate contracts, the absence may 

contribute to VPI in patients with repaired cleft palate [11]. This study produced 3D models of 

the velum to provide better shape representation than would result from traditional size and 

volume measurements of the bulk section. The use of 3D modeling allows visualization of where 

the velum connects with other muscles in the pharyngeal system as they work together to seal the 

space between oral and nasal cavities. 

The LVP muscles are responsible for most of the closing of the velopharyngeal system. 

Originating on either side of the base of the skull, the bundles of these muscles travel to the 
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middle of the velum where they fan outwards and join with the muscle from the other side as 

shown in Figure 3. During speech, the LVP pulls the velum up at a 45-degree angle until it closes 

against the posterior pharyngeal wall [6]. In patients with repaired cleft palates, the length of the 

LVP is often the same as patients without cleft palates. However, the volume, circumference, and 

diameter are significantly smaller in patients with repaired cleft palates. The differences in 

muscle size can induce abnormal velopharyngeal control for speech and swallowing [18]. There 

are observable differences in the lengths of the intra-velar (segment within the soft palate) and 

extra-velar (the muscles’ attachment points on the velum) LVP. In children with VPI the intra-

velar segment is significantly longer when compared to children with either no cleft palate or 

with cleft palate but no VPI. The extra-velar segment was found to be significantly shorter in 

those with VPI [13]. Previous works failed to describe the coordinated 3D positional variation 

across corresponding anatomical locations. This study used coordinates from all three 

dimensions to identify effects of shape and attachment points rather than muscle thickness and 

size.  

Running parallel to the LVP, the TVP is a pair of thin and flat muscles also originating at the base 

of the skull [18]. Running medially and inferiorly, the TVP ends at a tendon wrapping around the 

hamulus of the medial pterygoid plate, which then continues into the velum as shown in Figure 

3. The primary function of the TVP muscles are to open the eustachian tube during swallowing 

and yawning, allowing for drainage of fluids from the middle ear and equalization of air pressure 

across the ear drum [6]. During cleft palate repair it is critical to maintain the integrity of the 

TVP to prevent alterations to the eustachian tube’s dilation mechanism. Adverse effects of failure 

to maintain the integrity of the TVP could lead to eustachian tube dysfunction and middle ear 

problems [21]. Previous MRI-based studies again used scalar measurements to determine 

differences in patients with cleft palates based on muscle length, thickness, and volume [22], 

[23]. This study focused on the shape differences in the 3D models rather than measurement 

differences to determine if coordinate point locations correlated to specific VPI symptoms.  

The palatoglossus muscle originates from the lateral region of the velum and inserts into the 

lateral region of the tongue [18]. Acting as a direct antagonist to the LVP, this muscle smooths 

the movements of both the velum and the tongue during swallowing, improving the process by 

reducing the amount of swallowed air, and reducing spasm during swallowing to avoid choking. 

The specific attachment location of the palatoglossus varies among individuals, with some 

having a posterior attachment and some having a more anterior velar attachment point (Figure 3). 

This variation can affect the functionality of the LVP in certain individuals. Like the TVP, the 

palatoglossus is also a pair of muscles with a left and right segment. Current research uses 

muscle length, width, velar insertion, and angle measurements from two-dimensional MRI slices 

to determine the relationship between the LVP and palatoglossus placement [24]. While these are 

relevant measurements, they fail to capture the complex combinations of these measurements in 

a 3D space. This study used 3D models to understand how overall shape may vary and change 
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LVP attachment location, providing a more detailed understanding of the palatoglossus compared 

to scalar determinations.  

In normal anatomy, the lateral and posterior pharyngeal walls move towards each other to create 

closure [18]. The superior, middle, and inferior pharyngeal constrictor muscles run along the 

posterior pharyngeal wall. Most relevant to velopharyngeal closure is the superior pharyngeal 

constrictor, comprised of multiple bundles such as the pterygopharyngeus, buccopharyngeus, 

mylopharyngeus, and glossopharyngues muscles. These fibers run along the posterior pharyngeal 

walls forming a ridge along the midline. Some of these fiber bundles also attach to the velum and 

contribute to retraction during velopharyngeal closure. Along the lateral pharyngeal walls lies the 

salpingopharyngeus muscle, which originates near the orifice of the eustachian tube [18]. This 

set of muscle fibers runs through the salpingopharyngeal fold and ends in the lateral pharyngeal 

walls. Not all individuals have this set of fibers, and they are unlikely to provide significant 

functionality to the velopharyngeal system.  

Shape variations in pharyngeal walls are important to detect when planning the exact shape and 

location of a PF placement. In this study, the superior constrictor section of the pharyngeal wall 

was segmented for analysis as it contains the region that contacts a PF. Current research uses 

length, breadth, and cross-sectional area from MRIs to describe the pharyngeal wall [25]. While 

these measurements are useful for purposes such as airflow studies, they fail to identify the 

potential effects that shape may have on the overall function of the pharyngeal system. This 

study focused on the shape of the walls themselves as this can affect the ability of the PF to form 

a seal during closure.  
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Figure 3. Diagram of relevant anatomical structures in the pharyngeal system including the hard and soft palates, 

LVP, TVP, palatoglossus, and musculus uvuvale [26]. Image from Boyd, et al. with permission obtained through the 

Copyright Clearance Center. 

2.2 MRI for Velopharyngeal Visualization and Modeling 

The use of MRI for velopharyngeal visualization a is safer and more comfortable alternative to 

traditional nasendoscopy and videofluoroscopy techniques [14]. Additionally, MRI can obtain 

views of underlying musculature such as the levator muscle, while the traditional methods do not 

allow for such depth. To ensure the muscle is visible in both cleft palate and normal anatomical 

patients, the oblique coronal plane is best suited for image collection (Figure 4). Data in this 

study was collected from an existing set that used imaging protocols and training programs that 

reliably capture the levator muscle, soft palate, and surrounding structures, making MRI an ideal 

source for constructing accurate anatomical models of the pharyngeal system [14],[27],[28]. In 

this study, an MRI data set was obtained from existing scans and were segmented from the 

oblique coronal plane to maintain image quality and anatomical accuracy [14].  
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Figure 4. Rendering of potential MRI acquisition planes [29]. Specific to this study is the intersection of the oblique 

and coronal planes displayed in blue and teal. Image from Das, with permission under the Creative Commons 

Attribution 4.0 International License. 

In 2024, Tran and colleagues [30] developed a framework for 3D subject-specific modeling by 

simulating the biomechanics in the velopharyngeal system after pharyngoplasty surgery, creating 

the basis for subsequent models of PF surgeries. After developing the models, researchers were 

able to simulate hypothetical surgical placements of pharyngoplasty tissue locations on the 

posterior pharyngeal wall (PPW). They modeled changes to the location of the tissue until velar 

contact with the pharyngoplasty tissue was achieved. Researchers also determined that successful 

surgeries had symmetrical LVP muscles while failed surgeries had asymmetric LVP muscles that 

overlap at the midline. This led to a second simulation where they generated different versions of 

the LVP muscle sling. The researchers measured the biomechanics of velopharyngeal closure of 

symmetric muscles and compared them to the computational model values of predicted failed 

outcomes. The ability of this study to identify differences between successful and failed 

outcomes in pharyngoplasty surgery provided the background needed to be confident that models 

can be developed for PF surgeries using MRI data.  

2.3 PCA and Statistical Shape Modeling in Surgical Applications  

Statistical Shape Models (SSMs) are applications of methods such as PCA used to compare 

medical imaging by creating a mean model shape and identify variation within a given data set 

[31]. SSMs use “modes” to explain percentage of shape variation between an average shape and 

the shape in a data set. These methods can be used for anatomical reconstructions in future work. 
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An example of a SSM with 10 modes showing shape variations in a mandible reconstruction 

study can be found in Figure 5 [32]. The current study was a pilot of coordinate point based PCA 

methods supported by previous uses of PCA and SSMs in biomedical applications.  

 

Figure 5. Principal component modes 1–10. For each mode, two models are shown: a weight of − 3 standard 

deviations (red) and a weight of + 3 standard deviations (light blue). Dark blue zones represent overlap between 

these models [32]. Image and figure caption from Klop with permissions under Creative Commons Attribution 4.0 

International License. 

The use of PCA on selected anatomical points has proven to be an appropriate technique for 

comparing shape variation among multiple patients. For example, Hylke, et al [33] collected 

cone beam computed tomography (CBCT) scans before performing bilateral sagittal split 

osteotomies to obtain images of the mandible [33]. Segmentation of the mandibles were done 

using an automated algorithm and manual improvements were made in MIMICS Core 27.0 [34] 

to produce 3D models. Evenly distributed “landmarks” were selected on all the models, and the 

mean position was calculated to provide a “mean mandible model”. PCA was used to calculate 

shape variation from the mean model. After analysis, it was determined that the first three 

principal components (PCs) were responsible for a large part of variation. The current study 

followed a similar framework by segmenting MRIs, producing 3D models, selecting landmarks, 

and using PCA to compare patients to a mean shape, ultimately obtaining PC vectors indicative 

of potential shape variation.  

Our study also aimed to identify which patients had the largest variation from the mean shape. To 

identify individual influence on shape variations, Rodrigquez-Florez et al. [35], created a 

population-based model to understand the effects of craniotomy size and spring positioning in 

sagittal synostosis repairs. These models were created by using 3D CT head scans pre and post 

spring insertion surgery to create stereolithography (STL) surface meshes in MeshMixer. From 

there, Rodriguez-Florez et al. used various packages in R to perform statistical analyses. They 

concluded that image-based SSM provides a powerful tool to understand the average effect of 
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individual surgical placements to guide surgeons in optimizing their approaches [35]. Our study 

used imaging-based techniques to obtain magnitudes of influence on PCs to determine individual 

effects on shape variation.  

PCA can also be used in SSMs to identify which components are most influential in variations 

from the average anatomical model. For example, Rodero et al. [21] used SSMs to determine 

which localized anatomical changes affect cardiac functional outputs. They created four-chamber 

heart meshes sourced from 20 healthy patients’ CT images to create an SSM. As a result, Rodero 

et al. [21] identified 18 components explaining the variance in shapes, with the first 9 explaining 

89.99% of the variance. Our study used PCA to identify which regions of the anatomical 

structures could most explain shape variations in our data set. Identifying these regions can 

inform the preliminary framework for future computational modeling.   
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CHAPTER 3: Methods 

A convenience sample of MRIs were obtained from a pre-existing set of images from Phoenix 

Children’s Hospital for use in this study (IRB Number # - UMCIRB 20-002293).  

3.1 Data Set  

MRIs were sourced from 10 patients, all of whom had PF surgery. The data set contained 

intrinsic variables that may affect velopharyngeal anatomy, speech outcomes, and surgical 

procedures. With an age range from 4-26 years old, one patient at 26 exceeded the age range for 

pediatric study, one patient had 22q11.2 deletion syndrome, and one patient with OSA had no 

recorded speech outcome, this was considered an exploratory convenience sample. While the 

available data were heterogeneous, their availability contributed to the overall methodology-

oriented study aims and provided a deeper understanding of the anatomical differences that could 

improve surgical intervention. Further, the heterogeneity introduced a level of variance that 

supported exploration of the limits of PCA feasibility for these types of analyses. Of these 

patients, four experienced corrections of their hypernasal speech and the OSA patient did not 

have recorded speech outcomes. In this study they were referred to as the “Improved-VPI 

group”. The other five patients continued to experience hypernasality and were referred to as the 

“VPI group”. The patients numbered 1-10, included patients 1-5 in the improved-VPI group and 

6-10 in the VPI group. A summary of descriptive patient information can be found in Table 1, 

including age, sex, MRI and PF surgery dates, speech assessments at the time of MRI, cleft 

phenotype, PF placement, and operating surgeon. The patients from the VPI group had varying 

levels of VPI ranging from minimal to moderate cases of hypernasality, with descriptions of 

these levels found in Table 2. 
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Table 1. Patient Summary Information 

Patient 

Number 

 

Age 

(years) 
Sex MRI Date 

PF 

Surgery 

Date 

MRI Pre 

or Post 

PF OP 

Speech 

Assessment 

Cleft 

Phenotype 

(Repaired) 

PF distance 

below 

palatal 

plane (mm) 

Surgeon / 

Hospital 

1 4 M 9/18/2024 4/3/2024 Post Normal 

Unilateral 

cleft lip 

and palate 

15.7 

Sitzman / 

Phoenix 

Children’s 

2 7 F 3/19/2025 8/26/2022 Post 
Minimal 

Hypernasality 

Unilateral 

cleft lip 

and palate 

7.2 
Phoenix 

Children’s 

3 8 M 2/15/2023 1/17/2019 Post 
Minimal 

Hypernasality 

Bilateral 

cleft lip 

and palate 

9.2 

 

Singh / 

Phoenix 

Children’s 

4 11 M 4/19/2023 6/14/2023 Post Normal 

Unilateral 

cleft lip 

and palate 

12.0 

Singh / 

Phoenix 

Children’s 

5 15 M 6/26/2021 
Not 

applicable 
Post 

OSA (Speech 

not recorded) 

Cleft 

palate 
15.5 

Phoenix 

Children’s 

6 26 F 3/01/2023 8/25/2023 Post 
Mild 

Hypernasality 

Cleft 

palate 
7.5 

Phoenix 

Children’s 

7 
Not 

applicable 

Not 

applicable 

Not 

applicable 

Not 

applicable 

Not 

applicable 

Not 

applicable 

Not 

applicable 

Not 

applicable 

Not 

applicable 

8 7 F 2/01/2023 2/24/2020 Post 
Mild 

Hypernasality 

22a11.2 

Deletion 

Syndrome 

5.1 
Phoenix 

Children’s 

9 12 F 8/22/2022 3/3/2023 Post 
Moderate 

Hypernasality 

Bilateral 

cleft lip 

and palate 

11.2 

Singh / 

Phoenix 

Children’s 

10 13 F 12/20/2023 
Not 

applicable 
Post 

Mild 

Hypernasality 

Cleft 

Palate 
15.5 

Phoenix 

Children’s 
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Table 2. Hypernasality Rating Scale For Clinical Settings [36], [37]. 

 

A summary of data preparation originating as DICOM images and ending at PCA analysis can be 

found in Figure 6.  

 

Level Description 

0 Normal: No Hypernasality 

1 Minimal: Slight increase in nasal resonance 

2 Mild: Noticeable hypernasality, mostly in high vowels 

3 Moderate: Significant nasal resonance, frequent air emissions 

4 Severe: Significant speech impairment 
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Figure 6. Flowchart of data preparation process originating as DICOM images and progressing to PCA analysis. 
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3.2 Image Segmentation  

All 10 patient image sets were used to create 3D renderings of their anatomy in MIMICS 27.0 

(Materialise NV, Belgium) [34]. Segmentation of the velum, LVP, TVP, palatoglossus, and 

pharyngeal wall was performed using the manual segmentation tool and used to create “parts” of 

the 3D models. Each part was meshed and smoothed in MIMICS 27.0 to remove any artifacts 

and ensure the entirety of each anatomical part was present in the model as shown in Figure 7. 

Patients 1-5 are represented in Figure 7.A1-A5. and patients 6-10 are represented in Figure 7.B1-

B5. respectively.  

 

Figure 7. 3D models of all 10 patients. The velum is illustrated in dark blue, the LVP in green, the TVP in yellow, 

the palatoglossus in light blue, and the pharyngeal wall in orange. The A group consists of models from the 

Improved-VPI patients. The B group consists of models from VPI patients. A1. 3D model of patient 1. A2. 3D model 

of patient 2. A3. 3D model of patient 3. A4. 3D model of patient 4. A5. 3D model of patient 5. B1. 3D model of 

patient 6. B2. 3D model of patient 7. B3. 3D model of patient 8. B4. 3D model of patient 9. B5. 3D model of patient 

10. 

3.3 PCA Landmark Point Selection  

To obtain the coordinate point values needed to perform PCA, “landmarks” or “points” were 

selected on each structure in the 3D models. Efforts were made to choose the landmarks in the 

same order and same spacing on each patient model, to minimize inaccurate structural 

differences. However, without the use of automated landmark transfer or inter-rater and intra-

rater reliability checks, it is likely that these manually selected points contributed to a part of the 

variance found in the study. In Table 3 the number of landmarks selected for each structure is 

provided and shown in Figure 8.   
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Table 3. Anatomical parts and their corresponding number of landmark nodes selected in 

MIMICS 27.0 [34].  

Structure # of landmarks 

Velum 15 total 

LVP 78 total 

TVP 24 each side 

Palatoglossus 12 each side 

Pharyngeal Wall 10 total 

 

 

Figure 8.Visualization of the points picked for each anatomical part. A. 15 points picked on the velum. B. 78 points 

picked on the LVP. C. 24 points picked on both sides of the TVP. D. 12 points picked on each side of the 

palatoglossus. E. 10 points picked on the pharyngeal wall. 

Point picking was done in a consistent manner for all 10 patients. When selecting points for the 

velum, the first point was placed on the inferior left corner of the base, with 9 subsequent points 

running contralaterally. Five additional points were then placed beginning at the median of base 

and running in the anterior direction, totaling 15 points placed on each velum. An anatomical 

direction map can be found in Figure 9.  

For the LVP, three rows of 26 points were selected beginning at the superior posterior left corner 

and running to the right superior posterior corner. The next row was made the same way, but 

anterior to the first row. The third row was made anterior to the second row, totaling 78 points on 

the LVP. The TVP points were picked in two parts. Points 1-24 were placed on the left segment’s 

most anterior corner working in a counterclockwise direction. Points 25-48 were placed on the 

right segment, also beginning at the most anterior corner, but working in a clockwise direction, 

totaling 48 points on the TVP. The palatoglossus points were selected beginning with points 1-12 

on the left segment, 4 points were placed on each face of the palatoglossus. The same was done 
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with points 13-24 on the right segment. A total of 10 points were placed on the pharyngeal wall, 

beginning at the median of proximal edge and running distal to the first point.  

 

Figure 9. Visualization of anatomical directions relevant to the landmark point selecting process [38]. 

3.4 Point Registration in 3-matic  

The selected landmark points were imported into 3-matic for registration and alignment 

techniques [39]. Each patient was registered against Patient 1 using the N-Point registration tool. 

This approach, while convenient and reasonable for such a small sample, does not provide the 

same level of rigor as Procrustes alignment or an atlas-based registration strategy would provide 

for a larger sample. In the current study, the registration of other patients against Patient 1 was 

arbitrary and minimized to the extent possible of the concerns from potential imaging 

differences, including translational and rotational effects [40]. This method does not, however, 

reduce reference bias, thus hampering the predictive value of this approach. The N-point 

registration tool used selected reference points from a “fixed entity” and matched the points on 

the “moving entity”. The LVP part of Patient 1 was the selected fixed entity and had points 

selected on each end of the muscle, and one point in the center of the muscle (Figure 10). The 

LVP was chosen as the registration part because of its location near the center of the anatomical 

models, its many landmark points, and because it accounts for a significant difference in 
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velopharyngeal function. All other anatomical parts and previously selected points automatically 

shifted during registration to match the changes made in the LVP [41]. After registration, the 

models from each patient were overlayed with one another as shown in Figure 11. The newly 

registered coordinate points were then transferred back into MIMICS 27.0 and overlayed with 

Patient 1 to show the effects of registration on the landmark points (Figure 12).  After 

registration was completed, the landmark coordinates were exported to MATLAB for further 

processing. 

 

Figure 10. Registration using the LVP from patient 1 and patient 5. The left side of the image indicates where the 

reference points were placed on patient 1’s LVP (one on each end and one in the center). The right side of the image 

shows where the corresponding points were placed on patient 5’s LVP. Registration eliminates effects from 

translation and rotation by using these reference points to overlay the models. 

 

 

Figure 11. Pre and Post registration of patient 5. A. Pre-registration there are translational and rotational effects 

evident in the models. B. Post-registration, the models are now overlayed and translational and rotational effects 

have been mitigated. 

A. B. 
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Figure 12. Registered points overlayed on the model from Patient 1. Overlayed points show up in red.  A. Patient 2 

points overlayed with patient 1 model. B.  Patient 3 points overlayed with patient 1 model. C. Patient 4 points 

overlayed with patient 1 model. D. Patient 5 points overlayed with patient 1 model. E. Patient 6 points overlayed 

with patient 1 model. F. Patient 7 points overlayed with patient 1 model. G. Patient 8 points overlayed with patient 

1 model. H. Patient 9 points overlayed with patient 1 model. I. Patient 10 points overlayed with patient 1 model. 

3.5 PCA Methods in MATLAB 

PCA and data analysis was done using MATLAB R2024b [42]. The cartesian coordinates of the 

landmarks were exported into MxN matrices, where N represented the X, Y, and Z planes, and M 

represented the landmark point number. A matrix was created for all 5 structural parts of all 10 

patients. Separately, matrices containing all X, Y, and Z coordinates for all parts of all patients 

were created in the same manner. The X, Y, and Z coordinate planes represented the sagittal, 

cortical, and axial anatomical planes respectively [43].  The X plane corresponded to left-right 

measurements, Y to inferior-superior measurements, and Z to anterior-postier measurements. 

This system allowed for direct correlation between coordinate points and distance measurements 

[44]. Examples of these matrices can be found in Appendix A.  
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To ensure that each point on a part was being compared to the same corresponding point on the 

other parts, each matrix was transposed to create NxM matrices where M still represented the 

landmark point number and N represents the coordinate planes. The transposed matrices were 

then used to create three distinct matrices per part. The velum, LVP, TVP, palatoglossus, and 

pharyngeal wall each have three PxM matrices where M represents the landmark point number 

and P represents the patient number for the separate X, Y, and Z measurements also found in 

Appendix A.  

For the matrices containing the entire scope of X, Y, or Z matrices, points were entered into the 

matrix in the same order of their respective rows. Points were listed beginning with the velum, 

then the LVP, TVP, palatoglossus, and finally the pharyngeal wall. Patients 1-10 correlated to 

rows 1-10 in all matrices of this study. Examples of these matrices are also found in Appendix A.  

To account for potential confounding measurements based on size (from different ages and sexes 

of patients) the data was scaled around a mean model. The mean of each matrix was found (for 

example: mean from all X values of the velum, all Y values of the velum, etc.). These mean 

calculations were used to divide the combined matrices, creating “scaled matrices” for all matrix 

sets ( Example in Appendix A). This method of scaling applied provisional coordinate 

standardization before PCA to reduce gross differences in numerical magnitude across registered 

landmark sets. This step was used only as a pilot pre-processing procedure and should not be 

interpreted as formal anatomical size normalization. Therefore, the presented PCA results should 

be interpreted as exploratory shape-finding patterns after registration and provisional scaling, not 

as size estimates. Future landmark configurations should be analyzed after generalized 

Procrustes alignment and allometric effects should be evaluated where sample size permits.  

Each X, Y, and Z scaled matrix for each anatomical part then underwent PCA using the intrinsic 

MATLAB [42] function, providing the resulting PC coefficients, scores, and percent explained 

matrices. These matrices were then interpreted to determine which points most influenced the 

PCs, how much shape variation was explained by the first PC, and if any patients could be 

deemed as outliers for each direction of each anatomical part. The outlying points were 

interpreted as exploratory descriptors of variation within this sample and cannot be interpreted as 

latent traits of the underlying population due to limitations of sample size and confounding 

differences in sex and age found in this data set. The same process occurred for the combined X, 

Y, and Z coordinate sets. An example can be found in Appendix A. 

3.6 PCA Description 

PCA is a statistical method used to reduce the dimensionality of a data set while simultaneously 

preserving variability [45]. It does this by finding variables (PCs) that maximize variance 

without correlating with each other. In the context of this study, PCs were the vectors that 

describe variations in the landmarks or points that affect VPI. PCA examined their influences on 

shape variation [46]. PCA was done using the “pca” MATLAB function, an intrinsic stepwise 

function that reduces the dimensionality of a large data set, while maintaining variance from 
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original data sets. The function automatically centered the input data by subtracting column 

means. To acquire PCs, the PCA function in MATLAB automatically used the singular value 

decomposition (SVD) method.  

SVD begun with an M x N matrix 𝐴, with M ≥ N [47], [48]. Using Equation 1, let 𝑈 and 𝑉 be 

matrices orthogonal to 𝐴 and let ∑ be a square diagonal matrix to 𝐴. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1:  𝐴 = 𝑈Σ𝑉𝑇 [48] 

This equation contains the three steps of decomposition, a rotation (𝑉𝑇), scaling (Σ), and another 

rotation (𝑈) [48]. The 𝑉𝑇 matrix contains the right singular vectors, which are eigenvectors of 

𝐴𝑇𝐴. The 𝑈 matrix contains the left singular vectors, which are eigenvectors of 𝐴𝐴𝑇. Finally, the 

Σ matrix contains singular values (non-negative diagonal entries, representing dimensional 

magnitude) which are the square roots of the eigenvalues of 𝐴𝑇𝐴 and 𝐴𝐴𝑇.  

After running the PCA function, the output data contained matrices called “coeff”, “score”, and 

“explained” that were used to identify the PCs, show shape variation in the reduced PC space, 

and quantify PCs explained variance [49]. The “coeff” matrix provided the PC vectors and when 

plotted showed which data points had positive or negative effects on the first two PCs. The 

“score” matrix showed where the original data set would appear in the new PC space. When 

plotted, data points that were similar clustered around the new mean of zero, while data points 

that varied, were farther from the center. The “explained” matrices quantified the percentage of 

variability each PC was responsible for. In most cases, the first three PCs made up almost the 

entirety of variation [50]. The PCs were listed in order of most variation explained to least 

explained.  

3.7 Statistical Analysis using Interquartile Ranges 

To identify potential outliers in the X, Y, and Z coordinate planes, which may indicate potential 

relationships between shape variation and clinical outcomes, the PC scores were plotted and 

analyzed using interquartile ranges (IQRs). This analysis was a small numbers data exercise that 

supported refinement of the method. The score plots represented the original data transformed 

into the lower dimension, PC space, with a new mean of 0 [51]. Even given these caveats, the 

manual placement of the picked points and subsequent registration could have acted as much to 

increase variance as to reduce it, making any predictive analytics suspect. The pilot nature of this 

project intended only to inform future analyses of larger, more homogeneous datasets. 

The IQR for each set of scores were found (relating to the first 3 PCs), and if a point landed 

outside of the upper and lower limits (Quartile 1 -1.5*IQR and Quartile 3 +1.5*IQR) it was 

considered a statistical outlier (Appendix A) [52], [53], [54]. Due to problem of small numbers 

(N = 10) [55], statistical methods needed to be sensitive to deviations from the average, without 

being overly-sensitive to extreme variance, making the IQR method appropriate [52]. Box and 

whisker plots were also constructed for each data set to visually identify outliers [56]. Outliers in 
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each data set were considered to contain shape variations that have the potential to correlate with 

clinical outcomes.  

3.8 Verification Using Residuals 

To verify the modeling and properly identify potential outliers (which possibly identify shape 

variation), the PCA residuals were found for each data set in MATLAB (Appendix A). These 

calculations provided relative error measures to identify outliers and validate dimensionality 

[57]. In this context, a residual represented the vertical distance between the original data and 

resulting PCA coordinates after reduction. PCA residuals close to 0 indicated a strong fit between 

the PC and original data point. A PCA residual close to 1 indicated poor fit, with potential to 

identify an outlier. These residuals were calculated using the intrinsic “pcares” function in 

MATLAB as shown in Appendix A. The function required the number of PCs being retained to 

be indicated for each data set [58]. In this study, the first PC was retained and used to calculate 

residuals as the first PC was responsible for explaining the greatest percentage of shape 

variation. The amount of shape variation explained by each PC was found in the “explained” 

matrices from the PCA process. The residuals were plotted and values close to 0 were considered 

to have variation attributed to noise [59]. Residuals farther distributed from 0 were considered to 

have a weaker fit, with variation potentially explained by shape variation. A value of 

acceptable/unacceptable residuals was not selected, but this study allowed for a wider range of 

distribution to be deemed a good fit based on the exploratory nature of the project. Acceptable 

ranges of residual values are context dependent and can vary from study to study.  

In future work, with larger data sets, and less confounding variables, a smaller range may be 

selected for more confirmatory analysis. However, since this is a small scale study with a 

heterogeneous data set, a wider range of acceptable residuals was appropriate [60]. Values 

presenting with a cluster around 0 were discussed as having a strong fit amongst the data set, 

while values with a wider distribution pattern were discussed as having a weaker fit by 

comparison.   
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CHAPTER 4: Results 

The output of the PCA function provided coefficient matrices, percent explained matrices, and 

score matrices. The coefficient matrices showed positive and negative influence on PCs from 

each individual point in a data set. This explained which points may have a greater magnitude of 

variation between patients. The magnitude of influence on a PC may be indicative of shape 

variation in that region of the anatomical part. Coefficient plots were provided for each X, Y, and 

Z coordinate system for each part, and for combined X, Y, and Z sets. Percent explained matrices 

quantified the amount of variation each PC explained within its data set. In these data sets, the 

first three PCs showed almost all the variation in each anatomical part. The score matrices were 

representative of where the original coordinate points would land in the new PC space. The score 

plots used 0 as the mean of the new system and produced new coordinate points relative to this 

mean. For each part, patient outliers were identified by this plot if they were present within a 

system. PCA residuals were found from the original scaled coordinate systems to determine if 

the coordinates showed a strong fit within their respective systems, if variation could be 

explained by system noise, or if there was evidence of actual variation within the set.  

4.1 Velum Results  

The X coordinate system coefficient matrix values were plotted in Figure 13.A, showing each 

point’s influence on the first two PCs. Since there were 15 points selected on the velum, there 

were 15 data points in Figure 13.A representing the comparison between all 10 patients. Points 1-

6 and points 11-15 had a positive influence on PC 1, while points 7-10 had a negative influence 

on PC 1. A positive influence on a PC indicated that as the variable increases, the corresponding 

PC score would also increase. The first PC accounted for 97.01% of shape variation in the velum 

as indicated by Figure 13.B, and the second PC explained 1.83%. To determine if the X direction 

velum correspond to any outliers, Figure 13.C showed the scores of each of the 10 patients. 

Figure 16 contained box and whisker plots for the velum data sets, which identified outliers 

based on upper and lower limits (Q1 and Q3 ± 1.5 x IQR). There were no statistical outliers in 

the X plane as shown in Figure 16.A and indicated in Table 4. 

The results of PCA performed on the Y direction of the velum can be found in Figure 14. Figure 

14.A showed the individual point influence on the first two PCs. For the Y direction of the 

velum, all 15 points had a positive influence on PC 1; five out of 15 had a positive influence on 

PC 2. In Figure 14.B, 79.59% of shape variation could be linked to PC 1, with PC 2 accounting 

for 14.21%, and PC 3 with 4.05%. This indicated that variation in the Y direction may have been 

more distributed across the velum. Figure 14.C plotted the scores from the Y plane of the velum, 

with one statistical outlier from Patient 10’s influence on PC 1 as shown in Figure 16.B and 

indicated in Table 4.  

In the Z direction of the velum, individual point influence on PCs was shown in Figure 15.A 

where all 15 points positively influenced PC 1, and six positively influenced PC 2. In the Z 

direction, PC 1 explained 89.67% of shape variation, PC 2 explained 6.04% and PC 3 explained 
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3.03% as shown in Figure 15.B. Figure 15.C showed the score plots of the Z direction in the PC 

space, and Figure 16.C contained the box and whisker plot where outliers were identified as 

patients 6, 7, and 10, which were also indicated in Table 4.  
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Figure 13. PCA results for the X direction of the velum. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  



26 
 

 

 

Figure 14. PCA results for the Y direction of the velum. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.   
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Figure 15. PCA results for the Z direction of the velum. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure 16. Box-and-Whisker plots for velum data sets to identify potential outliers in patients 1-10. Statistical outliers are outside of upper and lower limits (± 

1.5 x IQR) and are shown in red stars if present. Plots are created for score values of the first three PCs. A. Plots from the X plane data sets. B. Plots from the Y 

plane data sets. C. Plots from the Z plane data sets. 
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Table 4. Outliers Found in Velum Data Sets  

Plane X X X Y Y Y Z Z Z 

PC 1 2 3 1 2 3 1 2 3 

Patient 

Number 

None None None 10 None None None None 6 

Patient 

Number 

None None None None None None None None 7 

Patient 

Number 

None None None None None None None None 10 

4.2 LVP Results 

The LVP had 78 points selected for analysis. In the X coordinate plane as shown in Figure 

B.20.A, there appeared to be a random distribution of positive and negative influence on PC 1 

and PC 2. This made it difficult to identify an anatomical correlation between specific points. 

The first PC explained 99.79% shape variation, with PC 2 explaining 0.19% as shown in Figure 

B.20.B, meaning variation in X coordinate plane of the LVP was almost entirely explained in one 

directional vector. In Figure B.20.C, the score plot showed the PC scores for the X direction of 

the LVP with Figure B.23.A identifying patients 1 and 5 as outliers in PC 2, also indicated in 

Table 5.  

Similarly in the Y directional plane, there was a visually random distribution of positive and 

negative influence on the first two PCs, as shown in Figure B.21.A. In Figure B.21.B, the first 

PC only explained 43.09% of shape variation, with PC 2 explaining 28.43%, and PC 3 

explaining 15.37%. This indicated a wide distribution in variation of the Y coordinate plane of 

the LVP. There was not a cluster on the score plot, indicating no visual outliers in the Y direction 

(Figure B.21.C), with this being confirmed in Figure B.23.B and Table 5.  

The Z direction of the LVP coefficient plot showed half of the points positively influencing the 

first PC and about half of them positively influencing the second PC (Figure B.22.A). This 

indicated two directional vectors of variation were present in this data set. Figure B.22.B showed 

shape variation explained by the first three PCs with PC 1, PC 2, and PC 3 explaining 36.85%, 

28.06%, and 20.48% respectively, agreeing with the coefficient plot with a wide distribution of 

variation in this set. The Z direction did not have a defined cluster of score points, (Figure 

B.22.C), but had one statistical outlier at patient 10 as indicated by Figure B.23.C and Table 5
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Table 5.  Outliers Found in LVP Data Sets 

4.3 TVP Results 

The TVP results of the X direction contained 48 points, most of which positively influenced the 

first two PCs (Figure B.24.A). In Figure B.24.B it was shown that the first PC explained 48.77% 

of the variance with the second PC explaining 27.93%, and the third explaining 16.97%, again 

showing a wide distribution of variation among this data set. The score plot for the X direction is 

found in Figure B.24.C with one statistical outlier at patient 5 on PC 1, as shown in Figure 

B.27.A and Table 6.  

In the Y direction of the TVP, the points were split in half between positive and negative 

influence on PC 1 (Figure B.25.A.), and almost all positively influenced PC 2. The first PC in the 

Y direction explained 78.94% of the shape variation with the second and third explaining 7.70% 

and 6.50% respectively (Figure B.25.B). The score plot of the TVP showed a spread-out 

distribution in Figure B.25.C. There was a statistical outlier at patient 3 on PC 3 as shown in 

Figure B.27.B and Table 6.  

The points in the Z direction had a split distribution on PC 1 and PC 2 with about half the points 

positively influencing both measurements (Figure B.26.A), again showing at least two 

directional vectors of variation in this data set. The first PC explained 54.35% of shape variation 

in the Z direction, with the second PC explaining 24.73%, and PC 3 explaining 13.42% (Figure 

B.26.B), agreeing with the coefficient plot of a wide distribution of variation. The Z direction of 

the TVP had a widespread distribution in the PC space in Figure B.26.C. Patient 10 was a 

statistical outlier on PC 2 in the Z direction as shown in Figure B.27.C and Table 6. 

Table 6. Outliers Found in TVP Data Sets 

Plane X X X Y Y Y Z Z Z 

PC 1 2 3 1 2 3 1 2 3 

Patient 

Number 
5 None None None None 3 None 10 None 

Plane X X X Y Y Y Z Z Z 

PC 1 2 3 1 2 3 1 2 3 

Patient 

Number 
None 1 None None None None 10 None None 

Patient 

Number  
None 5 None None None None None None None 
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4.4 Palatoglossus Results  

In Figure B.28.A, there were 24 points in the palatoglossus X direction, with all points positively 

influencing PC 1, and about half of them positively influencing PC 2, indicating a strong vector 

of variation. The first PC explained 91.36% of the shape variation in the X direction of the 

palatoglossus, with the second PC explain 3.62% and the third PC explaining 2.41% (Figure 

B.28.B), agreeing with the coefficient plot of a strong directional vector on PC 1. In Figure 

B.28.C it showed that patient 10 was a strong outlier on the score plot, landing on the opposite 

side of the point cluster which is centered around the mean of 0. This was confirmed in Figure 

B.31.A and Table 7 where patient 10 was an outlier on PC 1. Additionally, Patient 1 and Patient 5 

were outliers on PC 2. 

The points in the Y direction of the palatoglossus mostly had a positive influence on PC 1, with 

about half positively influencing PC 2 (Figure B.29.A). The first PC explained 38.66% shape 

variation, PC 2 explained 22.74%, and PC 3 explained 13.52% (Figure B.29.B) showing a 

widespread distribution of variation in this data set. Like other Y direction plots, the scores had a 

roughly even distribution on the plot with no visual outliers (Figure B.29.C). There were no 

statistical outliers in the Y direction as confirmed by Figure B.31.B and Table 7.   

The points in the Z direction of the palatoglossus had mostly positive influence on PC 1 and PC 

2 (Figure B.20.A). The first PC explained 39.55% of the shape variation in the Z direction, with 

the second PC explaining 28.48%, and PC 3 explaining 14.55% (Figure B.30.B), again 

indicating a wide distribution of variation in this set. The Z direction score plot had an even 

spread in Figure B.30.C, with no statistical outliers shown in Figure B.31.C and Table 7.  

Table 7. Outliers Found in Palatoglossus Data Sets 

Plane X X X Y Y Y Z Z Z 

PC 1 2 3 1 2 3 1 2 3 

 Patient 

Number 
10 1 None None None None None None None 

Patient 

Number  
None 5 None None None None None None None 

4.5 Pharyngeal Wall Results  

The X direction of the pharyngeal wall provided a split distribution on PC 1, with patient 6 

having the highest magnitude of influence (Figure B.32.A). The first PC explained 99.98% shape 

variation in the X direction, with the second PC explaining 0.01% (Figure B.32.B). The score 

plot showed a cluster around the mean with visual and IQR outliers at points 3 and 5 (Figure 

B.32.C), which was confirmed in Figure B.35.A and Table 8.  

In the Y direction, the positive influence on PC 1 increased in numerical order while the positive 

influence on PC 2 decreased in numerical order (Figure B.33.A). The first PC explained 82.62% 
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of the shape variation in the Y direction of the pharyngeal wall, with PC 2 explaining 16.56%, 

and PC 3 explaining 0.63% (Figure B.33.B). The score plot showed a near even distribution 

between points (Figure B.33.C), with one statistical outlier at patient 5 on PC 2 as shown in 

Figure B.35.B and Table 8. 

The Z direction of the pharyngeal wall behaved in the reverse of the Y direction. All 10 points 

still positively influenced PC 1, but positive influence on PC 2 increased in numerical order 

(Figure B.34.A). In the Z direction, PC 1 explained 91.78% of shape variation, and PC 2 

explained 8.13% (Figure B.34.B). The score plot showed a spread-out distribution in Figure 

B.34.C. There were no statistical outliers in the Z direction as indicated by Figure B.35.C and 

Table 8. 

Table 8. Outliers Found in Pharyngeal Wall Data Sets 

Plane X X X Y Y Y Z Z Z 

PC 1 2 3 1 2 3 1 2 3 

Patient 

Number 
3 None None None 5 None None None None 

Patient 

Number  
5 None None None None None None None None 

4.6 Combined Results  

The combined data sets contained 175 points encompassing all five anatomical parts for all 10 

patients. In the set of X coordinates, there was a strong influence on PC 1 and PC 2 from points 

56 and 82, with most other points centered around 0 (Figure B.36.A), which could indicate 

specific regions of shape variation. The first PC explained 95.11% of shape variation, with the 

second PC explaining 3.87% in Figure B.36.B, indicative of one strong directional vector of 

variation. In Figure B.36.C. the score plot for the X direction combined data showed statistical 

outliers on PC 1 from patients 2 and 3, with outliers on PC 3 from patients 4 and 10 as confirmed 

in Figure B.39.A and Table 9.  

The Y coordinate for the combined data set showed all 175 points influencing PC 1 positively 

(Figure B.37.A), indicating a strong directional vector of variation. The first PC in the Y 

coordinates explained 93.84% shape variation, with PC 2 explaining 3.10%, and PC 3 explaining 

1.55% (Figure B.37.B), agreeing with the coefficient plot of a strong first PC vector. There were 

no visual outliers on the score plot in Figure B.37.C but there was one statistical outlier on PC 3 

from Patient 1 as indicated by Figure B.39.B and Table 9. 

Finally, in the Z coordinate plane for all combined data, the influence of each point was grouped 

close together with positive influence on PC 1 (Figure B.38.A.) that explained 99.05% of shape 

variation (Figure B.38.B). This indicated that almost all the variation in this coordinate set could 

be explained by one vector. The Z coordinate score plot showed an even distribution in Figure 

B.38.C with no statistical outliers indicated in Figure B.39.C and Table 9.   
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Table 9. Outliers Found in Combined Data Sets 

Plane X X X Y Y Y Z Z Z 

PC 1 2 3 1 2 3 1 2 3 

 Patient 

Number 
2 None 4 None None 1 None None None 

Patient 

Number 
3 None 10 None None None None None None 

Specific patients stood out as repeat outliers on PC 1. Patients 3, 5, and 10 were all identified 

twice as being outside of the upper or lower limits based on IQR measurements of their score 

values. Patient 3 was from the improved-VPI group with minimal hypernasality after the addition 

of the PF. Patient 5 was from the improved-VPI group as well, but unique as the only patient in 

the set experiencing OSA symptoms and did not have a recorded speech score. Patient 10 was 

from the persistent VPI group and experiencing mild hypernasality after PF placement. These 

repetitive outliers could be indicative in true anatomical differences but would need to be further 

analyzed in a study with a larger and more homogenous data set. A summary of patient outlier 

identification counts can be found in Table 10.  

Table 10. Patient Outlier Identification Counts  

Patient number 

# of Times 

Outlying in PC 

1 

# of Times 

Outlying in PC 

2 

# of Times 

Outlying in PC 

3 

Total Times as 

an Outlier 

Speech 

Outcome 

1 0 1 1 2 Normal 

2 1 0 0 1 
Minimal 

Hypernasality 

3 2 0 1 3 
Minimal 

Hypernasality 

4 0 0 1 1 Normal 

5 2 2 0 4 

OSA (No 

Speech 

Recorded) 

6 0 0 0 0 
Mild 

Hypernasality 

7 0 0 0 0  

8 0 0 0 0 
Mild 

Hypernasality 

9 0 0 0 0 
Moderate 

Hypernasality 

10 2 1 1 4 
Mild 

Hypernasality 

4.7 PCA Residuals for Model Validation 

The PCA residuals for each data set were calculated in MATLAB using the “pcares” function 

(Appendix A) and plotted to indicate validity of the model and highlight potential outliers. 

Residual points with a cluster around 0 were considered to potentially have variance based on 
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noise in the system. Residual points with a wider distribution pattern were further discussed as 

potential outliers in the data.  

Residual points for the X direction velum set are found in Figure 17 with most of the data 

presenting a clustered distribution pattern close to 0. Points with a more spread distribution 

mostly included points from the first half of the data set, which were the points found at the base 

of the velum. In the Y coordinates of the velum, almost all the residual points were close to 0 as 

shown in Figure 18, with one point on patient 2 and patient 6 showing a weaker correlation. In 

the Z direction of the velum, all the residual points were close to 0 as shown in Figure 19, with 

most of the points within 0.05, showing a strong correlation of data.  

The residual points for the X direction of the LVP are shown in Figure B.40, where most of the 

points have a tighter distribution around 0, with points at the beginning of the set shown to have 

a larger distribution. These beginning points came from the points selected in the first row of 

LVP points.  In the Y direction of the LVP, almost all the residual points had a tight distribution 

around 0, with a few points on patients 1, 2, 4, 5, and 10 showing a weaker correlation in Figure 

B.41. The Z direction of the LVP exhibited the same pattern as the Y direction, with most of the 

residuals close to 0 and patients 1, 2, 4, 5, and 10 having a weaker correlation in Figure B.42. 

The residual points in the X direction of the TVP also mostly presented a tight distribution close 

to 0 for a strong correlation in Figure B.43. Patients 1, 3, 5, and 7 had a few points in the first 

half of the data set that had a more spread distribution. These points corresponded to the left side 

of the TVP where points were picked first. The Y direction of the TVP residuals also fell mostly 

close to 0, with a few points on patients 3, 4, 5, 6, 7, and 10 showing a weaker correlation in 

Figure B.44. The Z direction of the TVP had a similar pattern, with almost all the points having a 

tight distribution close to 0, and patients 3, 4, 5, 7, and 10 having a few points with a weaker 

correlation in Figure B.45. 

On the palatoglossus X plane, there was a more spread distribution pattern, except on patient 10 

where all the points were close to 0 in Figure B.46. The points with a spread distribution did not 

adhere to a pattern and were randomly distributed across the parts. The Y direction of the 

palatoglossus had a stronger correlation within the data set but had a few points indicating a 

weaker correlation for most of the patients in Figure B.47. Similarly, the Z direction of the 

palatoglossus mostly had points close to 0, with a few points on each patient showing a weaker 

correlation, except for patient 7 where all points indicated a strong fit as shown in Figure B.48.  

Residual points from the X direction on the pharyngeal wall showed a poor fit amongst patients 

as shown in Figure B.49. The Y direction of the pharyngeal wall showed a better fit for most 

patients with patient 5 having the widest distribution in Figure B.50. The Z direction showed the 

same pattern as the Y direction with a strong fit except for patient 5 in Figure B.51.  

For the combined X direction data set, the residual points clustered close together around the 

mean but still contained many points spreading farther from 0 in Figure B.52.  In the Y direction, 
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there was a tight spread with most points close to 0, and points thinning in distribution as they 

got farther away from 0 in Figure B.53.  The combined Z direction points were almost all close 

to 0, with a few points showing a weaker correlation for patients 1, 6, 7, and 9 in Figure B.54.
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Figure 17. PCA residuals for the X direction of the Velum. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure 18. PCA residuals for the Y direction of the Velum. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure 19. PCA residuals for the Z direction of the Velum. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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CHAPTER 5: Discussion and Conclusions 

5.1 Interpretation of Results 

This study provided the framework for future patient-specific modeling by producing 

hypothesis-generating results after identifying outlying data in the PC space and developing a 

method for using PCA in coordinate point analysis. The results from the models broken down 

into specific anatomical parts provided insight into the anatomical variations found in specific 

regions. This approach depended on grouping of individual landmark points based upon positive 

or negative influence on PCs. Points that positively influenced a PC showed correlation between 

themselves and the vector explaining shape variation. Points with a greater vector magnitude 

were indicative of a greater influence and highlighted an anatomical region of potential shape 

variation. Percent explained plots indicated the amount of variation the first three PCs contained 

for each data set. When there was a wider distribution of variation amongst the PCs, this 

indicated that variation in that anatomical part was spread out amongst the shape and not 

stemming from one specific region that could be identified in this study. Score plots showed 

where the original data would transform to in the reduced PC space. Individual patients were 

identified as having outlier points in this space and were considered to potentially have shape 

varying from the rest of the data set at these locations. Residual values were found to provide 

evidence that shape variation from specific patients could be explained either by system noise or 

the possibility of actual variation in each anatomical part. This pilot study method is applicable 

for future analysis in biomedical applications and highlights the need for further repetitions and 

iterations in patient specific research. The following paragraphs identify the importance of the 

PCA results for future applications. 

In the X directional plane of the velum, points 1-6 and 11-15 positively influenced PC 1, 

meaning the first six points and last five points selected along the base of the velum explained 

shape variation found in this specific orientation. PC 1 in the X direction of the velum explained 

97.01% of shape variation in this plane, further confirming that points 1-6 and 11-15 are where 

the most variance occurred in the set. Since PC 2 only explained 1.83% of variation in this 

coordinate system, the effects that individual points have on this vector were not significant. 

With no statistical outliers in this set, there was little concern for the PCs being heavily 

influenced by one specific point. The PCA residuals further confirmed that the first five points 

selected in the beginning of the set had greater variance than other points as they had a wider 

distribution pattern. These first 5-6 points were located on the inferior side of the velum, starting 

on the left side, indicating that the patients may have had different orientations in their velums. 

In the Y direction all 15 points had a positive influence on the first PC, which explained 79.59% 

shape variation, with the first seven points having greater magnitude of influence than the 

subsequent points. Patient 10 was an outlier on the first PC in the Y direction but showed a 

positive influence on the first PC so it did not interfere with the direction of the PC vector. 

Almost all the residual points indicated a strong fit in the Y direction except for point 1 on 



40 
 

patients 2 and 6. These results indicated again that the points picked on the left inferior side of 

the velum had the strongest influence on shape variation, and patient 10 had the potential to vary 

the greatest in this orientation. In this system, PC 2 explained 14.21% of the shape variation 

orthogonal to PC 1, with the points influence being split between positive and negative. In PC 2, 

the last 5 points had the smallest magnitude of influence on PC 2. These points were selected on 

the inferior side of the velum and run in the anterior direction towards the tip of the tongue. With 

these points having less influence on PC 2, it showed that the points on the base of the velum 

again had more variation between them as they greatly affect the PC vector.  

All 15 points in the Z direction had a positive influence on PC 1 with the first 10 points having a 

greater magnitude of influence. This aligned with the results from the X and Y directions, where 

the points running along the base of the velum had a larger variation than the five points running 

anteriorly. In this coordinate system the first PC explained 89.67% of shape variation, again 

confirming these points strong effects on overall shape variation. The PCA residuals in this data 

set showed a strong fit, with most of the data centered very close to 0. The Z direction had 

statistical outliers on PC 3 at patients 6, 7, and 10, but since PC 3 only explained 3.03% of total 

shape variation, the effects of these outliers on the rest of the data were minimal.  

Overall, results in the velum data sets indicated that the greatest shape variation was found along 

the base of the velum on points 1-10. This area is where the PF is attached to each patient and 

where a seal is formed during speech and swallowing. Variations in anatomical structure here 

have the possibility to effect hypernasality. Patient 10 was the only patient in this data set to be a 

statistical outlier on a first PC (Y direction). This patient was a 13-year-old female with mild 

hypernasality after PF surgery. These results highlight the need for further investigations into PF 

placement, velum shape, and resulting VPI symptoms.  

The results in the X direction of the LVP were more difficult to interpret than the velum data 

points. With 78 points on this structure, each point had less influence on a PC than the 15 points 

of the velum. While PC 1 explained 99.79% of shape variation, the points influence had weaker 

magnitudes. There were no statistical outliers in the first PC of the X direction either, indicating 

that variation was spread out among the points and patients in this orientation. The PCA residuals 

in this set indicated a weak fit among the data set. In this context, a weak fit may have indicated 

that each patient’s coordinates were different than the others, with no patient having greater 

influence.  

Points in the Y direction of the LVP had a split influence on PC 1. There were fewer points 

positively influencing PC 1, but they had a greater magnitude than the points negatively 

influencing PC 1. These higher magnitude points included selected landmark points from all 

three rows of the LVP selection process. This indicated that there was variation spread among the 

LVP’s X direction and not concentrated in one region. The first PC only explained 43.09% of 

shape variation in this orientation, meaning PC 2 (28.43%) and PC 3 (15.37%) were more 

significant than in previous cases. With lower percentage of explained variation, this indicated 
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that the Y direction of the LVP potentially contained more noise or the increase in points may 

have made it more difficult to explain individual influence. The Y direction had no statistical 

outliers on any of its PCs, and most of the residual points showed a strong fit with a distribution 

pattern close to 0. For patients 1, 2, 4, 5, and 10, points in the first row of the LVP landmark 

points fell outside of the strong fit, meaning there was potential that variation was more 

significant on the superior posterior region of the muscle.  

Like the Y coordinate plane, the Z coordinate plane had a non-uniform influence on the first PC. 

Points positively influencing PC 1 had greater magnitude than the PCs negatively influencing PC 

1 and again contained points from all three rows of LVP point selection. In this data set, the first 

PC explained only 36.85% of shape variation, with PC 2 and PC 3 explaining 28.06% and 

20.48% respectively. These low percentages highlighted the complexity of the LVP point data 

and made it difficult to pinpoint one region of variation. There is one statistical outlier on PC 1 in 

the Z direction at patient 10, which indicated a potential shape difference. The residual plots of 

the Z direction of the LVP also mostly presented close to 0, but patients 1, 2, 4, 5, and 10 had 

points from the first row of LVP selection that were further away. This agreed with the Y 

direction residuals, supporting that differences may have occurred in the superior posterior 

region of the muscle.  

The shape variation of the LVP was difficult to pinpoint to one region on the muscle, especially 

in the X coordinate direction where the data did not show a strong fit. This was potentially 

caused by the increased number of data points selected for this part. With more coordinates to 

analyze, each point was less responsible individually for shape variation. There was potentially 

shape variation identified in patient 10 based on the outlying PC scores in the Z coordinate plane. 

This was the same patient from the velum outlier with mild hypernasality. Differences in LVP 

shape could coincide with challenges faced in the velum, making it difficult to lift the velum to 

form a full seal during speech and swallowing.  

Of the 48 points in the X direction of the TVP, most of them had a positive influence on PC 1. 

Points 1-3 and 18-24 had a negative influence on PC 1. These points with negative influence 

came from the same region on the muscle. Points 1-3 stemmed from the left segments most 

anterior corner, while points 18-24 finished the clockwise placement, and ended at the most 

anterior corner of the same segment. However, the first PC only explained 48.77% of shape 

variation, indicating that there was only a potential for significant shape variation, not 

definitively identifying it. The PCA residuals were mostly close to 0, but patients 1, 3, 5, and 7 

contained points from the left segment that presented a weaker fit. There was one statistical 

outlier in the X direction on PC 1, at patient 5. This patient was a 15-year-old male suffering 

from OSA but did not have hypernasality scores recorded at the time of imaging. This 

observation introduced questions about potential anatomical differences in those suffering from 

OSA versus those with hypernasality.  
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In the Y coordinate plane of the TVP, the points were split in influence on PC 1. In this case there 

were negative points of influence on PC 1 from both the left and right segments, and since it 

explained 78.94% of shape variation, this indicated a more spread distribution of responsibility. 

The Y coordinate plane had one outlier on PC 3, at patient 3. However, PC 3 only explained 

6.5% of total shape variation in this data set, so it is unlikely that patient 3 had significant 

influence on overall variation of the LVP. Most of the PCA residuals indicated a strong fit to the 

data set. Patients 3, 4, 5, 7, and 10 had a few points from both the left and right segments of the 

TVP that showed a weaker fit. This supported the spread distribution of influence on PC 1, 

making it difficult to pinpoint a specific region in the Y coordinate plane that showed significant 

shape variation.   

The Z coordinate plane of the TVP showed a similar spread as the X and Y planes, with about 

half of the points positively influencing PC 1. Like the Y plane, there were points from multiple 

sides of both the left and right segments of the TVP that negatively influenced PC 1, again 

making it difficult to pinpoint a specific region of variation. Additionally, the first PC only 

explained 54.35% of shape variation, with PC 2 explaining 24.73%. This also made it difficult to 

assign responsibility to a specific region due to a more spread-out distribution of variation 

amongst the muscle. Patient 10 was an outlier on PC 2 in the Z direction of the TVP. This 

concurred with the LVP, and velum sets where a patient with mild hypernasality showed possible 

differences in anatomical structure. Again, the PCA residual mostly clustered close to 0, with 

patients 1, 2, 4, 5, and 10 having points mostly from the left segment, with a more spread-out 

distribution.  

Overall, the TVP is like the LVP where it was difficult to identify definitive regions of variation. 

However, the outliers of patient 3 and patient 10 highlighted potential clinical differences caused 

by the shape of the TVP. The patients with residuals showing a weaker fit were mostly from the 

Improved-VPI group, and patient 10. This showed potential differences in the groups and 

highlights the greater difference in patient 10 from all other patients.  

In the X coordinate plane of the palatoglossus muscle, all 24 points had a positive influence on 

PC 1, which explained 91.36% of shape variation. The points with greater magnitude stem from 

different regions of the palatoglossus, failing to pinpoint a specific point on the muscle that was 

mostly responsible for shape variation. However, patient 10 was also an outlier in this data set on 

PC 1. Since PC 1 explained such a larger percentage of variation, it was possible that patient 10 

exhibited significantly different X coordinate points.  Patients 1 and 5 were shown to be outliers 

on PC 2 in this coordinate set but this vector only explained 3.62% of shape variation so it was 

unlikely for them to influence the overall variation of the palatoglossus. The PCA residuals for 

this set showed regions of strong and weak fit, distributed amongst the structures and all patients. 

There were points from both the left and right segments of the palatoglossus that were distributed 

farther away from 0, again making a specific region of variation difficult to identify.  
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The Y direction of the palatoglossus showed all points except 1 and 7 positively influenced PC 1. 

These two points were from the left segment of the palatoglossus, but from opposite faces of the 

muscle. Their magnitude of negative influence was much weaker than the points with a positive 

influence and PC 1 only explained 38.66% of shape variation in this data set so this did not 

necessarily infer significant variation at points 1 and 7. The second PC explained the next 

22.74% of shape variation in the Y plane but the points were again split on positive and negative 

influence, making it difficult to confirm a specific region of strong variation. There were no 

statistical outlying patients in the Y coordinate plane and the PCA residuals mostly indicated a 

strong fit. There were a few points with a wider distribution, but this was spread amongst all 

patients except for patient 7. This failed to identify a specific patient with more significant shape 

variation.  

Like the Y coordinate plane, the Z coordinate plane had mostly positive influence on PC 1. In 

this set, points 5, 6, and 16-18 had negative influences. Points 5 and 6 were from the left segment 

of the palatoglossus, while points point 16-18 were from the right segment. While this indicated 

the potential for specific regions of variation, the first PC only explained 39.55% of total shape 

variation in this set, so it did not provide a strong argument. The Z coordinate plane also did not 

have any outliers at specific patients, again failing to pinpoint exact regions of variation. The 

PCA residuals also failed to pinpoint specific regions of variation or specific patients, as most of 

the points were close to 0, with 1-2 points on each patient showing a weaker fit.  

The strongest argument to be made in the palatoglossus data sets was patient 10 being an outlier 

in the X coordinate plane. In the Y and Z planes, the first PCs did not explain most of the shape 

variation, and there were no outliers identified in these planes. If patient 10 also had different 

anatomical characteristics in the palatoglossus, this could have exacerbated the negative effects 

from shape variation found in previous muscles.  

The X coordinates of the pharyngeal wall had a split distribution on influence on PC 1. Points 1-

6 had a positive influence on the first PC which explained 99.98% of shape variation in this 

coordinate plane. Point 6 had the greatest magnitude of influence on PC 1 which was a point 

located about halfway down the pharyngeal wall. Patients 3 and 5 were shown to be statistical 

outliers in this coordinate plane and were both patients from the Improved-VPI group. Patient 3 

was an 8-year-old male experiencing minimal hypernasality after PF surgery and patient 5 was 

the 15-year-old male experiencing OSA. Potential differences in the shape of the pharyngeal wall 

could impact where the PF contacts wall and its ability to fully seal the pharyngeal cavity. The 

PCA residuals showed a weak fit amongst the data across all points and patients. This potentially 

highlighted differences in shape or could be caused by other limitations of the study such as 

segmentation issues from MRI visibility challenges.  

The Y direction of the pharyngeal wall showed a distinct correlation between point number and 

influence on PC 1. Magnitude of influence increased sequentially, meaning as points were picked 

further down the wall, they had a greater influence on PC 1. In this coordinate set the first PC 
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explained 82.62% of shape variation, supporting the likelihood that variation occurred further 

down the pharyngeal wall. Patient 5 was an outlier on the second PC in this set, but PC 2 was 

only responsible for 16.56% of total shape variation so it was unlikely to affect the overall 

system. Like the X coordinates, the Y coordinates residuals showed a weak fit among the data 

set. This was again potentially explained by difficulties with segmentation and MRI visibility.  

Inverse to the Y coordinate system, the points in the Z coordinate system of the pharyngeal wall 

decreased magnitude of positive influence on PC 1 in sequential order. As points were picked 

further down the wall, they had less influence on overall variation in the Z direction. The first PC 

explained 91.78% of shape variation and the Z coordinate system had no statistical outliers, so a 

specific patient could not be identified as a significant influence on variation. Unlike the X and Y 

coordinate system, the Z PCA residuals mostly showed a strong fit among the data set. Patients 1 

and 2 had one point that fell further away from 0, and patient 5 had 4 points that were further 

away from 0. These points could have had a weak fit due to true variance or could stem from 

segmenting issues previously mentioned.  

The pharyngeal wall contained the constrictor muscles, which contract during speech and 

swallowing, assisting in the seal of the pharyngeal port. In the X direction it is possible that 

patients 3 and 5 had a shape variation that may make their anatomy function better than those 

patients in the VPI group. However, this is a preliminary observation that would need to be 

further evaluated with constrictor muscle specific studies using a larger data set with more 

homogeneous patient groups. This observation was used to support the use of PCA in identifying 

data points that vary from an overall set but cannot be interpreted as a definitive correlation 

between shape and clinical outcomes. 

The combined data sets provided a more generalized set of results with 175 points used in each 

coordinate set. The X direction showed points 56 and 82 (both from the LVP) had a strong 

influence on PC 1, while all other points have a weaker influence. In this set, the first PC 

explained 95.11% of shape variation in the X direction, so it is possible that points 56 and 82 had 

significant influence. However, the residual plot showed a weak fit among the data, with almost 

no points indicating a strong correlation. This was possibly due to the number of points being 

analyzed in this set, with each one impacting the mean shape. Patients 2 and 3 were shown to be 

statistical outliers in the X coordinate direction, and both were from the Improved-VPI group. 

Patient 2 was a 7-year-old female experiencing minimal hypernasality and patient 3 was an 8-

year-old male also experiencing minimal hypernasality. While not definitive, these results 

alluded to the possibility of anatomical characteristics coinciding with clinical outcomes.  

In the Y coordinate plane combined set, all 175 points had a positive influence on PC 1. This 

indicated that variation in the Y direction was spread among the different anatomical parts in the 

system and did not pinpoint a specific region of greater variation. The first PC in this set 

explained 93.84% of shape variation, confirming that each point had individual influence on the 

vector. There was one statistical on PC 3, from patient 1, however, PC 3 only explained 1.55% of 
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shape variation so it was unlikely that patient 1 was overly influential on the mean shape. The 

PCA residuals in the Y direction contained many points showing a strong fit but contained 

regions of weak fit as well. The points of weaker fit stemmed from different anatomical parts in 

the system and from different patients, failing to pinpoint a specific region of weakness. 

The combined Z coordinates showed very similar results to the combined Y coordinates with all 

points positively influencing PC 1, with no point showing extremely high magnitude. With PC 1 

explaining nearly all variation in this set (99.05%), there was not a distinct region of variation in 

the Z plane. There were no statistical outliers in the Z coordinate plane, also failing to identify a 

specific patient with increased variation in the system. The residual plots for this set were mostly 

close to 0, with patients 1, 2, 6, 7, and 9 having 3-5 total points with a weaker fit. Overall, this 

indicated that variation was evenly distributed amongst points in the Z coordinate plane across 

the entire pharyngeal system and did not identify a specific region of variation. 

The X coordinates highlighted the possibility for overall variation in patients 2 and 3, but these 

results were not confirmed in the Y and Z directions. There was also a suggestion that from the X 

coordinate system that the LVP may have been more significantly responsible for overall shape 

variation, but again, was not confirmed in the Y and Z coordinate planes. These results generated 

the need for further analysis in coordinate system models.  

The results from the individual part models provided greater insight into anatomical variations 

than the combined coordinate sets as they allowed for focus on smaller regions. In the velum, 

LVP, TVP, and pharyngeal wall model’s patient 10 arose as a potential outlier but was not 

identified in the combined coordinate sets. When the models were broken down into part specific 

sets, it allowed each point to have greater influence on a mean shape, illuminating more specific 

regions of shape variation. Patient 10 was a member of the VPI group and experienced mild 

hypernasality after PF placement. These results highlighted the need for further, anatomy specific 

research, without confounding variables presented in this study.  

Patient 3 also arose as an outlier in more than one case. In the TVP, pharyngeal wall, and 

combined X coordinates, this patient demonstrated variation from the mean. As a member of the 

Improved-VPI group, with minimal hypernasality, these results indicated the potential for 

favorable anatomical shapes and further support the need for more extensive research.  

5.2 Limitations  

The most significant limitation of this study is the problem of small numbers [55], created by the 

nature of this pilot study. The results, while informative, highlighted the need for replication 

using larger sample sizes. Many patients were deemed an outlier in at least one coordinate 

direction. With a larger sample size, each patient will not have such a large effect on the mean 

shape, which may lead to more definitive results.  

Confounding variables arise from the data set itself. With patients ranging from 4-26 years old 

and one patient having 22q11.2 deletion syndrome, there are likely anatomical differences based 
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on human developmental stages. With the addition of diverse VPI symptoms (OSA and varying 

levels of hypernasality) in this sample data set, this study can only be interpreted as exploratory 

and not as identifying of true shape variation linked to clinical outcomes. The different subtypes 

of clefts were also not factored into this small data set. Including patients who began with 

drastically different anatomical complications made it difficult to determine post-operative shape 

differences that may have affected VPI symptoms.  

The convenience sample of MRI images provide a significant limitation in this study. A larger 

interventional study would have pre-operative and post-operative MRIs which would be able to 

account for the anatomical differences among patients. It is possible that some shape differences 

were created by the surgery itself or during the healing process.  

Other limitations include system selection noise from hand-picking landmark points on the three-

dimensional models. Using an algorithm to uniformly select points based on spacing or 

proportions, or inter-rater intra-rater methods in future studies would lead to a more reliable data 

set, especially in anatomical parts that vary drastically from person to person.  

The N-point registration produced another limitation in this study. This approach was appropriate 

for a small sample size with no reference figure but did not provide the same rigor as Procrustes 

alignment or an atlas-based method. The registration against Patient 1 was done arbitrarily to 

minimize translational and rotational effects in this small data set, but registration against a 

reference figure would provide more confidence in the registered shapes.  

To combat variation from different sizes, scaling was performed on the coordinate points, as 

natural differences between pediatric and adult patients, and male and female patients are likely. 

Separating the patients by sex in this study would have made the problem of small numbers more 

drastic, so they were kept in one set. However, scaling each patient based on a mean shape was a 

provisional coordinate standardization again based on the lack of a specified reference figure. 

This limitation meant that PCA results were only able to be interpreted as exploratory patterns, 

and not true size estimates. 

The outlier analysis was also interpreted as exploratory descriptors of variation due to the above-

mentioned limitations from the data set. These outlying points did not consider differences 

caused by age, sex, or cleft subtype.  

Finally, the residual analysis was only able to provide patterns of strong and weak fit. A distinct 

value of acceptable and unacceptable could not be chosen as residuals are context dependent and 

extremely variable from study to study. To identify a smaller range of acceptable residuals, a 

larger data set with more confirmatory results would be needed. 
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5.3 Future Directions of Research 

In future work, the potential use of PCA as an efficient and economical approach to identifying 

anatomical differences in groups of patients could be confirmed using the framework provided 

by this study. This pilot study established 3D MRI as a valuable method for anatomical imaging 

supported by PCA to segment and construct accurate models of regions of interest.  

Future works should stratify by age and sex specific subject groups to minimize natural 

anatomical differences from these categories. Complications arising from different subtypes of 

clefts should also be considered when obtaining more homogenous patient sets. Future data sets 

should be significantly larger so appropriate statistical methods can be used for more definitive 

outlier results. Future data sets should also include pre-operative and post-operative imaging for 

comparison, to eliminate concerns of shape variation occurring due to the surgical process or 

during healing.  

During the PCA process, more selective methods should be utilized during the point picking 

segment. Advanced software includes algorithm-based abilities to ensure points are at 

corresponding locations across patients. The use of inter-rater intra-rater validation would also 

increase confidence that points were anatomically equal across patients. During the registration 

of points, a reference figure with known desired anatomy should be used instead of a patient 

selected arbitrarily from the data set. This study did not have a reference figure for use, but such 

a reference would have built more confidence in the translated points. The reference figure 

needed for future work should also be used during scaling applications. Scaling against a mean 

was done in this study due to the lack of a reference figure, but this would have provided 

additional confidence that variations from age and sex were accounted for.  

Future statistical methods from larger data sets should include mean and standard deviation 

methods in addition to the IQR method. This was not possible in this study due to the problem of 

small numbers, which prevented statistical claims from being definitive. Additionally, the use of 

residuals should include a specified cut-off value for acceptable and unacceptable values. This 

would provide more definitive arguments for noise vs shape variation debates.  

5.4 Conclusions 

This study generated a reusable methodology for testing hypotheses that could be instrumental in 

future explorations into anatomical effects on surgical outcomes. Identifying the potential for 

outlying coordinate points shows the value of PCA in biomedical applications such as optimizing 

surgical intervention approaches. The possibility of linking patient specific anatomy to clinical 

outcomes lays important framework for further modeling research, with the potential to 

implement statistical methods into future pre-operative planning projects.  

If eventually implemented into clinical spaces, using PCA to identify anatomical shape variations 

could assist surgeons in a personalized PF placement. This has the potential to decrease the 

number of children experiencing persistent VPI, decrease repetitive surgeries, and improve 
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quality of life for thousands every year. While this exploratory coordinate point pilot analysis 

requires repetition with much larger sample sizes, it lays the foundation for further research in 

anatomical modeling.  
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Appendix A: MATLAB CODE 
 
% Appendix A: Matlab Code  
% Author: Taylor Falk 
% Last Date Updated: 3-26-2026 

% Example of creation of original matrices for each part of each patient 
% Velum coordinates for patient 1 in MxN matrix 
% M = Point number  
% N = x, y, z coordinate plane  

NV1_Velum = [10.723 -21.1989 -75.6837 
8.0318 -20.5219 -75.5392 
5.3963 -19.455 -75.2941 
2.9304 -18.3529 -75.7798 
0.4368 -19.0003 -75.1102 
-2.2117 -19.6782 -74.2734 
-4.8824 -19.4716 -74.1011 
-7.3078 -19.5741 -74.066 
-10.0415 -20.5827 -75.1752 
-12.6507 -20.9368 -76.3653 
-2.0557 -22.1903 -73.0254 
-1.9022 -24.7794 -71.5511 
-1.8443 -26.9119 -70.1145 
-1.7083 -29.1155 -68.6368 
-1.5611 -31.4912 -67.2873]; 

% Transpose all matrices to flip rows and columns. 
% In PCA, Rows are observances and columns are variables.  
% Variables = point number. 
% observances = patient number  

NV1_Velum_Transposed = NV1_Velum'; 
NV1_LVP_Transposed = NV1_LVP'; 
NV1_TVP_Transposed = NV1_TVP'; 
NV1_PG_Transposed = NV1_PG'; 
NV1_Wall_Transposed = NV1_Wall'; 
NV2_Velum_Transposed = NV2_Velum'; 
NV2_LVP_Transposed = NV2_LVP'; 
NV2_TVP_Transposed = NV2_TVP'; 
NV2_PG_Transposed = NV2_PG'; 
NV2_Wall_Transposed = NV2_Wall'; 
NV3_Velum_Transposed = NV3_Velum'; 
NV3_LVP_Transposed = NV3_LVP'; 
NV3_TVP_Transposed = NV3_TVP'; 
NV3_PG_Transposed = NV3_PG'; 
NV3_Wall_Transposed = NV3_Wall'; 
NV4_Velum_Transposed = NV4_Velum'; 
NV4_LVP_Transposed = NV4_LVP'; 
NV4_TVP_Transposed = NV4_TVP'; 
NV4_PG_Transposed = NV4_PG'; 
NV4_Wall_Transposed = NV4_Wall'; 
NV5_Velum_Transposed = NV5_Velum'; 
NV5_LVP_Transposed = NV5_LVP'; 
NV5_TVP_Transposed = NV5_TVP'; 
NV5_PG_Transposed = NV5_PG'; 
NV5_Wall_Transposed = NV5_Wall'; 
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V1_Velum_Transposed = V1_Velum'; 
V1_LVP_Transposed = V1_LVP'; 
V1_TVP_Transposed = V1_TVP'; 
V1_PG_Transposed = V1_PG'; 
V1_Wall_Transposed = V1_Wall'; 
V2_Velum_Transposed = V2_Velum'; 
V2_LVP_Transposed = V2_LVP'; 
V2_TVP_Transposed = V2_TVP'; 
V2_PG_Transposed = V2_PG'; 
V2_Wall_Transposed = V2_Wall'; 
V3_Velum_Transposed = V3_Velum'; 
V3_LVP_Transposed = V3_LVP'; 
V3_TVP_Transposed = V3_TVP'; 
V3_PG_Transposed = V3_PG'; 
V3_Wall_Transposed = V3_Wall'; 
V4_Velum_Transposed = V4_Velum'; 
V4_LVP_Transposed = V4_LVP'; 
V4_TVP_Transposed = V4_TVP'; 
V4_PG_Transposed = V4_PG'; 
V4_Wall_Transposed = V4_Wall'; 
V5_Velum_Transposed = V5_Velum'; 
V5_LVP_Transposed = V5_LVP'; 
V5_TVP_Transposed = V5_TVP'; 
V5_PG_Transposed = V5_PG'; 
V5_Wall_Transposed = V5_Wall'; 

% For each part, combine all X, all Y, and all Z into PxM separate matrices 
% P = patient number  
% M = point number  
% Find average of combined data for scaling  
% Scale each point around the mean 
% For velum data sets: 

allX_Velum = [NV1_Velum_Transposed(1,:); 
    NV2_Velum_Transposed(1,:); 
    NV3_Velum_Transposed(1,:); 
    NV4_Velum_Transposed(1,:); 
    NV5_Velum_Transposed(1,:); 
    V1_Velum_Transposed(1,:); 
    V2_Velum_Transposed(1,:); 
    V3_Velum_Transposed(1,:); 
    V4_Velum_Transposed(1,:); 
    V5_Velum_Transposed(1,:)]; 

meanXVelum = mean(allX_Velum); 
scaledX_Velum = allX_Velum./meanXVelum; 

% PCA for X, Y, and Z coordinate sets of the velum 
[coeff_XV, score_XV, latent_XV, tsquared_XV, explained_XV, mu_XV] = 
pca(scaledX_Velum); 
[coeff_YV, score_YV, latent_YV, tsquared_YV, explained_YV, mu_YV] = 
pca(scaledY_Velum); 
[coeff_ZV, score_ZV, latent_ZV, tsquared_ZV, explained_ZV, mu_ZV] = 
pca(scaledZ_Velum); 

% PCA Residual Calculations for Velum Data Sets  
residualXVelum = pcares(scaledX_Velum,1); 
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residualYVelum = pcares(scaledY_Velum,1); 
residualZVelum = pcares(scaledZ_Velum,1); 

%IQR for X Coordinate plane of the Velum 
XVQ1 = quantile(score_XV, 0.25); 
XVQ3 = quantile(score_XV, 0.75); 
IQRXV = iqr(score_XV); 
XVlowerlimit = XVQ1 - (1.5 * IQRXV); 
XVupperlimit = XVQ3 + (1.5 * IQRXV); 
XVoutliers = score_XV(score_XV < XVlowerlimit | score_XV > XVupperlimit); 
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Appendix B: Additional Figures 

 

 

Figure B.20. PCA results for the X direction of the LVP. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.21 PCA results for the Y direction of the LVP. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers. 
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Figure B.22. PCA results for the Z direction of the LVP. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers. 
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Figure B.23. Box-and-Whisker plots for LVP data sets to identify potential outliers in patients 1-10. Statistical outliers are outside of upper and lower limits (± 

1.5 x IQR) and are shown in red stars if present. Plots are created for score values of the first three PCs. A. Plots from the X plane data sets. B. Plots from the Y 

plane data sets. C. Plots from the Z plane data sets. 
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Figure B.24. PCA results for the X direction of the TVP. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers 
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Figure B.25. PCA results for the Y direction of the TVP. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.26. PCA results for the Z direction of the TVP. A. Individual point influence on the first 2 principal components. Data points in the positive quadrants 

correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal components 

quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more similar 

shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.27. Box-and-Whisker plots for TVP data sets to identify potential outliers in patients 1-10. Statistical outliers are outside of upper and lower limits (± 

1.5 x IQR) and are shown in red stars if present. Plots are created for score values of the first three PCs. A. Plots from the X plane data sets. B. Plots from the Y 

plane data sets. C. Plots from the Z plane data sets. 
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Figure B.28. PCA results for the X direction of the palatoglossus. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.29. PCA results for the Y direction of the palatoglossus. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers. 



68 
 

 

Figure B.30. PCA results for the Z direction of the palatoglossus. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.31. Box-and-Whisker plots for palatoglossus data sets to identify potential outliers in patients 1-10. Statistical outliers are outside of upper and lower 

limits (± 1.5 x IQR) and are shown in red stars if present. Plots are created for score values of the first three PCs. A. Plots from the X plane data sets. B. Plots 

from the Y plane data sets. C. Plots from the Z plane data sets 
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Figure B.32. PCA results for the X direction of the pharyngeal wall. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.33. PCA results for the Y direction of the pharyngeal wall. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.34. PCA results for the Z direction of the pharyngeal wall. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers.  
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Figure B.35. Box-and-Whisker plots for pharyngeal wall data sets to identify potential outliers in patients 1-10. Statistical outliers are outside of upper and 

lower limits (± 1.5 x IQR) and are shown in red stars if present. Plots are created for score values of the first three PCs. A. Plots from the X plane data sets. B. 

Plots from the Y plane data sets. C. Plots from the Z plane data sets. 
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Figure B.36. PCA results for the X direction of all combined parts. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers 
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Figure B.37. PCA results for the Y direction of all combined parts. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers. 
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Figure B.38. PCA results for the Z direction of all combined parts. A. Individual point influence on the first 2 principal components. Data points in the positive 

quadrants correspond to positive influence on the indicated principal component. B. Amount of shape variation that can be explained by the first 2-3 principal 

components quantified by percentage. C. The score plot shows where the original data points will fall within the transformed PC shape. Points that create more 

similar shapes, cluster together around 0 after being transformed around the mean while variations may produce outliers. 
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Figure B.39. Box-and-Whisker plots for combined data sets to identify potential outliers in patients 1-10. Statistical outliers are outside of upper and lower limits 

(± 1.5 x IQR) and are shown in red stars if present. Plots are created for score values of the first three PCs. A. Plots from the X plane data sets. B. Plots from the 

Y plane data sets. C. Plots from the Z plane data sets. 
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Figure B.40. PCA residuals for the X direction of the LVP. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure B.41. PCA residuals for the Y direction of the LVP. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit 



80 
 

 

Figure B.42. PCA residuals for the Z direction of the LVP. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure B.43. PCA residuals for the X direction of the TVP. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit 
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Figure B.44. PCA residuals for the Y direction of the TVP. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure B.45. PCA residuals for the Z direction of the TVP. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure B.46. PCA residuals for the X direction of the Palatoglossus. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker 

fit. 
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Figure B.47. PCA residuals for the Y direction of the Palatoglossus. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit. 
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Figure B.48. PCA residuals for the Z direction of the Palatoglossus. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker fit 
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Figure B.49. PCA residuals for the X direction of the Pharyngeal Wall. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker 

fit. 
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Figure B. 50. PCA residuals for the Y direction of the Pharyngeal Wall. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker 

fit 
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Figure B.51.  PCA residuals for the Z direction of the Pharyngeal Wall. Points close to 0 indicate a strong fit with points farther away from 0 indicating a weaker 

fit 
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Figure B.52. PCA residuals for the X direction combined coordinate sets. Points close to 0 indicate a strong fit with points farther away from 0 indicating a 

weaker fit 
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Figure B.53. PCA residuals for the Y direction combined coordinate sets. Points close to 0 indicate a strong fit with points farther away from 0 indicating a 

weaker fit 
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Figure B.54. PCA residuals for the Z direction combined coordinate sets. Points close to 0 indicate a strong fit with points farther away from 0 indicating a 

weaker fit. 


