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Abstract 
 

Speech debilitation in patients with glossectomy due to squamous cell carcinoma 

eradication has been described qualitatively by previous researchers.  The purpose of this 

study was to quantitatively examine the changes in tongue motion in glossectomy 

patients by comparing them to normal controls to help clarify the effects of the tongue 

resection/reconstruction on normal motion of the tongue during speech. Eight 

glossectomy patients, including one with a flap reconstruction, and nine normal controls 

had MRI recorded in the mid-sagittal plane while uttering “a souk” to evaluate the effects 

of tumor/resection size, closure procedure used, the level of motor control, and s-type on 

the velocity and displacement of the tongue tip and body at one or more points in time.   

No statistically significant differences in tongue motion or motor control were found 

between normal controls and glossectomy patients, suggesting retention of tongue 

mobility post-glossectomy.  Patients with larger resections were found to have more 

difficulty with tongue tip motion during speech and one patient treated with flap 

reconstruction also showed highly altered tongue motion.  S-type was not found to have a 

statistically significant effect on tongue motion.  This study suggests that post-

glossectomy debility in speech revealed previously most likely cannot be attributed to 

quantitative changes in tongue motion, but rather qualitative changes in tongue motion. 
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I. Introduction 
 

The tongue is a unique, multi-functional organ of the body that is fundamental in 

sustenance and communication.  The function of the tongue involves a highly complex 

coordination of the different muscles to produce the precise movements necessary for 

proper articulation of different sounds, mastication, and deglutition.  To better understand 

the function of the tongue in a normal subject it is prudent to examine the function of 

abnormal subjects that may be lacking in one or more parts of the tongue. This can help 

to clarify the mechanisms of function and coordination of the different muscles of the 

tongue.  In addition, knowledge of disordered motion would allow us to make better 

clinical diagnoses and predict therapeutic and surgical outcomes in patients with 

abnormal tongue motility.     

The tongue is composed of two main muscle groups; the intrinsic and extrinsic 

muscles. The intrinsic muscles are all confined within the body of the tongue. These 

muscles are described as longitudinal, which has both superior and inferior components, 

transverse and vertical.  The intrinsic muscles of the tongue serve mainly to deform the 

tongue for proper mastication, deglutition and phonation. The four extrinsic muscles of 

the tongue, which originate outside of the body of the tongue, are the genioglossus, 

hyoglossus, styoglossus and palatoglossus muscles. The genioglossus muscle originates 

from the superior genial tubercle just above the geniohyoid muscle and fans out to insert 

into the entire ventral surface of the tongue, from the tip to the base. The muscle serves to 

protrude the tongue and depress the tip.  The hyoglossus muscle originates from the 

hyoid bone and passes vertically to insert into the tongue. It serves as the major depressor 

of the tongue. The styloglossus muscle originates from the anterior portion of the styloid 
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process and stylomandibular ligament. It descends anteriorly and medially to enter the 

lateral portion of the tongue. The posterior fibers of this muscle intermingle with the 

fibers of the hyoglossus muscle.  The muscle functions to retract and elevate the tongue.  

All of the muscles of the tongue are innervated by the hypoglossal nerve, except the 

palatoglossus, which is innervated by the pharyngeal plexus.  The deep lingual artery, 

which is the terminal branch of the lingual artery, provides the blood supply to the 

muscles of the tongue, except for the palatoglossus muscle, which is supplied by the 

palatal vessels.  The finely coordinated contraction of both the intrinsic and extrinsic 

muscles of the tongue allows for the organ to carry out highly complex movements of 

speech, mastication and swallowing. In its functional capacity the tongue has most 

recently been likened to a muscular hydrostat (Kier, 1985).  Like other muscular 

hydrostats, the tongue lacks an internal skeletal structure, has a muscular architecture of 

3D orthogonal muscles, and maintains a constant volume as it deforms during function, 

allowing for highly complex and virtually infinite shapes to be achieved.   

Oral cancers have the 7th highest incidence in the United States.  Squamous cell 

carcinoma of the tongue is the most common intraoral malignancy, accounting for 25-

40% of oral carcinomas.  Typically these aggressive lesions affect men aged 60-80, but 

can occur in the very young as well.  Tongue cancer has shown a recent 5-6-fold increase 

in younger adults aged 20-44 years and a 2-fold increase in older adults (Shiboski, 2005).  

The lesions usually present as an asymptomatic, indurated, non-healing ulcer, or a red 

and white lesion, and may have both exophytic and endophytic growth patterns.  Only a 

small percentage of leukoplakias correspond to invasive squamous cell carcinomas or 

develop into squamous cell carcinoma, but most erythoplakias on the tongue exhibit in 
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situ or invasive squamous cell carcinoma at the time of detection.  The most common 

location for carcinomas of the tongue is the posterior-lateral border, characteristic of as 

many as 45% of the tongue lesions. Another 25% of the carcinomas occur in the posterior 

1/3 or base of the tongue, with rare occurrence on the dorsum of the tongue.  Due to the 

location and asymptomatic nature of these lesions they often go unnoticed by the patient.  

The lesions are perceived once pain and/or functional debility occurs with deep invasion 

of the tumor.  The carcinoma is often then advanced or metastasized at the time of 

discovery, leading to a poor prognosis.  The average age-adjusted mortality rate for 

tongue cancers in 2007 was 0.63 (Howlader et al., 2010). Generally metastases from 

these lesions occur to the ipsilateral lymph nodes of the neck, with primary involvement 

of the submandibular or jugulodigastric nodes at the angle of the mandible.  Less 

common are distant metastases to the lung or liver.       

Glossectomy is defined as resection or amputation of the tongue. This surgical 

procedure is often carried out as a therapeutic means to eradicate orofacial malignancies.  

Depending on the size of the defect remaining post-resection, the tongue may either be 

closed primarily or reconstructed, oftentimes with a free flap (Urken, 1994 and Salibian, 

1999).  It is only logical that a glossectomy patient will be left with some amount of 

morbidity that will affect tongue motion and impair speech, mastication, and deglutition.  

How a glossectomy patient adapts to removal of tongue tissue and which type of closure 

procedure best allows patients to retain function after surgery are not well understood. 

This present line of work was focused on examining the functional motions of the tongue 

during speech in glossectomy patients and comparing them to normal controls to help 

bring some clarity to the intricate functions of the tongue.  
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Measuring the dynamics of tongue motion during speech is a difficult task given 

that the tongue moves deep within the vocal tract, the tongue motion has a high number 

of degrees of freedom, and the tongue motion is rapid during speech and swallowing.  

Magnetic resonance imaging (MRI) has been shown to be a very useful and safe medical 

imaging technique for muscle motion as it produces no radiation, provides superior 

temporal and spatial resolution in soft tissue and has adequate signal-to-noise ratio. MRI 

was first used to capture static images of the tongue in steady state vowels (Baer, 1987), 

in anatomical studies of the tongue and oropharynx (McKenna, 1990), and in the study of 

tongue pathology (Takashima, 1989).  Cine-MRI, which is the acquisition of a time series 

of MRI images, has been used to observe the surface kinematics of the tongue over time. 

The surface motion of the tongue in the sagittal plane has previously been studied using 

medical cine-MRI data (Stone, 2001a). With this method, multiple repetitions of a 

syllable sequence are made to a metronome-like stimulus as MRI data is captured.  The 

data is then reconstructed into a composite final data set by ensemble summation so that 

the rapid tongue movements characteristic of speech can be adequately captured with 

proper spatial and temporal resolution (Masaki, 1999).  Each of the utterance cycles 

should be relatively identical so that when a time-phase is measured out of each cycle a 

single image is produced of that particular point in the cycle. This is done for each point 

in the cycle and images are then compiled for reconstruction of the entire motion of the 

cycle. This method is used to capture images of the heart by synchronizing the MRI data 

collection with the R-wave peak of the heart rhythm.  
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Although the cine-MRI data is able to provide valuable information about the 

surface motion of the tongue, it tells nothing of the internal deformation of the tongue, 

which is highly important information when considering the tongue as a muscular 

hydrostat. To overcome the limitations of cine-MRI, tagged MRI (tMRI) was originally 

developed as a means to visualize the internal muscle of the myocardium (Axel, 1989 and 

Zerhouni, 1988). tMRI places temporary planal markers or tags within the muscular 

tissue. As the tags move with the tissue during function they can be tracked and provide 

valuable information about displacement, velocity, rotation, translation, elongation, 

strain, and twist.  As in the heart, tMRI has been used to image the internal muscular 

motion of the tongue (Niitsu, 1994).  Napadow et al. used tMRI data to compute principal 

strains of tongue muscles during non-speech motions like swallowing and protrusion 

(1999a, 1999b).  By combining cine MRI and tMRI data a mechanical model was 

developed that represented local, homogeneous, internal tongue deformation during 

speech (Stone, 2001b). Principal strains were calculated at different locations in the 

tongue and revealed internal compression and extension patterns from which inferences 

could be drawn about the muscular activities of the tongue during speech.  However, 

when using tMRI data, information about the tissue points that lie in between tagged data 

points gets lost.  The harmonic phase (HARP) method of tracking data points was 

developed to accurately track every pixel in an MR image so that data in between the tags 

is not lost (Osman, 2000). HARP processing has also been used to visualize internal 

deformation of the tongue (Parthasarathy, 2007).  

 



 
  

6 
 

The effect of the resection on the surface motion of the tongue has been shown to 

be related to a number of factors. First, it has been previously shown that the degree of 

post-operative function of the tongue is positively correlated to the size of the tongue 

tissue remaining (Matsui, 2007 and Nicoletti, 2004). Additionally, studies have shown 

conflicting results for the effects of the closure procedure selected, whether primary or 

flap reconstruction, on the post-operative motion of the tongue.  Hsiao et al (2002) and 

Chuanjun et al (2002) found post-operative speech to be more lucid with primary closure, 

but Terai and Shimahara (2000) found this to be true with flap reconstruction.  However, 

Nicoletti et al (2004) found no significant difference in post-operative speech between the 

two given closure methods.  Stone et al (2009) found that glossectomy patients showed 

altered motion of the tongue when transitioning from /u/ to /k/ when compared to a 

principle component analysis of normal patients. This difference in motion was most 

likely attributed to rigidity of the underlying scar tissue, larger forces required to move 

the flap in reconstructed patients or adaptive accommodations to scar or reconstructive 

tissues. Stone et al. (2008) also found difference in the mechanics of the inferior 

longitudinal muscle in flap-reconstructed glossectomy patients. During production of /s/, 

the flap reconstructed patient required increased elongation of the inferior longitudinal 

muscle to produce the sound. Additionally, as the tongue was retracted to transition from 

the /s/ to /u/ it was found that a normal speaker compressed the two ends of the tongue 

and elevated the middle of the tongue while rotating the inferior longitudinal muscle, 

whereas a flap reconstructed patient appeared to rotate the tongue backward around a 

central core seeming to be located within the flap with no rotation within the inferior 

longitudinal muscle itself.  Using three-dimensional imaging, Bressman et al. (2007) 
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found that partial lateral glossectomy caused a decreased ability to control midline 

grooving and symmetry of the tongue during speech, which lead to decreased speech 

acceptability.  Mid-sagittal grooving is especially important in producing the /s/ sound; 

therefore one would expect glossectomy to have a large impact on the production of this 

sound.    

The purpose of this study was to quantitatively examine the changes in tongue 

motion due to the removal and/or replacement of tongue tissue in glossectomy patients. 

The glossectomy patients were compared to normal controls to help clarify the effects of 

the resection/reconstruction on normal motion of the tongue during speech. The goals of 

this study included evaluating the effects of tumor/resection size, closure procedure used, 

the level of motor control, and s-type on the velocity and displacement of the tongue at 

one or more points in time.  The following hypotheses were evaluated at the tongue tip 

and body during the utterance of the word “a souk”:   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
  

8 
 

 Table 1.  Study variables and goals.   
Differences 

Independent Variables Goals 
Surgical Status 1,6,7,8 
Resection Size 2,3 

Closure Procedure 2,3 
Motor Control 2,3 

S-type 6,7 
Dependent Variables  

Mean Velocity of Tongue into /s/ 1,2,7 
Maximum Displacement of Tongue 1,3,6 

Motor Control 1 
Displacement of Tongue at /s/ 8 
Displacement of Tongue at /k/ 8 

Correlations 
Variables Goals 

Resection Size 4 
Motor Control 5 

Mean Velocity of Tongue into /s/ 4,5 
Maximum Displacement of Tongue  4,5 
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Goal 1: Effects of surgical status on mean tongue velocity, maximum tongue 

displacement, and motor control during speech 

A. Mean Velocity (MeanV) 

 IV: Surgical status (glossectomy vs. normal) 

 DV: Mean tongue velocity 

H0: There is no significant difference between glossectomy and normal 

subjects in mean tongue velocity.   

H1:  Glossectomy subjects have slower mean tongue velocity than normal 

subjects. 

B. Maximum Displacement (MaxD) 

IV= Surgical status (glossectomy vs. normal) 

DV= Maximum tongue displacement 

H0: There is no significant difference between glossectomy and normal 

subjects in maximum tongue displacement. 

H1: Glossectomy subjects have increased tongue maximum displacement 

compared to normal subjects. 

C. Motor Control 

 IV= Surgical status of the patient (glossectomy vs. normal) 

 DV= Level of motor control 

H0: There is no significant difference between glossectomy and normal 

subjects in the level of motor control.  

H1: Glossectomy subjects have decreased motor control compared to 

normal subjects. 
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Goal 2: Effects of resection size, closure procedure, and motor control on mean tongue 

velocity into the /s/ in glossectomy patients 

A. Resection size 

IV= Resection size (T1= tumors 2 cm or less, T2= tumors 2-4 cm) 

DV= Mean tongue velocity 

H0: There is no significant difference between smaller and larger resection 

sizes in mean tongue velocity.   

H1:  Larger surgical resection sizes have slower mean tongue velocity than 

smaller surgical resection sizes. 

B. Closure Procedure  

IV= Closure procedure (primary vs. flap reconstruction) 

 DV= Mean tongue velocity 

H0: There is no significant difference between primary closures and flap 

reconstructions in mean tongue velocity.   

H1: Flap reconstructions have slower mean tongue velocities than primary 

closure procedures. 

C. Motor Control 

IV= Motor control. 

 DV= Mean tongue velocity 

H0: There is no significant difference between different levels of motor 

control in mean tongue velocity.   

H1: Higher levels of motor control have faster mean tongue velocities than 

lower levels of motor control. 
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Goal 3: Effects of resection size, closure procedure and motor control on maximum 

tongue displacement in glossectomy patients 

A. Resection size 

IV= Resection size 

 DV= Maximum tongue displacement 

H0: There is no significant difference between smaller and larger resection 

sizes in maximum tongue displacement.   

H1:  Larger resection sizes have larger maximum tongue displacement 

than smaller resection sizes. 

B. Closure Procedure  

IV= Closure procedure used (primary vs. flap reconstruction) 

 DV= Maximum tongue displacement 

H0: There is no significant difference between primary closures and flap 

reconstructions in maximum tongue displacement.   

H1:  Flap reconstructions have larger maximum tongue displacement than 

primary closure procedures. 

C. Motor Control 

IV= Motor control 

 DV= Maximum tongue displacement 

H0: There is no significant difference between different levels of motor 

control in maximum tongue displacement.   

H1:  Higher levels of motor control have decreased maximum tongue 

displacement compared to lower levels of motor control. 
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Goal 4: Correlation of tumor resection size with mean tongue velocity and with 

maximum tongue displacement during speech in glossectomy subjects 

A. Mean velocity ←r→ Resection size 

H0: There is no correlation between resection size and mean tongue 

velocity.   

H1: There is a negative correlation between resection size and mean tongue 

velocity.   

B. Maximum displacement ←r→ Resection Size 

H0: There is no correlation between resection size and maximum tongue 

displacement. 

H1: There is a positive correlation between resection size and maximum 

tongue displacement. 

Goal 5: Correlation of motor control with mean tongue velocity and with maximum 

displacement during speech in glossectomy and normal subjects 

A. Mean Velocity 

H0: There is no correlation between motor control and mean tongue 

velocity.   

H1: There is a positive correlation between motor control and mean tongue 

velocity. 

B. Maximum Displacement 

H0: There is no correlation between motor control and maximum tongue 

displacement.   
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H1: There is a negative correlation between motor control and maximum 

tongue displacement. 

Goal 6: Effect of s-type and surgical status on maximum tongue displacement during 

speech 

IV1= S-type 

IV2=Surgical status (glossectomy vs. normal) 

 DV= Maximum tongue displacement  

H0: There is no significant difference between apical and laminal s-type or 

glossectomy and normal subject in maximum tongue displacement, and there is 

no significant interaction between the two main effects.  

H1: Laminal s-type subjects have decreased maximum tongue displacement 

compared to apical s-type subjects. 

H2: Glossectomy patients have increased maximum tongue displacement 

compared to normal controls.   

H3: There is a significant interaction between s-type and surgical status on 

maximum tongue displacement. 

Goal 7: Effect of s-type and surgical status on mean tongue velocity during speech 

IV1= S-type 

IV2=Surgical status (glossectomy vs. normal) 

 DV= Mean tongue velocity 

H0: There is no significant difference between apical and laminal s-type or 

glossectomy and normal subjects in mean tongue velocity, and there is no 

significant interaction between the two main effects.   
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H1: Laminal s-type subjects will have decreased mean tongue velocity compared 

to apical s-type subjects. 

H2: Glossectomy patients will have decreased mean tongue velocity compared to 

normal controls.   

H3: There is a significant interaction between s-type and surgical status on mean 

tongue velocity. 

Goal 8:  Effect of surgical status (Normal Control vs. Glossectomy Patient) on tongue 

displacement during the /s/ and /k/ in “a souk” 

 IV= Surgical status (glossectomy vs. normal) 

 DV= Tongue displacement 

H0: There is no significant difference between glossectomy and normal subject 

status in tongue displacement. 

H1: Glossectomy subjects have increased tongue displacement compared to 

normal subjects. 
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II.  Materials and Methods 

 Operational Definitions 

 Resection size:  The resection size is the amount of tongue tissue that has been 

surgically removed to eradicate the tumor.  The resection size reflects the initial tumor 

size and an additional border of tissue surrounding the tumor.  Under the TNM staging 

system that is used in medicine, T1 tumors are 2 cm or less in their greatest dimension 

and T2 tumors 2-4 cm in their greatest dimension.  All of the glossectomy patients 

included in this study had squamous cell carcinoma tumors size T1 or T2.  The additional 

border of tissue is typically removed  with the tumor to ensure that all of the tumor has 

been eliminated from the patient, including any cells that may have invaded the 

surrounding tissue that are only apparent on a microscopic level.   

 Closure Procedure:  The closure procedure refers to how the resulting surgical 

wound was closed following resection of the tumor and surrounding border of non-

tumorous tissue.  Typically the two options a surgeon has to close the surgical wound is 

primary closure and flap reconstruction.  Primary closure refers to approximating the 

wound edges and suturing them together.  This results in a reduced tongue mass and 

healing with scar formation.  Flap reconstruction refers to replacement of the resected 

tongue tissue 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.  Flap reconstruction is usually chosen when the resulting 

surgical defect in the tongue would result in great loss of function and debility.  The 

patient in this study who received flap reconstruction was reconstructed with radial 
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forearm free flap.  This flap was harvested at the time of tumor resection and used to 

close the remaining surgical defect.   

Motor Control:  The oral motor skills of each patient were assessed via a 

diadochokinetic (DDK) rate.   A DDK rate is a tool, used by speech-language 

pathologists, to measure how quickly an individual can accurately produce a series of 

rapid, alternating sounds. These sounds, also called tokens, may be one syllable such as 

"puh," two or three syllables such as "puh-tuh" or "puh-tuh-kuh," or familiar words such 

as "pattycake" or "buttercup." The DDK rate may be referred to as the maximum 

repetition rate or The Fletcher Time-by-Count Test of Diadochokinetic Syllable Rate by 

other sources.  The “puh-tuh-kuh” token was used in this study to evaluate the ability of 

an individual to make rapid speech movements with different parts of the mouth; the lips, 

the tongue tip, and the soft palate, respectively.  Lower DDK rates are typically seen in 

children, whose motor systems are immature and in adults with speech impairments.  

Other conditions with altered DDK rate include ataxia, dysarthria, childhood apraxia of 

speech, and stuttering.  Prior to administering the test, the sound(s) to be repeated are first 

demonstrated to the patient.  The subject is then allowed to practice the speech task.  The 

DDK rate is then measured by how many times the individual repeats the sound(s) in a 

given period of time (usually five to 15 seconds). DDK rates are measured in terms of 

iterations per second (it/s) or in terms of the time required to produce a certain number of 

iterations of a mono-, bi-, or tri-syllabic token. 

 Apical versus Laminal /s/ Formation:  Apical and laminal /s/ are both 

acceptable methods of producing /s/ in the English language.  For an apical /s/ 

production, the tongue tip is elevated to the alveolar ridge to form the /s/ constriction.  
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For a laminal /s/ production, the tongue blade is elevated to the alveolar ridge and the tip 

may be lowered to any level. 

 Critical versus Non-critical Articulators:  Critical articulators are the tongue 

points directly involved in making a specific sound.  Non-critical articulators, on the 

other hand, refer to tongue points that are not directly involved in making a specific 

sound, but may be changing to transition from one sound into the next during speech 

tasks.  In this study the tongue tip is the critical articulator during the /s/ of “a souk”, 

while the tongue body is the non-critical articulator.  The tongue body then becomes the 

critical articulator during the /k/, while the tongue tip becomes the non-critical articulator.   

Patients and Speech Tasks 

The glossectomy patients recruited into this study were selected based on tumor 

size and location based on the TNM staging system used by the American Joint 

Committee on Cancer and post-operative results achieved. All patients had either T1 or 

T2 size squamous cell carcinomas with no nodal involvement or metastasis. As part of 

the inclusion criteria tumor location was limited to the freely movable tongue from the 

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

Tumors located at the base of the tongue were excluded because they are considered 

pharyngeal and have different lymphatic drainage and are treated differently than tumors 

located elsewhere in the tongue. All patients were treated with either partial or hemi-

glossectomy, ideally with tip preservation. However, at times the tip may have been 

encroached upon for free margin excision or reconstructive purposes. Patients differed in 

the amount of post-operative scarring due to idiosyncrasies inherent to the healing 

process. The inclusion criteria required all patients to retain one half of the tongue post-
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operatively so that muscles that are common across subject groups could be examined.    

All patients were treated by oral surgeons Drs. Ord and Salama at the UMMS. Details 

regarding all aspects of the reconstruction, such as sutures placed in the floor of the 

mouth, and 3D diagrams of the tumor and surgery sites were obtained from the surgeons 

to help interpret the patient measurements.  Eight glossectomy and 9 normal patients 

were observed in the MRI at the University of Maryland Medical System MRI facility. 

Seven of the glossectomy patients had primary closure of the surgical site and one had 

radial forearm free flap reconstruction.  All subjects had a hearing test to confirm normal 

hearing and speech reception threshold since deficits in these areas can affect speech 

production quality. 

The glossectomy and normal subjects were observed repeating the words “a 

souk”, “a shell” and “a geese” to a metronome-like stimulus. Observing only three speech 

tasks allowed for keeping the MRI data collection session short enough (less than 1.5 

hours) for patient comfort.   The 9 vowel-to-consonant and consonant-to-vowel 

transitions incorporated in “a shell,” “a souk,” “a geese” (/↔σ, ↔Σ, ↔γ/, /συ, ΣΕ, γι/, 

/υκ, Ελ, ισ/), have been chosen very carefully.  They are within the MRI repeat time of 2 

seconds per utterance, which includes a breath; they maximize tongue deformation by 

engaging the jaw very little; they cover a large range of American English positions and 

shapes (Stone, 1996); and they encompass a range of difficulties for glossectomy 

patients. The words begin with a neutral vowel to approximate, as well as possible, the 

tongue at rest during hMRI and DTI.  In order to properly pronounce these particular 

words the tongue must take on and transition through various shapes. The word “a souk” 

initially requires tongue-tip elevation into the /s/ followed by tip lowering and retraction 
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of the tongue body into /u/, and then elevation of the body into /k/.  The word “a geese” is 

opposite to “a souk” in motion and “a shell” requires local deformation.  For the purposes 

of this study we only considered the data for the word “a souk” as it is sufficient to 

examine the velocity and direction of two points on the tongue, one in the anterior region, 

and one in the posterior region.      

Instruments: MRI Recordings 

Consent forms and pre-MRI recording: Subjects received all testing in a single 

session lasting 4-5 hours, including 1.5 hours MRI scan, and all pre-tests.  Pretesting was 

performed at the UM Dental School in the Vocal Tract Visualization (VTV) lab followed 

by a hearing test at the Department of Otolaryngology-HNS and the MRI scan in the 

research MRI suite of the Paca Pratt building.  Prior to data collection, subjects filled out 

a consent form and a questionnaire about language background, and had a dental 

impression made of their teeth.   A dental cast was then made from the impression. 

Subjects received an oral motor function evaluation, intelligibility and articulation tests 

and a 15-minute session to train them to speak in synchrony with the acoustic timing cue 

used in the MRI.  Patients were seen at least 8 months after surgery. We did not collect 

pre-operative MR images due to some subjects being in pain, most subjects having 

surgery almost immediately after diagnosis for the best prognosis, and many subjects 

having already adapted their speech motions to the fairly rigid tumor, so that they cannot 

necessarily be considered as normal (Borggreven, 2005). 

A short-range unidirectional microphone, positioned 6” from the mouth, and a 

portable video camera recorded videos of the lower half of the face on S-VHS tape, with 

high fidelity audio. Subjects performed non-speech motions and neurological tests.  They 
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were recorded performing protrusion motions of the tongue and the diadochokinetic 

(DDK) neurological test that involved the subjects uttering non-speech sounds like 

“dadada”, “tatata” for duration of 10 seconds.  Patients were also interviewed as to 

whether the placement of their tongue during an “s” sound was either “apical”, which is 

placement behind the upper anterior teeth, “laminal”, which is placement behind the 

lower anterior teeth, or “mid”, which is somewhere in between.   

MRI Recording Procedures: The patients were then subjected to 3D MRI 

recordings of speech, which took no more than 1 hour and 30 minutes for subject set-up, 

data collection and pauses. This included 20 minutes for both hMRI and DTI scans of 3D 

rest position; 17 minutes per word (x 3 words), which included both tMRI and cine-MRI. 

In the MRI machine subjects wore headphones to reduce noise, and to hear the 

experimenter and the acoustic cue. A trigger system, based on the work of Masaki et al 

(1999) and Shimada (2002), was used to provide acoustic cues to synchronize speech 

with acquisition of MRI data.  The audio system of the MRI console sends short, white-

noise pulses through headphone to the subject and triggers MRI acquisition 

synchronously.  The subject breathes and utters syllables in time with the pulses.  These 

procedures are standard for our MRI data collection sessions. Tagged cine-MRI (tMRI) 

images were collected in sagittal, axial and coronal planes, while the subject repeated 

speech tasks to the beat of the auditory rhythm cue. Cine-MRI is always collected in 

matching planes to the tMRI datasets in our protocols.  Cine-MRI allows better 

determination of tissue edges than tMRI and facilitates determination of points to be 

tracked in the tMRI data set.  Both data sets were collected with 6 mm slice thickness and 

in-plane resolution of 1.875 mm/pixel. The number of slices collected varied based on the 
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size of the subject’s tongue. For the Diffusion Tensor MRI (DTI) and the high resolution 

MRI (hMRI), the operator scanned the oral cavity area while the subject held still in a 

quiet breathing task. hMRI was collected three times, once for all the planes in a single 

direction; it has a spatial resolution of 0.94 mm/pixel. The DTI scan is in the same axial 

plane as the hMRI. For the purposes of this present study, only the cine-MRI and tMRI 

data collected were examined since we wish to evaluate changes in the tongue during 

speech tasks.  This study used a part of the data from the ongoing MRI research in the 

VTV lab.   

Data Reduction and Analyses 

Data Reduction:  From the collected data set we concentrated on observing the 

velocity and displacement of a point on the tongue tip and tongue body in the sagittal 

plane during the utterance of the word “a souk”, with focus on the transition into the /s/ 

and /k/.  The obtained MR images in this study were tagged using a technique called 

complementary spatial modulation of magnetization (CSPAMM) (Fischer, 1993), which 

separates the component of the magnetization with the tagging information from the 

relaxed component by subtraction of two measurements with first a positive and then a 

negative tagging grid. This tagging technique improves the grid contrast and greatly 

facilitates motion assessment of the entire speech cycle.  To overcome the problem of 

magnetic field inhomogeneity of a two-dimensional sinusoid when combing tagged MR 

images, the paired CSPAMM tagged images were then combined using the magnitude 

image CSPAMM reconstruction (MICSR) method (Nessaiver, 2003).  Traditionally 

tagged MR images appear as magnitude images interrupted with planes of black 

representing unread tissue. MICSR produces an MR image with pure sinusoidal tags, 
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which displays both positive (white) and negative (black) excursions of the sinusoidal 

wave.  MICSR data are collected twice for each tag plane, once using a sine and once 

using a cosine wave trigger. The final MICSR image adds the two together so that every 

tissue point has been read. To estimate tissue point motion from the MISCR images, 

Harmonic phase MRI (HARP-MRI) was used (Osman, 2000 and Parthasarathy, 2007).  

HARP-MRI uses a bandpass filter to track the phase of the sinusoid and the changes in 

phase over time.  These phase changes reflect changes in tissue point motion.  

Information from both horizontal and vertical tags is combined to completely 

characterize the two-dimensional motion of the mid-sagittal tongue during the utterance.    

Data Analyses:  Tagged MRI data for each of the 17 subjects was uploaded into 

the HARP4 program according to the program instructions.  Points on the tongue tip and 

body were then selected to be tracked by the program.  The cine-MRI was first visually 

inspected to determine the anatomical location of palatal contact on the tongue tip and 

body during the /s/ and the /k/, respectively.   Figures 1 and 2 indicate the selected points 

on both the tongue tip and body, respectively.  Figure 1 illustrates the tip of the tongue 

reaching anteriorly to contact the palate as the /s/ is spoken.  Figure 2 illustrates the body 

of the tongue rising superiorly to contact the palate as the /k/ is spoken.   

 



  

 

Figure 1. The cine-MRI image of control 
point on the tip of the tongue during

Figure 2. The cine-MRI image of control subject 175
point on the body of the tongue during
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MRI image of control subject 175 indicating the selected tracked 
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Using the HARP4 program, one point was chosen at each of the locations that 

was able to be tracked smoothly with no abrupt changes in displacement (>2.5 mm).  For 
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tip and body were tracked using the HARP4 program in the Matlab software during “a 

souk” that lasted for 1 second over 26 time frames.  The coordinate data was then 

transferred into an Excel workbook where all of the data analysis was carried out.   

First, the displacement of each tissue point over 26 time frames  was determined 

relative to resting position (time frame 1) using the distance formula, which is a 

derivative of the Pythagorean theorem: 

Displacement (mm) = √ ((y2-y1)
2 + (x2-x1)

2) 

The velocity of each tissue point over 26 times frames was determined by 

dividing the displacement of the point by 0.03845 seconds (1 second/26 times frames), 

which is the amount of time that had lapsed between time frames. 

Velocity (mm/s) = √ ((y2-y1)
2 + (x2-x1)

2) 
                0.03845 

The displacement and velocity of each tissue point were plotted for each subject.  

From these plots, the maximum displacement of the tongue tip and body throughout the 

utterance was determined as the largest displacement value displayed by each the tongue 

tip and tongue body independent of the sounds that were being formed by the tongue.   

As described previously, the cine-MRI dataset was visually inspected to 

determine the time frame at which initial palatal contact of the tongue tip occurred during 

the /s/ and of the tongue body during the /k/.  The displacement plots for each subject and 

tissue point were evaluated at these time frames to determine the displacement of the 

tissue points during these specific speech tasks.  The displacement of the tongue tip 

during the /s/ was noted as the largest displacement reached within 4 time frames (about 

150 msec) of initial tongue tip contact with the palate.  This is the average amount of time 

it takes the human tongue to form the /s/sound.  To evaluate the effects on the non-critical 
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articulator, the displacement of the tongue body during the /s/ was also noted.   The 

displacement of the tongue body during the /k/ was noted as the largest displacement of 

the tongue body within 2 time frames (about 75 msec) of initial contact of the tongue 

body with the palate.  This is the average amount of time it takes the human tongue to 

form the /k/sound.  The displacement of the non-critical articulator, the tongue tip, during 

the /k/ was also noted.  The mean velocity of each tissue point during the /s/ was then 

determined.  The tongue tip velocities displayed during the time frames from rest to the 

largest displacement of the tongue tip into the /s/ were summed and then divided by the 

respective number of time frames to yield the mean velocity of the tongue tip during the 

/s/.  The mean velocity of the tongue body was also determined by summing the tongue 

body velocities from the same time frames and dividing by the respective number of time 

frames.   

Resection sizes were obtained for the surgical pathology reports available in the 

patients’ charts.  The report included the greatest anterior-posterior, medial-lateral, and 

superficial-deep dimensions to the nearest tenth of a centimeter of the specimens that had 

been submitted for pathological review.  The volumes of the resections were estimated by 

multiplying the given dimensions of the specimens to yield a cubic centimeter volume.   

Statistical Analysis: A power analysis was not performed in this study due to 

glossectomy being a rare condition and there not being enough prior information 

available in the literature.   In some analyses there was only one subject in a comparison 

group so no statistical tests were done.  All glossectomy patients who met the selection 

criteria were included in the study. Normal controls were volunteers that met the 

selection criteria who were recruited through advertisement. IBM SPSS Statistics 20 
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(2011) software was used in the statistical analysis.  One-way Analysis of Variance 

(ANOVA) was used to compare the separate effects of tumor resection size, closure 

procedure used and glossectomy vs. normal subject status on the velocity and 

displacement of the different tongue points during speech.  Two-way ANOVA was used 

to evaluate the effects of s-type and surgical status on the mean tongue velocity and 

maximum tongue displacement during speech.  A Pearson’s r was used to test the 

correlations between resection size and motor control on tongue velocity and 

displacement during speech.  One-tailed tests were used in all cases.   A p≤ 0.05 was 

considered significant.  Because the N was small in this study, any results approaching 

significance (p=0.051-0.10) were also reported. 
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III.  Results 
 
 In the evaluation of the effects of closure procedure on tongue motion, there was 

only one subject who had a flap reconstruction.  Similarly, in the evaluation of the effects 

of motor control on tongue motion there was only one subject who displayed below 

average rate of motor control.  No statistical analyses were run on these hypotheses.   

ANOVA requires an assumption of homogeneity of variance between groups to 

be appropriately used.  Of the 23 ANOVAs completed in the study, 3 or 13% of the tests 

indicated a lack of homogeneity.  A p of ≤0.05 signifies that there is a 5% probability that 

the results found are due to chance.  Our result of 13% is greater than expected by chance 

and therefore analysis by non-parametric statistics might be indicated.  However, since 

the n’s were nearly equal in the compared groups, we believed that the ANOVA analyses 

remained legitimate.  As more subjects are added to this study, the question of the 

assumption of homogeneity of variance should be re-evaluated.    
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Goal 1: Effects of surgical status (glossectomy vs. normal subjects) on 

mean tongue velocity, maximum tongue displacement, and motor 

control during speech 

A. Mean Velocity into /s/: 

Table 2.  Mean velocity of tongue tip and body into /s / among all subjects   

Surgical Status Subject Mean VTT    
(mm/s) 

Mean VTB    
(mm/s) 

Normal Controls 165 9.44±7.7       11.22±6.0 
 153 10.82±14.0 9.69±4.7 
 176      11.12±8.2 7.58±3.9 
 175      12.34±5.4 6.21±6.2 
 174 8.37±5.5 5.59±3.4 
 168 10.93±11.7 7.68±5.2 
 094      16.89±13.0       13.19±7.2 
 179      12.28±7.0 9.52±3.6 
 181 8.97±4.1 7.22±4.1 

Glossectomy Patients G012 14.99±12.8       14.92±8.8 
 G134      13.18±8.1 11.59±10.9 
 G011 12.93±13.6 7.03±4.5 
 G027 5.94±5.0 2.48±1.4 
 G024 7.25±4.5 7.19±3.4 
 G002 5.86±5.0 7.51±3.0 
 G017      11.25±8.3 6.51±5.0 
 G026 19.79±12.1       11.53±4.9 

 
 

Goal 1A1: 

The assumption of Homogeneity of Variance was not met in the test of effect of 

surgical status on the mean velocity of the tongue tip into the /s/.   However, since the N 

in the normal control and glossectomy patient groups were nearly equal, as previously 

mentioned, lack of homogeneity can be ignored.  

There was no significant difference between the mean velocity of the tongue tip 

into the /s/ found between normal controls and glossectomy patients. (See Table 3) 
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Table 3.  Mean tongue tip velocity into the /s/ among normal controls and glossectomy 
patients  

Surgical 
Status 

N Mean   
(mm/s) 

SD       
(mm/s) 

F p 
 

Normal 
Controls 

9 11.24 2.5 1.432 .25 

Glossectomy 
Patients 

8   9.07 4.7   

 
Goal 1A2: 
 

There was no significant difference between the mean velocity of the tongue body 

into the /s/ found between normal controls and glossectomy patients. (See Table 4) 

Table 4.   Mean tongue body velocity into the /s/ among normal controls and 
glossectomy patients  

Surgical 
Status 

N Mean   
(mm/s) 

SD       
(mm/s) 

F p 
 

Normal 
Controls 

9 8.66 2.5 0.002 .97 

Glossectomy 
Patients 

8 8.60 3.9   

 
 

B. Maximum Displacement:  

Figures 3 and 4 show the displacement of tissue points on the tongue tip and 

tongue body, respectively, in one control subject (175).  The displacement is relative to 

the resting time frame 1.   Figure 3 displays the tongue tip to have increased displacement 

from rest as the tongue moves anteriorly in the mouth to form the /s/ between time frames 

8-9.  The displacement then gradually decreases as the tongue forms the /u/ and /k/ during 

time frames 10-22.  The tongue tip displacement then gradually increases again as the 

patient takes a breath after the speech task in completed.     



  

 

Figure 3. Displacement of the tongue tip in contro
 

 Figure 4 shows displacement of the tongue body to gradually increase during 

formation of the /s/ and /u/ between time frames 1 and 14.  The displacement then rapidly 

increases as the tongue body is elevated to contact the palate to form the /k/ at time 

frames 17 and 18.  The displacement then gradually decreases as the tongue is lowered in 

the mouth and slightly increases during time frames

breath. 

30 

. Displacement of the tongue tip in control 175 during the speech task “a

shows displacement of the tongue body to gradually increase during 

formation of the /s/ and /u/ between time frames 1 and 14.  The displacement then rapidly 

s as the tongue body is elevated to contact the palate to form the /k/ at time 

frames 17 and 18.  The displacement then gradually decreases as the tongue is lowered in 

ghtly increases during time frames 25 and 26 as the patient takes a 

 

 
during the speech task “a souk” 

shows displacement of the tongue body to gradually increase during 

formation of the /s/ and /u/ between time frames 1 and 14.  The displacement then rapidly 

s as the tongue body is elevated to contact the palate to form the /k/ at time 

frames 17 and 18.  The displacement then gradually decreases as the tongue is lowered in 

25 and 26 as the patient takes a 



  

 

Figure 4. Displacement of the tongue body in contro
souk” 
  
Table 5. The maximum displacement 
and displacement of the tongue body at the corresponding time f

 
 
 
 

Surgical 
Status 

Subject

Normal 165 
 153 
 176 
 175 
 174 
 168 
 094 
 179 
 181 

Glossectomy G012 
 G134 
 G011 
 G027 
 G024 
 G002 
 G017 
 G026 
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. Displacement of the tongue body in control 175 during the speech task “a

maximum displacement of the tongue tip during the speech task “a
and displacement of the tongue body at the corresponding time frame 

Subject MaxDTT 
(mm) 

Time 
Frame 

DTB at 
(

3.32 13-1 1.
2.34 7-1 1.66
1.88 26-1 2.1
3.35 9-1 1.1
3.09 12-1 0.89
3.17 11-1 3.64
5.12 9-1 3.6
2.97 25-1 3.2
2.11 18-1 0.73

 4.56 16-1 3.72
 7.73 15-1 4.
 5.52 13-1 1.9
 2.42 13-1 0.97
 1.68 12-1 1.42
 1.85 14-1 0.84
 3.07 11-1 1.29
 5.08 23-1 4.9

 

 
during the speech task “a 

of the tongue tip during the speech task “a souk” 
 

at  MaxDTT  
(mm) 
1.80 
1.66 
2.17 
1.15 
0.89 
3.64 
3.66 
3.26 
0.73 
3.72 
4.30 
1.95 
0.97 
1.42 
0.84 
1.29 
4.95 
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Table 6. The maximum displacement of the tongue body during the speech task “a souk” 
and displacement of the tongue tip at the corresponding time frame 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Goal 1B1: 
 

The assumption of Homogeneity of Variance was not met in the test of effect of 

surgical status on the tongue tip maximum displacement.   However, since the N in the 

normal control and glossectomy patient groups was nearly equal, as previously 

mentioned, lack of homogeneity can be ignored.   

No significant difference was found in the tongue tip maximum displacement 

between glossectomy patients and normal controls. (See Table 7) 

Table 7.   Maximum displacement tongue tip among normal controls and glossectomy 
patients   

Surgical 
Status 

N Mean   
 (mm) 

SD        
(mm) 

F p 

Normal  
Controls 

9 3.04 0.9 1.501 .24 

Glossectomy 
Patients 

8 3.99 2.1   

Surgical 
Status 

Subject MaxDTB  during 
“a souk”  

(mm) 

Time 
Frame 

DTT at MaxDTB 
during “a souk”  

(mm) 
Normal 165 5.04 21-1 1.86 

 153 6.26 21-1 0.81 
 176 2.72 23-1 1.80 
 175 4.78 17-1 2.40 
 174 3.74 20-1 0.98 
 168 4.73 13-1 2.01 
 094 6.10 18-1 3.47 
 179 4.88 14-1 2.37 
 181 2.32 25-1 0.31 

Glossectomy G012 5.45 20-1 3.50 
 G134 6.25 22-1 5.71 
 G011 5.46 21-1 3.77 
 G027 3.80 20-1 1.91 
 G024 2.62 20-1 1.11 
 G002 2.49 26-1 1.04 
 G017 4.33 23-1 1.94 
 G026 5.26 15-1 4.47 
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Goal 1B2: 
 

No significant difference in tongue body displacement during the tongue tip 

maximum displacement was found between normal controls and glossectomy patients. 

(See Table 8)  

Table 8.   Tongue body displacement during maximum displacement of tongue tip 
among normal controls and glossectomy patients  

Surgical 
Status 

N Mean     
(mm) 

SD        
(mm) 

F p 

Normal  
Controls 

9 2.11 1.2 0.226 .64 

Glossectomy 
Patients 

8 2.43 1.6   

 
Goal 1B3: 
 

No significant difference was found in the tongue body maximum displacement 

between glossectomy patients and normal controls. (See Table 9) 

Table 9.   Maximum displacement of tongue body among normal controls and 
glossectomy patients 

Surgical 
Status 

N Mean 
(mm) 

SD 
(mm) 

F p 

Normal  
Controls 

9 4.51 1.4 0.006 .94 

Glossectomy 
Patients 

8 4.46 1.4   

 
Goal 1B4: 

 
The assumption of Homogeneity of Variance was not met in the test of effect of 

surgical status on the tongue tip displacement during the tongue body maximum 

displacement.  However, since the N in the normal control and glossectomy patient 

groups was nearly equal, as previously discussed, lack of homogeneity can be ignored.   
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A larger tongue tip displacement during the maximum tongue body displacement 

among glossectomy patients was found to be approaching significance compared to 

normal controls. (See Table 10) 

Table 10.   Tongue tip displacement during maximum tongue body displacement among 
normal controls and glossectomy patients  

Surgical 
Status 

N Mean    
(mm) 

SD       
 (mm) 

F p 

Normal  
Controls 

9 1.78   0.96 3.065 .10* 

Glossectomy 
Patients 

8 2.93 1.7   

*approaching significance 
 

C. Motor Control:  
 

Table 11. Motor control in all subjects 
Surgical Status Subject Motor Control 

(/10 s) 
  DDKt DDKk /ptk/ 

Normal Controls 165 60 46 21 
 153 - - - 
 176 66 62 15 
 175 65 65 19 
 174 60 58 21 
 168 71 68 19 
 094 48 48 16 
 179 70 64 13 
 181 70 62 19 

Glossectomy Patients G012 72 68 26 
 G134 53 54 18 
 G011 80 70 3 
 G027 72 70 20 
 G024 50 46 16 
 G002 50 41 17 
 G017 48 48 16 
 G026 22 23 16 
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Goal 1C1: 
 

There was no significant difference found in the level of motor control DDKt in 

normal controls compared to glossectomy patients. (See Table 12)   

Table 12.  Motor control DDKt in normal controls and glossectomy patients 
Surgical 
Status 

N Mean       
(/10 s)    

SD            
(/10 s) 

F p 

Normal 
Controls 

8 63.75 7.7 1.239 .28 

Glossectomy 
Patients 

8 55.88 18.5   

 
Goal 1C2: 
 

There was no significant difference found in the level of motor control DDKk in 

normal controls compared to glossectomy patients. (See Table 13)  

Table 13.  Motor control DDKk in normal controls and glossectomy patients 
Surgical 
Status 

N Mean         
(/10 s)    

SD              
(/10 s)    

F p 

Normal 
Controls 

8 59.13 8.0 1.037 .33 

Glossectomy 
Patients 

8 52.50 16.6   

 
Goal 1C3: 
 

There was no significant difference found in the level of motor control /ptk/ in 

normal controls compared to glossectomy patients.  (See Table 14) 

Table 14.  Motor control /ptk/ in normal controls and glossectomy patients 
Surgical 
Status 

N Mean     
(/10 s)    

SD          
(/10 s)    

F p 

Normal  
Controls 

8 17.9 2.9 0.305 .59 

Glossectomy 
Patients 

8 16.5 6.4   
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Goal 2: Effects of resection size, closure procedure and motor control on 

mean tongue velocity into the /s/ in glossectomy patients 

A. Resection Size: 
 

Table 15.  Resection size and mean velocity of tongue tip and body into the /s/ in 
glossectomy patients   

Resection size Subject Mean VTT into /s/ 
(mm/s) 

Mean VTB into /s/ 
(mm/s) 

T1 G012 14.99 14.92 
 G134 13.18 11.59 
 G011 12.93   7.03 
 G027   5.94   2.48 
 G017 11.25   6.51 

T2 G024   7.25   7.19 
 G002   5.86   7.51 
 G026  19.79 11.53 

 
Goal 2A1: 

 
There was no significant difference in mean velocity of the tongue tip between 

patients with larger resections (T2) and smaller (T1) resections. (See Table 16) 

Table 16. Mean velocity of the tongue tip into the /s/ in patients with different resection 
sizes 
Resection Size N Mean 

(mm/s) 
SD     

(mm/s) 
F p 

Smaller (T1) 5 11.66 3.5 .032 .86 

Larger (T2) 3 10.97 7.7   

 
Goal 2A2: 

 

There was no significant difference in the mean velocity of the tongue body into 

the /s/ between patients with larger resections compared to those with smaller resections. 

(See Table 17) 
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Table 17.   Mean velocity of the tongue body into the /s/ in patients with different 
resection sizes 

Resection 
Size 

N Mean 
(mm/s) 

SD    
(mm/s) 

F p 

Smaller (T1) 5 8.51 4.8 0.006 .941 

Larger (T2) 3 8.74 2.4   

 
B. Closure Procedure: 

Table 18.  Mean velocity of tongue tip and body into the /s/ by closure procedure 

Closure Procedure Subject Mean VTT into /s/ Mean VTB into /s/ 
Primary G012 14.99 14.92 

 G011 12.93   7.03 
 G027   5.94   2.48 
 G024   7.25   7.19 
 G002   5.86   7.51 
 G017 11.25   6.51 
 G026  19.79  11.53 

Flap G134 13.18 11.59 
 

Goal 2B1: 
   

Because only a flap reconstruction patient was available in the dataset, no 

comparative statistical tests were carried out.  The mean velocity of the tongue tip into 

the /s/ in patients with primary closure was 8.48 ± 4.8 mm/s.  The mean velocity of the 

flap reconstructed patient was 13.18 mm/s.  (See Table 19) 

Table 19.  Mean velocity of the tongue tip into the /s/ in patients with primary closure 
and flap reconstruction 

Closure 
Procedure 

N Mean 
(mm/s) 

SD 
(mm/s) 

Primary 7   8.48 4.8 
Flap 1 13.18 - 

*No statistical tests carried out due to N=1 flap reconstruction patient. 
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Goal 2B2: 
 

The mean velocity of the tongue body into the /s/ in patients with primary closure 

was 8.17±4.0 mm/s.  The patient with flap reconstruction had a mean tongue body 

velocity into the /s/ of 11.59 mm/s. (See Table 20) 

Table 20.  Mean velocity of the tongue body into the /s/ in patients with primary closure 
and flap reconstruction 

Closure 
Procedure 

N Mean 
(mm/s) 

SD 
(mm/s) 

Primary 7  8.17 4.0 
Flap 1 11.59 - 

*No statistical tests carried out due to N=1 flap reconstruction patient. 
 

C. Motor Control:  
 

Table 21.  Motor control and mean velocity of tongue tip and body into the /s / in 
glossectomy patients 

Subject Motor Control 
(/10 s) 

Mean VTT into /s/  
(mm/s) 

Mean VTB into /s/ 
(mm/s) 

 DDKt DDKk /ptk/   
G012 72 68 26             14.99 14.92 
G134 53 54 18 13.18 11.59 
G011 80 70 3 12.93  7.03 
G027 72 70 20  5.94  2.48 
G024 50 46 16  7.25  7.19 
G002 50 41 17  5.86  7.51 
G017 48 48 16 11.25  6.51 

Mean       10.20±3.8         8.18±4.0 
G026 22 23 16 19.79 11.53 

*No statistical tests carried out due N=1 patient with below average motor control 
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Goal 2C: 
 

All glossectomy patients, except G026, displayed normal motor control as 

measured by DDKt, DDKk, and ptk.  G026 showed below average motor control rates 

for the repetitive speech tasks DDKt and DDKk.  However, G026 showed normal motor 

control rates for the sequencing speech task /ptk/.   Since G026 was the only glossectomy 

subject with below average rates for DDKt and DDkk, no comparative statistical tests 

were carried out.  The mean velocity of the tongue tip into the /s/ among patients with 

primary closure was 10.20 ± 3.8 mm/s.  The mean velocity of the tongue body into the /s/ 

among patients with primary closure was 8.18 ± 4.0 mm/s.   
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Goal 3: Effects of resection size, closure procedure and motor control on 

tongue maximum displacement in glossectomy patients 

A. Resection Size:  
 
Table 22. Maximum displacement of tongue tip and body in glossectomy patients with 
different resection sizes 

 
 
 
 
 
 
 
 
 
 
 

 
 

Goal 3A1: 
  

There was no significant difference in the maximum displacement of the tongue 

tip between patients with smaller and larger resections. (See Table 23) 

Table 23.  Maximum displacement of the tongue tip between patients with different 
resection sizes 

Resection 
Size 

N Mean   
(mm) 

SD     
(mm) 

F p 

Smaller (T1) 5 4.66 2.1 1.438 .276 

Larger (T2) 3 2.87 1.9   
 
Goal 3A2: 
 

There was no significant difference found in the maximum displacement of the 

tongue body between patients with smaller and larger resections. (See Table 24) 

 
 
 
 

Resection 
size 

Patient MaxDTT  
(mm) 

MaxDTB 

 (mm) 
T1 G012 4.56 5.45 

 G134 7.73 6.25 
 G011 5.52 5.47 
 G027 2.42 3.80 
 G017 3.07 4.34 

T2 G024 1.68 2.63 
 G002 1.85 2.50 
 G026 5.08 5.26 
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Table 24.  Maximum displacement of the tongue body between patients with different 
resection sizes 

Resection 
Size 

N Mean     
(mm) 

SD        
(mm) 

F p 

Smaller (T1) 5 5.06 1.0 3.308 .12 
Larger (T2) 3 3.46 1.6   

 
B. Closure Procedure:  

 
Table 25. Maximum displacement of tongue tip and body in glossectomy patients with 
different surgical closure procedures 

Closure 
Procedure 

Patient MaxDTT 
(mm) 

MaxDTB 

(mm) 
Primary G012 4.56 5.45 

 G011 5.52 5.47 

 G027 2.42 3.80 

 G024 1.68 2.63 

 G002 1.85 2.50 

 G017 3.07 4.34 

 G026 5.08 5.26 

Flap G134 7.73 6.25 

 
Goal 3B1: 

 
The patient with flap reconstruction was found to have a larger maximum 

displacement of the tongue tip compared to the mean maximum displacement in patients 

with primary closure. (See Table 26) 

Table 26.  Maximum displacement of the tongue tip between patients with primary 
closure and flap reconstruction 

Closure 
Procedure 

N Mean    
(mm) 

SD       
(mm) 

Primary 
Closure 

7 3.45 1.6 

Flap 
Reconstruction 

1 7.73 - 

*No statistical tests carried out due to N=1 flap reconstruction patient. 
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Goal 3B2: 
   

The flap reconstruction patient was found to have a larger maximum displacement 

of the tongue body compared to the mean maximum displacement of the tongue body in 

patients with primary closure. (See Table 27) 

Table 27.  Maximum displacement of the tongue body between patients with primary 
closure and flap reconstruction 

Closure 
Procedure 

N Mean 
(mm) 

SD    
(mm) 

Primary 
Closure 

7 4.21 1.3 

Flap 
Reconstruction 

1 6.25 - 

*No statistical tests carried out due to N=1 flap reconstruction patient. 
 

C. Motor Control:  

Table 28. Maximum displacement of tongue tip and body in glossectomy patients with 
different levels of motor control 

Glossectomy 
Patient 

Motor Control 
(/10 s) 

MaxDTT 

 (mm) 
MaxDTB 

(mm) 
 DDKt DDKk /ptk/   

G012 72 68 26 4.56 5.45 
G134 53 54 18 7.73 6.25 
G011 80 70 3 5.52 5.47 
G027 72 70 20 2.42 3.80 
G024 50 46 16 1.68 2.63 
G002 50 41 17 1.85 2.50 
G017 48 48 16 3.07 4.34 

Mean        3.83±2.2        4.35±1.5 
G026 22 23 16 5.08 5.26 

*No statistical tests carried out due to N=1 patient with below average motor control. 
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Goal 3C: 
  

All glossectomy patients except G026 displayed normal motor control as 

measured by DDKt and DDKk.  All glossectomy patients including G026 displayed 

normal motor control for /ptk/.  Therefore, no statistical tests were carried out.  The mean 

maximum displacement of the tongue tip among primary closure patients was 3.83 ± 2.2 

mm.  The mean maximum displacement of the tongue body among primary closure 

patients was 4.35 ± 1.5 mm.  
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Goal 4: Correlation of tumor resection size on mean tongue velocity and 

maximum displacement during speech in glossectomy subjects 

A. Mean Velocity into /s/: 
 

Table 29.  Mean velocity of tongue tip and body in glossectomy patients with different 
resection sizes  

 Patient Resection size estimate 
(cm3) 

Mean VTT 
(mm/s) 

Mean VTB 

 (mm/s) 
T1 G012 19.25 14.99 14.92 

 G134 28.73 13.18 11.59 
 G011   9.07 12.93   7.03 
 G027 23.26   5.94   2.48 
 G017 14.63 11.25   6.51 

T2 G024   0.16   7.25   7.19 
 G002 21.17   5.86   7.51 
 G026 10.06 19.79 11.53 

 
 No significant correlation between the resection size and the mean velocity of the 

tongue tip and body were found (See Table 30).   

Table 30.  Resection size by mean tongue velocity into /s/ 
 Mean VTT  

(mm/s) 
Mean VTB 

 (mm/s) 

 r p r p 

Resection 
Size 

.26 .27 .11 .40 
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B. Maximum Displacement: 
 
Table 31.  Maximum displacement of tongue tip and body in glossectomy patients with 
different resection sizes.  
Resection 

Size 
Subject MaxDTT 

(mm) 
Mean 
(mm)  

SD 
(mm)  

MaxDTB 
(mm) 

Mean  
(mm) 

SD 
(mm) 

T1 G012 4.56   5.45   
 G134 7.73   6.25   
 G011 5.52   5.47   
 G027 2.42   3.80   
 G017 3.07 4.66 2.11 4.34 5.06 0.98 

T2 G024 1.68   2.63   
 G002 1.85   2.50   
 G026 5.08 2.87 1.92 5.26 3.46 1.56 

 
No significant correlation was found between resection size and the maximum 

displacement of the tongue tip and body. (See Table 32)  

Table 32.  Correlation of resection size by tongue maximum displacement 
 MaxDTT  

 (mm) 
MaxDTB  

(mm) 

 r p r p 

Resection 
Size 

.35 .20 .32 .22 
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Goal 5: Correlation of motor control on mean tongue velocity into /s/ 

and maximum tongue displacement during speech in glossectomy and 

normal subjects 

A. Mean Velocity into /s/: 
 

Table 33.  Mean tongue tip and body velocity into /s/ 

 
 
The correlation between DDKt and mean velocity of the tongue tip into the /s/ 

was found to be approaching significance.  There was a significant correlation found 

between DDKk and mean velocity of the tongue tip into the /s/.  No other significant 

correlations between the measures of motor control (DDKt, DDKk, and /ptk/) and the 

mean velocity of the tongue into the /s/ were found. (See Table 34)   

 
 
 

Surgical 
Status 

Subject Motor Control  
(/10 s) 

Mean VTT 
(mm/s) 

Mean VTB 
(mm/s) 

  DDKt  DDKk /ptk/   
Normal 165 60 46 21   9.44 11.22 

 153 - - _- 10.82   9.69 
 176 66 62 15 11.12   7.58 
 175 65 65 19 12.34   6.21 

  174 60 58 21   8.37   5.59 
 168 71 68 19 10.93   7.68 
 094 48 48 16 16.89 13.19 
 179 70 64 13 12.28   9.52 
 181 70 62 19   8.97   7.22 
Glossectomy G012 72 68 26 14.99 14.92 
 G134 53 54 18 13.18 11.59 
 G011 80 70 3 12.93   7.03 
 G027 72 70 20   5.94   2.48 
 G024 50 46 16   7.25   7.19 
 G002 50 41 17   5.86   7.51 
 G017 48 48 16 11.25   6.51 
 G026 22 23 16 19.79 11.53 
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Table 34.  Correlation of motor control by mean tongue velocity into /s/ 
Measure of 

Motor 
Control 

Mean VTT into /s/  
(mm/s) 

Mean VTB into /s/  
(mm/s) 

 r p r p 

DDKt .48   .063* -.29 .27 

DDKk .54 .03 -.32 .24 

/ptk/  -.063 .82 .20 .45 

*approaching significance 
 

B. Maximum Displacement: 
 
Table 35.  Motor control and tongue maximum displacement in all subjects 

 
 
 

 

 

Surgical 
Status 

Subject Motor Control  
(/10 s) 

MaxDTT 
(mm) 

MaxDTB 
(mm) 

  DDKt DDKk /ptk/   
Normal 165 60 46 21 3.32 5.05 

 153 n/a n/a n/a 2.34 6.26 
 176 66 62 15 1.88 2.72 
 175 65 65 19 3.35 4.79 
 174 60 58 21 3.09 3.75 
 168 71 68 19 3.17 4.73 
 094 48 48 16 5.12 6.11 
 179 70 64 13 2.97 4.88 
 181 70 62 19 2.11 2.32 
Glossectomy G012 72 68 26 4.56 5.45 
 G134 53 54 18 7.73 6.25 
 G011 80 70 3 5.52 5.47 
 G027 72 70 20 2.42 3.80 
 G024 50 46 16 1.68 2.63 
 G002 50 41 17 1.85 2.50 
 G017 48 48 16 3.07 4.34 
 G026 22 23 16 5.08 5.26 
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There were no significant correlations between the maximum displacement of the 

tongue tip and body and the three measures of motor control, DDKt, DDKk and /ptk/. 

(See Table 36) 

Table 36.  Correlation of motor control by tongue maximum displacement 
Measure of 

Motor 
Control 

MaxDTT   
(mm)  

MaxDTB  
(mm) 

 r p r p 

DDKt -.18 .51 -.08 .76 

DDKk -.09 .75   -.004 .99 

/ptk/ -.16 .55 -.08 .77 
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Goal 6: Effect of apical versus laminal s-type and surgical status on 

displacement of the tongue during speech in all subjects 

Table 37.  Maximum displacement of the tongue tip among apical and laminal s-types 

 
 
 

 

 

 

 

 

 

Surgical 
Status 

Subject s-type maxDTT   
(mm) 

Mean 
(mm) 

SD 
(mm) 

DTB  
at maxDTT  

(mm) 

Mean 
(mm) 

SD 
(mm) 

Normal 165 ap 3.32   1.80   
 176 ap 1.88   2.17   
 175 ap 3.35   1.15   
 174 ap 3.17   3.64   
 094 ap 5.12   3.66   
 181 ap 2.11 3.16 1.15 0.73 2.19 1.24 

Patient G012 ap 4.56   3.72   
 G134 ap 7.73   4.30   
 G027 ap 2.42   0.97   
 G017 ap 3.07 4.45 2.37 1.29 2.57 1.68 

Normal 153 lam 2.34   1.66   
 174 lam 3.09   0.89   
 179 lam 2.97 2.80 0.40 3.26 1.94 1.21 

Patient G011 lam 5.52   1.95   
 G024 lam 1.68   1.42   
 G002 lam 1.85   0.84   
 G026 lam 5.08 3.53 2.05 4.95 2.29 1.83 
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There was no statistically significant difference found in the maximum 

displacement of the tongue tip between normal and glossectomy patients.  Additionally 

there was no significant difference found in the maximum displacement of the tongue tip 

between apical and laminal s-types. (See Table 38)  There was no significant interaction 

found between the effects of surgical status and s-type on the maximum displacement of 

the tongue tip. (See Table 38 and Figure 5) 

Table 38. Two-way ANOVA of the effects of surgical status and s-type on maximum 
displacement of the tongue tip  

   N Mean 
(mm) 

SD 
(mm) 

F p 

Main 
Effects 

Surgical Status Normal 9 3.04 0.9  1.46 .25 
Glossectomy 8 3.99 2.1   

S-type Apical 10 3.67 1.7 0.576 .46 
Laminal 7 3.22 1.5   

Interaction Surgical Status 
x S-type 

    0.110 .75 

 
 

 
Figure 5.  The interaction of the effects of surgical status and s-type on tongue tip 
maximum displacement 
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The tongue body displacement displayed during the maximum displacement of 

the tongue tip was not found to be statistically different among normal controls and 

glossectomy patients or among apical and laminal s-types. (See Table 39)  Furthermore, 

there was no statistically significant interaction found between surgical status and s-type 

on the tongue body displacement at the time of tongue tip maximum displacement. (See 

Table 39 and Figure 6) 

Table 39. Two-way ANOVA of the effects of surgical status and s-type on tongue body 
displacement at the maximum displacement of the tongue tip 

   N Mean 
(mm) 

SD 
(mm) 

F p 

Main 
Effects 

Surgical Status Normal 9 2.11 1.2 0.239 .63 
Glossectomy 8 2.43 1.6   

S-type Apical 10 2.34 1.4 0.128 .73 
Laminal 7 2.14 1.5   

Interaction Surgical Status x 
S-type 

    0.0005 .99 

 
 

 
Figure 6.  The interaction of the effects of surgical status and s-type on tongue 
body displacement 
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Table 40.  Maximum displacement of the tongue body among apical and laminal s-types 

Surgical 
Status 

Subject s-type MaxDTB   
(mm) 

Mean   
(mm) 

SD 
(mm) 

DTT  
at 

MaxDTB 
(mm) 

Mean   
(mm) 

SD 
(mm) 

Normal 165 ap 5.05   1.86   
 176 ap 2.72   1.80   
 175 ap 4.79   2.40   
 174 ap 4.73   2.01   
 094 ap 6.11   3.47   
 181 ap 2.32 4.29 1.46 0.31 1.97 1.02 

Patient G012 ap 5.45   3.50   
 G134 ap 6.25   5.71   
 G027 ap 3.80   1.91   
 G017 ap 4.34 4.96 1.10 1.94 3.27 1.79 

Normal 153 lam 6.26   0.81   
 174 lam 3.75   0.98   
 179 lam 4.88 4.96 1.26 2.37 1.39 0.86 

Patient G011 lam 5.47   3.77   
 G024 lam 2.63   1.11   
 G002 lam 2.50   1.04   
 G026 lam 5.26 3.96 1.62 4.47 2.60 1.78 
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No significant difference was found in the tongue body maximum displacement 

between normal and glossectomy subjects or apical and laminal s-type. (See Table 41)  

Also, there was no significant interaction between surgical status and s-type on the 

tongue body maximum displacement. (See Table 41 and Figure 7)   

Table 41. Two-way ANOVA of the effects of surgical status and s-type on maximum 
displacement of tongue body  

   N Mean 
(mm) 

SD 
(mm) 

F p 

Main 
Effects 

Surgical Status Normal 9 4.51 1.4 0.054 .82 
Glossectomy 8 4.46 1.4   

S-type Apical 10 4.56 1.3 0.052 .82 
Laminal 7 4.39 1.5   

Interaction Surgical Status x 
S-type 

    1.433 .25 

 
 

 
Figure 7.  The interaction of the effects of surgical status and s-type on tongue 
body maximum displacement 
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Glossectomy patients were found to have a larger tongue tip displacement during 

the time of tongue body maximum displacement than the normal controls that was 

approaching significance.  There was no significant difference found in tongue tip 

displacement during the time of the tongue body maximum displacement among apical 

and laminal s-type.  (See Table 42)  Furthermore, no significant interaction was found 

between surgical status and s-type on the tongue tip displacement during the tongue body 

maximum displacement. (See Table 42 and Figure 8) 

Table 42. Two-way ANOVA of the effects of surgical status and s-type on tongue tip 
displacement during maximum displacement of tongue body 
   N Mean 

(mm) 
SD 

(mm) 
F p 

Main 
Effects 

Surgical Status Normal 9 1.78 1.0 3.136 .10* 
Glossectomy 8 2.93 1.7   

S-type Apical 10 2.49 1.4 0.796 .39 
Laminal 7 2.08 1.5   

Interaction Surgical Status x 
S-type 

    0.003 .96 

*approaching significance 
 
 

 
Figure 8.  The interaction of the effects of surgical status and s-type on tongue tip 
displacement 
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Goal 7: Effect of apical versus laminal s-type and surgical status on 

mean velocity of the tongue during /s/ in all subjects 

Table 43.  Mean tongue velocity among apical and laminal s-types 

Surgical 
Status 

Subject s-
type 

Mean  
VTT 

(mm/s) 

Mean 
(mm/s) 

SD 
(mm/s) 

Mean 
VTB 

(mm/s) 

Mean 
(mm/s) 

SD 
(mm/s) 

Normal 165 ap   9.44   11.22   
 176 ap 11.12   7.58   
 175 ap 12.34   6.21   
 174 ap 10.93   7.68   
 094 ap 16.89   13.19   
 181 ap   8.97 11.61 2.86 7.22 8.85 2.73 

Patient G012 ap 14.99   14.92   
 G134 ap 13.18   11.59   
 G027 ap   5.94   2.48   
 G017 ap 11.25 11.34 3.91 6.51 8.87 5.49 

Normal 153 lam 10.82   9.69   
 174 lam   8.37   5.59   
 179 lam 12.28 10.49 1.98 9.52 8.27 2.32 

Patient G011 lam 12.93   7.03   
 G024 lam   7.25   7.19   
 G002 lam   5.86   7.51   
 G026 lam   19.79   6.80 4.85 11.53 8.32 2.15 
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The mean tongue velocity of the tongue tip into the /s/ among normal controls and 

glossectomy patients was not found to be significantly different, nor was it found to be 

significantly different among apical and laminal s-type. (See Table 44)  Likewise, the 

interaction of the effects of surgical status and s-type on the mean velocity of the tongue 

tip was not found to be significant. (See Table 44 and Figure 9) 

Table 44. Two-way ANOVA of the effects of surgical status and s-type on mean velocity 
of tongue tip into /s/ 

   N Mean 
(mm/s) 

SD 
(mm/s) 

F p 

Main 
Effects 

Surgical Status Normal 9 11.24 2.5 1.238 .29 
Glossectomy 8   9.07 4.7   

S-type Apical 10 11.50 3.1 2.528 .14 
Laminal 7   8.38 4.1   

Interaction Surgical Status 
x S-type 

    0.920 .36 

 

 
Figure 9.  The interaction of the effects of surgical status and s-type on mean 
velocity of tongue tip into the /s/ 
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There was no significant difference found in the mean velocity of the tongue body 

into the /s/ between normal and glossectomy subjects, nor apical and laminal s-type. (See 

Table 45)  The interaction of the effects of surgical status and s-type on mean tongue 

body velocity into the /s/ was not significant either.  (See Table 45 and Figure 10) 

 
Table 45. Two-way ANOVA of the effects of Surgical Status and S-type on mean 
velocity of tongue body into /s/ 

   N Mean 
(mm) 

SD 
(mm) 

F p 

Main 
Effects 

 

Surgical Status Normal 9 8.66 2.5 0.0005 .98 
Glossectomy 8 8.60 3.9   

S-type Apical 10 8.86 3.8 0.112  .74 
Laminal 7 8.29 2.0   

Interaction Surgical Status 
x S-type 

    0.0005  .995 

 
 

 
Figure 10.  The interaction of the effects of surgical status and s-type on mean 
velocity of tongue body into the /s/ 
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Goal 8:  The effect of surgical status (normal control vs. glossectomy 

patient) on displacement of the tongue during the /s/ and /k/ in “a souk” 

A. Displacement of Tongue Tip and Body During the /s/: 

Table 46.  Displacement of the tongue tip and body during the /s/ in all subjects 
Surgical Status Subject Time Frame of 

initial/ s/ contact 
DTT at /s/ 

 (mm) 
Time 

Frame 
DTB at /s/ 

(mm) 
Normal 165 13 3.32 13-1 1.80 

 153 9 2.18 12-1 2.97 

 176 10 1.81 12-1 0.58 

 175 7 3.35 9-1 1.15 

 174 9 3.09 12-1 0.89 

 168 4 2.03 7-1 1.02 
 094 5 5.12 9-1 3.66 

 179 7 2.58 7-1 2.00 

 181 10 0.89 11-1 1.50 

Glossectomy G012 13 4.56 16-1 3.72 

 G134 14 7.73 15-1 4.30 

 G011 8 5.11 11-1 1.45 

 G027 6 1.24 9-1 0.53 

 G024 9 1.45 9-1 1.16 

 G002 13 1.85 14-1 0.84 

 G017 6 3.02 9-1 1.39 

 G026 3 3.44 6-1 0.95 
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B. Displacement of the Tongue Tip and Body During the /k/: 

Table 47.  Displacement of the tongue body and tip during the /k/ in all subjects 

Surgical 
Status 

Subject Time Frame of 
initial /k/ contact 

DTB at /k/ 
( mm) 

Time 
Frame 

DTT at /k/ 
 (mm) 

Normal 165 21 5.05 21-1 1.86 
 153 19-20 6.26 21-1 0.81 
 176 20 2.71 21-1 1.72 
 175 18-19 4.56 18-1 2.35 
 174 19 3.75 20-1 0.98 
 168 12 4.73 13-1 2.01 
 094 15 6.03 17-1 3.47 
 179 14 4.88 14-1 2.37 

 181 19 1.49 21-1 1.13 
Glossectomy G012 23 4.43 23-1 3.64 

 G134 21-22 6.25 22-1 5.71 
 G011 21 5.47 21-1 3.77 
 G027 16 3.60 18-1 1.94 
 G024 18 2.63 20-1 1.11 
 G002 26 2.50 26-1 1.04 
 G017 20 4.19 22-1 2.16 
 G026 10 3.47 12-1 3.37 

 
No significant difference was noted in the displacement of the tongue tip or body 

during the /s/ among normal controls and glossectomy patients.  (See Table 48) 

Table 48. Displacement of tongue tip and body during the /s/ 
Measurement Surgical Status Mean 

(mm) 
SD 

(mm) 
F p 

DTT at /s/ Normal 2.71 1.2 0.991 .34 
Glossectomy 3.55 2.2   

DTB at /s/ Normal 1.73 1.0 0.011 .92 
Glossectomy 1.79 1.4   
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Additionally, normal controls and glossectomy patients showed no significant 

difference in the displacement of the tongue body or tip during the /k/.  (See Table 49) 

Table 49. Displacement of tongue tip and body during the /k/ 
Measurement Surgical Status Mean 

(mm) 
SD 

(mm) 
F p 

DTB at /k/ Normal 4.38 1.5 0.208 .66 
Glossectomy 4.07 1.3   

DTT at /k/ Normal 1.86 0.8 2.682 .12 
Glossectomy 2.84 1.6   
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IV. Discussion 

It is expected that glossectomy patients will suffer some level of debility in 

speech and swallowing as a consequence of having a part of their tongue removed in 

effort to eliminate squamous cell carcinoma.  Previous research in the field has described 

some of the changes in speech that occurred post-operatively, but none have provided a 

quantitative analysis of changes in the motion of the tongue.  This study, therefore, was 

undertaken to help clarify the tongue kinetics of post-glossectomy patients.  There was no 

pre-operative speech data available from the glossectomy patients as the growing tumors 

present in these patients pre-surgically prevented the obtainment of an accurate baseline 

of normal speech expressed.  Since the glossectomy patients could not be used for pre-

operative and post-operative comparison of changes in speech and tongue motion, the 

post-operative speech and tongue motion in the glossectomy patients was compared to 

that of normal controls.   

Surgical Status: Glossectomy Patients vs. Normal Controls 

The tongue body is the critical articulator during the /k/, while the tongue tip is 

the non-critical articulator.  In most of the subjects, the tongue body was reaching its 

maximum displacement during the /k/.  As the tongue transitions from the /s/, through the 

/u/, to the /k/ during the speech task “a souk”, the tongue body is elevated toward the 

palate to begin forming the /k/ and the tongue tip is retracted.  Glossectomy patients   

were found to have a larger tongue tip displacement during the maximum displacement 

of the tongue body (2.93±1.7 mm) than the normal controls (1.78±1.0 mm, F= 3.136, 

p=.10*).  One explanation for the larger tongue tip displacement during maximum tongue 

body displacement is the reduced volume of tissue in the tongue of the glossectomy 
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patients.  Since the tongue is a muscular hydrostat, the volume of the tongue remains 

constant as the tongue is deformed into different shapes to make the appropriate speech 

sounds.   In this case, as the tongue body is elevated toward the palate to form the /k/, the 

width and length of the tongue must decrease to accommodate this shape.  The reduced 

volume of a glossectomy patient’s tongue would require the length and width to decrease 

more than that of a normal control in order to achieve palatal contact.   

No significant differences were found in mean velocity of the tongue tip or body 

into the /s/ between normal controls and glossectomy patients.  One explanation for the 

maintenance of the tongue tip velocity is the compensation provided by the unaffected 

side of the tongue.  Despite having a large section of one side of the tongue removed, it 

seemed that the unaffected side, which had full motor innervation, was able to 

compensate for the missing tongue tissue and provide for a normal rate of movement of 

the tongue tip during speech.  However, in spite of showing normal tongue tip velocity 

into the /s/, the overall acceptability of the speech may have been decreased as described 

previously by Bressman et al. (2007).  They found that patients with partial lateral 

glossectomies had decreased control of midline grooving and overall tongue symmetry 

during speech, which is important in forming the /s/.  Therefore, simply the ability to 

displace the tongue at a normal rate does not ensure that glossectomy patients can 

produce intelligible speech.  Three-dimensional deformation of the tongue is critical in 

normal speech; therefore future studies should examine tongue motion in all three planes 

of space at multiple MRI slices to provide more complete information on the overall 

dynamic of the glossectomy patient’s tongue during speech.  The normal mean velocity 

of the tongue body into the /s/ can also be explained by the fact that the tongue body 
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along with its motor innervation was left intact after the glossectomy surgery so the 

tongue body can provide adequate support for the free-moving tip.  Therefore there is no 

post-surgical difference in the functionality of the tongue body.  

Furthermore, there were no significant differences in the maximum displacement 

of the tongue tip and body or the displacement of the tongue body during maximum 

displacement of the tongue tip.  These findings can again be explained by the 

compensatory effects of the unaffected side of the tongue in the glossectomy patient and 

the maintenance of tongue function in areas of the tongue like the body that were not 

directly impacted by the glossectomy surgery. 

In addition, no statistically significant differences were noted between controls 

and glossectomy patients in displacement of the tongue tip and body during the /s/ and 

/k/.  Previous research by Stone et al (2009)  found that compared to normal controls, 

glossectomy patients showed altered motion of the tongue in the transition from /u/ to /k/ 

attributed to rigidity of scar tissue, larger forces required to move the weight of a flap 

reconstruction, or adaptation to scar tissue and/or flap reconstruction.  In spite of this 

evidence, this present line of work found there to be unaltered tongue displacement into 

the /k/ in glossectomy patients.  This suggests that although the internal tongue motion 

may be altered in glossectomy patients, the tongue is able to compensate to achieve the 

amount of displacement required for tongue body elevation to produce palatal contact.  

The tongue tip was also found to be displaced relatively the same amount during critical 

(/s/) and non-critical (/k/) articulation, while the tongue body was displaced more during 

critical articulation (/k/) compared to non-critical articulation (/s/).  Perhaps this is an 
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indication that the motion at the non-critical articulator does not impact the motion at the 

critical articulator. 

Resection size 

The mean velocities of the tongue tip and body were similar among all 

glossectomy patients with different resection sizes.   Impaired velocity may have been 

expected in patients with T2 tumors because they have had a larger section of their 

tongue removed than patients with T1 tumors, causing more damage to the musculature 

and its corresponding innervation.  As previously discussed, the musculature and 

innervation of the tongue body was left relatively unaltered by the surgical procedure; 

therefore it can be expected that the tongue body retained its function more than the 

tongue tip after the surgery.  Additionally the body may be providing support to the free 

moving tongue tip and aiding in the compensation for surgically lost/damaged 

neuromusculature in the tip.  The unaffected side of the tongue may be aiding in the 

compensation as well.   

One of the three patients with T2 size tumors, G026, had a higher mean velocity 

of the tongue tip than any other subject. Examination of the cine-MRI revealed that G026 

initiated speech earlier during the MRI, leading to an increased calculated mean velocity 

of the tongue tip.  This timing difference in speech makes him an obvious outlier so it is 

important to consider the mean velocity of the tongue tip of the two other T2s of 

6.56±0.98 mm/s.  This mean velocity of the tongue tip is much slower than that of the 

T1s and is likely to be significantly different.     

In order to clarify the slower mean tip velocity into the /s/ among the two T2 

glossectomy patients it would be prudent to examine the amount of time required for 
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them to complete the /s/.  The mean velocity was calculated in this study from the 

velocity of the tongue tip from resting position to the maximum displacement into the /s/.  

Although the difference in tongue tip mean velocity finding is interesting, it does not 

indicate that there is a true effect on the production of speech since the maximum 

displacement of the tongue tip into the /s/ in the glossectomy patients was not found to be 

different than that of the normal controls.  Since the tip mean velocity is slower, but the 

displacement is the same, it would be expected that the production of the /s/ along with 

other sounds requiring the use of the tongue tip may take the glossectomy patients longer 

to form.  Future research should evaluate differences in the timing required to form the /s/ 

between glossectomy patients and normal controls to confirm this hypothesis. 

The slower tongue tip velocity into the /s/ in patients with larger resections may 

be an indication of speech impairment in glossectomy patients that is consistent with 

previous research that found the post-operative assessment of speech to be positively 

correlated with the amount of tongue tissue remaining (Nicoletti, 2004). Patients with 

larger resections were found to have decreased quality of speech that was rated through 

self-assessment, a conversational understandability test administered by a speech 

therapist and an untrained listener, and a computer-digitized analysis of speech.  

Similarly, Matsui et al (2007) found higher speech function in glossectomy patients with 

smaller resection as measured through self-assessment, a speech intelligibility test, and a 

conversational understandability test. 

There were no significant differences noted in the maximum displacement of the 

tongue tip and body between glossectomy patients with smaller and larger resection sizes.  

In order to properly form the /s/ the tongue tip must be brought forward in the mouth to 
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contact the palate.  Likewise, to properly form the /k/, the body of the tongue must be 

elevated in the mouth until palatal contact is made.  Regardless of the rate at which the 

tongue is moved, it must be displaced a given amount to form the sounds.  It is, therefore, 

a reasonable expectation that there may not be any significant differences in tongue 

displacement in patients with different resection sizes that have good speech 

intelligibility.    

Furthermore, there were no significant correlations between tumor resection size 

and mean tongue velocity or displacement.  However, this finding only evaluated tongue 

kinetics, and did not account for the quality of the speech as the work of Nicoletti et al 

(2004) did.  They found a positive correlation between speech quality and the amount of 

tongue tissue remaining post-surgically.  Therefore, even though tongue motion may not 

be altered post-surgically, the quality of speech may be.   

 The results indicate that resection size can explain 6.76% (r2= 0.0676) of mean 

tongue tip velocity, 1.21% (r2= 0.0121) of mean tongue body velocity, 12.25% (r2= 

0.1225) of maximum tongue tip displacement and 10.24% (r2=0.1024) of maximum 

tongue body displacement.  If more patients were included in this study, it is likely that 

resection size would be found to have minimal effect on the mean velocity of the tongue 

since the resection size did not appear to influence mean velocity according to the 

findings in this study.  However, the resection size appeared to explain more of the 

maximum tongue displacement seen in glossectomy patients.  The inclusion of more 

subjects in this study would help to clarify if there is a true correlation between resection 

size and maximum tongue displacement.   
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One limitation in the evaluation of the correlation between resection size and 

tongue kinetics in glossectomy patients is the lack of volumetric data on the resection 

sizes.  The resection size information in this study was obtained from the surgical 

pathology reports included in the patients chart.   The surgical pathology report provided 

information on the surgical resection in its greatest anterior-posterior, medial-lateral, and 

superficial-deep dimension to the nearest tenth of a centimeter.   These dimensions were 

used to calculate an estimated volumetric dimension of the resection in cubic centimeters.  

Because the resections are not uniform three-dimensional objects, this method may 

under- or over-estimate the actual volumetric size of the resection.  There is no method 

available at the present time to obtain data on the actual volume of the resection.  One 

suggestion for estimating resection size from the raw MRI dataset is to compare the 

tongue volume on the unaffected side to that remaining on the affected side, with the 

assumption that any differences in volume would be attributed to the volume of the 

resection.  However, there are inherent weaknesses in this method of measuring resection 

volume.  Natural wound healing causes wound contraction and scar tissue formation that 

may prevent estimation of the actual resection size.  Additionally, flap reconstructed 

patients have had tissue added onto the surgical site that would preclude the use of this 

method.  However, this method may provide a closer estimate of actual resection volume 

than the method used in this study.   

Closure Procedure 

 Since G134, a T1 patient, was the only subject available in the data set for 

analysis with a flap reconstruction no statistical tests were carried out to compare his 

tongue kinetics with that of the primary closure glossectomy patients.  Therefore, the 
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findings here are considered to be preliminary observations and need to be clarified with 

the inclusion of more subjects with both flap reconstruction and primary closure in the 

data set.  In comparison to other glossectomy patients with primary surgical closure, 

G134 showed an increased mean velocity of both the tongue tip and body into the /s/.  

Furthermore, G134 showed a larger maximum displacement of the tongue tip and tongue 

body than any other glossectomy patient.  This finding may indicate that G134 

compensated for the missing tongue tissue caused by the glossectomy procedure and the 

subsequent flap that was placed to close the resultant wound by moving the tongue 

farther and at a faster rate during speech.  The increase in velocity seems counter-

intuitive, as one might expect the flap reconstruction to provide added bulk and weight to 

this tongue resulting in a decrease in mean velocity.  In spite of the placement of the flap, 

there are a few plausible explanations for his altered tongue motion.  First, his tongue 

may be less tethered than tongues with primary closures, allowing the tongue to have 

greater range of motion.  Also, the resultant scar tissue may be less rigid than that of 

primary closures, which would allow for greater range of motion.  Lastly, he may simply 

move his jaw more during the vowel to accommodate for the extra flap tissue. These 

theories sound probable; however, further investigation of more subjects still needs to be 

done before conclusions can be made.   

 Compared to the other T1 glossectomy patients, G134 showed an increased 

velocity of the tongue tip and body into the /s/.  The four other T1 patients had a mean 

tongue tip velocity of 11.28 ± 3.9 mm/s and a mean tongue body velocity of 6.51± 5.2 

mm/s, whereas he had. 13.18 mm/s mean tongue tip velocity and 11.59 mm/s mean 

tongue body velocity.  Compared to the other T1 glossectomy patients, G134 also 
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showed an increased maximum displacement of both the tongue tip and body.   The other 

T1’s showed a mean tongue tip maximum displacement of 3.89± 1.4 mm and a mean 

tongue body maximum displacement of 4.77± 0.8 mm, while he had a tongue tip 

maximum displacement of 7.73mm and a tongue body maximum displacement of 6.25 

mm.  This finding indicates that the flap reconstruction may play a significant role in the 

increased velocity and displacement in the tongue kinetics of glossectomy patients.   

Previous research has shown conflicting evidence for the effects of the closure 

procedure on the post-operative function of the tongue during speech.  Hsiao et al. (2002) 

and Chuanjun et al. (2002) found post-operative speech to be more lucid with primary 

closure, but Terai and Shimahara (2000) found this to be true with flap reconstruction.  

However, Nicoletti et al. (2004) found no significant difference in post-operative speech 

between the two given closure methods.   Our results indicate a possible quantitative 

difference in tongue motion in flap reconstructed patients that may be consistent with 

altered post-operative speech. 

The increased maximum tongue displacement of G134 appeared to be consistent 

with the findings of Stone et al. (2008), who found a difference in the mechanics of the 

inferior longitudinal muscle in this same flap patient.  During production of /s/, G134 

produced a greater than normal elongation of the inferior longitudinal muscle.   As the 

tongue was retracted to transition from the /s/ to /u/ it was found that the normal speaker 

compressed the two ends of the tongue and elevated the middle of the tongue while 

rotating the inferior longitudinal muscle.  G134 did not elevate the inferior longitudinal 

muscle and appeared to rotate the tongue backward around a central core seemingly 



 
  

70 
 

located within the flap.  This altered tongue motion could explain the increased 

displacement noted in G134.     

Motor Control  

The normal controls and the glossectomy patients were all found to have normal 

levels of motor control as measured by DDKt, DDKk and /ptk/ with the exception of two 

glossectomy patients.  G026 displayed below average DDKt (22/10 sec) and DDKk (23/ 

10 sec) rates and G011 showed a below average /ptk/ (3 /10 sec) rate.   Previous research 

examining speech in normal subjects reported average DDKt rates of 63.6 

±9.7syllables/10 sec, average DDKk rates of 59.0±7.4 syllables/10 sec and average /ptk/ 

rates of 67.6±9.8 syllables/10 sec (Neel and Palmer, 2012).  We reported our motor 

control rate as /ptk //10 sec.  Accordingly, the Neels and Palmer (2012) /ptk/ is 22.5 

/ptk//10 sec.   The slow /ptk/ rate noted in G011 can be attributed to the patient’s failure 

to sequence the /p/, /t/, and /k/ syllables in that given order when prompted to perform the 

speech task.  This is a common mistake that subjects with sequencing problems exhibit 

during DDK tests.  G026, on the other hand had a normal /ptk/ rate with slower than 

average DDKt and DDKk rates.  DDKt and DDKk rates test rapid alternating activation 

of agonist/antagonist muscles and reflect neuromuscular performance.  The below 

average performance of G026 in this case is a reflection of the nerves severed in the 

tongue from the glossectomy procedure.  This kind of repetition occurs infrequently in 

normal speech, however, so using it as a predictor of normal speech may not be practical.  

G026 did display a normal rate of /ptk/, however, which is a better indicator of how well 

a subject can sequence syllables together like in normal speech.    The sequencing of /p/ 

then /t/ then /k/ requires the formation of sound to occur at the lips, the tongue tip, and the 
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soft palate, in that given order. This type of speech requires more central processing and 

execution of motor commands with less peripheral involvement.  The /ptk/ sequence is 

similar to that of “a souk”, which transitions between sound formation at the tongue tip 

and palate to the tongue body and palate.   

Since G026 was the only glossectomy patient who displayed below average 

DDKt and DDKk rates, no statistical tests were carried out.  The difference in mean 

velocity and displacement of the tongue were noted for discussion purposes only.  G026 

displayed a faster velocity of both the tongue tip and body into the /s/ compared to other 

glossectomy patients.  This result seemed counter-intuitive so the cine-MRI data was 

evaluated to aid in explanation of this finding.  The cine-MRI showed that G026 was not 

holding the /a/ in “a souk” and began speaking earlier than other subjects.  Since mean 

velocity was calculated in this study from resting position to where the /s/ occurred, a 

shorter resting period would result in an increased calculated mean velocity.  All patients 

were trained to speak to a metronome cue during the MRI recording session to 

standardize speech timing; however timing differences between subjects appear to 

persist.  Further investigation should examine the mean velocity of the tongue tip and 

body that occurs from the maximum vowel, /a/, to where the /s/ occurs.  This will clarify 

if any true differences in mean velocity exist.   

There was a significant positive correlation found between DDKk and mean 

velocity of the tongue tip into the /s/ in glossectomy patients (r=.54, p= .03).  Twenty-

nine percent (r2= 0.29) of the variation in mean velocity of the tongue tip in glossectomy 

patients can be explained by DDKk.  There was also a positive correlation between DDKt 

and mean velocity of the tongue tip into the /s/ in glossectomy patients that was found to 
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be approaching significance (r=.48, p=.063).  Twenty-three percent (r2=0.23) of the 

variation in the mean velocity of the tongue tip can be attributed to DDKt.    This result 

seems logical in that patients with higher levels of motor control should have faster 

movement of the tongue.  However, the level of motor control was not found to have a 

significant correlation with velocity of the tongue body or tongue displacement.  The best 

explanation for this is that most of the patients were found to have measures of motor 

control within normal limits, so no true correlation should exist.  More patients with 

abnormal motor control rates would need to be included to demonstrate any true 

correlation.  

S-type 

It has been observed in the data set from which this study was derived that 

glossectomy patients tend to be laminal s-type over apical s-type.  This finding may be 

explained by a laminal /s/ being easier to form as the tongue does not have to be 

displaced as high on the palate as an apical /s/.  Within this subset of patients, there were 

no statistical differences in tongue displacement noted between normal controls and 

glossectomy patients with different s-types.  Additionally, there were no statistically 

significant interactions between surgical status and s-type noted.  Extrapolation of the 

plot in Figure 5 shows the potential for a significant interaction to exist between surgical 

status and s-type on tongue tip maximum displacement.  Figure 5 shows tongue tip 

maximum displacement was greater in apical normal and glossectomy subjects compared 

to laminal normal and glossectomy subjects.  This finding is logical as the tip is placed 

higher up in the palate in apical /s/ formation.  Additionally, tongue tip displacement is 

greater in apical and laminal glossectomy patients compared to apical and laminal normal 
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controls.  If this interaction were found to be significant with the addition of more 

subjects, it should be noted that apical glossectomy patients had about 1 mm more tongue 

tip displacement than laminal glossectomy patients, while apical normals had about 0.5 

mm more displacement than laminal normals.  This difference in displacement, however, 

is not likely to be clinically relevant.  The plot in Figure 6 shows tongue body 

displacement during maximum tip displacement was greater among all apical normal and 

glossectomy subjects compared to laminal normal and glossectomy subjects.  Also, apical 

and laminal glossectomy patients with showed greater tongue body displacement 

compared to apical and laminal normal controls.  However, the difference in the amount 

of displacement between apical and laminal subjects among both normal and 

glossectomy groups is small (0.25 mm) and is not clinically relevant.  The plot in Figure 

7 shows a potential for significant interaction of s-type and surgical status on tongue body 

maximum displacement.  Apical glossectomy patients showed about 1 mm more 

displacement of the tongue body than apical normals, and laminal glossectomy patients 

showed about 1 mm less displacement than laminal normals.  Displacement differences 

of 1 mm or less are not clinically significant.  The plot in Figure 8 indicates no interaction 

between surgical status and tongue tip displacement, but shows that apical s-types had 

about 0.75 mm more displacement than laminal s-types in both normal and glossectomy 

groups.  However, displacement differences of 1 mm or less are not clinically relevant.  

Velocity analysis showed no significant differences between normal controls and 

glossectomy patients with different s-types.  There were not any significant interactions 

between surgical status and s-type noted either.  Extrapolation of the plot in Figure 9 

shows the  possibility for a signifiicant interaction between surgical status and s-type in 
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mean velocity of the tongue tip into the /s/.  If this interaction were found to be 

significant, apical normals had 1 mm/s faster mean tongue tip velocity than laminal 

normals and apical glossectomy patients had 4 mm/s faster mean velocity of the tongue 

tip than laminal glossectomy patients.  The 1mm/s difference in mean tongue tip velocity 

among the normal controls is not likely to be clinically relevant, but the 4 mm/s 

difference in mean tongue tip velocity among glossectomy patients might be, especially 

since the patients tend to be slower.  The  plot in Figure 10 shows no interaction between 

surgical status and s-type on mean velocity of the tongue body into the /s/.  The apical  

normal and glossectomypatients showed less than 1mm/s faster mean velocity than 

laminal normal and glossectomy patients.  This difference in mean velocity is small and 

not likely to be clinically important.  More subjects must be included in the data set to 

verify if any of these interactions are valid.   

Study Limitations 

It must be noted that the most important limitation in this study is the small 

number of subjects included; therefore, all of the results should be considered 

preliminary.  The small number of subjects reflects that squamous cell carcinoma of the 

tongue is a relatively rare disease, which limits the number of glossectomy patients 

available for study.  Furthermore only glossectomy patients with smaller tumors, T1 and 

T2 size, were included in this study.  Those with larger tumors and those with 

involvement of the lymph nodes and metastasis to other parts of the body were excluded 

from the study.  The normal control subjects included in the study are also limited 

because the study is not complete.  However, this MRI study is on-going and new 

glossectomy patients and normal controls are currently being actively recruited into the 
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study.  The data set will continue to grow and can be analyzed and incorporated into the 

results that have been found in this study.   

The findings in this study often were not found to be significant due to the small 

number of subjects that were included in the analysis.  Therefore, many of the 

observations that were made cannot be made conclusive, but still may help to clarify 

some of the changes in tongue motion that occur due to glossectomy.  The findings of the 

present study provide the academic benefit of guiding future research by highlighting 

areas that are worthy of further exploration and setting a baseline level of knowledge 

about kinetic changes in the tongue in the post-glossectomy patient.  

Another limitation of this study is not having matched glossectomy patients and 

normal controls for analysis of tongue motion.  The glossectomy patients were all 

recruited into the study simply by meeting all of the inclusion criteria.  Additionally, the 

normal controls were recruited through advertising and accepted by meeting the 

exclusion/inclusion criteria.   In spite of the inclusion/exclusion criteria that were used to 

minimize confounding results, there was no matching of age, race, and sex between the 

glossectomy patients and the normal controls.  Therefore, there may be some 

confounding variables that influenced the obtained results.  One of the ultimate goals of 

the study is to recruit a matched normal control for each glossectomy patient so these 

variables can be accounted for.   

Future Research 

Future research should follow the protocol outlined by this study with the 

inclusion of more subjects.  This will provide more statistical power for the results and 
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enable more evidence-based, statistically significant conclusions to be made beyond 

simple observation of differences.   

 All of the measurements made in this study were done at or near the mid-sagittal 

plane of the tongue in 2D.  By measuring changes at the mid-sagittal plane, kinetic 

differences in the right and left halves of the tongue were not accounted for.  Changes in 

the right and left halves of the tongue may be particularly important in these patients 

since only one half of the tongue was primarily affected by the squamous cell carcinoma 

tumor and subsequent resection.  In most cases, the tongue tip was preserved, but was 

encroached upon at times in order to provide an appropriate malignancy-free margin of 

tissue in the resection.   Consequently, one side of the tongue is primarily affected as the 

tissue mass and motor innervation are surgically reduced and/or eliminated.  The 

contralateral side is intact as specified in the inclusion criteria and retains all of its motor 

ability.  Examination of both halves of the tongue would more directly provide 

information on the level of debility of the affected side.  The unaffected side could either 

serve as a comparison to the affected side, or could provide information about the 

compensation that it provides to the affected side to produce the functions of speech and 

swallowing.  In addition to evaluating kinetic changes in the right and left halves in the 

sagittal orientation, there would be some benefit to evaluating kinematic changes in the 

coronal and axial orientations.  The tongue is, after all, a three-dimensional muscular 

hydrostat that is deformable in all three planes at one time.  By compiling kinematic 

changes in all three planes of space, the effects of glossectomy on speech can be more 

completely understood.  A more complex method for evaluating kinematics in 3D is 

currently being developed. 
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V. Conclusions 

Although this line of research was limited by the number of subjects available for 

study, several interesting findings were made that warrant further investigation.  No 

statistically significant differences in tongue motion or motor control were found between 

normal controls and glossectomy patients, suggesting retention of tongue mobility post-

glossectomy.  Patients with larger resections were found to have more difficulty with 

control of the tongue tip motion during speech and the one patient treated with flap 

reconstruction also showed highly altered tongue motion.  Furthermore, s-type was not 

found to have a statistically significant effect on tongue motion.   

The findings in this study suggest that the post-glossectomy debility in speech 

revealed by previous researchers most likely cannot be attributed to the quantitative 

changes in tongue motion that were measured in the sagittal plane alone, but rather to 

more subtle, complex changes in tongue motion.  Proper speech production requires 

highly specific tongue deformation in three planes of space and removal of tongue tissue 

with/or without reconstruction appears to alter deformability of the muscular tongue 

hydrostat in a manner not able to be described in terms of velocity and displacement in 

the sagittal plane.  A more complex method for evaluating 3D deformation must be 

developed to clarify the complex deformation of the tongue and how it is affected in the 

post-glossectomy patient.    
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