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Abstract 
 
 
 

Title of Thesis: Qualitative Assessment of Local Tongue Deformation Using Principal 

Component Analysis in Patients Who Underwent Partial Glossectomy. 

Amir Akhavan, Masters of Biological Science, 2017 

Thesis Directed by: Dr. Maureen Stone, associate professor, department of orthodontics.  

 

Purpose: The purpose of this study was to investigate patterns of muscle shortening in the 

sample of patients who underwent partial glossectomy and within a sample of healthy 

control subject using Magnetic Resonance Imaging (MRI) techniques and analyzing the 

data using the principal component analysis (PCA).  

Materials and Methods:  PCA was used to analyze muscle shortening data collected via 

MRI imaging from eight control and five glossectomy individuals. The muscle length 

measurements were performed on the following five tongue muscle segments: 1) 

genioglossus posterior (GGp), 2) geniohyoid (GH), 3) transverse anterior (Ta), 4) 

transverse middle (Tm), and 5) transverse posterior (Tp). Results: 

Results: In the anteroposterior (x) direction, GGp and GH underwent the greatest amount 

of shortening for all three sounds. However, GH underwent greater shortening for /s/ while 

GGp underwent the greatest shortening for /u/ and /k/. In the mediolateral direction, Ta 

underwent the greatest shortening into /s/ and Tm and Tp underwent the greatest shortening 

into /u/ and /k/. Controls had less variance in shortening patterns than the patients.  

Conclusion: GH seems to be the primary protractor of the tongue for the production of the 

front sounds such as /s/. GGp seems to be the primary muscle that allows deformation of 



the base of the tongue, allowing it to be raised for production of velar sounds such as /uk/. 

In glossectomy patients, adjacent or contralateral muscles appear to be recruited as a 

compensatory mechanism for production of the same sounds as in controls. That being 

said, PCA was not able to differentiate between the controls and glossectomy patients 

which could be due to a very small sample size.  
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I INTRODUCTION: 

 The tongue plays a vital role in speech production, swallowing, mastication, and 

breathing. The process of speech production, in particular, involves the precise and 

controlled movement of the tongue and its interaction with surrounding structures within 

the oral cavity. The tongue is considered a muscular hydrostat with an incompressible 

constant volume that undergoes deformation to produce movement. Study of tongue 

motion during speech is challenging due to its location deep within the vocal tract and its 

high degree of freedom during movement. Additionally, the tongue is composed of 10 

extrinsic and intrinsic muscles which their fibers intermesh extensively. The purpose of 

this study was to investigate patterns of muscle shortening in the sample of patients who 

underwent partial glossectomy and within a sample of healthy control subject using 

Magnetic Resonance Imaging (MRI) techniques and analyzing the data using the principal 

component analysis (PCA). PCA has been widely used to reduce data dimensionality while 

preserving valuable information within the data and it has been utilized in the past to study 

motion velocity of the tongue.  

A. Literature Review: 

The Role of the Tongue: 

The tongue is a muscular organ located deep within the vocal tract, which plays a 

key role in the formation of speech, manipulation of food in mastication and swallowing, 

as well as breathing.  The human tongue can perform this variety of functions while being 

devoid of bones, joints or other supports, such as fluid filled cavities. Furthermore, the 

human tongue is unique in that it is considered a muscular hydrostat and can both create 

and supply the structural support for motion (Gilbert et. al, 2007). The tongue as a muscular 
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hydrostat is an incompressible soft tissue structure with a constant volume and the ability 

to undergo local deformation to produce complex movements.  

The tongue differs from other skeletal muscle systems found in the human body 

such as muscles of the limbs in that it is composed of an intermeshing of 10 different 

muscles. The ten muscles include four intrinsic muscles (superior longitudinal, inferior 

longitudinal, transverse, vertical), four extrinsic muscles (genioglossus, hyoglossus, 

styloglossus, palatoglossus), and two floor muscles (geniohyoid, mylohyoid). Intrinsic 

muscles have both their origins and insertion on the lingual septum or other aponeuroses 

within the tongue (Abd-El-Malek, 1939). Extrinsic muscles of the tongue insert directly 

into the tongue while tethered to surrounding structures such as the mandible and hyoid 

bone. As the muscle fibers of the extrinsic muscles enter the tongue, they form an 

interwoven skeletal muscle fiber architecture with the intrinsic muscle fibers. It is this 

complex muscular architecture and pattern of activation of the intrinsic and extrinsic 

muscles that allows the tongue to perform a broad range of movements and tasks. The 

challenge is then to study the tongue muscles' motion and local deformation, despite 

extensive muscular inter-digitation (Stone et al., 2016) 

The tongue can be viewed as two identical, mirror-image hemisections in the 

sagittal plane, and although each half is identical concerning anatomy and structure, they 

can be activated asymmetrically to make asymmetrical movements. Hypoglossal nerve 

(CN XII) provides the motor innervation of all muscles of the tongue except the 

palatoglossus muscle, which is innervated by vagus nerve (CN X) instead. The general 

sensory innervation of anterior 2/3rd of the tongue is via lingual nerve which is a branch 

of trigeminal nerve (CN V), and the posterior 1/3rd is via glossopharyngeal nerve (CN IX).  
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The purpose of this study was to examine the complex local deformation patterns of muscle 

shortening during protrusion, elevation, and retraction of the tongue in healthy controls and 

glossectomy patients. The muscles of interest for the purpose of this study are genioglossus 

posterior (GGp), geniohyoid (GH) and the three subdivisions of Transverse (T) muscle 

which are involved in protrusion and elevation of the posterior aspect of the tongue. 

Anatomy of Function of Tongue Muscles  

    Genioglossus is the largest and strongest extrinsic muscle of the tongue capable of 

generating approximately 68 N of force (Sanguineti et al. 1997).  It comprises the bulk of 

the posterior tongue and enters the tongue in a fan-like projection, originating from the 

mental spine of the mandible (Gilbert et al., 2007).  Functionally, genioglossus separates 

into three subdivisions: Anterior, middle, and posterior. The posterior fibers course 

horizontally, attach to the root of the tongue and body of the hyoid and are mainly active 

during the production of front sounds (i.e. /i/ and /e/), protrusion of the tongue, and dilation 

of the airway. The anterior fibers of genioglossus course vertically through the anterior 

portion of the organ but do not curve forward or extend to the tip of the tongue. The 

activation of the anterior subdivision is mainly associated with local depression of the 

anterior tongue (Stone et al., 2001). The middle fibers fan out obliquely from the 

mandibular symphysis at midline and slightly mediolaterally to radiate towards the dorsum, 

and they function to depress the dorsum of the tongue. Studies of tongue motion using 

electromyography (EMG) and velocity patterns of tissue deformation have revealed that 

muscles in the tongue body are activated individually, and the GGa, GGm, and GGp fibers 

functioned differently (Miyawaki, 1975). 
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The geniohyoid (GH) originates from the inferior mental spine on the posterior 

surfaces of the mandibular symphysis and extends backward and slightly downward to 

insert into the anterior surface of the body of the hyoid bone. When the hyoid bone is fixed 

in position, the GH can act as a jaw opener by depressing the mandible. When the mandible 

is fixed in position, the GH contraction drives the hyoid bone upward and forward, 

elevating the tongue body and potentially helping with the production of raised vowels 

such as the /u/. 

The transverse (T) is composed of a series of thin horizontal laminae in the body of 

the tongue, and its fibers arise from the median fibrous septum and pass laterally to the 

tongue margin. The muscle fibers are further divided into transverse anterior (Ta), 

transverse middle (Tm), and transverse posterior (Tp), corresponding to the anterior, 

middle, and posterior thirds of the tongue. The fibers of T and GG are intermeshed in an 

ordered manner from the apex to base to make the bulk of the tongue. The tongue can 

produce raised vowels and velar consonants, such as /u/ and /k/, by undergoing internal 

deformation at its base which compresses the tongue body medially. Contraction of the T 

causes lateral compression of the tongue body, making the tongue narrow and supporting 

the elevation required for the production of the /u/ and /k/. 

Oral Cancer:  

Oral cancer is the 11th most common cancer in the world (Jitender et al., 2016) and 

makes up roughly 3% of all cancers and 30% of all head and neck cancers (Iancu et al, 

2015). 1 in 5000 people in the United States develops carcinoma of the tongue and floor of 

the mouth annually. Lower lip, lateral border of the tongue and floor of the mouth are the 

most commonly involved sites (Figure 1) (Cawson’s Essentials of Oral Pathology and Oral 
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Medicine, 2012). Approximately 30-40% of oral cancers originate in the tongue (figure 2), 

17% in the lip, and 14% in the floor of mouth (Fujita et al., 2007). It is estimated that 90% 

of all malignant neoplasm of the oral cavity is squamous cell carcinoma (SCC) (Jitender et 

al., 2016) 

 

Figure 1 The shaded U-shaped area accounts for only about 20% of the whole area of the 
interior of the mouth, but is the site of over 70% of oral cancers. Approximately 30-40% 

of oral cancers originate in the tongue, 17% in the lip, and 14% in the floor of mouth.  

 
Oral cancer is much more common in male (5:1) at ages between 55 to 64 years, 

and has much higher incidence among those with a history of tobacco or heavy alcohol 

use, and individuals infected with human papillomavirus (HPV).  Although tumors of the 

tongue and floor of the mouth are slow-growing, if not diagnosed early, it can infiltrate 

surrounding structures including the lymph nodes. Partial glossectomy, or surgical 
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resection of part of the tongue musculature, is a common treatment along with radiation 

therapy (Whitehill et. al 2006). 

 

 

 

 

Figure 2 Early SCC of the lateral border of the Tongue. 

 

Effects of Glossectomy on Post-Operative Tongue Function: 

Currently, a multimodality therapy including surgical resection (glossectomy) 

followed by radiation therapy is the preferred method for treatment of intraoral SSC. 

Surgical approach alone may be preferred for small lesions of the tongue which are easily 

resected or when the surrounding bone tissue is involved in preventing possible radio 

necrosis in the future. During glossectomy, the surgeon must remove an additional 1 to 1.5 

cm of tissue beyond the border of the malignant tumor to obtain an appropriate malignancy-

free margin and prevent future recurrence. However, in many instances, this is not possible 

due to unpredictable and irregular outline and proximity of the tumor to the critical 
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anatomical structures. During surgery, an effort is made to preserve the tip of the tongue if 

possible. Following partial or total glossectomy, patients exhibit high variation in levels of 

speech and swallowing impairments as well as other problems related to tongue mobility, 

all of which may ultimately have a negative impact on quality of life (ref). In contrast, 

irradiation provides better cosmetic and functional results but involves considerable 

discomfort during treatment and unwanted long-term side effects such as xerostomia, 

mucosal and skin atrophy, and risk of osteomyelitis.  

Although glossectomy is an effective treatment, it may negatively affect the 

functions of the tongue.  Consequently, the resected side is primarily affected as the tissue 

mass and motor innervation are reduced and/or eliminated. The most common negative 

outcome include limited tongue mobility and impaired glossopalatal and glossopharyngeal 

seal (Borggreven et al., 2007). Furthermore, the resulting defects in the function of the 

tongue as the result of surgical resection can be attributed to a change in mechanical 

properties of the tongue such as its shape, stiffness, and viscosity (Whitehill et al., 2006). 

It is not possible to predict the surgical outcome with high accuracy due to a considerable 

variation in the post-operative speech quality. Previous studies (Whitehill et al. 2006 & 

Heller et al. 1991 & Aramany et al., 1982 & Skelly et al., 1972) have shown that 

glossectomy patients can have difficulties producing the tongue shapes required for 

accurate vowel production and they exhibited limited tongue adjustments necessary to 

achieve precise articulation. Skelly et al. (1972) found a limited range of tongue movement 

along the anterior-posterior dimension during vowel production by speakers with partial 

glossectomy. They hypothesized post-glossectomy speakers might have difficulties 

producing the tongue shapes and muscle contraction required for accurate speech 
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production because of the damage to the intrinsic and/or extrinsic muscles responsible for 

tongue protrusion and retraction during resection. Contrary to findings by these authors, 

Mckinstry et al.(1987) discovered that partial glossectomy patients could achieve 

reasonably intelligible speech post-surgically via compensatory techniques. These patients 

achieved appropriate tongue elevation because the muscles responsible for tongue 

elevation and depression were preserved or the individuals developed effective 

compensatory adjustments. 

Effects of Resection Size: 

Classification of oropharyngeal tumors is done according to the TNM staging 

system used by the American Joint Committee on Cancer. The T describes the size or extent 

of the primary tumor – the higher the T number, the larger the tumor. The T staging for 

tumors of the oral cavity defines T1 tumors as 2 cm or less in their greatest dimension and 

T2 tumors as more than 2 cm but not more than 4 cm in their greatest dimension (figure 

3). 



	

	
	

9	

 

Figure 3 TNM staging for Oral cancers 

 
Several factors have been reported to influence the functional outcome in post-

glossectomy patients. Some studies have shown that the extent of the articulatory 

impairment following glossectomy depends on the amount and location of tissue resected. 

Sun et al. (2007) examined the factors that may influence post-surgical speech 

intelligibility in partial glossectomy patients and found that the size of the tumor, as well 

as location and extent of the excision, may be key factors. Likewise, McKinstry et al. and 

Borggreven et al. reported that the size of the resulting defect might be an influential factor 

determining the quality of post-operative speech. A common finding in these studies was 

that patients with larger tumors experienced more speech difficulties than those with 

smaller tumors. Nicolettie et al. reached a similar conclusion when studying subjects via 

self-assessment surveys, a conversational understandability test, and a computer-digitized 

speech analysis. Similarly, Matsui et al. found higher speech function in glossectomy 
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patients with smaller resection as measured through self-assessment, a speech intelligibility 

test, and a conversational understandability test. Interestingly, several studies done by 

Michiwaki et al. and Bressmann et al. contradicted these findings. They showed that there 

was no significant correlation between tumor size and the degree of post-operative speech 

impairment. They demonstrated that patients with very extensive surgery could have near-

normal speech, while patients with limited surgery could display largely unintelligible 

speech. The result of their studies indicates that there is a high degree of individual 

variation in post-surgical functional level among patients who have undergone the same 

type and size of resection. Ikema et al. demonstrated in a study that the location of the 

resection plays a significant role in speech intelligibility scores of glossectomy patients. 

They showed that patient with tumors in the anterior aspect of tongue displayed 

significantly lower intelligibility score than those with tumors in the middle or posterior 

tongue. These findings emphasize the importance of preservation of the tip of the tongue. 

The common finding in all of these studies is that resection size and tumor location may 

influence the post-glossectomy articulatory function. However, considerable individual 

variation exists.  

Effects of Flap Reconstruction: 

After the tumor is resected out, the resulting surgical defect is closed by either 

healing without closure (i.e. secondary intention), closure with sutures and no graft 

(primary intention), or reconstruction using a graft or free flap. The determining factor in 

which approach is taken is the size of the tumor.  In primary closure, the wound edges are 

approximated and sutured together, which results in a reduced tongue mass and healing 

with scar formation. When the surgical defect is significantly large, flap reconstruction is 
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usually the preferred method to restore the bulk of the tissue and prevent a significant loss 

of function. In this approach, the resected tongue tissue is replaced with a mass of tissue 

with its own blood supply that is harvested from a distant location on the patient's body. 

This often results in increased tongue mass and weight and some scarring which may 

impede the mobility of the residual tongue, thus intensifying the speech impairment after 

surgery (Rogers et al. 2002). In some cases, with larger defects, the lost tongue volume 

cannot be properly restored solely by using the flap, resulting in significantly compromised 

post-operative speech function (Hira et al. 2003).  

In agreement with the studies above, several other studies (Hsiao et al., 2002, 

Greven et al, 1994, Knuuttila et al. 1999, Wakumoto et al. 1996, Bressmann et al, 2006) 

have shown that speech quality measured by intelligibility and articulation, was better in 

patients with primary closure. They attributed this to the greater freedom of the movement 

of the tongue in glossectomy patients without the flap compared to those with flap 

reconstruction. Furthermore, they showed that the flap reconstruction patients with greater 

tongue mobility have better consonant intelligibility. These results suggest that the speech 

quality after partial glossectomy is more a function of tongue mobility than volume.  

Recent advancement in reconstructive surgery has offered new therapeutic options 

suitable for the complex anatomy and function of the tongue. The use of innervated flaps, 

i.e. mucocutaneous flaps, improves reception of sensory stimuli, such as temperature, 

touch, and sensor separation (24). The radial forearm free flap has thin and pliable 

characteristics which are suitable for reconstruction of dynamic structures such as the 

tongue and therefore have become the preferred method of reconstruction for larger soft 

tissue defects in the oral cavity  (Hara et al., 2003).  
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Considering that free flap replaces the bulk of missing tongue tissue, one may 

expect considerable improvement in tongue function and speech intelligibility. However, 

studies by Matsui et al. and McConnel et al. tested this hypothesis in patients and 

discovered that the type of flap reconstruction had no significant effect on functional 

outcomes, including overall speech intelligibility. They concluded that a flap mainly 

sustains and reforms the contours of the tongue and does not lead to better mobilization of 

the residual tongue. 

Mechanisms of Tongue Motion During Speech  

Speech production is a highly controlled and precise process involving structures 

deep within the vocal tract as well as coordination of several muscles within the oral cavity. 

As mentioned before, the tongue is considered a muscular hydrostat devoid of any bones 

or cartilages. It is tethered to the surrounding structures via extrinsic muscles. The precise 

and coordinated movement of the tongue depends on the unique patterns of muscle 

activation. For example, tongue elevation is a finely controlled motion in which 

simultaneous compression of vertical and horizontal fibers allows fine tuning used in 

muscular hydrostat control. Simultaneous contractions in the anteroposterior and lateral 

directions produce the reduction in tissue length and width, as well as, tissue elevation in 

the vertical direction. Contraction of the GGp and GH causes the tongue to decrease in 

length, while the contraction of the T causes decreas in width. Thus, the synchronized 

activity of the GGp, GH, and T produce the dorsal elevation of the tongue. Furthermore, 

the ability to produce speech also depends on the precise interaction of the tongue 

musculature with various intra-oral structures such as the teeth, alveoli, and palate (figure 
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4). Therefore, the function of the tongue is heavily influenced by the activity of its 

composing individual muscle as well as its surrounding structures within the oral cavity. 

 

Figure 4 Vocal Tract and its various components 

Magnetic Resonance Imaging (MRI): 

The study of tongue motion is a particularly difficult task due to its position deep 

in the vocal tract, its high degrees of freedom during motion, and its continuous movement 

during speech and swallowing (Parthasarthy, 2007). There have been invasive and non-

invasive techniques aimed at measuring tongue motion and the entire tongue surface 

contour. Some of this techniques include cinematic fluoroscopy, ultrasound, and 

cinematic-MRI. One of the best ways to measure muscle activity is Electromyography 

(EMG) in which electrodes are inserted into and measure the electrical activity of muscles 
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when they are at rest and when they are being used. There are important limitations with 

EMG, however, including the inability to distinguish between the activation of 

interdigitated muscles lying adjacent to each other in the tongue. Thus alternate instruments 

are needed to provide muscle data. 

Magnetic Resonance Imaging has become the gold standard in evaluating for soft 

tissue components of the temporomandibular joint, especially disc position (Management 

of TMJ disorder and occlusion 6th edition). It is also commonly used to study the function 

and structure of the tongue and the vocal tract. MRI has proven to be an important imaging 

technique due to its ability to measure both the tongue's surface and interior. This is because 

MRI uses non-ionizing magnetic field and radio frequency pulses to record the density of 

the hydrogen within the tissue thus displaying excellent soft tissue contrast. The tongue, 

similar to other organs, is composed of different types of tissue and contains water and fat 

in spatially varying proportion. The hydrogen nuclei in fat and water become aligned in 

the magnetic field produced by the MRI machine and can be detected by the scanner in the 

form of weak radio-wave signal. Since the radio wave emitted by realignment of the 

protons is weak, the process must be repeated several times and radio signals are summed 

up to reconstruct a detailed image of the oral cavity and vocal tract.  Tissues with high 

hydrogen content (i.e. muscle, fat, and soft tissue) appear brighter on the MRI image 

whereas tissues with lower hydrogen content (i.e. teeth, bone, air) appear darker or black. 

High-resolution MRI (hMRI) and diffusion tensor MRI (DTI) are the two types of 

MRI that are used to adequately visualize the intrinsic and extrinsic muscles of the tongue 

at rest. However, the quality of the reconstructed image is significantly lowered during 

tongue motion, mainly because to capture the motion shorter time frames are required and 
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hMRI and DTI require relatively long data acquisition periods. Therefore, these techniques 

are useful for muscle segmentations but cannot provide information about tongue motion. 

As the time frames decrease, signal levels are lowered while noise remains constant.  

Cine-MRI is used to capture the motion of the tongue while improving the quality 

of the image (figure 5). In cine-MRI different frequency components of the target organ is 

acquired at different planes of space during the repetitive movement of the tongue (i.e. 

while the subject repeats the same word) and then all the components are combined to 

reconstruct a single, high-quality image sequence, or movie. The challenging aspect of this 

technique is that movements must be precisely reproduced at every repetition to prevent 

blurring.  Although Cine-MRI is an effective way to capture the movement of the tongue, 

allowing extraction and tracking of tongue surface contour, it displays poor muscle tissue 

contrast which makes it difficult to distinguish the internal (muscle) details of tongue 

motion. 

	

Figure 5 Cine MRI 

Tagged MRI is a cine-MRI procedure in which the tongue is magnetically tagged 

just before it moves (figure 6). Tagged MRI is considered the Gold standard technique for 
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imaging of the regional deformation and strain of the myocardium (ElDeeb & Fahey, 

2016). MRI of the tongue with magnetization tagging provides a useful way to assess 

tongue internal mechanical deformation through revealing the local motion of otherwise 

indistinguishable portions of the muscle. The tags are created by generating a special pulse 

sequence and changing the magnetization of different tissue planes, creating image 

intensity changes which can be tracked over time.  Tagged MRI captures internal motion 

well, but provides only low-resolution anatomical information at tissue–air boundaries 

where tissue points need to be extrapolated.  

	

Figure 6 Tagged MRI 

3D Tracking of Tissue Points & Measurement of Muscle Length 

A 3-dimensional tracking of the motion patterns of the internal tissue-point among 

subjects allows illustration of the similarities in muscle compression during the production 

of the same speech sound (Stone et al, 2010). Stone et al. established a link between internal 

tissue strain and surface deformation using tagged cine-MRI. To perform 3D muscle 

tracking during the speech, first, a series of tagged cine-MRI of the tongue are collected in 

3 slice orientations (sagittal, coronal, and axial) during repetitions of the word. Next, 

Harmonic Phase MRI (HARP-MRI) automatically processes the tagged images to calculate 
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the displacement and velocity at every tissue point within the tongue (47,48,49). HARP-

MRI requires the user to select tissue points at specific locations on the image (i.e. 

hypothesized insertion and origin of muscles). The program then can calculate the stretch 

between two muscle endpoints. HARP-MRI is capable of generating sequences of velocity 

fields that provide highly detailed visualization local deformation measurements as the 

tongue moves from one time frame to the next. Tag Information from the three slice 

orientation (sagittal, coronal, and axial) are combined to visualize the 3-dimensional 

motion of the tongue during the production of speech sounds. This method serves as a great 

tool for investigating the function of intrinsic and extrinsic tongue muscles.  

The 3-dimensional displacement field and the estimated motion field from tagged-

MRI can be reconstructed by Incompressible Deformation Estimation Algorithm (IDEA) 

(Liu X et al, 2011). The orientations of both the MRI slices and their tags should be 

orthogonal in order to interpolate 3D motion of the tongue. This is done by first 

computation of the 3D displacement vectors on the selected tissue points on tagged-MRI 

using HARP processing and in-plane motion tracking. At each imaged time frame, the 

tagged images are first processed to determine components of the displacement vector at 

each pixel relative to the reference time. Then, IDEA applies a smoothing vector projection 

to compute to the velocity fields by integration of the reconstructed displacement field 

(figure7). 
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Figure 7 Steps involved in tracking 3D motion of the tongue using Cine- and Tagged 
MRI 

3D Tracking Errors  

A phenomenon known as “tag jumping” occurs when the movement between time-

frames is larger than the distance between tags. Tag jumping usually takes place in HARP-

IDEA motion analysis of the tongue when the tongue undergoes greater deformation than 

the distance between tags. To minimize this phenomenon, a refinement algorithm involving 

user-defined points known as a “seed” is used. The seed is chosen by the user on the tagged-

MRI image at a point that is considered to have minimal motion through all the time frames. 

A different point will be selected if any tag jumping is observed at that location. Next, 

adjacent four points are tracked and the process is repeated until the entire image is covered. 

This algorithm prevents disproportionate increases in motion relative to the previously 

tracked points to minimize tag jumping and allow reliable 3D tracking of tongue tissues 

(Liu X et al, 2011). 
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MRI is considered a powerful instrument to study the tongue motion during the 

speech. However, it has certain limitations which will be discussed here. One of the 

limitations of the Cine-MRI and tagged-MRI is that the image quality is limited by the 

precision of the repeated task.  This is because the final MRI image is reconstructed from 

acquisition and summation of multiple images and thus major discrepancy in acquired 

images would result in less optimal final image quality. Another significant limitation of 

MRI is the width of the tissue section. MRI sections are 5-10 mm thick, whereas Computer 

Tomography (CT) sections are less than 1 mm thick. To reduce the thickness of MRI 

sections, a longer exposure time is required which is not always possible when studying 

tongue motion. In addition, any metal objects such as tooth crowns and dental implants 

quench the signal creating a diffuse dark spot surrounding the metal. Lastly and potentially 

a significant limitation of MRI for studying tongue motion within the oral cavity during 

speech is that the subject must be lying in a supine position which changes the gravitational 

effect on tongue structures and normal agonist-antagonist muscle interactions (Takano et 

al 2007, Parthasarathy et al 2007).  

Principal Components Analysis was used to extract patterns of motion from the 

data and identify differences in variance between controls and patients. 

B. Goals and Hypothesis: 

Goal 1. To extract any patterns of similarities and differences in muscle shortening of 

5 selected muscles in our control group and glossectomy group.  

Goal 2. To extract any patterns of similarities and differences in muscle shortening in 

all subjects combined.  
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Goal 3. To identify the activity of which of the 5 selected muscles are most affected by 

partial glossectomy. 

Goal 4. Use PCA to describe differences between patients and controls in their use of 

specific muscles for three sounds. 

H0: There is no differences in patterns of muscle activation between the subjects and 

glossectomy patient  

H1: The patients and controls will be divided up into two clusters on the principal 

component (PC) space.   

II MATERIALS AND METHODS:  

A. Subject Selection  

Some of the the data used in this study were previously collected by Dr. Ji Lim for 

her dissertation in 2016 and therefore sections of the materials and methods are directly 

adapted from her dissertation. The participants included 8 control subjects (3 males, 2 

female) and 5 glossectomy patients (6 males, 3 female). All the subjects are native speakers 

of American English and were recruited from the University of Maryland Medical System 

by advertisement or by recommendation from their surgeons. There was no history of 

impaired speech, swallowing, motor disability, or upper respiratory infection. All subjects 

underwent a hearing test to confirm normal hearing and speech reception threshold. 

Patients who performed poorly on the hearing test were excluded since deficit in these 

areas can affect speech production. No pre-operative MRI was collected because 1) Some 

patients were experiencing discomfort. 2) In most cases, the glossectomy was performed 

almost immediately after diagnosis for the best prognosis and therefore it was difficult to 

obtain an MRI and 3) concern that patient’s tongue movement most likely had already been 
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affected by the presence of tumor and therefore, they cannot be considered control or 

normal. Instead, MRI images were collected from the patients at least eight months after 

the surgery. The approval for IRB protocol #42060 was obtained and the subjects signed 

IRB approved consent forms prior to participating in the study.   

All patients had squamous cell carcinomas (SCC) with no nodal involvement or 

metastasis (T1N0M0, T2N0M0) and were treated with unilateral partial glossectomy by 

oral and maxillofacial surgeons Drs. Ord and Salama at the University of Maryland 

Medical System. Patients with larger tumors and those with lymph nodes involvement and 

metastasis to other parts of the body were excluded from the study. A detailed report 

regarding all aspects of the surgery, such as resection sites, the size of the tumor, and types 

of closure or reconstruction, were obtained from the surgeons to help interpret the patient 

measurements. At least one-half of the tongue was retained post-operatively in all 

participants to examine the muscles that are unaffected by glossectomy and common across 

subject groups. Tumor location was limited to the freely movable tongue from the junction 

of the tongue with the floor of the mouth anteriorly to the circumvallate papilla posteriorly. 

Tumors located at the base of the tongue were excluded because they have different 

lymphatic drainage and are treated differently than tumors located elsewhere in the tongue. 

Patients were classified into 2 subgroups according to the tumor size using the 

traditional TNM staging system. 2 patients were in the T1 group (< 2 cm in greatest 

dimension), and 3 patients were in the T2 group (>2 cm and < 4 cm in greatest dimension). 

The sizes of surgical ablation ranged from small surface resection to relatively large partial 

glossectomy. Resection sizes were obtained from the surgical pathology reports available 

in the patient's charts. The report included the greatest anteroposterior, mediolateral, and 
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superficial-deep dimensions to the nearest tenth of a centimeter of the specimens that had 

been submitted for pathological examination. The mean dimension of resection for T1 and 

T2 tumors were 2.6 x 1.2 x 1.2 cm and 5.1 x 2.2 x 1.9 cm, respectively. Smaller defects 

were closed using either primary wound healing or local closures and larger defects were 

closed using free flap. All patients received a partial lateral glossectomy. One patient 

received adjuvant radiation therapy post- surgical resection, and one patient (P5) 

underwent flap reconstruction with a radial forearm free flap (RFFF) for the defect left 

from glossectomy.  

B. Speech Task  

The subjects were tested beforehand with a metronome for a high level of 

repeatability. The subject must repeat the words precisely because multiple repetitions are 

averaged for good image quality. Control subjects and glossectomy patients were 

instructed to repeat the word “a souk” (/əsuk/) to a metronome-like stimulus. The word “a 

souk” was chosen very carefully to meet the following speech and MRI criteria: 1) it begins 

with a neutral vowel (/ə/ or "uh") to position the tongue at rest, 2) it incorporates specific 

vowel-to-consonant transitions that moves the tongue in an upward and backward 

direction, 3) its duration is within the MRI collection time of 1 second, which is the time 

constraint required by the tagged-MRI collection protocol. In order to properly pronounce 

a particular word, the tongue must take on and transition through various shapes. The word 

"a souk" contains consonant-to-vowel and vowel-to-consonant transitions (/s/ à /u/ à /k/), 

which require large protrusion into the /s/ and then simultaneous retraction and elevation 

of the tongue into the /uk/ (figure 8), while engaging the jaw very little. Minimal jaw 

opening means that speech motions are made primarily by tongue deformation, whereas 
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large jaw opening would allow the tongue to be carried along with little deformation. The 

word initially requires elevation and protrusion of the tongue tip into the /s/ followed by 

lowering and retraction of the tongue body into the /u/, and then elevation of the tongue 

body into the /k/ (figure 8). The vowel sound /u/ was chosen because it is a raised back 

vowel, representing the extreme tongue position for vowel articulation. The defining 

characteristic of the back vowel is that the tongue is positioned as far posterior and superior 

as possible in the mouth without creating a constriction (Takano et al 2007 & De Boer et 

al, 2011). The motion into /s/ and /uk/ were both focus of this study because motion into 

/s/ requires significant protrusion and the motion to /uk/ requires a large upward and 

backward motion of the tongue, facilitated by the muscles chosen for measurements. 

	

Figure 8 Tongue deformation into sounds of /s/ and /k/ 

C. Muscles Chosen for Measurements 

In order to study the activity within the hemi-tongue, the patient's tongue was 

categorized into the native and the resected sides, while the control's tongue was 

categorized into the larger and the smaller sides according to their volumes. The following 

muscles were chosen for the measurement of muscle length: 1) the genioglossus posterior 

(GGp), 2) the geniohyoid (GH), 3) the transverse anterior (Ta), 4) the transverse middle 
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(Tm), and 5) the transverse posterior (Tp) (figure 9). These muscles were selected because 

they are active during elevation and retraction of the tongue, both of which are required for 

the motion into /s/ and /uk/. The GGp is the largest subdivision and its fibers are thicker, 

stronger, and wider at the base of the tongue than the fibers of the GGa, therefore it is more 

active during the production of raised vowels such as the /u/. The GGp and GH allow 

elevation of the tongue body by reducing the anteroposterior length of the tongue, whereas 

the 3 subdivisions of the T (Ta, Tm, Tp) help narrowing of the tongue by decreasing the 

mediolateral width. 

	

Figure 9 Genioglossus posterior, geniohyoid, transverse posterior, transverse middle, and 
transverse anterior were the five muscles that were included in this study. 

D. Instrumentation: MRI Protocols 

Pre-MRI Recording: 

Prior to the MRI session, all participants signed an IRB approved consent form and 

a questionnaire about language background. Dental impressions of upper and lower jaws 

were taken to make a set of dental casts for every subject. In order to ensure the least 

variability across repetitions, each speaker received a 15-minute training session for 
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speaking in synchrony with the acoustic timing cue (metronome) used in the MRI. This 

method was developed by Masaki et al. Each subject also received an oral motor function 

evaluation, intelligibility, and articulation tests. Pretesting was performed at the UM Dental 

School in the Vocal Tract Visualization lab followed by a hearing test at the Department 

of Otolaryngology-HNS and the MRI scan in the research MRI suite of the UM Medical 

System.  

MRI Recording:  

The patients underwent MRI recordings of speech using two types of MRI: tagged-

MRI and cine-MRI of speech motion. The two MRI methods provide different information, 

both useful to the study. Cine MRI allows better determination of tissue edges than tagged-

MRI and facilitates determination of muscle endpoints to be tracked in the tagged-MRI 

data set. The tagged-MRI data tracks the motion of each tissue point inside the tongue, 

allowing calculation of muscle shortening during the speech. The tags are placed just 

before the subject begins speaking and as the tags move within the tissue, the internal 

deformation of the tongue can be observed by tracking the tags. For each continuous 

orthogonal set of slices, tag planes were laid in two directions orthogonal to the imaging 

plane, resulting in one set of images with vertical tag lines and one with horizontal tag 

lines. When the images are captured, the tagged tissue planes are visible to the MRI scanner 

and appear as black lines, which move along with the tissue, allowing the internal 

deformation of the tongue to be observed and tracked. The recording session lasted 

approximated 90 minutes as it included other recordings not used in this study. The speech 

task "a souk" took 20 minutes to record as it required multiple repetitions, which were later 

summed into a single movie in order to image rapid tongue motions with adequate spatial 
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and temporal resolution. Subjects wore headphones in the MRI machine to reduce noise 

and to hear the experimenter and the metronome cues. The audio system of the MRI 

console delivered short white-noise pulses through the headphones at predetermined 

intervals, the metronome beat, and triggered the MRI acquisition synchronously (Masaki 

et al, 1999 &, Shimada et al, 2002). During the MRI scans, the subjects laid in a supine 

position. Subjects' heads were in the MRI head and neck coil and were held fairly rigidly. 

They were also instructed to maintain their head position steady since any sort of head 

movement during the MRI data acquisition is visible as an artifact in the images, making 

the data unusable. Cine-MRI was always collected in matching planes to the tagged-MRI 

datasets. 

Sagittal, coronal, and axial MRI data stacks were collected from the subjects during 

multiple productions of the word “a souk”. The tagged slices and the cine slices were made 

in the same locations, with each slice being 6 mm thick, with an in-plane resolution of 1.87 

mm. These were both motion captures and 26 time frames were collected during 1 second 

of image. A single movie for each orientation was produced by averaging multiple 

repetitions of the word. The number of slices collected varied depending on the size of the 

subject’s tongue. The sagittal stack consisted of a set of 7-9 contiguous slices, one 

positioned at the midsagittal plane and the others on each side. This slice orientation 

provided antero-posterior and superior-inferior information about the position of the 

tongue within the oral cavity. The coronal stack contained 10-14 slices and provided 

information of the lateral tongue movement. The axial stack consisted of 10-14 slices and 

provided lateral and anterior-posterior motion of the tongue. 
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Reconstruction of High-Resolution Tongue Volume:  

Once the stacks of cine- and tagged-MRI data were collected it was necessary to 

reconstruct 3D volumes of the tongue to determine the origins and insertions of the muscles 

of interest, and calculate their changes in length over time during the speech production. 

The method of reconstructing a super-resolution tongue volume from low-resolution 

orthogonal MRI was developed by Woo et al. and includes the following steps: 1) 

preprocessing to address different orientation, size, and resolution, 2) registration to correct 

subject motion between acquisitions, 3) intensity normalization between volumes and 4) 

region-based maximum a posteriori Markov random field (MAP-MRF) reconstruction 

(Woo et al, 2012). The goal was to reconstruct a single high-resolution volume with better 

muscle and fine anatomical detail from 3 orthogonal scans that approximates the original 

in-plane resolution in all three directions. The axial orientation was chosen as the target 

because it allows visualization of the lateral shape of the tongue tip. 

Image Segmentation & 3D Reconstruction of Tongue: 

Segmentation of the tongue was performed semi-automatically using 

RWSegmentation program in MATLAB (MathWorks) and the tongue volume was 

calculated from the number of voxels. The "seeds" were selected manually in the region of 

interest in sagittal, coronal, and axial slices of cine-MRI and the region was grown along 

the tissue fibers that originate from the seed point. Using identical parameters allows 

superimposition of MRI data and reconstruction of three-dimensional volumes for each 

time frame. The 3D tongue surface segmented from each cine-MRI was used as a ‘mask' 

in the tagged-MRI volume. After image segmentation, subsequent 3D reconstruction was 

completed by the combination of orthogonal (sagittal, coronal, axial) stacks. The contours 
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of the reconstructed 3D tongue surface were manually extracted from each image using 

interpolation and the whole tongue was segmented as one unit without including the 

epiglottis.  

A Selection of Tissue Points:  

Using the cine-MRI super-resolution volumes, tissue points were selected in close 

proximity to the origin and insertion of the muscles of interest in order to observe the 

change in muscle length. In the HARP-IDEA program, a cursor was used to move the axial, 

coronal, and sagittal planes independently and to indicate their three-dimensional spatial 

relationship. Using the parallel displays of all 3 planes, the mid-sagittal plane indicated by 

the nasal septum and bilateral facial structures was identified in the coronal view. All tissue 

points were chosen in either the sagittal or coronal planes depending on the direction of 

muscle fibers, although the muscles are considered lengthwise (GGp, GH) or crosswise 

(Ta, Tm, Tp) and they may be slightly oblique. The following number of equidistant tissue 

points were selected for each muscle in both hemi-tongues: 1) GGp (4 points), 2) GH (3 

points), 3) Ta (3 points), 4) Tm (3 points), 5) Tp (3 points) (Figure 10 and 11). The lengths 

of GGp and GH were measured in the para-sagittal left, and right images because the 

muscle fibers run sagittally. The GGm-GGp boundary is the line of connective tissue that 

extends along the orientation of the short tendon of the GG, which is seen as a bright line 

arising from the mental spine of the mandibular symphysis. The lengths of 3 subdivisions 

of the transverse muscle were measured in the coronal images because the fibers run 

horizontally and are visible in the coronal plane. The additional tissue points in the middle 

were selected to be used if tracking error occurs at the points near muscle origin and 

insertion. In order to allow smooth tracking with no abrupt changes in displacement, the 
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innermost and outermost tissue points were chosen to be slightly interior to the tongue 

surface to minimize tracking errors, because tissue points located too close to the surface 

of the tongue track poorly due to the need to extrapolate motion points beyond the last tags 

in the tongue.  

	

Figure 10 Tissue points selected for GGp (Blue) and GH (Pink) 

 

	

Figure 11 Tissue points selected for Transverse (Green) 

 

3D Tracking of Tissue Points & Calculation of Muscle Lengths:  

    The 3D displacement fields of all the tissue points in the tagged super-resolution 
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Harmonic Phase Imaging (HARP) which is a custom program developed to track tag 

motion in MRI was enhanced with an Incompressible Deformation Estimation Algorithm 

(IDEA) to interpolates the 2D motion of 3 orthogonal data stacks into 3D (Liu et al., 2012). 

This program allowed us to track the motion of each tissue point inside the tongue during 

the speech for the controls and glossectomy patients (Figures 14). The 3D tracking starts 

with the user selecting points for each muscle in time-frame 1.  The point motion is then 

tracked through the other 26 time-frames in 3D during "a souk".  

E. Data Analysis and Statistics 

The x, y, z coordinates of the tissue points for each muscle for the 26 time frames 

were then transferred into a Microsoft Excel worksheet where all of the muscle length 

calculations were performed. The muscle activity was examined as a percentage change in 

muscle length in the x, y, and z coordinates at two different time points (Figure 12). Percent 

change was calculated instead of the millimeter change in length to standardize the data 

and account for individual variations in tongue size (i.e. original muscle length at ə.)  

	

Figure 12 Length changes for each segment are calculated between time frames. Each point 
has an x, y, z dimension which is treated separately in the analysis. 
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First, the difference in the x direction, anterior-posterior, was calculated by 

subtracting the x coordinate value of one tissue point from the subsequent one in the muscle 

starting from the origin and moving towards the insertion for our first time frame. 

 

The same calculation was done at the second time frame: 

 

Percentage change in the x-coordinate was calculated by dividing by   and the answer was 

subtracted from 1 and multiplied by 100 as shown in the formula below.  

 

The similar calculations were then repeated for the the y (mediolateral) and z 

(superioinferior) directions. The muscle length for each segment and total muscle length 

were also calculated using the Pythagorean Theorem: 

 

The entire muscle length was then plotted across the 26 time frames in excel. The 

time frames for the sounds /uh/, /s/, /u/ and /k/, which were previously identified from Cine-

MRI slices, were marked on the plot. The measure of shortening into fricative /s/ was the 
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muscle length at the first frame of tongue-palate contact at the alveolus divided by one time 

frame before. Shortening into /u/ was calculated as the division of the maximum muscle 

length at /s/ by the minimum at or near /u/. Similar criteria were used to select the time 

frames for shortening or lengthening into the velar consonant /k/ at which point, the back 

part of the tongue touches the soft palate. The task of selecting key time frames required 

some level of judgment as in some cases the tissue points did not track correctly. Tag 

jumping was not an issue if it occurred during a non-key time frame. However, if the tag 

jumping took place at one of the critical time frames, the closest time-frame to that key one 

was selected instead to minimize error in calculation.  

In excel three separate tables were set up with 13 rows (subjects) and 66 columns 

(variables). Each table was set up for a different phoneme (s, u, k). Each column 

represented data for muscle name, left or right hemi-tongue, muscle segment, x, y, and z 

coordinate. If the displacement ratio was greater than 4.0, then a graph of displacement in 

mm for each segment over the 26 TFs was plotted which allowed us to identify any further 

tag jumping which then was subsequently corrected by selecting the next closest time frame 

until a ratio of less than 4 was obtained.  

 Principal component analysis (PCA) was the statistical method used to analyze the 

data. PCA is a statistical method that reduces the dimensionality of a data set to represent 

complex patterns using its major components. Tracking and analyzing displacement of 

multiple tissue points in x, y, and z coordinates in 10 different muscles of 13 subjects during 

speech is considered a high-dimensional data set. PCA is a highly effective method of 

reduction of data dimensionality. It works by finding uncorrelated variables within the data, 

called principal components (PCs), which account for the greatest variance and listing them 
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in descending order (Xing et al, 2016). The directions of the PCs can be interpreted in 

conjunction with our understanding of the physical nature of the original measurements. In 

other words, PCA permits one to examine and quantify subtle differences among 

observations and to visualize those differences in some cases. If two or more groups are 

highly different by one dimension, it will take fewer PCs to distinguish amongst them. 

Several studies have used PCA to extract patterns in velocity fields of the tongue (Stone, 

Liu, Chen, & Prince, 2010).   

All the analysis was performed in MatLab Software (Mathworks). The original 

input table is set up, so rows represent observations (i.e. Subjects) and columns are the 

variables (i.e. muscle length shortening). The input data table then undergoes modification 

to output a new table known as the score table. The rows in the score table correspond to 

the rows in the original table. In fact, each row represents 1 observation. The score columns 

are now principal components. The number of PC’s equals the dimensions (columns) of 

the input table minus 1. In effect, PCA has combined the original variables to create new 

variables with less dimensionality, and it does this in a way that minimizes information 

loss. The scores in each column indicate variance from eigenvector. The data in the score 

table is centered, meaning the sum and mean of all scores in each column equals 0.  The 

first principal component holds the largest variance in the data. The correlation coefficient 

between each of the original variables and each of the principal components can be 

calculated to determine which variable had the largest impact on the principal component. 

The values on the score table can be plotted in 2D or 3D, and valuable information 

regarding patterns of similarities and differences can be drawn from the analysis.  
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III RESULTS:  

Principal component analysis was performed 16 times to obtain a representative 

picture of the muscle length change in the anteroposterior (x), mediolateral (y) and 

superioinferior (z) direction. The original input data included 13 subjects and total of 22 

muscle segments that undergone changes in 3-dimensional planes of space (22 x 3 = 66 

variables). The PCA was run to extract patterns of shortening and lengthening in our 

sample that may be similar to the patient and control.   

A. Shortening into /s/  

8 PCAs were performed on the /s/ data. The three directions were analyzed separately, first 

for the combined subjects, then for controls and finally glossectomies. The first PCA 

examined variance in the x-direction (anterior-posterior) for the combined control and 

glossectomy subjects. The number of principal components is equal to the number of 

observations minus 1, therefore the entire variance in our sample of 13 subjects was 

explained by 12 PCs. The first PC accounts for the majority of the variance in the data 

followed by second and third PC and so on. Therefore, the first 3 PCs are the most 

significant in terms of describing the variance in the data and thus the remaining PCs are 

discarded since their values are too small. The first three PCs can be plotted in a 3-

dimensional space (x, y, z) or the first 2 PCs can be plotted in a two-dimensional space (x, 

y). In the new PC space, the x-axis represents the PC1, and the y-axis represents PC2.  
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Figure 13 PCA 1 

The analysis indicated that 32.64%, 15.59% and 12.97% of the variance was 

explained by PC1, 2, and 3 respectively. This means that approximately 40% of the 

variance in the data could not be explained by the first 3PCs alone. PC1 displayed a high 

correlation (r ≥ 0.90) with shortening in all three planes for the middle muscle segment (i.e. 

b-c) and the 3rd segment (i.e. c-d) of the right GGp hemi-tongue and the left GH in the x-

direction only. PC1 also showed high correlation (r > 0.75) with shortening of the right Tm 

and both right and left Tp. The 13th subject loaded significantly more than other subjects 

on PC1 and in the negative direction (Figure 13). The sign of the principal component is 

related to the signs of input data. Therefore, a negative value on the new PC space correlates 

with shortening of the muscle and a positive value indicates lengthening. Subject 13 is the 

glossectomy patients who underwent flap reconstructive surgery. Once the data for this 

patient was removed from the analysis, the percentage of variance explained by PC1 was 
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reduced to 22.73%. The analysis was performed for the x, y and z-direction for all subjects 

and the result shows that highest variance in the data occurred in the x direction.   

For the second PCA, the observations and variables were switched so the rows 

showed different muscles and the columns showed different subjects. This analysis was 

performed for muscle length change in the x direction for all subjects. The first three PCs 

explained 56.56%, 17.80% and 13.69% of the variance in the data respectively. In this 

plane of space, Ta, Tm and Tp cluster together showing minimal variation (Figure 14). In 

contrast, GGp and GH show greater variance in the x coordinate with the left GH showing 

the greatest variation in PC1 and the right GH showing the greatest variance in PC2. PC1 

showed high correlation with subjects 5, 11 and 13 (r=0.91, r=0.96, and r=0.93).    

	

Figure 14 PCA 2 
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PCA#3 was performed on glossectomy patients only. PC1 accounted for 88.66% 

of the variance in data. PC1 displayed a perfect correlation (r=1.0) with the patient that 

underwent flap reconstructive surgery. Another observation was that PC1 has much higher 

correlation with the three T2 patients (r = -0.67, 0.87 and 1.00) than T1 patients (r = -0.23 

and -0.25).          

	

Figure 15 PCA 4 and 5 

PCA#4 included only control subjects. There was even less variance in the transverse 

muscles and the left GH still showed the greatest variance in PC1 and it was highly 

correlated with subject 1 (r = -0.72) and subject 5 (r = 0.97). PC1 accounted for 48.22% of 

the variance in our data and PC2 accounted for 28.28 percent (Figure 15). 

PCA#5 examined patients and controls together in the mediolateral (y) direction, 

and an entirely different picture emerged. The muscles that had the least variation in muscle 
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length change and clustered together were GGp and GH (Figure X). In contrast, different 

segments of transverse muscle showed much greater variance. The percent variance 

explained by PC1, 2, and 3 are 36.27, 21.28, 13.09 percent respectively, totaling 70.64% 

of the variance. The second segment (b-c) of the right Ta showed the greatest shortening 

amongst all subjects. In fact, the Ta underwent the greatest shortening overall in the y 

direction. The Tm muscle lengthened while going into the /s/ sound. PCA#6 was performed 

in the y-direction for controls. As with the combined subjects, the largest shortening into 

/s/ was demonstrated by left Ta. This shortening was highly correlated with subject 4 (r = 

-0.82) and subject 8 (r = 0.92). Tp underwent lengthening in this direction demonstrated 

by a high positive score (57.92 for the first segment and 224.25 for the second segment). It 

can be concluded that in the y-direction amongst controls, Ta undergoes a significant 

amount of shortening while Tp undergoes lengthening. PCA#7 performed the same 

analysis for patients (Figure 16). The percent variance in the data explained by the first 

three PCs were 55.07, 25.41 and 14.25 respectively (totaling 94.73%). Similar to the 

controls, the left Ta muscle showed the greatest shortening in this direction.  PC 1 was 

highly correlated with subject 10 (r = 0.92) and subject 11 (r = 0.83). This suggests that 

these two subjects had the greatest amount of shortening in the left Ta.  
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Figure 16 PCA 6 and 7 

Next, the amount of shortening into the z direction was investigated. PCA#8 

showed that a smaller amount of variance in the data could be explained by the first 3 PCs 

(35.2%, 22.8%, and 13.6% = 71.6%) (Figure 17). PC1 had the highest correlation with 

subject 13 (r = 0.96). The greatest amount of shortening was associated with right 

transverse middle followed by right transverse posterior. 
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Figure 17 PCA 8 

It is possible also to look at the individual muscles in these analyses. Our analysis 

for the left GH muscle shows significant shortening in subject 5, 11 and 13. The PC1 

accounts for one of the highest (91.93%) in our data. Meanwhile, data shows that the left 

GH underwent some lengthening in all the other subjects with the highest lengthening 

taking place in subject 2. PC1 was highly correlated with the x-direction for both segments 

(r = 1.00 and r = 0.91). This means that the left GH muscle undergoes significant shortening 

in the x-direction when the tongue is protracted and elevated into the /s/ sound. 

For the right GH, controls showed greater spread over PC1 axis than glossectomy 

patients. 72.24% of the variance was explained by PC1. The highest correlation exists 

between PC1 and the X-direction of the first segment (r = 1.0). Surprisingly, the shortening 

in the X-direction of the second segment showed weak correlation (r = 0.24).  
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B. Patterns of shortening into /u/: 

The patterns of shortening into the /u/ were investigated next. First, all the muscles 

were grouped together along with the measurements for palate height and width. PCA9 

(Figure 18) found 67%, 15.26%, and 11.59% of the variance is explained by PC1, 2, and 3 

respectively, totaling 93.85%.  The highest correlation was between PC1 and the middle 

segment of left transverse middle muscle (r = 0.91). When the muscles were grouped 

together based on the direction of change in length, PC1 explains 40.55% of the variance 

in the data instead.  

 

PCA10 was performed with muscles as observations and subjects as variables, the 

variance in the x-direction fell again for all subdivisions of transverse muscle (Figure 19). 

The highest variance in muscle length change occurs in the right GGp with the first and 

last segment decreasing in length and the middle segment increasing in length. The highest  

Figure 18 PCA 9 
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correlation was observed between PC1 and the glossectomy patient who underwent flap 

reconstructive surgery (r = 0.98).  

In the y-direction (Figure 20), GGp and GH showed very little variance and 

clustered together while subdivisions of transverse show much greater variance. The 

Analysis reveals that the left transverse middle muscle undergoes the greatest shortening 

as depicted on the graph. PC1 had the highest correlation with subject 4 (r = 0.87). In the 

z-direction, the amount of variance explained by PC1 drops to 27.82% which suggest less 

variance in the data collected in this plane. PC1 in this plane has the highest correlation (r 

= 0.91) with subject 9.   

Figure 19 PCA 10 
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Figure 20 PCA 14 

PCA 15 (Figure 21) shows muscle shortening in the superior-inferior (z) direction 

for all subjects. In this direction, the left GGp showed the greatest shortening. PC 1, 2 and 

3 were 27.82%, 15.87% and 12.56% which explains 56% of the variance in this direction. 

PC1 had the highest correlation with patient 1 (r = 0.91) which had a primary tumor on the 

right side.  

C. Patterns of shortening into /k/: 

Next, PCA was run to analyze the patterns of shortening into the sound of /k/ 

(Figure 22).  The patterns of muscle shortening in the AP direction is shown in figure 23. 

Left GGp and GH showed the greatest amount of shortening. PC1, PC2 and PC3 for this 

PCA were 29.29%, 27.27% and 17.42% accounting for total of 73.98% of the variance. 
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Figure 24 shows the shortening in the mediolateral direction. In this direction the left Tp 

and the right Tm showed the greatest amount of shortening.  

 

 

Figure 21 PCA 15 
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Figure 22 PCA 16 

 

 

	

Figure 23 PCA 17 
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Figure 24 PCA 18 
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IV DISCUSSION: 

     PCA is a popular statistical method that can be used to reduce the dimensionality 

of a data set. The goal of this study was to use PCA to obtain a quantitative assessment of 

the local tongue deformation in the three planes of space. PCA was performed on different 

sub-samples of 13 subjects. In order to make the analysis easier to interpret, the data was 

grouped based on the phonemes and shortening of all muscles going into each sound. In 

addition, it was determined that it would provide useful information if the observation and 

variables are switched and analyzed. PCA has its limitations which will be discussed, 

nonetheless, PCA allowed for some important conclusion to be formed.  

The directionality of the PC axis was interpreted in conjunction with the 

understanding of the original measurements: percent change in muscle length. Therefore, 

a negative PC score indicated decreased muscle length while a positive value indicated an 

increase. After comparing the PC scores with the original measurements, it was also 

concluded that the amount of variance of PC scores from the origin 0, 0, 0 correlated with 

the magnitude of change in muscle length. Therefore, it was safely assumed that a larger 

absolute value of score corresponded with larger magnitude of change in muscle length. It 

was not possible to perform a post PCA statistical analysis to compare various PCs because 

PCA is data adaptive and therefore a new PC would not relate to the old PCs in any 

meaningful way.  

The fibers of GGp and GH are both oriented in the anteroposterior (AP) direction 

and thus showed significant variations in shortening amongst the controls and glossectomy 

individuals in this plane. As a common pattern, in both control and glossectomy patients 

(n=13) GH underwent much greater percentage of shortening than GGp and any of the 
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subdivisions of transverse muscle. However, there was an increased muscle shortening of 

the GGp in the glossectomies compared to the controls. Therefore, the shortening of GH 

and GGp could underline the ability of the glossectomy patients to recruit muscles with 

similar functions to perform similar articulatory functions as in the healthy subject. It was 

also observed that the GH shortened more on one side for all subjects.  For the patients, the 

GGp shortening occurred primarily on the contralateral side, indicating a compensation 

using a supplemental muscle and a balance of sides for symmetry. 

PCA for shortening into /s/ for all subjects and in all three dimensions (x, y, z) 

identified patient 5 as an outlier on the first PC, which had the highest correlation with 

shortening of right GGp, Tm and left GH. This result makes sense when considering that 

patient 5 had the T2 primary tumor on the left side which was resected out and subsequently 

reconstructed using a radial forearm free flap. This result could highlight the compensatory 

mechanism used by this subject to protract and elevate the tongue which requires increased 

shortening of the muscles with similar functions on the unaffected side.  

The left GH had the greatest shortening in subject C5, P3, and P5 while the right 

GH showed the greatest shortening followed by the left GGp in the remaining subjects 

(n=10). The best explanation for these findings is that GH is the primary muscle involved 

in protraction of the tongue forward into the /s/ sound and GGp acts as a supplement for 

the patients. Perhaps, in controls activation of both GGp and GH would propel the tongue 

too far up against the palate.  

In the mediolateral (y) plane, a different shortening pattern emerged. Ta, Tm, and 

Tp showed much higher variance in shortening than GH and GGp. Also, the variance in 

muscle length change is larger for the glossectomy sample than the controls. This 
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difference could be explained by the fact that the glossectomy sample included both 

patients with T1 and T2 tumors. Tumor size, site, and different surgical techniques may be 

responsible for greater variability in muscle shortening. Furthermore, T2 glossectomy 

patients (n=3) had slightly more variance than T1 glossectomy (n=2) patients in this plane. 

Of note, is that the Ta hemi-tongues underwent the greatest percentage shortening in this 

direction for all subjects. This pattern makes sense when considering that the anterior 

aspect of the tongue requires the greatest narrowing in the transverse dimension to allow 

the tip of the tongue to move up against the palate.  

In the patient sample, however, the Tm also had a large activation, possibly 

illustrating some compensatory mechanism used by the patients involving recruitment of 

neighboring muscles with similar.  One explanation for this finding is reduced control of 

the tip; another is could be that the scar and flap interfere with the mobility of the tongue 

and patients compensate by using the Tm to control tongue width during /s/.  

In the superior-inferior (z) direction, the data was more evenly spread out and 

transverse muscle displayed similar variance as the GH and GGp. The exception to this 

was patient 5 (flap) whose right Tm underwent much greater shortening than the other 

subjects. When this subject was removed from the sample, the muscle that underwent the 

greatest shortening was Ta. Once this subject was removed from the sample, there was not 

a clear distinction between the control and glossectomy patients, showing that in these 

small to mid-sized tumors compensation is not usually distinguishable in the anterior 

tongue. 

When transitioning from /s/ to /u/, the tongue is retracted and the posterior aspect 

of the tongue is raised. Results showed that the muscle that GGp muscle underwent the 
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greatest shortening between /s/ and /u/. These results suggest that GGp, is the primary 

muscle involved in constriction and deformation of the tongue root, elevates the posterior 

aspect of the tongue into a velar position. However, when analysis included only 

glossectomy patients the GH showed the greatest shortening followed by GGp. This greater 

shortening of GH into /u/ may be a compensatory mechanism to supplement the GGp, 

which may be cut or overused in the resected tongue. 

In the transverse direction, the right Tm showed the greatest shortening over all 

followed by left and right Tp for all subjects. Based on these findings, we can conclude 

that Tp and Tm both play a significant role in helping to raise the posterior aspect of the 

tongue by allowing the tongue to narrow mediolaterally and expand superior/inferiorly. 

Meanwhile, the Ta lengthened indicating relaxation and widening of the anterior aspect of 

the tongue.  

Muscle shortening into /k/ was analyzed next. Recall that the shortening pattern 

into /k/, like /u/, showed that GGp had the maximum shortening in the AP direction, and 

Tp and Tm had the maximum shortening in the transverse direction.  However, PCA #16 

showed the PC variance was the highest for /k/ for any of the 3 sounds. This may be due 

to individual differences in other variables, such as palate height, that may influence muscle 

activity during /k/.  

One of our main objectives was to identify patterns of similarities and differences 

amongst the glossectomy patients and the controls. If these groups varied in any significant 

way, we would expect them to load differently on the PC space and see each group 

clustering together. However, PCA was unable to distinguish glossectomy versus controls 

except for the glossectomy patient P5, who had undergone flap reconstructive surgery on 
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the left side. According to our principal component analysis, the patients with primary 

closure more or less behaved similarly to the controls.  Furthermore, PCA was unable to 

distinguish between the T1 and T2 glossectomy patients. That considered, subjects with 

larger tumors showed greater variance than subjects with a smaller tumor in all planes. 

These findings could suggest that as the volume of the resected region increases, the 

variation in compensatory mechanisms used increases. However, according to our analysis, 

the small number of subjects and the large variance precludes strong interpretation pattern 

of muscle shortening between controls and glossectomy patients who did not undergo flap 

reconstruction surgery.   

A. Study Limitation: 

The findings of this study should be considered preliminary due to its limitations. 

The most critical limitation of this study is the size of the sample. The inclusion criteria for 

this study was strict as only patients with small tumors (T1 or T2) were included, and 

further analysis was performed to exclude subjects with the significant amount of tag 

jumping in their tagged MRI data. It is possible that meaningful separation between control 

and glossectomy groups will emerge with the addition of more subjects in each group.  

Lastly, in our study we did not perform any specific analysis to compare the 

behavior of the glossectomy versus non glossectomy side of the tongue and our analysis 

was performed on all subjects regardless of whether the tumor was on the left or right.  

B. Future Research 

The primary goal of future research should be strengthening the statistical power by 

recruiting a greater number of controls and patients and including other variables such as 

intelligibility score, fatigability score, tongue volume, resection volume, surgical 
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technique as well as demographic information (age, gender, and race) into the PCA. 

Larger sample size will help explain the motor control strategies used by glossectomy 

patients, as well as allow more statistically significant, evidence-based conclusions to be 

made beyond simple observation of differences.  

V CONCLUSION  

Principal component analysis is one of the oldest and most widely used analyses for 

reduction of dimensionality in data. PCA was used to analyze muscle shortening data 

collected via MRI imaging from eight control and five glossectomy individuals. The 

analysis revealed common patterns of shortening in all three planes of space (AP, IS, ML). 

GH seems to be the primary protractor of the tongue for the production of the front sounds 

such as /s/. GGp seems to be the primary muscle that allows deformation of the base of the 

tongue, allowing it to be raised for production of velar sounds such as /uk/. Ta undergoes 

the greatest shortening to allow narrowing of the anterior aspect of the tongue for the 

production of /s/. Tm and Tp allow narrowing of the posterior aspect of the tongue which 

help its elevation into velar sounds. In glossectomy patients, adjacent or contralateral 

muscles appear to be recruited as a compensatory mechanism for production of the same 

sounds as in controls. That being said, PCA was not able to differentiate between the 

controls and glossectomy patients which could be due to a very small sample size.  
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