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Abstract 

Title of Thesis: Tongue Muscle Shortening Differences in Glossectomy Versus Non-

Glossectomy Patients 

 

Candidate: Anh Quynh Dao, Master of Biomedical Sciences, 2021 

Thesis Directed by: Dr. Maureen Stone, Professor, Department of Neural and Pain 

Sciences, Department of Orthodontics 

 

In cancers that affect the tongue, the most common treatment is glossectomy, a 

procedure that can have substantial effects on a patient’s intelligibility. We are seeking to 

identify the effect of this resection on the use of four muscles – genioglossus, transversus, 

verticalis, and superior longitudinal, which comprise the bulk of the tongue. MRI data 

was used to study differences in tongue muscle shortening patterns during the speech task 

“a thing” between patients who have undergone glossectomies and controls who have 

not. Speech data was collected from 2D tagged-MRI movies and reconstructed into 3D 

volumes at 26 timeframes. Velocity fields and tissue points were extracted and shortening 

was calculated to study how the muscles were used by glossectomies vs. controls to 

protract and retract the tongue during /θ/. The results reveal differences in function 

between the two groups, and potential compensation strategies for glossectomy patients. 
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Background Information 

I. 1. Introduction and Literature Review 

The tongue is a muscular organ found in the oropharyngeal cavity that acts as an 

essential tool of taste, chewing, speech and swallowing. Known as a muscular hydrostat, 

the tongue is composed almost entirely of muscle arranged in a complex architecture 

without an underlying skeleton. This lack of bony support allows the tongue to deform in 

three dimensions as needed while simultaneously maintaining a constant volume. 

Because muscle tissue is composed mostly of water – known to be incompressible at 

physiological pressures – any alterations to the tongue shape are caused by muscle 

contractions driving the redistribution of hydrostatic tissue pressure (Kairaitis et al. 

2010). These complex deformations enable the tongue to function in a wide variety of 

essential tasks and help to characterize it as a particularly interesting topic of study. 

In daily meals, the tongue can convey gustatory sensations by recognizing and 

binding to taste chemicals found in food, and subsequently transducing that sensory 

message to various cranial nerves that carry the data to the central nervous system for 

processing. Simultaneously, the tongue 

can facilitate the mastication process by 

enabling formation of the food bolus 

and coordinate chewing motions by 

directing the bolus against the hard 

palate and the buccal mucosa. Finally, 

in the final stage of the mastication 

process, the tongue acts to sweep the Figure 1. Extrinsic Muscles of the Tongue 
(Anatomy & Physiology, Biga et al.) 
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bolus posteriorly down the pharynx, triggering the swallowing reflex and the physical 

transition to the digestive tract (Dotiwala et al. 2020). 

In humans, the tongue is fundamental in the production of speech through variant 

deformation against the teeth, lips, and hard palate (Dotiwala et al. 2020). The location of 

the tongue relative to the maxilla and mandible is largely regulated by the concerted 

action of the suprahyoid muscles. These muscles control the position and angulation of 

the floor of the mouth, the physiological bed upon which the tongue rests. Concomitantly, 

the shape of the tongue is determined by the coordinated contraction of its extrinsic and 

intrinsic muscles (Figures 1+2), which act as the primary agents driving enunciation 

through manipulation of tongue deformation. Previous mammalian research has 

suggested that the intrinsic muscles 

are organized into laminated 

segmental systems that are 

individually innervated by branches 

of the hypoglossal nerve. In these 

segmental systems, fibers from 

the transversus, superior and 

inferior longitudinal, and verticalis muscles are tightly arranged into carefully patterned 

layers which coordinate contraction and lengthening to produce three-dimensional 

movement (Hiiemae et al. 2003).  

Due to its vital roles in these various processes, diseases that affect the 

physiological shape or function of the tongue can often have wide-spread ramifications. 

According to the American Cancer Society, more than 53,000 cases of oral or 

Figure 2. Extrinsic and Intrinsic Muscles of the Tongue 
(Gray’s Anatomy for Students, Drake et al.) 
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oropharyngeal cancer were domestically diagnosed in the year 2020, with more than 

10,750 associated deaths occurring (Table 1). It is estimated that more than 17,000 (~1/3) 

of these new cases directly involve the tongue. Cancers of the oral cavity and pharynx are 

expected to disproportionately affect men in a 2:1 ratio and have a 65% 5-year relative 

survival rate. Risk factors for oral and oropharyngeal cancer include, but are not limited 

to, tobacco use, alcohol consumption, and HPV infection of the mouth and throat 

(American Cancer Society, 2020). 

Table 1. Oral and Oropharyngeal Cancer Statistics (American Cancer Society, 2020) 

These prolific cancers are typically staged according to the TNM system, the 

primary method of cancer classification for medical centers and hospitals. In this system, 

T describes the size and extent of the primary tumor, N refers to the number of involved 

lymph nodes, and M represents potential 

metastasis to distant sites. For oral cancers, T1 

describes a primary lesion less than 2cm in size at 

its greatest dimension, with a depth invasion of 

5mm or less (Figure 3). Similarly, T2 describes a 

tumor <2cm with a depth of invasion of 5-10mm 

or a tumor >2cm but <4cm with a depth of 10mm 

or less, and T3 describes a tumor >4cm in size or 

any tumor with a depth of invasion greater than 

10mm. T1N1M0, for example, may describe a 

Figure 3. Visual representation of 
tumor size classifications as part of 
the TNM system (Head and Neck 

Cancer Guide) 
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small tumor that has spread to a local lymph node on the same side as the cancer, but has 

not spread to other parts of the body. Medical providers use the aggregate of the TNM 

system to identify cancer stages from I-V, with higher numbers denoting a continually 

worsening prognosis (National Cancer Institute, 2015).  

In oral and oropharyngeal cancers that affect the tongue, the most common 

treatment is glossectomy, defined as the partial or complete removal of the muscle in 

question (Stone et al. 2014). Post-operative defects remaining from the glossectomy 

surgery can have wide-ranging 

ramifications on the patient’s 

intelligibility and, by proxy, their 

emotional and physical health 

(Nicoletti et al. 2004). Past studies 

have indicated that the magnitude 

of the impact is correlated to 

the location of the 

glossectomy – a surgical re-

sectioning done at the tip of the tongue, for example, has been shown to have a larger 

adverse effect on speech than one done at the lateral border of the tongue (Figure 4) – as 

well the size of the tissue resection, with larger resections being correspondingly related 

to a larger impact on speech (Stone et al. 2014). Pauloski et al. demonstrated in their 

1998 study a 30% correlation between the percent volume of the surgical resection and 

the patient’s ability to pronounce a quality /s/ sound (Pauloski et al. 1998 in Stone et al. 

Figure 4. Schematic depicting a hemiglossectomy 
affecting intrinsic and extrinsic tongue muscles 

ipsilateral to the lesion, with and without involvement of 
the tongue tip (Ansarin et al. 2019) 
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2014), indicating that glossectomies can differentially impact enunciation of certain 

sounds. 

Because the tongue is clearly an essential instrument of swallowing, speech, and 

social communication, and because glossectomies present a clinical relevance to dentistry 

and public health, the goal of our project is to examine differences in tongue muscle 

shortening patterns during the speech task “a thing” between subjects who have 

undergone glossectomies and control patients who did not. Our focus is centered on four 

distinct muscles – genioglossus, superior longitudinal, transversus and verticalis, which 

together compose the bulk of the tongue and are the primary muscles responsible for 

protrusive and retrusive movements (Stone et al. 2018). These families of movement are 

of particular interest to us, as the /th/ phoneme in our speech task – chosen for its unique 

phonetic properties – represents one of the few English sounds that requires a rapid 

protraction and subsequent retraction of the tongue past the teeth. Moreover, the tongue 

retraction that occurs for the /ng/ phoneme is one of the most posterior consonant sounds 

in English. Together, these distinct characteristics help to define a unique ideal speech 

task to study muscle shortening patterns. 

In our study, we place special emphasis on two motion quantifiers. The first is 

muscle shortening, which typically reflects magnitude of activation in the muscle and can 

shed light on how each distinct muscle contributes to sound formation. The second is 

range of motion, the difference between the maximum and the minimum muscle length 

during the speech task, which can help to identify limitations in the movement of the 

tongue. These quantifiers allow for a better understanding of muscular control and 
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dysfunction in glossectomy patients and are helpful in identifying potential adaptations to 

post-surgical changes in tongue structure. 

Historically, the tongue has proven to be a difficult organ to study, largely due to 

its dynamic nature and architectural and biomechanical complexity, as well as its 

inaccessibility inside the mouth (Woo et al. 2016). Our study examines tongue motion 

patterns through magnetic resonance imaging (MRI), a non-invasive imaging modality 

that can aptly reconstruct images of soft tissues in motion, to determine the physiological 

effects of glossectomy on speech. MRI can depict soft tissue images by taking advantage 

of the nuclear magnetic resonance properties of large aggregates of hydrogen nuclei 

(H+). It is preferable to other imaging counterparts, such as X-ray and CT, as it does not 

utilize potentially damaging radiation; instead, MRI machines apply powerful magnets to 

produce a field that is able to stimulate alignment of these positively-charged H+ along a 

common axis (National Institute of Biomedical Imaging and Bioengineering). The 

subsequent introduction of additional radiofrequency waves (RF) waves causes 

deflections in this alignment and changes the orientation of the hydrogen nuclei. 

Termination of the RF wave causes the magnetic vector and protons to fall back into their 

“resting state” and produces an energy signal that can be captured by MRI sensors and 

used to create a resultant image. The amount of energy released and by proxy the period 

of time it takes for the protons to realign is dependent on environmental conditions and 

the identity of the imaged tissues; different tissues (e.g. fat or muscles) have different 

“relaxation” times and will appear distinct from each other on an MRI image (National 

Institute of Biomedical Imaging and Bioengineering, Berger et al. 2002). 
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MRI imaging has the capability to show in clear details tongue volume and 

anatomy at rest, in part due to the tongue’s favorable proportions of water and fat. 

However, MRI is challenged by rapid motion, as occurs in the tongue during speech. This 

reduction in image quality is attributed to the lower signal levels during motion versus 

rest compared to the background noise. Techniques used in this study to improve imaging 

quality include asking subjects to repeat a single speech task continuously and 

repetitively, timed to the beat of a single metronome. With each repetition of the speech 

task “a thing”, different components of the same image, called Fourier components, are 

acquired and are subsequently combined to form a single, high-quality image sequence 

called cine-MRI which can adequately track dynamic tongue movements without a 

substantial degradation in quality (Stone et al. 2014). 

In the present study, tagged-MRI data was used to examine differences in tongue 

muscle shortening in glossectomy patients and their control counterparts – the degree of 

muscle shortening typically reflects the magnitude of activation in the muscle, and can 

shed light on how each distinct muscle contributes to sound formation. Results are 

expected to reveal how these muscles are differentially used by glossectomies versus 

controls to protract and retract the tongue during the “th” phoneme and can potentially 

elucidate speech compensation strategies for glossectomy patients. 
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I.2. Research Hypothesis 

H1. Glossectomy patients will have more extensive muscle shortening on the tumor 

side than on the non-tumor side of the tongue during speech. 

Past research has indicated that following a glossectomy procedure, tongue 

muscles have reduced innervation, especially those located at the anterior tip. Damage to 

intrinsic and extrinsic muscles is also sustained, and can limit anterior-posterior mobility; 

as a result, formation of tongue shapes required for accurate phoneme reproduction can 

be compromised, partly due to the formation of fibrous scar tissue within the surgical 

area (Skelly et al.1972, Whitehill et al. 2006, Stone et al. 2014, Pauloski et al. 1998). 

Though decreased innervation, muscle damage, and formation of fibrous scar 

tissue are common post-operative consequences, past research also indicates that patients 

can ably adapt to the presence of these physiological restrictions. It has been proposed 

that glossectomy patients are able to achieve appropriate tongue movements following 

surgery through the development of effective compensatory speech patterns (Mckinstry et 

al. 1985). As an example, adaptive speech patterns were identified in glossectomy 

patients by Stone et al. 2014, in a paper that demonstrated asymmetric speech patterns in 

glossectomy patients in the presence of post-surgical restrictions. It was found that the 

tumor side adopted a compensatory motion to allow for a proper elevation of the tongue 

tip needed during the pronunciation of the /s/ sound. This adaptive speech pattern was not 

present on the native, non-surgical side, nor present in the controls. 

With this knowledge, we expect that glossectomy patients will show an increased 

shortening on the resected tumor side compared to the non-resected native side during 

speech. Consistent with past research, this increased shortening can allow for 
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compensatory movements in the presence of fibrous scar tissue. As past studies have 

indicated that the magnitude of the impact is correlated to the size of the tissue resection, 

with larger resections being correspondingly related to a larger impact on speech 

(Pauloski et al. 1998, Stone et al. 2014), we hypothesize that the magnitude of the 

compensation will also positively correlate to the size of the tumor. 

 

H2. Shortening in agonist pairs of muscles will show a positive functional 

correlation during the speech task, while shortening in antagonist muscles will show 

a negative correlation. 

 Our second hypothesis is that muscle shortening in agonist pairs of muscles will 

show a positive functional correlation during the speech task, while shortening in 

antagonist muscles will show a negative correlation. Agonist muscle pairs, when 

activated in conjunction with each other, work together to carry out a specific role, while 

antagonist pairs work diametrically opposed to one another. We expect agonist muscle 

pairs to show a positive correlation in shortening during the speech task – indicating that 

they shorten together – and antagonist muscle pairs to show a negative correlation in 

shortening, indicating that as one shortens, the other lengthens. 

 

H3. Glossectomy patients will have a greater range of motion on the tumor side than 

on the non-tumor side of the tongue. 

Range of motion (ROM) is defined as the difference between the maximum and 

the minimum shortening. Though it seems reasonable to anticipate a reduction in ROM 

on the tumor side due to reduced innervation and the presence of fibrous scar tissue, 

Stone et al. 2014 has indicated that the surgical side in actuality compensated more and 
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worked more than its native counterpart. Correspondingly, we expect that glossectomy 

patients will show greater ROM on the tumor side, as part of a compensatory enunciation 

mechanism intended to adapt to the limited motion of the resected side. For these reasons, 

we also anticipate that glossectomy patients will display a higher magnitude of ROM 

asymmetry between their left and right side when compared to the control group. 

 

Materials and Methods 

II.1. Subject Selection 

Subjects were invited to participate in the study as part of a volunteer sampling 

process. The 15 subjects – the demographics of whom are displayed in Table 2 – included 

12 control patients (seven males and five females, with ages ranging from 23 to 40) and 3 

glossectomy patients (one male and two females, with ages ranging from 40 to 76). 

Subjects were limited to adults with general good health and reportedly normal hearing 

who identified as native speakers of American English. Most were residents of Maryland 

state or the greater DC metropolitan area. Subjects who reported medical 

contraindications to MRI imaging – including but not limited to severe claustrophobia, 

placement of metallic implants, pacemakers, or insulin pumps – were excluded from 

study eligibility. 

Patient tumors were staged prior to glossectomy as defined by the previously 

defined TNM system. Two glossectomy patients were closed primarily and did not 

receive flaps. The first was identified as NF1 (no flap), with a T3N0M0 tumor (size is 

greater than 4cm with no metastasis), who underwent a partial glossectomy localized to 

the left side. The second was identified as NF2, who had a T1N0M0 tumor (size is less 
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than 2cm with no metastasis), and underwent a partial glossectomy on the right side. The 

third patient was identified as FL1, with a T2N2cM0 tumor (size between 2-4cm, with 

partial metastasis to regional lymph nodes but no distant metastasis), who underwent a 

radial forearm free flap (RFFF), an alternative method of tongue reconstruction typically 

used in the involvement of larger tumors (Aurora et al. 2019), on the right side involving 

the tip. Informed consent was obtained from all subjects, and all methods were approved 

by the Institutional Review Board at the University of Maryland. 

All patients underwent glossectomy surgery with no follow-up speech therapy 

prior to their participation in the study. During the study, each glossectomy patient was 

evaluated by a speech pathologist and was rated as having highly intelligible speech, as 

defined by the Sentence Intelligibility Test (SIT). The SIT measures how much acoustic 

speech a trained listener can comprehend when provided with visual gestures, cues, and 

relevant contextual information (Yorkston, 1996). Because the size of the surgical 

excision can differentially affect speech, tumor size and tumor laterality were similarly 

restricted in subjects. Four muscles - genioglossus, transversus, verticalis, and superior 

longitudinal – were chosen as the muscles of interest as they are the primary muscles 

responsible for protrusive and retrusive motions. In addition, they cumulatively represent 

the bulk of the tongue (Stone et al. 2018). 
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Table 2. Patient and Control Demographics According to Gender and Race 

Patient ID Gender Race 

Controls 

C1 

 

Female 

 

Biracial 

C2 Female White 

C3 Female African-American 

C4 Male White 

C5 Male White 

C6 Female Hispanic 

C7 Male Asian 

C8 Male White 

C9 Male White 

C10 Male White 

C11 Female White 

C12 Male White 

   

Patients   

NF1 Male White 

NF2 Female White 

FL Female White 

   

 

II.2. Speech Task Selection 

The speech task was the short phrase “a thing” (/əθɪŋ/). The voiceless “th” (IPA 

symbol=/θ/) is the only speech sound in the English language that uses a rapid protraction 

of the tongue past the teeth, immediately followed by a rapid retraction. The tongue 

retraction that occurs for the finishing “ng” (ŋ) phoneme is one of the most posterior 

consonant sounds in English.  In addition, the task begins with the neutral phoneme “uh” 

(/ə/) – in these cases, the vocal tract is held with a uniform cross-sectional area 

throughout its entire length. This shape provides a good reference point for measurement 

of the rest of the sounds in the word and comparisons across subjects (Grimm et al. 
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2017). Together, these distinct characteristics help to define an ideal speech task to study 

muscle shortening patterns in the tongue related to protrusion.  

 

II.3. Imaging and Supervolume Construction 

For our study, all MRI scanning was performed on a Siemens 3.0T Tim Trio 

system using a 64-channel head and neck coil. Tagged-MRI data in the sagittal, axial, and 

coronal plane was collected in 1-second intervals to ensure high-quality tag data. Patients 

were positioned in a comfortable head position within the MRI machine, and the images 

re-oriented digitally as needed after collection. The tagged MRI-data is then divided into 

consistent slice locations with 6-mm slice thickness, 6-mm tag spacing, 1.875 mm × 

1.875 mm in-plane spatial resolution, 1-s recording time, and 26 time-frames per second 

to ensure standardization across all subjects (Stone et al. 2014). These slices provide 

adequate in-plane resolution but poor through-plane resolution (6mm thickness); as a 

result, taken on their own merit, the stacks are largely insufficient for automatic 

volumetric analysis and accurate visualization of 3D tongue muscles. To address these 

limitations, high-resolution isotropic 3D volumes can be constructed from the 2D image 

stacks by interpolating the in-plane motions from all three directions, resulting in voxels 

that are 2x2x2 mm (Woo et al. 2012). The super-resolution volume, hereafter known as a 

supervolume, can be constructed at every time frame for all subjects to produce a high-

quality 3D dynamic MRI. This 3D dynamic MRI can provide greater spatial resolution in 

addition to a notable reduction in blurring artifacts (Lee et al. 2013).  

A semi-automatic segmentation protocol was utilized to extract the tongue from 

the MRI supervolumes by defining tissue boundaries to enable measurement of tongue 
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deformation during speech. In this protocol, the random walker method of segmentation 

was utilized to segment the cine images by analyzing a series of points placed inside and 

outside the object, and establishing the boundary between them through a gradient 

determination of intensity change (Lee et al. 2013). Through this process, a series of 

masks were created, for each time frame. These masks were used by a subsequent 

program, HARP, to limit the range of search when automatically measuring tissue point 

motion. 

 

II. 4. Extraction of Muscle Points 

Subsequently, we sought to extract tissue points for the genioglossus, transversus, 

verticalis, and superior longitudinal muscles on both the left and right side of the tongue 

using ITK-SNAP, an open-source program used for the analysis of 3D medical images 

(Figure 5). Points were selected for each subject on an anatomical basis to represent 

muscles at three locations of the tongue: the tip, the blade, and the root. At the tip, tissue 

points were collected according to the fiber orientations of the verticalis and transversus 

muscles (Vtip and Ttip). At the blade, tissue points were collected for the genioglossus 

Figure 5. MRI Analysis Protocol Shown in ITK-Snap 
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anterior (GGA), the transversus muscle at the anterior of the tongue (TatGGA), and 

verticalis muscle (VatGGA).  In the posterior region, points were collected for the 

genioglossus posterior (GGP) and the transversus muscle at the posterior of the tongue 

(TatGGP), which follow the topside curvature of the tongue. Tissue points for the 

superior longitudinal (SL) muscle were collected along the entire tongue surface as it 

traverses the upper surface of the tongue from front to back. 

 

II. 5. Data Calculations 

The tissue points 

chosen in ITK-SNAP are 

subsequently tracked by the 

HARP software in three 

dimensions over the 26 time-

frames during the speech 

task in order to analyze muscle 

movement. The generated data, 

presented as coordinates on an 

Excel spreadsheet, is then re-organized with a custom Matlab program to reflect the 

respective orientations of the muscle fibers. The organized Excel data is then graphed to 

enable temporal visualization of muscle shortening (Figure 6). The vertical lines on the 

graph represent the temporal division between enunciation of the /uh/, /th/, and /ng/ 

phonemes on the MRI scan. This process facilitates ease of identifying potential 

differences in muscle shortening between the left and right sides of the same muscle, 

Figure 6. The graph depicts muscle length (y-axis, mm) 
versus time (x-axis) for control subject C4, of the posterior 
genioglossus muscle. Each dot on the graph represents a 

time-frame, from 1 to 26. Olive is left and bright green is right. 
Vertical lines represent the frame containing the three sounds: 

/ə, θ, ŋ/. 
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denoted in light green and dark green, respectively, and aptly demonstrates how the left 

and right side of the muscle were used to protract and retract the tongue during the speech 

task. 

For our project, we are 

most interested in examining 

potential changes in the tongue as 

it moves from enunciating a 

neutral syllable to complete 

protrusion past the teeth. 

Therefore, in order to calculate 

muscle shortening, we take the 

muscle length at the first vertical 

line /uh/ (V1) and the second vertical line /th/ (V2), and apply the percent change formula 

[((V1-V2)/V1)*100]. A positive resulting value indicates muscle shortening, while a 

negative resulting value indicates muscle lengthening during the phoneme transition. 

Muscle shortening of over 3% into a phoneme is considered to be sufficient to represent a 

true shortening in our study. In order to better envision the data, we subsequently 

organize the quantitative numbers into easily visualized charts (Table 3), where a muscle 

lengthening or shortening of less than 3% is noted by a (-), a shortening of 3-5% is 

symbolized by (+), any any shortening equal to or greater than than 5% is represented by 

(++). In these graphs, we have classified control sides as left and right, and glossectomy 

sides as tumor and non-tumor (native). 

Table 3. Muscle Shortening for GGA and GGP 

C1 - - - -

C2

C3 - - + +

C4 ++ + + +

C5 ++ ++ ++ +

C6 - - - -

C7 - - ++ ++

C8 - - - -

C9 - - ++ ++

C10 - - ++ ++

C11 - - - -

C12 ++ ++ ++ +

Native Tumor Native Tumor

NF1 - - + -

NF2 ++ ++ - +

FL + - - +

Insufficient Data
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To establish potential correlation between different muscle activities, we plotted 

the shortening of possible muscle pairs (of which there are 28 total) against each other on 

a scatterplot. A scatterplot is the most common way of displaying potential relationships 

between two quantitative variables measured in the same individual. In Figure 7, an 

example scatterplot, each point on the graph represents a control, with the horizontal x-

axis representing shortening (positive) or lengthening (negative) in the GGA muscle, and 

the vertical Y-axis representing shortening (positive) or lengthening (negative) in the 

GGP muscle. The direction, form, and strength of the relationship between the two 

variables can then be extrapolated from the trendline shown.  

For each muscle pair, a 

Spearman’s rho (rs) coefficient 

can be tabulated. rs is a 

coefficient used in non-

parametric data which measures 

the strength of the linear 

relationship between two 

quantitative variables. The rs 

value can range from -1 to +1, where rs values below zero represent a negative 

association and r values above zero represent a positive association. The higher the 

absolute value of rs, the stronger the probability that a change in one variable is related to 

a change in another variable. Generally, a rs value of <0.3 indicates a lack of correlation, 

whereas an rs value >0.7 indicates a strong correlation. rs values falling between these two 

ranges indicate a weak (0.3< rs <0.5) or moderate (0.5> rs >0.7) relationship. In this 

Figure 7. Scatterplot of GGA shortening vs. GGP 
shortening in control subjects, with displayed trendline 
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analysis, we included only control subjects, as there was insufficient data to establish 

correlational values in the glossectomy groups. 

Range of motion (ROM) was also calculated. ROM is defined as the difference 

between the maximum and the minimum shortening, and can be calculated by taking the 

greatest length of the tongue muscle across the length of the entire speech task, and 

subtracting from that number the smallest length of the tongue muscle across that same 

duration. ROM is measured separately for the left and right side of each tongue muscle. 

Similarly, ROM asymmetry – found by taking the difference between the ROM of the 

left side and the right side of the muscle – was calculated. A positive ROM asymmetry 

value indicates a greater ROM on the left side, while a negative ROM asymmetry value 

indicates a greater ROM on the right side. ROM, in conjunction with ROM asymmetry 

data, allow us to potentially qualify compensation mechanisms, or a “dominant” side of 

the tongue. 

 

Results 

III.1. Muscle Shortening 

The shortening frequency 

for the GGA and GGP muscle 

regions are depicted in Table 3. In 

these data tables, a muscle 

lengthening or shortening of less 

than 3% is noted by a (-), a 

shortening of 3-5% is symbolized 

Table 3. Shortening of GGA and GGP muscles 

C1 - - - -

C2

C3 - - + +

C4 ++ + + +

C5 ++ ++ ++ +

C6 - - - -

C7 - - ++ ++

C8 - - - -

C9 - - ++ ++

C10 - - ++ ++

C11 - - - -

C12 ++ ++ ++ +

Native Tumor Native Tumor

NF1 - - + -

NF2 ++ ++ - +

FL + - - +

Insufficient Data
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by (+), and any shortening equal to or greater than 5% is represented by (++). There is 

insufficient data present for C2 to allow for a definitive calculation of GGA and GGP 

shortening, and the subject was excluded from representation in Table 3. 

Analyzed data shows a greater frequency of shortening in GGP in the controls 

than GGA. 3/11 controls display bilateral shortening from the /uh/ to the /th/ phoneme for 

GGA, compared to 7/11 for GGP. As most controls show a substantial shortening in 

GGP, this indicates a prominent role for GGP during the protrusion movement – 

consistent with our knowledge of its function. Interestingly, 4/11 controls are not using 

either muscle, 3/11 are using both muscles, and 4/11 are using only GGP during the 

protrusion. 

1/3 of the glossectomy patients show bilateral muscle shortening for GGA, and 

none for GGP. Quantitative numbers tell us that muscle shortening is on average more 

frequent bilaterally in GGA for glossectomy patients, and more frequent bilaterally in 

GGP for the controls. We can also note that the 

controls display less asymmetry in shortening 

between left and right sides for both muscle sections 

than the glossectomies, who are almost entirely 

asymmetrical. 

Correspondingly, 4/12 controls display 

bilateral muscle shortening into the /th/ sound for the 

SL muscle, compared to none of the glossectomies 

(Table 4). When including unilateral shortening, the 

numbers increase to 6/12 controls and 2/3 

Table 4. Shortening of SL muscle 

 
SL-L SL-R

th th

C1 - -

C2 - -

C3 - -

C4 ++ -

C5 ++ ++

C6 - -

C7 ++ +

C8 ++ ++

C9 ++ ++

C10 - -

C11 - -

C12 - ++

Native Tumor

NF1 + -

NF2 + -

FL - -
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glossectomies. Quantitatively, controls show greater muscle shortening (++) on both 

sides than the glossectomy patients (+). C4, who displays an unusually high asymmetry 

for SL, may represent a statistical outlier. 

Tranversus and verticalis, when activated in conjunction with each other, protrude 

the tongue, and hence are grouped together. We can group the shortening according to 

fiber location – at the tip, at the blade (or atGGA), and in the posterior region (or at 

GGP). As the table contains quite a lot of information, we have denoted in dark red the 

number of controls that show unilateral or bilateral shortening at each muscle, for ease of 

visibility. 

The data in Table 5 shows a general pattern of more frequent unilateral or 

bilateral shortening by the controls at Vtip (8/12) and Ttip (8/12) than at the blade or the 

posterior tongue. 7/12 of control patients show unilateral or bilateral shortening of 

TatGGA, 5/12 of control patients for VatGGA, and 2/12 show shortening for TatGGP.  

Table 5. Shortening of tranversus and verticalis muscles at the 
tongue tip, at GGA, and at GGP 

Ttip-L Ttip-R Vtip-L Vtip-R TatGGA-L TatGGA-R VatGGA_L VatGGA-R TatGGP-L TatGGP-R

uh-to-th uh-to-th uh-to-th uh-to-th uh-to-th uh-to-th uh-to-th uh-to-th uh-to-th uh-to-th

C1 + ++ ++ ++ + ++ ++ - - -

C2 - - - - - - - - - -

C3 ++ ++ ++ ++ - - - - - -

C4 - - - + ++ + ++ ++ - -

C5 ++ ++ ++ ++ - + ++ ++ - -

C6 - - - - - - - - - -

C7 - - ++ - - - - - ++ ++

C8 ++ ++ - - ++ ++ - - - -

C9 ++ ++ - - - - - - ++ ++

C10 ++ ++ ++ - + ++ + ++ - -

C11 ++ - - + + - - - - -

C12 + ++ ++ ++ ++ - ++ ++ - -

Native Tumor Native Tumor Native Tumor Native Tumor Native Tumor

NF1 - - - ++ - - - - + +

NF2 ++ ++ ++ ++ ++ ++ ++ ++ - ++

FL - - - - - -

2/128/12 8/12 7/12 5/12
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This observed pattern is less apparent in the three glossectomies. Ttip and Vtip 

shortening was excluded for subject FL, whose flap extended into the tip area.  Consistent 

with the controls, both remaining patients display the same unilateral or bilateral 

shortening of Vtip, versus 1/3 at VatGGA. However, only NF2 shows shortening at Ttip 

and TatGGA, while both NF1 and NF2 show shortening at TatGGP. For both muscles, 

NF2 displayed the greatest muscle shortening across the board for glossectomy patients, 

while FL displayed the least amount of muscle shortening. 

Recalling our first 

hypothesis, we had 

predicted that patients will 

have more extensive 

muscle shortening on the 

tumor side than on the 

non-tumor side of the 

tongue during speech. We 

analyzed the data to 

determine whether our hypothesis holds – in this process, we consider 14 total muscle 

pairs in our glossectomy patients, where either unilateral or bilateral shortening are 

present during the /th/ phoneme. We discounted pairs that showed non-substantial muscle 

shortening or positive lengthening during the movement, as it is not mathematically 

possible to determine which side shortened more in these pairs. The data for those 

discounted pairs were removed from table, the results were color-coded for ease of 

visibility. Red values indicate remaining pairs with more shortening on the side of the 

Table 6. Tumor and Native Shortening 
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tumor, as shown by the quantitative numbers, versus the native side, while orange values 

indicate remaining pairs with more shortening on the native side. From this data, we can 

interpret that glossectomy patients showed increased shortening on the tumor side for 

8/14 eligible pairs. 

 

III.2. Correlational Data 

Table 7 shows the correlational values between all the muscles for control 

subjects. We chose Spearman’s Rho rs, as our data is largely non-parametric and does not 

represent a bell curve, to measure the strength of the linear relationship between our 28 

muscle pairs. As previously mentioned, an rs value of <0.3 indicates an absence of 

correlation, whereas an rs value >0.7 indicates a strong correlation. rs values falling 

between these two ranges indicate a weak (0.3 < rs <0.5) or moderate (0.5 < rs < 0.7) 

relationship. For ease of interpretation, high correlations between muscle pairs are 

marked in dark red on Table 6, while moderate correlations are denoted in light red. 

A strong positive correlation is seen between GGA and Vtip, GGA and VatGGa, 

and Vtip and VatGGA. Slightly weaker correlations are found for GGA and TatGGA and 

GGP and TatGGP. All correlations are positive, indicating that as one muscle shortens, 

the other also shortens. The remainder of the muscle pairs show no notable correlation in 

muscle shortening. The remainder of the muscle pairs show no significant correlation. Of 

these r values, all have a p value of less than 0.05, except for TatGGA and GGA, which 

has a p-value of 0.1. 
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III.3. Range of Motion 

Table 8 shows the ROM, or the difference between maximum and minimum 

shortening, for all subjects. As ROM is measured separately for the left and right side of 

each tongue muscle, Table 8 shows the average between the two values. Table 9 shows 

the asymmetry in ROM between the left and the right side of each muscle, found by 

taking the difference between the ROM of the left side and the right side of the muscle. A 

positive ROM asymmetry value indicates a greater ROM on the left side, while a 

negative ROM asymmetry value indicates a greater ROM on the right side. Again, there 

is insufficient genioglossus data present for C2 to allow for a definitive ROM calculation, 

and the subject’s GG muscle was excluded from representation in Tables 7 and 8.  

Table 7. Spearman’s Rho values for muscle pairs 

GGA GGP SL Ttip TatGGA TatGGP Vtip VatGGA

GGA -0.10 -0.30 -0.02 0.53 -0.22 0.80 0.95

GGP 0.42 0.25 -0.45 0.67 0.12 0.08

SL 0.31 0.15 -0.15 -0.30 -0.22

Ttip 0.05 -0.12 0.24 0.11

TatGGA -0.45 0.12 0.43

TatGGP -0.19 -0.04

Vtip 0.82

VatGGA
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On average, we can see here that the controls and patients showed the greatest 

ROMs for GGA and SL. Both showed the smallest ROM for TatGGP, a smaller muscle. 

The NF glossectomy patients displayed a greater average ROM than controls in 6/8 of the 

measured muscles, while the FL patient showed a greater ROM than the controls in only 

1/6 of the measured muscles. On average, we see a trend of greater ROMs in patients 

than controls – this difference is largely driven by the NF ROMs, as FL displayed smaller 

ROMs across the board. 

Table 8. ROM average for left and right sides, in mm 

 
GGA GGP SL Ttip TatGGA TatGGP Vtip VatGGA

C1 -1.3 1 -1.4 -0.5 -0.2 1 0.5 -1.5

C2 -1 0.5 1.7 0.6 1 0.8

C3 1.4 0.1 -2.3 -1.3 2 -0.1 2.2 1.8

C4 0.1 -0.2 0.1 -0.2 5 -0.4 -0.5 -2.2

C5 0.5 0.5 0.3 0 1.6 -0.8 0.5 1.5

C6 0.4 0.1 -0.4 0.6 0.1 0.5 0.3 1

C7 0 0.7 0.5 0.5 0.9 0.5 -0.2 -0.4

C8 2.9 0.7 -0.1 -1.6 1.6 2.2 -6.9 0.1

C9 0.5 -0.5 1.7 1.9 0 -0.4 0 -0.5

C10 -1.4 -0.4 -1.1 0.6 0 0.3 0.2 -1.9

C11 -0.5 0 -0.2 1.8 1.2 -1.5 -0.3 -0.8

C12 -0.6 2.4 -1.1 -1.6 1.6 2.1 -2.6 -0.2

NF1 -1.2 0.1 2.6 -0.7 -3.3 1.4 -2.8 -3.5

NF2 -0.5 1.4 -1.4 -1.9 -0.9 1 2.3 2.4

FL 0 -0.5 -0.8 -1.5 0.7 -1

Average Controls 0.2 0.4 -0.4 0.1 1.3 0.3 -0.5 -0.2

Average Patients -0.6 0.3 0.1 -1.3 -1.9 1.0 -0.3 -0.7
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The data also suggests the presence of small ROM asymmetries between muscles. 

TatGGA displays the relatively greatest average ROM asymmetry between all subjects, 

and SL displays the least. Both controls and glossectomies show relatively small ROM 

asymmetry differences between the left and the right side. There are some unusual 

outliers, like the larger range seen in C8, but for the most part, we accept that these 

asymmetries are largely normal and expected, and do not seem to correlate with any 

known variable, like the subject’s dominant hand, native language, and hearing ability. 

As for the patients, very little ROM asymmetry was noted in FL when compared to NF1 

and NF2.  

 

 

 

 

Table 9. Difference in Range of Motion in mm, for Left versus Right Sides 
GGA GGP SL Ttip TatGGA TatGGP Vtip VatGGA

C1 -1.3 1 -1.4 -0.5 -0.2 1 0.5 -1.5

C2 -1 0.5 1.7 0.6 1 0.8

C3 1.4 0.1 -2.3 -1.3 2 -0.1 2.2 1.8

C4 0.1 -0.2 0.1 -0.2 5 -0.4 -0.5 -2.2

C5 0.5 0.5 0.3 0 1.6 -0.8 0.5 1.5

C6 0.4 0.1 -0.4 0.6 0.1 0.5 0.3 1

C7 0 0.7 0.5 0.5 0.9 0.5 -0.2 -0.4

C8 2.9 0.7 -0.1 -1.6 1.6 2.2 -6.9 0.1

C9 0.5 -0.5 1.7 1.9 0 -0.4 0 -0.5

C10 -1.4 -0.4 -1.1 0.6 0 0.3 0.2 -1.9

C11 -0.5 0 -0.2 1.8 1.2 -1.5 -0.3 -0.8

C12 -0.6 2.4 -1.1 -1.6 1.6 2.1 -2.6 -0.2

NF1 -1.2 0.1 2.6 -0.7 -3.3 1.4 -2.8 -3.5

NF2 -0.5 1.4 -1.4 -1.9 -0.9 1 2.3 2.4

FL 0 -0.5 -0.8 -1.5 0.7 -1

Average Controls 0.2 0.4 -0.4 0.1 1.3 0.3 -0.5 -0.2

Average Patients -0.6 0.3 0.1 -1.3 -1.9 1.0 -0.3 -0.7
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Discussion 

IV.1. Muscle Shortening 

Our results indicated a general pattern of more frequent muscle shortening at the 

tongue tip than the tongue body for the controls when transitioning from the /uh/ to the 

/th/ phoneme. Eight of 12 controls shortened V-tip, and 5/12 shortened both T-tip and V-

tip simultaneously. This data is consistent with our knowledge that transversus alone, or 

transversus plus verticalis contracted simultaneously at the tip region, act to protrude the 

tongue for the /th/ sound. A simultaneous activation of the tongue blade muscles TatGGA 

and VatGGA – as seen in 4/12 of the controls - help to further shape the tongue tip into a 

protruded and stiff structure, which can provide the friction needed at the constriction of 

the teeth and tongue tip for proper enunciation of the phoneme. The constriction caused 

by the tongue tip stiffness and shape functions to seal off the airflow at the teeth and 

facilitate syllable pronunciation. Interestingly, transversus is substantially less active in 

the posterior region than the blade and the tip in controls, suggesting that in some 

subjects, the protrusive movement is driven posteriorly by other muscles like GGP. 

Posterior transversus, therefore, is likely acting as a “fine-tuner” of genioglossus 

protrusion rather than a main driver, a reasonable concept as we consider the context that 

genioglossus is 2x-3x its size. 

This pattern does not entirely hold for the glossectomies. Ttip and Vtip shortening 

was excluded for subject FL, whose flap extended into the tip area. Consistent with the 

controls, both remaining patients display the same unilateral or bilateral shortening of 

Vtip, versus 1/3 at VatGGA. However, only NF2 shows shortening at Ttip and TatGGA, 

while both NF1 and NF2 show shortening at TatGGP. Thus, posterior transverse is being 
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activated more in glossectomy patients, again suggesting the possibility of an alternative 

enunciation to compensate for the deleterious surgical effects.  

GGP – and to a lesser extent, GGA – is also active during the /uh/ to /th/ phonetic 

movement. Notably, 3/11 controls use both GGA and GGP, 4/11 use only GGP, and 4/11 

controls use neither muscle during this protrusive movement. This suggests that GGP and 

GGA are not necessarily required for subjects to participate in the protrusive movement. 

However, as the majority of controls do show a substantial shortening in GGP, this 

indicates a prominent role for GGP during the protrusion movement – consistent with our 

knowledge of its function, in that the activation of GGP is valuable in pulling the entire 

tongue body forward for the /th/, not just elongating the tongue. The controls display less 

asymmetry in shortening between left and right sides for both muscle sections than the 

glossectomies, who are almost entirely asymmetrical, indicating a potential post-surgical 

change in function. 

No shortening of either GGA or GGP, by more than 3%, was observed in four 

subjects – C1, C6, C8, and C12. Notably, C6, who is bilingual, displays a “pulse” 

between the two phonemes for GGA and GGP-L, shortening briefly at mid-phoneme, and 

then subsequently lengthening into /th/. This pulse shortening was greater than 3% 

bilaterally for GGA and 2.3% unilaterally for GGP-L. This speech pulse is akin to 

beginning a ballistic or inertial movement rather than executing a controlled, gradual 

motion, and can represent a different speech strategy exhibited here by the bilingual 

speaker. 

Four of the 12 of controls display bilateral muscle shortening into the /th/ sound 

for the SL muscle, compared to none of the glossectomies. The percentage increases to 
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6/12 subjects for the controls and 2/3 for the glossectomies when considering unilateral 

shortening, indicating some asymmetry between the left and right side for both groups. 

Quantitatively, controls show greater muscle shortening (++) on both sides than the 

glossectomy patients (+). This is a substantial representation in a protrusive sound for a 

muscle that typically acts to retract the tongue, and may be related to the many different 

ways to produce the /th/ sound – with the tongue positioned visibly anterior to the lips, 

barely past the lips, or just posterior to the lower incisors. As SL has a role in retracting 

the tongue, the shortening observed in the data may represent a way to fine-tune tongue 

movement to avoid over-protrusion during the /th/ movement. 

Our first hypothesis had previously postulated that glossectomy patients will have 

more extensive muscle shortening on the tumor side than on the non-tumor side of the 

tongue during speech. Partial evidence was identified for this hypothesis, as our data 

indicated that glossectomy patients showed increased shortening on the tumor side more 

than 50% of the time when compared to the native side (8/14 pairs). Though 8 of 14 pairs 

is technically the majority, it is not a demonstrably consistent pattern, and our limited 

sample size likely indicates we cannot draw any definitive conclusions from these 

numbers. More research with a larger sample size is needed before we can confirm or 

reject our hypothesis. No pattern of correlation could be determined between the size of 

the resection and the magnitude of the compensation in this data set. 

 

III.2. Correlations 

 The strongest positive correlations were noted between GGA and Vtip, GGA and 

VatGGA, and Vtip and VatGGA, indicating that the correlated muscles shorten together. 
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Correlational values also indicate a moderate positive relationship between GGA and 

TatGGA, and GGP and TatGGP. As previously mentioned, concurrent shortening of 

muscles located at the tip and at the blade helps to shape the tongue into a protruded and 

stiff muscle, and provide the friction needed for proper enunciation of the phoneme. 

Similarly, simultaneous contraction of GGP and TatGGP likely provides the narrowing, 

elongation, and protrusive effect required to properly produce a /th/ sound. 

 GGA correlates highly with Vtip; they are agonists, enacting a mutual role in 

ensuring that that the tongue tip is flat during protrusion. TatGGA is doing the opposite 

and narrowing the tongue tip – the lower rs value with GGA indicates that several 

subjects are using it during protrusion, and others are not, suggesting that it acts to fine-

tune the pronunciation of the phoneme according to the shape of the tongue. TatGGP and 

GGP act in a similar manner, with transversus fine-tuning the phoneme movement in 

order to prevent over-protrusion and a misshapen tongue. 

VatGGA and Vtip are two adjacent muscle regions and are also functionally 

closely related; they act together to flatten the anterior tongue for /th/. VatGGA and Vtip 

are highly positively correlated. The lack of correlation between TatGGA and Vtip, 

which are in the same adjacent positions as VatGGA and Vtip,  indicates that this is not 

the case for the transversus muscle, and that narrowing of the tongue, unlike flattening of 

the tongue, does not occur uniformly throughout both regions during /th/. As shown in 

Tables 3+5, the correlation is weak because Ttip is very active while TatGGA is not, 

suggesting that TatGGA is used as a fine-tuning muscle to shape the tip of the tongue.  

Consistent with our hypothesis, several agonist pairs (e.g. Vtip and VatGGA, 

GGA and VatGGA) displayed a positive correlation in shortening. However, not all 
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agonist pairs showed a positive correlation, and positive correlations were also identified 

between antagonist pairs (e.g. GGA and TatGGA, GGP and TatGGP), further 

demonstrating that tongue muscles can work in opposition to each other to fine-tune the 

pronunciation of the phoneme according to the shape of the tongue. 

 

III.3. Range of Motion 

 The range of motion (ROM) was calculated for all eight muscles for the entire 

phrase “a thing,” to determine whether patients might have a smaller ROM than controls 

due potentially to muscle limitations, or a larger ROM potentially due to compensation. 

On average, the controls and patients showed the greatest ROMs for GGA and SL. This 

is consistent with our knowledge that SL and GGA are larger muscles, and therefore are 

more likely to display a greater ROM. Both showed the smallest ROM for TatGGP, a 

smaller muscle. 

 The NF glossectomy patients displayed a greater average ROM than controls in 

6/8 of the measured muscles, while the FL patient showed a greater ROM than the 

controls in only 1/6 of the measured muscles. On average, we see a greater ROM in 

patients than controls – this difference is largely driven by the NF ROMs, as FL 

displayed smaller ROMs across the board. This is partially consistent with our 

hypothesis, which predicted that glossectomy patients would have an increased ROM 

despite the presence of post-surgical scarring, and supports our prediction that a 

compensatory mechanism may exist as an adaptation for the limited motion of the 

resected side. The exception to this hypothesis is FL, however, who has a decreased 

ROM when compared to NF1 and NF2. This discrepancy could be a result of the flap 
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modality for tongue reconstruction – alternatively, it could also be an extension of the 

size of the tissue resection, as we know that larger resections have a larger adverse effect 

on tongue motion, and FL had the largest re-sectional volume of all our patients. 

Asymmetry in ROM was examined because it might reflect compensatory 

behavior. Both controls and glossectomies show small (0-2mm) ROM differences 

between the left and the right side. These small, unpredictable asymmetries do not seem 

to correlate with any known variable, including subject’s dominant hand, native 

language, and hearing ability and are probably noise. There are some unusual outliers, 

like the larger range seen in C8, but for the most part, we accept that these asymmetries 

are largely normal and expected. 

As for the patients, very little ROM asymmetry was noted in FL when compared 

to NF1 and NF2, indicating that the restricted ROM for FL simply results in a decreased 

ROM asymmetry. Alternatively, it could also suggest that the extra effort of moving a 

bulky flap does not necessarily cause a movement asymmetry. If seen as a trend, this 

could be a potential benefit of RFFF resections. Anatomically, RFFF is a common flap 

modality in tongue reconstruction for large tumors, and is favored for the relative ease of 

harvest compared to the pectoralis based flaps, a greater potential for re-innervation and 

re-anastomosis, and a greater preservation of tongue volume (Aurora et al. 2019). For our 

flap patient, these cumulative advantages may lead to higher degree of preserved 

symmetric function. 

This data partially validates our third and final hypothesis, which postulated that 

glossectomy patients will have a greater average range of motion (ROM) than their 

control counterparts. This difference was largely driven by the NF patients. However, 
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both controls and glossectomies showed small and similar ROM asymmetries, despite the 

restrictions of fibrous scar tissue - we can note that the patients behave similarly to the 

controls – or at least, that the patients are not anymore asymmetrical than the most 

asymmetric controls. 

 

V. Conclusion 

No pattern of consistently increased shortening on the tumor side, compared to 

the native side, was identified in our study. Though we noted increased shortening on the 

tumor side 58% of the time (8/14 pairs) in glossectomy patients, our limited sample size 

likely indicates we cannot draw any definitive conclusions from these numbers. 

Regardless, the data suggested the possibility of compensation mechanisms. Several 

patterns of differential muscle shortening were identified between the two groups, and 

glossectomy patients displayed a greater average ROM than controls despite the post-

surgical restrictions of fibrous scar tissue. Our data also demonstrated a potential role for 

several muscles as “fine-tuners” of tongue movement. These muscles, such as TatGGP, 

act as modifiers during the protrusion, shaping and stiffening the tongue to facilitate 

proper enunciation of the phoneme. Increased shortening of a subgroup of fine-tuning 

muscles in the glossectomy group compared to controls also lend credence to the 

possibility of an alternative enunciation mechanism.  

 Strong positive correlations in shortening were identified between several pairs of 

muscles, including GGA and Vtip, GGA and VatGGA, and Vtip and VatGGA, and 

moderate positive relationships were identified between GGA and TatGGA, and GGP 

and TatGGP. Consistent with our hypothesis, several of these pairs (e.g. GGA and Vtip) 
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represent agonists, who work together to enact a common function. However, positive 

correlations were also identified between pairs of antagonists (e.g. GGA and TatGGA), 

further demonstrating that tongue muscles can work in opposition to each other to fine-

tune the pronunciation of the phoneme according to the shape of the tongue. 

 Looking towards the future, a subsequent follow-up study examining muscle 

shortening patterns during the /th/ to /ng/ transition may be of interest. This information 

would shed light on the effects of glossectomy on a retrusive tongue motion and would 

reveal further differences in function between the two groups, as well as additional 

compensation strategies for glossectomy patients. 
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