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Abstract 

 Title of Thesis: Tongue Position in Glossectomy Patients vs. Controls in /s/ during 

Speech with consideration for the effects of Palatal Features  

 

Candidate: Atefeh Rezaei Boroun, Master of Biomedical Science, 2020  

 

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

Sciences, Department of Orthodontics 

 

Purpose: This study examines the tongue behavior of glossectomy (N = 8) and control (N 

=12) speakers using a combination of high-resolution and cine- MRI. The speech task “a 

geese” phonetically spelled /əgis/, was used to measure anterior tongue displacement, termed 

“anteriority”, for the /ə/, a neutral vowel, and the /s/. Effects on anteriority due to palate 

height, arch perimeter, inter-canine width and /s/ type were measured on controls and 

patients. There are two variants of /s/ in English: apical and laminal. The apical /s/ elevates 

the tongue tip to contact the palate, create a narrow, grooved constriction, and focus the jet 

stream of air onto the incisors. The laminal /s/ uses the tongue blade, just behind the tip, to 

create the grooved constriction, and the tip is kept lower in the mouth.[1, 2]  
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I. Introduction & Literature Review  

 

I.I. Tongue Cancer and Surgical Interventions 

      The Center for Disease Control and Prevention (CDC) estimates more than 30,000 new 

cases of oral and pharyngeal cancer are diagnosed each year [3]. One of the most commonly 

affected sites of oral cancer is the lateral border of the tongue and squamous cell carcinoma 

makes up the majority of lesions found here. Squamous cell carcinoma accounts for 

approximately 90% of all oral cancers  and is responsible for approximately 95% of tumors 

within the tongue, specifically the lateral border.[4] 

         The 5-year survival rate for oral cancer is approximately 50% and treatment of this 

disease with surgery has become one of the most important treatment modalities for these 

patients. The preferred method of surgery is glossectomy. Glossectomy surgery includes 

resection of the entire tumor, along with a 1–1.5-cm margin of clean tissue around the entire 

perimeter of the tumor. The extent of the tumor is classified via the tumor–node–metastasis 

system [5], which can be used to aid in prognosis. T refers to the size of the tumor using the 

TNM system [6]. In the tongue, T1 is <2cm in the largest dimension and T2 is 2-4cm in the 

largest dimension. All these patients were also N0 and M0 (no lymph node involvement or 

metastasis). Resected area may be closed primarily with sutures or with a free flap usually 

from the radial forearm. Size of the tumor and the extent of surgery often affect the patients’ 

tongue motor adaptation. Cancer patients used in this research had smaller tumor of the 

lateral tongue, T1 or T2 that were closed primarily with suture (see Figure.1)  
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          The morphology of the tongue is changed by glossectomy surgery. Although tongue 

anatomy is fairly consistent across healthy speakers [7], speakers who have undergone 

glossectomy surgery, to remove lingual cancer, have notable changes in muscle anatomy 

and motor control due to loss of tissue. The size of the tumor and the treatment method have 

the largest impact on the functional recovery [8]. In small tumors, the majority of the tongue 

musculature remains intact and is able to compensate for the missing tissue. 

 

                     

                      

 

        Glossectomy patients’ tongue deviates to the affected side during protrusion. This is 

due to the resected lateral border of the tongue. Control tongue during protrusion does not 

deviate. In the case above, right lateral border of the tongue was resected. Blue marking on 

the patient tongue is to help visualize the tongue deviation during protrusive movement.  

        Interest in the relationship between tongue volume and hard oral structures is not new. 

By 1965, clinicians such as Rheinwald and Becker were already advocating for surgical 

reduction of tongue size for patients undergoing surgical correction of jaw deformity [9]. 

However, even partial glossectomy can have detrimental and irreversible impacts on 

function. More extensive glossectomy has been correlated with more severely impacted 

Figure1. Control tongue during protrusion does not deviate  

          Control                                              Patient  
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speech and oral discrimination ability whereas a conservative glossectomy can allow 

patients to regain almost normal speech intelligibility [10, 11]. 

 

         A study by Stone et al., (2018) showed that most subjects restore two-point sensation 

and touch sensation after glossectomy surgery.  In speech, these patients are essentially 

normal other than the removed tissue and some reduced sensation anterior to the resection. 

They also have normal hearing, which plays a key role in good speech. Therefore, we are 

looking at adaptation of healthy system to an imposed morphological change. This will give 

us insight into how glossectomy adapts and also how healthy people adapt [12]. 

 

I.II. Anteriority  

           In a study by Stone et al., (2014), the authors examined changes in tongue motion 

caused by glossectomy surgery. A speech task that involved subtle changes in tongue-tip 

positioning (the motion from /i/ to /s/) was measured. The hypothesis was that patients would 

have limited motion on the tumor side and would compensate with greater motion on the 

nontumor side in order to elevate the tongue tip and blade for /s/. The result of the study 

showed that the motion of the tumor side was different between patients and controls, but 

the nontumor side of the patients’ tongues did not show excessive or adaptive motion[13].  

Furthermore, acoustic differences between glossectomy patients and controls are small in 

these T1, T2 tumors because most of the lateral tongue is intact and the remaining muscles 

are able to compensate for the missing tissues. In a study by Ha et al., they investigated the 

morphological changes of the tongue and the adaptation of pronunciation using cine MRI 

for speech of patients who underwent glossectomy. The study concluded that the there is a 
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complex adaptation motion in order to preserve the acoustic integrity of the vowels, and the 

tongue modifies cavity size relationships to maintain the value of the formant frequencies. 

 

         This study looks at the change in tongue anteriority, which is the volumetric difference 

in the anterior portion of the tongue when the tongue moves from rest position of /uh/ to /s/, 

using cine-MRI. The anterior portion of the tongue is of particular importance to /s/ as this 

is where the tongue shape changes the most. The tongue normally produces the sound /s/ by 

elevating the tongue tip or blade, grooved at the midline, against the alveolar ridge. Elevation 

and grooving of the tongue tip can be challenging for glossectomy patients as tongue size is 

reduced and innervation of the tip is diminished [14]. The present study examined how 

glossectomy speakers adapt their tongue behavior to produce /s/ despite the loss of lingual 

tissue and the reduced innervation. Furthermore, in order to correctly ascertain the effect of 

the missing tissue on tongue shape and position, it is valuable to identify whether normal 

variation in hard palate morphology affects tongue position during the production of /s/ and 

whether any palatal variations are more or less advantageous to glossectomy speakers. In a 

study by Grimm et al.,(2017) , the effects of hard palate morphology and glossectomy 

surgery on tongue position and shape during /s/ for patients with small tumors were 

investigated. The result of the study showed that for controls, hard palate height affected 

tongue height; a higher palate yielded a higher tongue. For patients, hard palate width 

affected tongue position; a narrower palate yielded a more anterior tongue [15] 

          The present study compares the anteriority differences between patients and controls 

by measuring anterior volume change (mm3), during a simple and repeatable speech task; 

the word “a geese”.  This study selected “a geese” because it is an easily reproducible speech 
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task that also required anterior displacement of the tongue to produce /s/. During speech we 

can also isolate timeframe of tongue at neutral position; the first MRI frame (the vowel “uh”) 

uses a fairly neutral tongue position and vocal tract shape that can be a baseline for tongue 

position in the other sounds. The word “a geese” requires very little jaw opening, so tongue 

deformation is the main component of motion. Furthermore, it contains a velar stop (/g/) and 

a linguo-alveolar fricative (/s/). The tongue anteriority can then be compared between 

subjects to determine which parameters have the greatest effect on anteriority.  

 

I.III. MRI: Magnetic Resonance Imaging  

          Magnetic Resonance Imaging is a crucial device in the healthcare field used for a 

variety of purposes. MRI uses a magnetic pulse of radio wave energy to make pictures of 

organs and structures inside the body. One of the great advantages of MRI is the ability to 

image soft tissue information that other imaging devices, like X-ray, may not detect, while 

not subjecting the human body to radiation exposure. The MRI machine is composed of 

powerful magnets that force protons in the body to align to the magnetic field emitted. 

Signals from the excited hydrogen atoms in the body, which are found especially in fat and 

water molecules, occur at a radio frequency that is detected by special sensors [16]. The 

different types of body tissues with different hydrogen compositions have varying times for 

the protons to realign and thus release different amounts of energy when the radiofrequency 

field is shut. As our tissues are filled with water molecules, MRI provides researchers with 

great visibility of soft tissue in our body while hard tissue such as bone will show as 

radiolucent [17] 
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          High resolution MRI is able to show tissue shapes and structures with great details.  

MRI is particularly useful for soft tissues of the body, where more hydrogen molecules can 

be found. Examples of soft tissues often analyzed with MRI include the brain, spinal cord 

and nerves, ligaments and tendons, fat and finally muscles [18] 

         In this study, we also employed cine-MRI (like cinema) where a series of MRI images 

are linked together to form a movie of soft tissue in motion [19]. Cine-MRI is of particular 

importance in this research as we are able to track the changes during production of 

phonemes in speech as the tongue moves. Unlike high-resolution MRI, cine-MRI is of lower 

spatial quality (pixel resolution) and one cannot differentiate fine muscle details. However, 

the purpose of this study was not to delineate one muscle from another. Instead, we wanted 

to observe the entire tongue volume shifts between /uh/ and /s/, thus cine-MRI was the ideal 

imaging modality to observe and measure these changes. 

 

I.IV. Palatal Height  

           In addition to glossectomy vs. control effects on anteriority, another important 

variable is high palate vs. low palate subjects. Having a higher palatal vault for the tongue 

to articulate with in the production of /s/ could possibly influence the subject’s tongue 

behavior. Previous research and studies have been devoted to speech production in patients 

with clefting and abnormal depth of palate. In one specific study, speech was compared 

between 20 cleft palate and 20 control speakers. The authors compared the palatal width and 

depth between the cleft palate and control speakers on lateral cephalograms. The study 

showed that there was an increase in width and depth of the nasopharynx and pharyngeal 
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cavity in cleft palate speech compared with normal speech. Repaired or unrepaired cleft 

palate aside, the relevance of this previous study is to show that changes in the oropharyngeal 

depth and palate depth can alter speech [20]. 

 

I.V. Arch Perimeter and Inter-Canine Width  

       In addition to palate height, other features of the oral cavity may influence tongue 

anteriority. Most notably the teeth surrounding the tongue have the potential to influence 

tongue anteriority as the teeth create a physical barrier for the tongue both laterally and 

anteriorly. In this study, only the upper arch was taken into consideration as most of the 

contact with the tongue was made with the upper arch and not with the lower arch during “a 

geese”.  

       Arch perimeter, also known as circumference, is crucial in orthodontic treatment 

planning decisions. When there is an arch length discrepancy or dental crowding, the arch 

perimeter can be changed by either extraction of bicuspids, proclination of the incisors, arch 

expansion, or other orthodontic therapies [21]. In this study, variances in the arch perimeter 

are analyzed to see if there is an effect on speech production. Arch perimeter of the teeth 

confines the tongue to a set boundary demarcating the palate and could possibly affect the 

tongue’s /s/ production. Arch perimeter measured in millimeters is assessed. Also related to 

arch perimeter, are orthodontic bicuspid extraction and canine width. Having orthodontic 

bicuspid extraction is usually indicated for either moderate to severe dental crowding or 

maxillary incisor protrusion where retraction is needed. Maxillary canine width is a variable 

of interest since the canines lie just anterior to where the tongue articulates with the hard 
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palate for /s/ production. In a recent study by Grimm et al., 2017 canine width was found to 

have a significant influence on tongue anteriority during the production of /s/. Specifically, 

tongue anteriority correlated negatively with canine width [15]  

      

 

 

  

I.VI. Research Hypotheses 

 

H1: Glossectomy subjects will exhibit more tongue anteriority during /s/ than 

controls  

          Rationale: Patients that have had a portion of their tongue removed from glossectomy 

surgery often sound the same as those who have a normal healthy tongue. We hypothesize 

that during the production of /s/, a sound whose errors are highly audible, normal acoustics 

Figure 2. Arch perimeter is shown on this cast in red. Canine width is labeled in blue. (from Grimm et al., 2017   
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are due to an adaptation of the tongue, namely that a larger volume will be moving more 

anteriorly along the palate to make the alveolar ridge constriction. A larger portion of the 

tongue body, not just increased extension of the tip, will move anteriorly because the tongue 

is more fixed and rigid due to scar tissue post-surgery. This anterior movement will thus 

have more tongue volume in spite of having part of the tongue removed.  

 

H2: The high palate group will have greater tongue anteriority than the low palate 

group  

        Rationale: The production of the phoneme /s/ arises when the tongue contacts the 

anterior portion of the palate. Therefore, a subject that has a high palatal vault will require 

more tongue mass to be moved and possibly extended to contact the palate. More bodily 

movement of the tongue is required rather than just a small portion of the tongue. High 

palates in this study are considered to be >14mm when measured from the first molar 

lingual gingival margin perpendicular to the occlusal plane. The measurements will be 

further explained in the methods and materials section. Past studies showed high palates 

(>14mm) were associated more closely with laminal /s/ types in controls and low palates 

(≤14mm) were associated with apical /s/ types. As the laminal /s/ type requires more 

bodily movement of the tongue than just the tip, greater anteriority is expected in subjects 

with high palate[22].  

      In a previous thesis defense by Hwang in 2015 studying the world “a souk”, there was 

no statistically significant difference between anteriority in high palate vs. low palate 
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subjects. However, /s/ in geese is preceded by a high front vowel and that may change the 

results. 

H3: Smaller arch perimeter and canine width will result in greater anteriority 

         Rationale: In a previous thesis defense by Hwang in 2015 studying the world “a souk” 

there was a negative correlation between anteriority and arch perimeter. Also, there was an 

inverse relationship between anteriority and canine width.  In this study we hypothesize that 

subjects with smaller arch or narrower inter-canine width will have more anteriority. This 

could be due to the need for the tongue to protrude further in a narrower anterior region of 

the oral cavity in order to produce /s/.  

 

H4: Laminal /s/ will have greater anteriority than apical /s/ in all subjects  

        The tongue movements made during /s/ require great precision because they are made 

in a region of the vocal tract where small errors can be heard. The phoneme /s/ is a 

particularly difficult sound due to the technical requirement of extending the tongue tip and 

making a mid-sagittal tongue groove.  

        Rationale: We expect that laminal movement of the tongue will show greater anteriority 

than apical tongue movement because more bodily movement of the tongue is required to 

produce the /s/ versus apical tongue movement. 
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II. Materials and Methods  

II.I. Subjects:  

         Twenty high-resolution MRI data-sets were included in this study. The 20 subjects, as 

shown in Table 1, included eight glossectomy patients with previous oral tongue cancer (five 

males, three females), ranging from 29 to 59 years old (mean=43.2 years). The twelve 

control subjects consisted of healthy adults (four males and eight females), ranging from 22 

to 59 years old (mean= 33.5 years). All subjects were informed of the purpose of the study 

and provided written informed consent, approved by the Institutional Review Board at the 

University of Maryland. All subjects were native speakers of American English, had normal 

hearing, word recognition, speech reception threshold, and had all first molars , all second 

premolars and all anterior teeth present. All patients also had general good health other than 

glossectomy surgery, and normal oral motor function as tested by an oral neuromotor exam, 

except for surgical effects [23]. All subjects under age 21 or any one with claustrophobia, 

metal objects in or near mouth that would interfere with scanning, Cardiac Pacemakers or 

other high-risk devices or pregnant were excluded. Patients had tumors that were T1N0M0 

or T2N0M0 with unilateral tumors and resections that did not cross the midline. Also, one 

of the inclusion criteria for patients was that the surgical resection did not reach the midline, 

so the septum should have been intact for all patients. The analyses of the data were approved 

by IRB protocol #42060 and the subjects signed IRB approved consent forms prior to 

participating in this survey. Pre-operative MRI was not taken because some subjects were in 

pain and surgeries were performed immediately after the diagnosis for the best prognosis. 
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Table 1: Subject Demographics  
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II.II. Instrumentation  

1. MRI recordings of the tongue  

2. Custom segmentation software written in Matlab (details in section 2.3.2)  

3. ITK-SNAP Version 3.6.0 software [24] (section 2.3.3)  

4. Alginate impressions & study casts  

5. 3Shape D700 3D cast scanner  

6. Meshlab [25] 

Each of these procedures will be described in detail in the sections below.  

 

II.III. Intelligibility Test and Speech Material  

       The Sentence Intelligibility Test (Tice Technology, Lincoln, NE) [26] was administered 

and scored by naïve listeners. Intelligibility testing scores indicated that patients were well 

understood, in the range from 94% to 100%. Controls were not accepted for the study unless 

their intelligibility was 100%.  

        The speech task “a geese” was studied for several reasons. (1) It takes less than 1 second 

to be repeated which is within the limits of the cine-MRI recording system. (2) The first MRI 

frame has a neutral tongue position, the vowel /uh/, from which it moves into the /s/. (3) The 

word uses very little jaw motion, so tongue deformation is the main component of the /s/ 

motion.  
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II.IV. MRI recording procedure:  

II.IV.I. Pre-MRI Training: 

        Each MRI movie is constructed from a summation of 5 repetitions per slice, so the 

speaker’s ability to repeat the phoneme synchronously and precisely with the metronome 

during the scan was critical to image quality. Therefore, pre-MRI training was given to each 

subject to improve precision of phoneme repetition. Subjects were trained for about 15 

minutes to repeat the speech task to a metronome set containing 4 beats. The beats occurred 

at 0, 300, 700, 1400 ms with a 2 second repeat cycle. The subject produced the two syllables 

on the first two beats, followed on an inhalation and exhalation on the last two beats. The 

MRI data collection lasted 1 second, capturing the word and the inhalation. The experimenter 

stopped the training when the subject’s repetitions indicated accurate timing had occurred 

for several minutes. This method was adapted from Masaki and colleagues [27]. 

         An acoustic recording of the speech task, using the metronome beat, was also done in 

the MRI using a noise- cancellation fiber optic microphone (OptoAcoustics Ltd, Israel). 

Another recording was made in the VTV lab, in supine position in a dental to mimic the MRI 

environment. The MRI audio recordings were used to synchronize phonemes to the frames 

of interest. The VTV lab recordings were used for acoustic and perceptual analyses.  

 

II.IV. II. High Resolution and Cine-MRI  

        As mentioned above, the scanning protocol used in this MRI data collection required 5 

repetitions of the task per slice which were summed by the MRI machine to create a single 

movie (called: cine-MRI) at each slice. The high number of repetitions was to ensure good 
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image quality (spatial resolution). The MRI machine was a 3.0 T Siemens Tim Trio with a 

12-channel head coil and a 4-channel neck coil. The recording parameters were: 26 time-

frames per second; in-plane resolution of 1.875 mm; slice thickness of 6 mm. High resolution 

MRI was also recorded with an in-plane resolution of 0.9mm and slice thickness of 3 mm. 

Two high resolution slices fit within one cine slice, so they were spatially aligned. The high-

resolution MRI was crucial as it provided clear images of on dental roots for use in 

determining the planes of the oral cavity along which to cut the tongue during speech for the 

determination of amount of anteriority. That is, the amount of the tongue that was anterior 

to the maxillary landmark of interest. To do this, high resolution MR images were collected 

in 20-30, 3 mm thick slices in each of 3 directions (sagittal, coronal, and axial) and combined 

into a single super-resolution 3D volume [28]. The super-resolution volume (hereafter 

supervolume) consisted of 1 mm thick slices with an in-plane resolution of 0.9mm. This hi-

res supervolume was used to identify maxillary anatomical landmarks. In particular, 

maxillary 1st molars (M1s), maxillary 2nd premolars (PM2s), and height of palate, which 

were used as reference points in determining tongue anteriority. Reference points were 

selected at the mid mesio-distal distance of the tooth on the lingual gingival margins of the 

M1s and PM2s by moving through slices to determine areas of molar root furcations. The 

lingual gingival margins were usually located 1-2 slices away from the furcations of the 

M1s. Reference points on PM2s were selected in the same plane as the M1s mid-mesio distal 

distance from the tooth. Height of the palate was selected perpendicular to the plane of 

occlusion at the M1s.  

          Supervolumes were also created for each of the 26 time-frames of the speech task “a 

geese” on cine-MRI, but with a lower resolution than the high resolution, that is, 2mm slices 
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and an in-plane resolution of 1.7mm. Since the high-resolution volumes had better spatial 

resolution, they were used to extract the roots needed to determine the planes for anteriority. 

However, the speech motions were found on the lower resolution cine-supervolumes.  So, 

the tongue mask during /uh/ and /s/ was taken from the cine-supervolume set. The hi-res 

supervolume of the maxilla was overlaid onto the cine supervolume using rigid registration 

of the head and hard structures. Thus, the high- resolution roots and the cine tongue, now in 

the same orientation, could be measured and compared to each other.  

 

II.IV.III. Data Analysis: Tongue Segmentation and Volume Calculation  

            In order to determine tongue volume during the /s/ and the /uh/, the tongue had to be 

segmented from the cine-MRI supervolume and all pixels within it labeled. This 

segmentation had to be done for the tongue volume at the two time-frames of interest. The 

process segmented the tongue from the cine-supervolumes at all 26 timeframes of the cine-

MRI for each subject using custom software [29]. Using DICOM image viewer (Matlab 

program), timeframes were visually determined for /uh/ and /s/ during “a geese”. These two 

supervolumes were then uploaded into a 3D rendering program which calculated tongue 

volume by adding all the pixels labeled as tongue during the segmentation[24]. (Figure 3).  
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         The whole tongue volume was determined first. Then three reference points were 

selected to determine the anteriority plane, that is, the plane to determine the portion of the 

tongue considered to be anterior. These three points were the gingival margin of the right 

and left M1s, and the height of the palate at this M1 location and perpendicular to the occlusal 

plane. All the pixels within this segment anterior to the reference line were added to calculate 

the anterior tongue volume using ITK-SNAP (Figure 4). This anterior volume was divided 

by the entire tongue volume to produce the percent-anteriority for that sound at M1.  

 

 

Figure 3. Segmented volume of the tongue shown in red superimposed over the high-resolution MRI in ITK-SNAP. 
(Pictures from Cyrus et al. poster presentation)  

Figure 4. High-resolution MRI image with a superimposed anterior tongue segment from a cine-MRI 
image (red). The cine-tongue mask cut at M1 does not perfectly overlay the high-resolution tongue, 
however, it shows anteriority of the tongue during /s/. 
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        This protocol was repeated using a parallel plane drawn at the PM2 as the dental 

reference point (See Figure 5). Then the anterior tongue volume change from /uh/ to /s/ was 

calculated by subtracting the /uh/ percent-anteriority from the /s/ percent-anteriority to 

provide a change in anteriority from the neutral vocal tract shape (/uh/) to the /s/ vocal tract 

shape. This final value is called the “Percent Change in anteriority” hereafter referred to as 

∆ % Ant.  

 
 
 

 

       The reason for measuring at both the premolar and molar was because the M1 cut retains 

the anterior tongue and the PM2 cut retains only the tongue tip. In addition, tissue in the 

patient group is missing often in the molar premolar region. Therefore, a difference could be 

seen between the two volumes. The percent of anterior volume in /ə/ and /s/ was then 

compared. The dependent variable, anteriority, was then analyzed with respect to the 

following independent variables: 1) Controls vs. Patients, 2) High vs. Low palate, 3) Large 

vs Small Arch perimeter, 4) Narrow vs. Wide Inter-canine width 5) Apical vs. Laminal /s/ 

Type. 

 
 

Figure 5. 3D segmentation of tongue (in red) during /s/. Blue dot indicates tooth positions and palate height  
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II.V. Dental Cast Data Collection  

         Fabricating a study model involves taking impressions and making a stone mold with 

the impression. There are numerous types of impression materials in the market including 

hydrocolloid, polyvinyl siloxane (PVS) and alginate. Hydrocolloid impression is stable over 

a long time but is rigid and is difficult to work with. PVS material is stable over long time 

and is relatively easy to work with but is costly. Alginate impression is simple and cost-

effective. However, precautions should be taken when taking alginate impressions. Alginate 

powder contains sodium alginate, calcium sulfate, trisodium phosphate, diatomaceous earth, 

zinc oxide, and potassium titanium fluoride. Upon reaction with water, a sol is formed then 

chemical reaction turns the two into gel. Trisodium phosphate is often added to slow down 

this reaction [30]. It is also sensitive to moisture or in warm temperatures. Dentsply Sirona, 

the manufacturer of the alginate material, which was used for this study, recommends casting 

the impression within 10 minutes of the impression. If it is necessary to pour it at a later date, 

impression is to be wrapped in wet paper towels and must be poured within 24 hours as 

impression distortion is proportional to the delay in pouring and amount of water evaporation 

[31]. Yellow dental stone was used to pour the casts (Figure 6). 

 

 
Figure 6. Dental Cast  
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II.V.I. Cast Digitization  

         Stone models was inserted into the 3Shape D700 (Copenhagen, Denmark). D700 is a 

3-D desktop scanner by 3Shape (Figure 7). The scanner is comprised of a blue-LED light 

source, two 1.3 mega pixel cameras, and a motion system which directs the model toward 

the camera and the light source. The light source projects lines onto the cast and based on 

known angle and distance between camera and the light source, the 3D of the projected light 

is calculated using trigonometry. Each line of projected light creates one 3D contour line and 

multiple lines are generated by moving the scan-head along a precise linear axis (Figure 8). 

This method is also known as triangulation. Scanning accuracy is 10 microns for crown and 

bridge and 12 microns for implant bars. It is important that the scanner is re-calibrated prior 

to scanning models to increase accuracy. The resulting product of the scan is a 

Stereolithography (STL) file which is native to the stereolithography CAD software created 

by 3D Systems (Valencia, California).  

 

 

 

(Dentsply 2005) 

Figure 7. D700 



 21

 

 
                                              

 
                 
 
 
                  
 
 

II.V. II. Measuring on Digital Cast: 

         STL files were imported to MeshLab [25]. MeshLab is a freeware software (PC, MAC) 

that can be used to rotate 3-dimensional STL files. Once imported, pinpoint markers can be 

placed on the model (Figure 9). The 3-axis position of the points can be found under 

PickedPoints. The distance between the points was found (i.e., intermolar width) using a 3D 

version of the Pythagorean Theorem shown in Equation 1.  

 

(Dentsply 2005) 

Figure 8. Mechanism of D700 
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       In order to facilitate the data analysis, continuously measured independent variables 

were made categorical based on their measurements in table 2.  The mean was calculated for 

each independent variable category. For example, the mean for palatal height measurements 

was 14mm. Any subject with a 14mm or less palate height was considered low palate height 

and was placed in group 1 [32]. The mean for inter-canine width and arch perimeter were 34 

mm and 90 mm respectively. In all the above-mentioned categories, any measurement below 

or equal to the mean were in group 1 and measurements above the mean were placed in 

group 2.   

        Subjects also were also divided into two categories based on the /s/ type and 

glossectomy surgery. Controls were considered group 1 and patients were placed in group 

2. Subjects with apical /s/ in group 1 and subjects with laminal /s/ were placed in group 2. 

Equation 1: 3-D Pythagorean Theorem 

���� � �� � = √ (x1-x2)
2
 + (y1-y2)

2
 + (z1-z2)

2
 

Figure 9. MeshLab 
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As mentioned before, there are two types of /s/ production in English: apical and laminal. 

These two types are virtually identical acoustically and are often considered to vary 

idiosyncratically. The /s/ time frame was identified previously by three independent judges 

and categorized independently as apical or laminal by visual inspection using criteria 

consistent with Dart (1991). Disagreement by one was addressed by consultation among the 

three judges [15]. 

 

 

 

II.VI. Calculations and Statistical Analyses 

     Since the dataset is small, a normal distribution could not be assumed, and non-parametric 

analyses were performed using the MyStat program. These non-parametric statistics do not 

determine interactions between variables, so analyses were done separately on patients and 

controls to allow us to compare results between the two groups. Two Spearman Rho 

Correlation tests were made to see if M1 and PM2 anteriority was correlated in either the 

patients or controls. Since no correlation was found between the M1 and PM2 datasets in 

controls or patients (see Table 3), all other analyses were done separately on the M1 and 

Table 2: Categories of independent variables  



 24

PM2 data sets in the patients and in the controls. Thus, the dependent variable anteriority 

was assessed separately in 4 groups: M1 controls, PM2 controls, M1 patients, PM2 patients. 

 

 

 

 

     This study considered the effect of five independent variables: Glossectomy surgery 

(controls vs. patients), palate height (high vs. low), /s/- type (apical vs. laminal), arch 

perimeter (large vs. small) and canine width (wide vs. narrow) on anteriority.  To analyze 

the relationship of anteriority with arch perimeter and with inter-canine width two Spearman 

Rho Correlations were used.  Furthermore, to assess the effects of glossectomy, palatal 

height, and /s/ type on anteriority, the Mann–Whitney U test was used. Complex Chi-

square analyses were also completed to assess the relationship between subject type, palate 

height and /s/ type.  

 

Table 3: Spearman Rho Correlation and p values of anteriority at M1 with anteriority at PM2  
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III. Results 

        The results of the study assessed the above-mentioned independent variables and their 

effects on the dependent variable, anteriority. Using the Spearman Rho Correlation and 

Mann–Whitney U test, significant and insignificant findings are displayed in this section 

with a response to the proposed hypotheses.  

 

         Molar and second premolar tongue anteriority measurements were compared for each 

subject group separately using Spearman Rho correlations.  As shown in Table 3, there was 

a trend in correlation of anteriority at M1 with PM2 for the controls (rho= 0.05, p = 0.06), 

indicating that in healthy subjects these two measures may be correlated.   However, we are 

analyzing the M1 and PM2 anteriority data separately in the controls as well as the patients, 

so comparisons can be made in the two subject groups and so that these data can serve a 

pilot data that studies of larger groups in the future can use.  Figure 10 shows that the patients 

have a wider range of anteriority shift at M1 (x-axis) than controls, with most patients 

shifting 8 mm or more. Controls never shift more than 7 mm. The two subject groups are 

more similar in PM2 anteriority (y-axis) except for one outlier. Thus, the tip (anterior to 

PM2) is more consistent between patients and controls than the tip+blade (anterior to M1) 

consistent with the whole body moving anteriorly for the patients. 
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III.I. The effect of palate height on tongue anteriority for each subject group    

          Table 4 displays the mean anteriority change from /uh/ to /s/ in 20 controls and patients 

within their respective palate type. The last two columns show that the mean anteriority for 

patients was 1.92% greater than controls at the first molar (M1), and 1.5% greater at the 

second premolar (PM2). Despite more anteriority for patients in all measures, these 

differences are statistically insignificant (p> 0.05). See table 5 

 

 

 

Figure 10. Correlation of molar and second premolar tongue anteriority in controls and patients  
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The first hypothesis of a greater anteriority found in patients versus controls was not 

supported by these data as shown in the results of the Mann–Whitney U test (see 

Table 5).  

 

 

 

 

Table 4. Mean change and standard deviations in anteriority from /uh/ to /s/ at M1 and PM2 for subject group 
and palate height. Data are percentages  

Table 5. Mean-Whitney U test results for effect of Glossectomy on anteriority at M1 & PM2 
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The second hypothesis, high palate height will have greater anteriority than low 

palate height, also was not supported statistically. The Mann–Whitney U test showed 

no significant differences at M1 and PM2 for patients and controls (See Table 6). 

Mean data are in Table 4. 

 

 

 

 

 

     Anteriority was examined further when the controls and patients were divided into high 

and low palate groups as seen in Table 4.  In the high palate group, there was only a 0.46% 

difference between patients and controls at PM2 (2.2 vs 2.6). However, in the low palate 

group, there was a 2.12% difference (2.2 vs 4.4) between patients and controls at PM2. These 

data show that for low palate subjects, patients positioned their tongue more anteriorly than 

controls during /s/. However, these differences are not statistically significant.   

 

 

Table 6. Mean-Whitney U test results for effect of Palatal Height on anteriority at M1 & PM2 for Control and Patients  
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III.II The effects of arch perimeter and canine width on tongue anteriority  

-The third hypothesis, a smaller arch perimeter and canine width will result in     

greater anteriority, was not statistically proven 

    Two correlations were performed between anteriority and palatal features. Table 7 below 

shows the correlation of arch perimeter and canine width with anteriority for patients and 

controls separately. Molar and premolar correlation values are given for both groups. 

 

 

 

       According to data in Table 7, there is a negative correlation between effect of arch 

perimeter and anteriority in all subjects. Although the results are all insignificant, there is a 

trend for a negative correlation between patients’ anteriority and arch perimeter at M1 (p= 

0.08). Furthermore, there is another negative correlation trend between controls’ arch 

perimeter at PM2 and anteriority (p= 0.06). These results will be discussed more in the 

discussion.  

 

Table 7. Spearman Rho Correlation and p values of anteriority with both arch perimeter and canine width   
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-The fourth hypothesis, laminal /s/ will have greater anteriority than apical /s/, was not 

significantly different.  

         We examined the effect of /s/-type on anteriority for the two subject groups separately. 

(Table 8). The mean ∆% Ant for laminal /s/ in controls was 3.33% greater than apical /s/ at 

M1 and 1.2% greater at PM2. The laminal /s/ showed 1% greater anteriority at M1 and 2.1% 

greater anteriority at PM2 for patients as well. Although these data show greater anteriority 

of laminal /s/ vs. apical /s/, these differences were not statistically significant. 

 

 

 

 

          For patients mean ∆% Ant for apical /s/ was 7% at M1 with an SD of 3.3 while Mean 

∆% Ant for laminal /s/ was 8% with SD of 3.5. Results indicate that there is no significant 

difference in anteriority between apical /s/ and laminal /s/ in patients and controls both at 

M1 and PM2 (See table 9). 

 

Table 8. Men changes and standard deviations in anteriority from /uh/ to /s/ at M1 and PM2 for subject group and /s/ type. 
Data are percentages.    
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/s/ Type and Palate Height:  

         To further understand the differences between apical and laminal /s/ in relation to the 

palatal height and subject type a Complex Chi square test was run. As seen in Table 10, 

although the result showed that there were no significant differences in anteriority due to 

palate height (p= 0.3), the data shows that controls with low palates favor apical /s/ (6/7).  

 

 

Table 9. Mann-Whitney U test results for effect of /s/ type on anteriority at M1 & PM2 for Controls and Patients 

Table 10. Complex Chi Square table indicating control/ patient relationship with /s/ type and palate height  
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 Figure 11 shows that motion from /uh/, on the left, to /s/, on the right, has tongue body 

elevation rather than anteriority. Tongue body elevation is used more in laminal /s/. 

 

 

 

 

 

IV. Discussion:                                  

IV.I Effects of subject type and palate height on anteriority 

          A previous study by Ha (2016) looked at high versus low palate height and its 

relationship to /s/ type during “a souk”. The majority of the control subjects with high palates 

favored laminal /s/ (N=9 of 12) while those with low palate height favored apical /s/ (N=7 

of 8). The study also found that the majority of the glossectomy patients favored laminal /s/ 

(N=11 of 15) irrespective of palate height (Total N=35 or N=17 high, 18 low) [33].This 

observation motivated the present study to measure anteriority between /uh/ and /s/ in “a 

Figure 11. Cine-MRI sagittal view of subject 18 showing upward motion of tongue body rather than forward 
displacement of tongue from /uh/ to /s/  
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geese,” to better understand the differences between apical and laminal /s/ in relation to the 

palatal height and subject type.  

        Although the result showed (Table 10) that there were no significant differences in 

anteriority due to palate height (P > 0.05), the data shows that controls with low palates favor 

apical /s/ like the previous study of a souk.  Thus, the tendency of palate height to affect /s/-

type is not affected by the differences in vowel context and word position occurring in “a 

geese” vs “a souk”. 

       A high palate does not produce a significantly different anteriority change than a low 

palate. Perhaps the tongue body height and tip elevation (which differ between /s/-types) are 

not related to anteriority. Thus, there are no significant differences in anteriority when 

comparing high vs. low palate.  

 

 

IV.II. Effects of subject type and palate height on anteriority 

       When assessing the subject types alone, a greater anteriority value was noted in the 

patient group. The mean anteriority change of the patients for the first molar and second 

premolar were 7.25 % and 3.75 % respectively. In the control group, the molar and premolar 

changes in anteriority were 5.33% and 2.25% (see Table 4). Although the anteriority 

difference between controls and patients were not statistically significant, the trend shows a 

larger anteriority value in the patient group. In a previous study by J. Hwang, (Master’s 

Thesis, 2015), differences in anteriority during the /s/ sound in a souk was studied for the 
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same two groups. Anteriority was also found to be slightly greater on average in the patient 

group than the control group. Speculation as to why this may be in /s/ in both “a souk” and 

“a geese” productions is perhaps explained by the altered anatomy of the tongue in patients. 

A tongue that has more scar tissue and rigidity after glossectomy surgery will move as a 

solid stiff unit rather than stretching into the anterior oral cavity for sound production. A 

more rigid tongue moved anteriorly will move together as a unit more anteriorly to produce 

the same sound it once produced by stretching.  

        No correlation was found between anteriority at M1 and PM2 in the patient and control 

groups. However, this correlation was very close to significant (p= 0.06) in the control group 

(See Figure 10).  The rigidity of the tongue especially in the more anterior region of the 

patient’s tongue post- surgery may contribute to a non-correlated value between the two 

areas of anteriority at M1 and PM2.  Even patients with primary closure have increased 

stiffness due to scarring. Controls have a less rigid tongue and more correlated movements 

between the M1 and PM2 areas may be explained by that during /s/ production.  

     Palate height did not have a significant effect on tongue anteriority in patients or controls. 

No statistically significant evidence was seen between anteriority and palate height. The 

anterior-posterior position of the tongue with respect to the incisors is very important for the 

/s/ fricative noise to be acoustically correct as the airstream has to hit the teeth exactly right 

to make that sound.  It makes sense that palate height doesn’t affect anterior-posterior tongue 

positioning, even though it affects tongue body height. We also cannot discount the small 

sample size of subjects. If more subjects were analyzed in each the high and low palate 

groups, statistically significant results might be seen.  
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IV.III The effects of arch perimeter and canine width on anteriority 
 

        Arch perimeter and canine width were measured for patients and controls in order to 

see the effects of a large or small dental arch on tongue anteriority during /s/. Larger upper 

arch perimeters and wider inter-canine widths were hypothesized to produce less anteriority 

during /s/.  

         No statistically significant correlations between arch perimeter or canine width with 

anteriority were noted. However, most of the Spearman Rho correlation values showed a 

negative trend (See table 7), such as a negative correlation between ∆% Ant at M1 and arch 

perimeter with the p= 0.08. The negative correlation shows an inverse relationship between 

arch perimeter and anteriority. That is, when the arch perimeter increases, the anteriority 

decreases.  In a previous study by Grimm et al. 2017, canine width was significantly related 

to anteriority for /s/ production during “a souk”. A negative correlation was found between 

canine width and /s/ anteriority. Their explanation of this was that a narrower inter-canine 

distance forced the tongue tip to spread anteriorly. In the present study, no significant effect 

was found between canine width and anteriority. During “a geese” the /s/ is preceded by a 

front vowel that may position the tongue anteriorly before the /s/ even occurs, thus changing 

the results seen in “a souk.” For “a geese” the midsagittal tongue lowers into a groove, and 

the tip may move slightly forward, unlike “a souk” where the tongue tip elevates.  The front 

vowel /i/ in “a geese” is similar in shape and position to the /s/ unlike the /uh/ in a souk. It 

appears that for the /s/ in geese, the positioning of the tongue volume was not as sensitive to 

canine width as the /s/ in souk. Therefore, alterations in the canine width will not have as 

much of an effect on tongue anteriority. There was another negative correlation between 
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arch perimeter and anteriority at PM2 for controls (p=0.06). This could be due to intact tip 

structure of the tongue. In controls, not patients, the tip of the tongue is structurally intact 

and thus the tip (anterior to PM2) moves anteriorly to produce /s/. The explanation for this 

negative correlation could be that a smaller arch perimeter forced the tongue tip to spread 

more anteriorly to produce /s/. However, in patients the whole body of the tongue (tip+blade) 

moves anteriorly to produce /s/ and negative correlation is consistent with the whole body 

moving anteriorly for the patients. 

     The anteriority of /s/ may be more significantly affected by width of the posterior portion 

of the palate. for example, a more constricted molar or premolar region. This study only 

assessed the effect of canine width and not molar or premolar width on anteriority. Future 

studies analyzing the effect of molar and premolar width on /s/ anteriority with a larger 

subject pool are needed.  

 

IV.IV. Effect of /s/ types, apical vs. laminal, on anteriority 

      During surgery, the region behind the tip was removed and the tongue tip was 

preserved for all patients, though its motor control was reduced due to removal of some 

controlling nerve and muscle fibers. Because the resected region is small, the affected 

tongue may not require drastic adaptation to produce sounds. However, as most patients 

have resected nerve fibers innervating the tongue, this loss of motor control contributes to 

the movement of the body which may be compensating for the reduction in tip control.  



 37

      Also, when comparing the mean anteriority changes in laminal /s/ of controls vs. 

patients, patients’ anteriority was greater at both M1 and PM2 (See table 8). This was also 

the case when comparing apical /s/ in control vs. patients. From this, one must consider 

how the anteriority of a resected tongue would be greater than those that have not been 

resected. In order to compensate for the differences in tongue size, a ratio of anteriority to 

whole tongue was calculated so that % change of anteriority (∆% Ant) was compared. This 

means that greater anteriority represents greater proportion of tongue moving anteriorly. 

Thus, the majority of patients had a greater proportion of anterior tongue movement than 

control. This observation indicates a couple of factors. Firstly, larger movement means that 

patients are forcibly moving the tongue body in anterior direction to produce /s/. Secondly, 

as the tongue deviates to the affected side, more posterior tongue is pulled anteriorly thus 

contributing to the increased anteriority. A third possibility is that the tongue is simply 

getting fatter and wider during protrusion, that is, compressing as it moves forward. Table 

10 shows a difference in the effect of palate height on /s/ type in controls and patients. The 

control subjects with a low palate tended to produce mostly apical /s/ (6/7 control).  

However, no difference was observed in the effect of palate height on /s/ type in patients. 

This suggested that the reduced tongue size and reduced motor control, reduced the 

tendency of patients to have a more apical /s/ with low palates.  Perhaps they could not 

elevate the tip as easily as controls. This result could be further investigated with more 

subjects.  
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Study Limitations:  

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

most critical limitation of this study is the size of the sample. Also, as with any study, another 

possible limitation is potential errors from data collection for each variable. The 

experimenter used the same method and specific protocol to delineate the molar and 

premolar regions for anteriority measurements to minimize any potential errors. All of the 

measurements were collected by one experimenter and the written protocol was strictly 

followed so consistency between subjects can be expected. It is possible that meaningful 

separation between control and glossectomy groups will emerge with the addition of more 

subjects in each group. The primary goal of future research should be strengthening the 

statistical power by recruiting a greater number of controls and patients. 

 

Summary:  

       The first hypothesis, H1: Glossectomy subjects will exhibit more anteriority than 

controls was not statistically supported in this study. There was no statistically significant 

difference between controls and patients on anteriority. However, patients had a slightly 

higher anteriority than controls.    

    The second hypothesis, H2: High palate height group will have greater anteriority 

than low palate height group, was not supported and no significant difference was seen. 

Overall, the anteriority values on average were the same between the low and high palate 

groups.  
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      The third hypothesis, H3: A smaller arch perimeter and canine width will result in 

greater anteriority, was not supported statistically. The subjects had very similar anteriority 

measurements in spite of their differences in arch perimeter or canine width. However, a 

slight trend was seen. For arch perimeter, a slight inverse relationship was noted. For 

example, when the arch perimeter increased, anteriority decreased.  

       The fourth hypothesis, H4: Laminal /s/ will have greater anteriority than apical /s/ 

in all subjects was also not supported in this study. No significant difference was found in 

anteriority between apical /s/ and laminal /s/. The two different /s/ types had minimal 

differences although laminal /s/ had slightly greater anteriority than apical /s/. Laminal /s/ 

may have slightly greater anteriority due to tongue bodily displacement rather than tongue 

tip movement seen in apical /s/.  

 

V. Conclusion: 

       In conclusion, palate height, /s/ type, subject type, arch perimeter and inter canine width 

did not result in significant differences in anteriority. This shows that glossectomy tongues 

are able to adapt to the decreased tongue volume and compensate by having similar 

anteriority change between /ə/ and /s/ as controls, thus resulting in non-significant results 

between the two groups. Future research on this topic with a larger subject pool will help to 

further evaluate the effect of the surrounding maxillary features and occlusal parameters on 

the adaptations of glossectomy subjects’ speech production after surgery. In the future, 

understanding the tongue behavior during speech after glossectomy in patients with small 
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tumors will help to understand and/ or predict tongue behavior of post glossectomy in 

patients with larger tumors.  
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