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Abstract  

Aims: to utilize accurate and time-efficient methods to segment the upper airway, develop a 

registration method for longitudinal CBCT data specific for the upper airways, and correlate 

meaningful CBCT imaging parameters with surgical outcomes in pediatric cohort with SDB 

symptoms. 

Methods: 1) Reliability of several craniofacial landmarks to superimpose upper airway using 

CBCT images was tested along with impact of plane reorientation based on these landmarks on 

the upper airway in single and longitudinal CBCT images. 2) A semi-automatic segmentation 

program for the upper airway was developed and its reliability, validity and time efficiency were 

tested. 3) Using the previous tools, the upper airways of 10 children/adolescents with SDB 

symptoms and jaw disproportions were analyzed and correlated with the impact on quality of life 

survey OSA-18, before and after adenoidectomy or tonsillectomy.  

Results: 1) The landmarks chosen were reliable and coordinate transformation significantly 

reduced measurement errors in longitudinal CBCT data and highlighted large errors in the 

airways with large neck flexion or tongue malposition. 2) The developed semi-automatic 

segmentation program was reliable, accurate, and time-efficient. 3) Using point-based analyses, 

new airway measures were more explanatory than conventional global measures such as volume, 

strongly correlated with OSA-18 and better explained low scores after surgery. 

Conclusions: The semi-automatic segmentation program and registration technique of CBCT 

upper airways provided reliable tools to test the surgical outcomes in a cohort of children with 

SDB symptoms. New point-based analysis was complimentary to conventional measures of 

airway variables and better correlated with clinical measures. 
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1.1 Literature Review 

  

1.1.1 Pathophysiology of Pediatric Sleep Disorder Breathing (SDB) 

Sleep-disordered breathing (SDB) is a spectrum of conditions with abnormal respiratory 

pattern and/or decreases in oxyhemoglobin saturation during sleep. The spectrum ranges from 

habitual snoring, upper airway resistance syndrome, to partial or complete airway obstruction 

termed obstructive sleep apnea (OSA). Habitual snoring has been reported in 3–12% of the 

general pediatric population and 1–3% will have OSA.
1-3

 

Increased upper airway resistance is an essential component of OSA, including any 

combination of soft tissue narrowing or encroachment of surrounding craniofacial structures. The 

stability of the upper airway is compromised not only by anatomic factors but abnormalities in 

neuromuscular activation, ventilator control, and arousal threshold are parts of this complex 

spectrum. For normal nasal breathing, the air needs to flow from the anterior nasal nares, to the 

nasal cavity, naso-pharynx, oro-pharynx, hypo-pharynx, and finally to the larynx and lungs (i.e. 

lower airway). During its journey from the nose to the lungs, the air faces multiple anatomic and 

neuromuscular factors that may hinder its passage. Having this process during sleep, sets 

multiple factors into play. In non-snoring, normal children obstructive apneas (complete airway 

obstruction) and hypopneas (partial airway obstruction) rarely occur, inspiratory flow limitation 

and respiratory effort–related arousals are uncommon, and oxygen saturation rarely drops below 

90%.
4
 Children with habitual snoring lack apnea, hypopnea, respiratory effort–related arousals, 

and gas exchange abnormalities. Children with OSA present with recurrent episodes of partial or 

complete airway obstruction.
4
   The upper airway resistance syndrome (UARS) is characterized 

by brief, repetitive respiratory effort–related arousals during sleep in the absence of overt apnea, 
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hypopnea, or gas exchange abnormalities. The fact that (UARS) is a distinct entity however is 

debated that it is in fact a continuum between habitual snoring and OSA.
5
  

Oxygen and carbon dioxide (CO2) tensions are regulated within narrow limits during 

wakefulness. In children with and without OSA and during sleep, it is the carbon dioxide that 

controls the central respiratory drive. The patency of the upper airway is maintained by the 

balance between the viscoelastic properties of the pharynx, neuromuscular activity, and pressure 

gradient through the airway (also referred to as transmural pressure). During wakefulness, 

pharyngeal dilator muscles are active and a stable ventilatory pattern is present. The normal 

sleep/wake cycle is divided into non-rapid eye movement (NREM) sleep (stages 1, 2, 3) and 

REM (rapid eye movement) sleep. The deepest stage (stage 3 of NREM) is required for the 

physically restorative effects of sleep and preadolescent growth. NREM stage 2 and REM are 

more associated with mental recovery and maintenance.  

Some evidence suggests that sympathetic activity is up-regulated in children with OSA 

causing increased apnea frequency in NREM stage 2 and REM.
6
 Upon the transition from awake 

to non-rapid eye movement sleep (NREM), the diaphragm and muscles of the upper airway show 

reductions in activity, hypoventilation (two to five folds), and increase in upper airway 

resistance.
7
  In REM, these parameters start to reverse to levels above those noted in NREM 

sleep or quiet wakefulness with significant increase in sympathetic drive, with increases in heart 

rate and blood pressure. In the cases where an obstructive event, in a predisposed airway, causes 

blood oxygen levels to fall, or the physical exertion to breathe is too great, neurological 

mechanisms trigger a sudden interruption of sleep, called a neurological arousal which further 

worsens ventilatory instability and cause obstructive cycling.
4
 Of the pharyngeal dilator muscles, 

including the genioglossus, hyoglossus, and styloglossus, the genioglossus is the most easily 
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measured and was shown to produce forward movement of the tongue, increasing oropharyngeal 

airway size and stiffness in children.
6
 

During sleep, most children with OSA intermittently re-establish stable breathing pattern.  

This suggests that anatomic measures of the airway lumen, soft tissue, and skeleton are critical to 

the development of SDB, however do not completely account for it. Dynamic inspiratory airway 

narrowing during tidal breathing was much greater in children with OSA compared with normal 

control subjects and upper airway resistance correlated with the severity of OSA in children.
8-11

  

Children with OSA also had increased collapsibility at the level of the soft palate and 

retroglossal area compared to normal children, indicating a generalized increased collapsibility 

of the pharynx.
12

  

Inflammation is also thought to be contributing to the development of SDB.  It is 

hypothesized that snoring causes local injury, via prolonged vibration, and induces a mucosal 

inflammatory response resulting in nerve damage and swelling consequently affecting upper 

airway resistance and/or collapsibility.
13

 These changes were associated with increased 

expression of leukotriene receptors in tonsillar tissue from children with OSA compared to 

children with recurrent throat infections and treatment studies using intranasal corticosteroids or 

leukotriene receptor antagonists resulted in a reduction in OSA severity.
13-15
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1.1.2 Upper airway anatomy  

The skeletal support for airway is provided by the cranial base (superiorly), spine 

(posteriorly), nasal septum (anterosuperiorly), jaws, and hyoid bone (anteriorly), Figure 1.1. The 

airway valves include the soft palate, tongue, and epiglottis. The upper airway mainly consists of 

the nasal cavity and the pharynx. The pharyngeal airway is divided into three components: naso-

pharynx, oro-pharynx, and hypopharynx, Figure 1.1. The nasopharynx marks the pharyngeal 

airway posterior to the nasal cavity and usually contains the adenoids and is bounded by the 

posterior nasal aperture antero-superiorly and the tip of the soft palate inferiorly. The oro-

pharynx marks the pharyngeal airway posterior to the oral cavity and contains the tonsils and is 

bordered by the tongue anteriorly, tip of the soft palate superiorly, and the tip of epiglottis 

inferiorly. Finally, the hypopharynx marks a small part of the pharynx bordered by the tip 

of epiglottis superiorly and opens into the larynx and esophagus inferiorly. 

 

Figure 1.1: Sagittal CBCT image showing upper airway. NP: nasopharynx, OP: oropharynx, HP: 

hypopharynx, SP: soft palate, *: shows epiglottis. 
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 The nose is formed by three paired structures; inferior, middle, and superior turbinates, 

with the nasal septum dividing these pairs into right and left. The three paired turbinates will 

house three paired nasal meatuses through which air flows, Figure 1.2. The boundaries of the 

nasal cavity are: the anterior nares anteriorly, the posterior nares/aperture posteriorly, the hard 

palate inferiorly, ethmoid and frontal sinuses superiorly, and the paired maxillary sinuses 

laterally, Figure 1.2. 

 

Figure 1.2: Coronal CBCT image showing nasal airway. NM: nasal meatus (inferior, middle, 

and superior), MS: maxillary sinus, ‡ shows nasal concha (inferior, middle, and superior), *: 

shows concha bullosa. 

 

While SDB is complex and multi-factorial, upper airway narrowing due to adenotonsillar 

hypertrophy is considered the main culprit to which treatment is geared towards. Adenoidal 

tissue, palatine and lingual tonsils, together with other lymphoid tissue forming Waldeyer’s ring, 
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serve as the first line of defense against infections through the nasal and oral cavities.  In a 

healthy child, adenoid enlargement is a physiologic phenomenon and is at its largest size 

between the ages of 5-10, then decreases in size until adulthood.
16, 17

 

Children with OSA have larger adenoid, tonsils and soft palate compared to their 

controls.
4
 Their size correlated with apnea-hypopnea index (AHI) in young children (1.9-9.3 

years) and cross-sectional areas at the levels of tonsils and soft palate explained 74.3% of 

variations in AHI in older children (7-12).
18, 19

 Other causes of nasal airway narrowing include 

allergic rhinitis, turbinate hypertrophy, concha bullosa, deviated septum, and other pathologies 

such as nasal polyps.
6
  The turbinates are paired structures located within the nasal cavity, also 

called nasal concha, that assist with several functions such as insulation and filtering the inhaled 

air. Enlargement of the turbinates along with (allergic) rhinitis can impede the air flow through 

the nose, Figure 1.2. When air from ethmoid air cells pneumatizes within a turbinate of the nose, 

a concha bullosa is evident. It is considered an anatomical variant however if it reaches a large 

size, it can locally affect the patency of the nasal airway, Figure 1.2. In a retrospective review of 

998 sinus-computed tomography scans, 44% presented with at least one concha bullosa and 79% 

were associated with deviated nasal septum.
20

 It is estimated that 80% of all nasal septums are 

off-center and mild deviations are normal variants. A "deviated septum" occurs when the septum 

is severely shifted away from the midline causing localized narrowing of the nasal airway and 

affecting air flow.
21
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1.1.3 SDB and Craniofacial development 

Longitudinal studies on SDB children and experimental data from infant monkeys (in the 

1980s)
22-26

 are strongly suggestive of an association between normal-breathing, oral-facial 

muscle tone, normal development of the nasomaxillary complex and mandible.
27

  

Presence of abnormal muscle tone due to genetic or environmental reasons in humans, or 

experimentally induction of abnormal nasal resistance in infant monkeys, is associated with 

mouth breathing.
27

 Human infants prefer breathing through the nose however, are able to breathe 

through the mouth if the nose is blocked but not for significant lengths of time, due to the 

weakness of the muscles required to open the oral airway.
28

   

At birth, the face is about 40% of adult size, increasing to 65% at 3-6 years of age, about 

90% by 11–12 years, and is only completed after puberty.
27, 29

 To breathe through the mouth, a 

child would lower the mandible, leading to anterior positioning of the tongue, resulting in a high-

arched palate, narrow maxilla, retrognathia, thus promoting backwards (clockwise) rotation of 

the mandible, increase lower facial height, and inevitably influence dentoalveolar morphology; 

features collectively forming the “adenoid facies” or “long face syndrome”.
30-36

  

 

1.1.4 SDB risk Factors 

Although considerable evidence supports the notion that upper airway obstruction 

and mouth breathing induce morphologic skeletal changes in the maxilla and mandible, 

such skeletal changes could further exacerbate the upper airway narrowing thus serving 

as risk factor.
4
 Furthermore, craniofacial features reducing airway were implicated as the 
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reason for incomplete resolution of SDB to the surgical removal of adenotonsillar tissues, i.e. 

adenotonsillectmy (AT).
31

 

  Obesity has tripled since 1980s and the risk of OSA in obese children is at 36%, reaching 

60% in the presence of snoring.
4
 Obese children also presented with high perioperative 

complications (such as pain and hemorrhage) and residual OSA post AT.
37-39

 Studies suggest that 

older, obese children with SDB present with adult-like SDB characterized by excessive daytime 

sleepiness, arousals, sleep fragmentation, and high end-organ dysfunction.
40

 Interestingly, obese 

children with OSA showed more obstructive events in the supine position whereas in non-obese 

children with OSA, obstructive events were more noted in the prone or side positions.
41

 This 

suggests that sleep posture may affect airway collapsibility, and although lateral positioning 

increased the size of the adult airway on magnetic resonance imaging (MRI), the degree of neck 

flexion was not quantified but such data is not available in children.
42

  

Another, modest, risk factor is Gastroesophageal reflux disease (GERD). GERD 

represents the backwards flow of gastric acid to the pharynx. Because acid clearance 

mechanisms (such as swallowing, salivation and primary esophageal motility) are impaired 

during sleep, the acid contact time increases.
43

 The relationship between sleep problems and 

GERD is reciprocal; acid irritation causes airway edema and thus narrowing and vice versa, SDB 

can aggravate GER due to increased negative intra-thoracic pressure.
44

 The issue is complex and 

further studies are needed to investigate sleep architecture and brain function in GERD patients 

that is not detected by traditional polysomnography.
43, 44

 

Multiple risk factors to the development or incomplete resolution of SDB have been 

identified in the literature such as African race (craniofacial structure and socio-economic 
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reasons), male (no explanation in children), prematurity (neurologic impairment and adverse 

craniofacial growth), neurologic disorders (abnormal motor control), environmental (smoking, 

pets, indoor allergens), family history OSAS (inherited craniofacial structures, 

neuromuscularture compensation, arousal threshold, and ventilator control).
29

 Depending on the 

sample size, age range, and study design, the statistical significance of these risk factors vary. 

 

1.1.5 SDB sequelae 

SDB is being recognized as the cause of serious morbidities in children including 

metabolic, cardiovascular, and neurocognitive consequences. Failure to thrive possibly due to 

reduction in insulin growth factor, obesity and metabolic syndrome, neuropsychological 

dysfunction (impacting cognition, hyperactivity, sleepiness, low attention and school 

performance and overall behaviour), cardiovascular abnormalities (autonomic dysfunction, blood 

pressure abnormalities), elevated serum levels of tumor necrosis factor, C-reactive protein, and 

interleukins have been documented.
29, 30, 35, 40, 45, 46

  

 

1.1.6 SDB diagnostic tools 

Overnight polysomnography (PSG) is considered as
 
the gold standard to establish the 

existence and severity of disorders during sleep. Apnea-hypopnea index (AHI) determines the 

severity of OSA during PSG by measuring collapsibility of the upper airway and is a combined 

magnitude for the amount of collapses and partial collapses or flow limitations of the upper 

airway during one hour of sleep.
7
 Most commonly an AHI of <1-5/hour constitutes mild OSA, 5-

10/hour is moderate OSA, and >10 is severe OSA. To that end, different methods in the 
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determination of the AHI and its thresholds are known to give different results.
29

 Moreover, PSG 

is expensive, time consuming, labor intensive, and limited institutions can use full PSG to 

diagnose and evaluate pediatric SDB. In Canada, there are 100 sleep labs and 15 of these are in 

Western Canada with wait times reaching 12-14 months.
47

 In Alberta (2001 census population 

3,113,586), there are 5 sleep labs and the rate of sleep studies completed per year per 100,000 of 

population is 96.
47

  

The restricted access to PSG, in Canada and worldwide,
47

 variability in determination of 

AHI or other PSG measures, and the need for better methods to diagnose and assess treatment 

response have initiated a wide search for alternatives.
29

  

Portable monitoring (PM) equipment, or home PSG, is portable, unattended monitor that 

includes at least four channels (airflow, respiratory movements, oxyhemoglobin saturation 

[SpO2] and heart rate). While its use has been validated in the adult population and is emerging 

as a promising tool in children, its validity in diagnosing children for OSA remains contradictory 

and further research is needed.
48-50

 

Nocturnal or overnight pulse oximetry (PO) is a test that involves applying a plastic clip 

over the fingertip to measure arterial oxygen saturation (SaO2) to determine the cardiorespiratory 

stability. Pulse oximetry records two channels: one for oxygen levels, the other for pulse rate. 

Normal oxygen saturation levels in children are usually between 96-100%.  Periodic clusters of 

desaturation on continuous overnight recording of oxygen saturation with three or more 

desaturations less than 90% has been demonstrated to have a 97% positive predictive value for 

OSA in otherwise healthy children.
51

 This lead to the development, and validation against PSG, 

of the McGill Oximetry scoring system by Nixon et al.
52

 A McGill score of 1 (SaO2 drops below 
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90% <3 times) indicates normal or inconclusive for OSA, a score of 2 (SaO2 drops below 90% ≥3 

times) is indicative of mild OSA, a score of 3 (SaO2 drops below 90% ≥3 times and below 85% 

>3 times) indicative of moderate OSA, and score of 4 (SaO2 drops below 90% ≥3 times, below 

85% >3 times and below 80% >3 times) indicative of severe OSA. Scores 1 through 4 deemed 

recommendations to: further evaluate to rule out OSA, adenotonsillectomy (AT) on the waiting 

list, AT within 2 weeks, and urgent surgery within days, respectively. However, some 

disadvantages are worth mentioning. It is conducted under non-expert supervision, i.e. the 

parents, and the readings can be affected due to child movement. Most importantly, PO has low 

negative predictive value (high false negative) probably due to the fact that partial airway 

obstruction is often associated with lesser oxygen desaturation than obstructive apnea which 

cannot be detected by PO.
53

   

Nasopharygoscopy (a video endoscope of the nose and pharynx) is considered the gold 

standard to examine the adenoids and dynamic changes in the upper airway and the utilization of 

a standardized grading system has been shown to have high efficacy for diagnosis of airway 

obstruction.
54

    Although reliable, nasopharyngoscopy studies do not measure changes in the 

upper airway anatomy and their results are based on the subjective analyses of clinicians 

resulting in inter-observer variations. 
55, 56

 Consequently, they are unable to quantify the degree 

of airway obstruction or assess treatment outcome objectively.  

Subjective reporting of symptoms are also considered important indicative of the 

diagnosis. There are multiple surveys and questionnaires developed specific to the OSA 

diagnosis and impact on quality of life. In a 2014 meta-analysis, it was evident that Pediatric 

Sleep Questionnaire (PSQ) was a valid instrument to screen for pediatric SDB.
57

 The PSQ is a 

parent filled questionnaire to assess sleep related breathing disorders (SRBD) and symptom for 
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children aged 2-18 years. The instrument was designed as a broad clinical screen for research 

purposes by Chervin and co-workers.
58

 It has 4 subscales (total 69 items), an important subscale 

is the Sleep related breathing disorder (SRBD) with 22-item score with sensitivity of 0.85 and 

specificity of 0.87 for SRBD scale.
58

  

Another common survey is that measuring quality of life in OSA-children to quantify 

impact on emotional state, physical symptoms, and family interaction and that is the Obstructive 

sleep apnea 18-items Quality of Life Questionnaire (OSA-18).
59

 It consists of 18 items divided 

into five subscales: sleep disturbance, physical symptoms, emotional distress, daytime function, 

and caregiver concerns, and each item is scored with a 7-point ordinal scale. The OSA- 18 total 

score ranges from 18 (no impact on quality of life) to 126 (major or severe impact). According to 

Franco et al. children with OSA-18 total scores below 60 imply a mild impact on quality of life; 

scores between 60 and 80 imply a moderate impact; and scores exceeding 80 imply a large 

impact.
59

 Using OSA-18 to diagnose or detect OSA in children was contradictory. While few 

reports found good correlation between OSA-18 and PSG (the gold standard)
60, 61

, most studies 

seem to agree that OSA-18 has poor validity compared to PSG.
57, 62-64

 However, the OSA-18 

questionnaire was not developed as a diagnostic tool, rather as a disease-specific quality-of-life 

survey. This is shown by its wide use as an outcome parameter in several studies
65-67

 on OSA in 

children and “even if the OSA-18 does not detect and diagnose pediatric OSA accurately, it may 

measure other dimensions of the disease than the PSG does”
64

. Others suggested that perhaps 

PSG measures other than AHI, such as the arousal index or the number and severity of oxygen 

desaturations, more closely correlate to other postoperative sleep parameters.
68

 

In a recent randomized clinical trial of childhood adenotonsillectomy (CHAT), Osa-18 

and PSQ at baseline correlated well with AHI or ODI (oxygen desaturation index). Both the PSQ 
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and OSA-18 along with Race (African American), and obesity (body mass index z score > 2) 

were associated with higher levels of AHI and ODI (P < .05) however only explained <3% of 

variations in AHI or ODI.
69

 Given the fact that 55% of the studied children (n=453) were African 

American (age from 5 to 9.9 years), it is possible this impacted the results of their regression 

model such that “race” was more significant than tonsillar size. Due to the complex nature of 

SDB and the multiple potential co-factors that need to be addressed, a significantly large sample 

size maybe required to accommodate such variability in studies of pediatric SDB. Until then, 

contradicting studies of the pediatric SDB will continue on emerging. 

Interestingly, when a questionnaire is augmented with other tests or physical 

examination, the performance of the OSA diagnostic test improved.
57

 The set of clinical 

assessment, PSQ along with pulse-oximetry screening provided excellent specificity 98.1%, 

94.1% positive predictive value, and performed better in moderate to severe OSA.
70

  Good 

correlation was found between PSQ-sleepiness subscale and objective multiple sleep latency test 

(MSLT).
71

 In fact, using PSG results as the sole indicator for effectiveness of AT in pediatric 

OSA may neglect other benefits highlighted by quality of life questionnaires that are important to 

children and their parents.
72

 

The optimal methodology and criteria for the diagnosis of SDB in children has not been 

established. Based on the presented evidence, combining physical exam, validated subjective 

patient reporting survey, and at least one objective measure (e.g. PO) is far from being a gold 

standard however, has proven to be reasonable tools in the absence of a full PSG.   
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1.1.7 SDB Treatment  

Non-Surgical therapy 

There is no clear consensus on which severity of childhood OSA would warrant 

treatment. As such, choosing therapy depends on the etiology, severity, history, and available 

treatment options available.
29

 

Topical intranasal steroids have been shown to reduce adenoid hypertrophy and improve 

scores of obstructed breathing however their long-term success has not been established.
29

  

Continuous positive airway pressure (CPAP) is a non-invasive device that delivers mild 

air pressure through the nose and/or mouth to keep the airways open during sleep. Although it is 

effective for pediatric OSA, long-term compliance is challenging and side effects include skin 

erythema, eye irritation, congestion, and maxillary growth impairment as the elastic strap 

provides restraining force on the maxilla similar to orthodontic head gear.
29, 73, 74

  

Maxillary expansion, by means of dental orthodontic appliance, opens the midpalatal 

suture transversely, widens the maxilla and nasal cavity. This allows the tongue greater space 

and more forward positioning. After four months of therapy, rapid maxillary expansion (RME) 

was shown to decrease nasal resistance and improve OSA in children, i.e. AHI reduction, with 

maxillary constriction, long term efficacy data is however insufficient.
29

 Several studies have 

shown that RME or bimaxillary distraction improve OSA in children or resolve the residual 

symptoms after adenotonsillectomy.
75-82

  

Mandibular anterior repositioning appliances (to modify class II growth)
83, 84

 or 

Protraction face mask (to advance the maxilla in class III growth)
85-90

 are not common to treat 
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pediatric SDB. By moving the mandible or maxilla forward, the airway dimensions enlarged and 

SDB symptoms improved in different studies in children with OSA. Although these results are 

encouraging, child compliance is always a hindrance, long term success is not clear, large 

samples with robust design are definitely in demand. 

Surgical therapy 

While lymphatic tissues normally regress in volume after the age of 6, the hypertrophic 

tonsillar and adenoid tissue maybe so large that normal tissue reduction is insufficient to remove 

the obstruction.
91

  

Adenoidectomy and tonsillectomy is the surgical excision of adenoid and tonsillar 

tissues, respectively. Although the American Academy of Paediatrics recommends 

adenotonsillectomy (AT) as first line of treatment
92

, there is no consensus on whether the 

adenoids, tonsils, or both need to be removed.
29

 Following AT, children with OSA have reported 

improvements in quality of life, behavior, attention, growth, cognitive scores, and school 

performance.
29

 A recent randomized controlled trial for OSA in school-age children (the CHAT) 

revealed that AT reduced symptoms and improved behavior, quality of life, and PSG findings 

however did not significantly improve attention or executive function as measured by 

neuropsychological testing compared to watchful waiting.
93

 Moreover, complete normalization 

of 110 children with OSA (age 6.4 ± 3.9 years) after AT in only 25% of patients (AHI< 1), 46% 

with persistent mild OSA (1 >AHI<5), and 29% having at least moderate OSA (AHI> 5).
94

 

Similarly, Guilleminault and coworkers reported that 45% of OSA children had persistent OSA 

after adenotonsillectomy.
95

 A meta-analysis of AT cure rate of in pediatric OSA was 60%, based 

on achieving AHI<1.
96
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Residual OSA and perioperative complications, such as post-operative hemorrhage, 

respiratory difficulties, cardiorespiratory arrest, and anesthetic complications, initiated multiple 

studies to search for demographic, clinical, and anatomical factors that can be predictive of such 

negative outcomes. For example, obesity and AHI were identified as possible predictors of 

residual OSA
94

  so did Mallampati score 3 and 4, retrognathic mandible, hypertrophy of nasal 

inferior turbinates, and deviated septum.
95

 Other possible factors associated with residual 

pediatric OSA were African ethnicity, asthma, family history of SDB, prematurity, chronic 

rhinitis, and GERD.
77, 97-100

 Together, these studies indicate that adenotonsillar hypertrophy is 

only one of several important determinants of OSA in children. 

Supplementing AT with other therapies have shown improvement in selected OSA 

populations such as turbinectomy, septal repair, intranasal corticosteroids, proton-pump 

inhibitors, rapid maxillary expansion, mandibular advancement, and lingual tonsillar removal.
4, 

29, 101
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1.1.8 Upper airway imaging modalities 

Visualization and calculation of the airway dimensions are of interest because airway 

obstructions increase airway resistance that may contribute to abnormal craniofacial growth. In 

addition to diagnosing obstruction, airway imaging provides an objective tool to measure 

changes in airway after therapy or correlate airway with craniofacial growth.  The preferred 

radiological technique to evaluate the upper airway in children with structural or functional 

abnormalities is determined by the clinical condition of the patient, severity and complexity of 

the disorder, the available diagnostic expertise and resources.  

Imaging of the upper airway and associated dentofacial structures has traditionally 

employed lateral cephalometric radiography. Characteristic differences have been described in 

skeletal, oral, and pharyngeal dimensions between OSA subjects and their normal peers. 

Cephalometry is informative and readily available however possess the limitations of any two-

dimensional (2D) radiographic procedure: magnification, superimposition of surrounding 

structure, and changes which occur in the medio-lateral dimension cannot be visualized. With 

good to fair sensitivity (61-75%) and poor specificity (41-55%), lateral cephalograms are 

considered screening tools of adenoid hypertrophy that likely needs to be augmented with 

advanced three dimensional (3D) imaging in complex cases such as SDB population.
102, 103

 

The airway extends from the tip of the nose to the superior aspect of the trachea and can 

be visualized on advanced imaging modalities such as magnetic resonance imaging (MRI), 

multi-detector computed tomography (MDCT), and cone beam CT (CBCT) scans which usually 

include the jaws, teeth, cranial base, spine, and facial soft tissues. This provides an opportunity to 

evaluate functional and developmental relationships between these structures. Of the three, MRI 
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is the most desirable as it has no ionizing radiation, provides information on the airway space 

and soft tissue definition of the muscles, fat, and lymphoid tissues forming and surrounding the 

airway. Certain ultra-fast MRI sequences can provide dynamic imaging of the airway. However, 

MRI is not readily accessible to dentists and static image sequences take a long time to complete. 

While MDCT provides high-resolution bone anatomy and soft tissue information by means of its 

thin-collimation, fan-shaped beam, it subjects the patients to high amounts of radiation (around 

860 microSv for 12 cm high field of view)
104

 and is not accessible to dentists.   On the other 

hand, CBCT is readily available to dentists and provides 10 times less ionizing radiation, 

compared to MDCT, by means of its large, cone-shaped x-ray beam.
104

 Cone beam CT was 

found reliable in evaluating adenoid size compared to nasoendoscopy, measuring the volume of 

an air space surrounded by soft tissue compared to MDCT, and allows precise measurements due 

to its small isotropic pixels.
105-107

 Caveats to CBCT include the suboptimal resolution due to 

scatter radiation, lack of soft tissue delineation, and harmful ionizing radiation if the protocol is 

not adequately customized to fit the needs of each patient.  

Of note, MDCT and MRI are acquired while the patient is in supine position thus 

allowing imaging subjects awake or asleep. Most CBCT units, on the other hand, acquire images 

in the seated position. Studies revealed that airway dimensions reduce at supine vs. seated 

position due to backward-downward position of the tongue, soft palate, and hyoid bone by means 

of gravity.
108-111

 However, transitioning from awake to sleep introduces additional neuro-

muscular factors that further affect airway dimensions through different stages of sleep or as 

subjects change between different postures during sleep; right or left supine, semi-supine, or 

prone.
7, 41, 112-115
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1.1.9 Upper airway imaging: methods of analysis   

The literature contains studies analyzing different parts of the upper airway and utilizing 

different methods of analysis. The analysis is either static (linear, surface area, cross-sectional 

area, or volume) or dynamic (assess airflow by means of computational fluid dynamics). 

Computational fluid dynamics (CFD) is a computerized method of air flow analysis in which 

numerical methods and algorithms are used to simulate air or fluid flows. This technique is 

becoming more prominent because it allows more detailed information about air flow with 

outcome measures such as resistance, velocity, changes in pressure, and turbulence.
116

 However, 

CFD is complex, computationally demanding, and time consuming due to the complex shape of 

the upper airway.
117

  

Most recent analyses require a 3D model of the upper airway reconstructed from 3D 

imaging modality (MDCT, CBCT, or MRI) and in order to depict cross sections and volumes in 

a 3D analysis, the segmentation technique plays an important role.
118

 Segmentation is the 

extraction of structural information of particular interest from surrounding images for 

visualization or characterization of anatomy or pathology by means of 3D reconstruction.
119

 This 

process can be carried out manually, automatically or semi-automatically. Manual segmentation 

requires the operator to manually trace the boundaries or adjust pixel grey-threshold of the area 

of interest. As such, it requires long time, however it provides accurate 3D rendering of the 

airway. Automatic segmentation is offered usually by commercial software products and is time 

efficient however not as accurate as manual segmentation as they tend to “combine” the grey-

threshold levels of the entire area of interest rather than customize it depending on location. 
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The most common applications of 3D analysis are: comparing airway dimensions 

between SDB subjects and their controls, assess airway changes after therapy, or associate 

airway parameters with craniofacial growth.  

 

Upper airway imaging: SDB vs. control 

Recent studies have shown that anatomical properties determined from CT, MRI, or 

CBCT images do correlate well with the severity of the OSA by different means of 

measurements. Barkdull and co-workers examined cross-sectional MDCT images of patients 

with OSA and found that a smaller retro-lingual airway correlated with the severity of OSA as 

measured by AHI.
120

 MDCT and CBCT studies comparing OSA subjects with controls revealed 

that the presence of OSA was associated with an increase in airway length, smaller minimum 

cross-sectional area, and elliptically shaped airways.
121-123

 Several MRI studies revealed that 

subjects with OSA had larger soft tissues (adenoids, tonsils, and soft palate)
124-127

, narrow retro-

palatal airway space
19, 126, 127

, smaller mandibular volume
126

, and presented with larger 

fluctuations in airway in tidal breathing
11

. Using fast MRI, few studies analyzed dynamic motion 

of the upper airway of OSA subjects and revealed transverse distention, pharyngeal collapse and 

narrowing during tidal breathing.
10, 127-130

 

Applying CFD on 3D models generated from MRI
131

 or MDCT
132, 133

 showed that flow 

resistance in the pharynx and pressure drop at adenoid and tonsils were higher in OSA subjects, 

compared to their controls, and correlated with AHI. 
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Upper airway imaging: Assess treatment outcomes 

Using MRI, few studies identified lingual tonsil hypertrophy as a reason for residual 

OSA
127, 134

 and significant residual adenoid tissue and volume increase in the tongue and soft 

palate after AT in obese OSA children.
135

 

In MDCT or CBCT studies, maxillary or maxillary-mandibular (MMA) advancement 

increased the minimum cross-sectional area and pharyngeal airway volume.
136-140

 Conversely, a 

significant decrease was noted in volumes of oropharyngeal and hypopharyngeal airways after 

surgical mandibular set-back and in oropharyngeal airway after bi-maxillary surgery, in skeletal 

class III subjects.
141-146

 While RME was shown to increase the nasal or pharyngeal airway in a 

few studies
147-150

, there were no changes in the oro-pharyngeal airway in others.
151-157

 Using 

CBCT, volume increase in the oropharynx was documented after Twin Block
158

, Crossbow 

(XBow)
159

, and Herbst
160

 appliance therapies. 

Applying CFD on 3D models generated from MDCT
161

, CBCT
117

, or MRI
162

, air 

turbulence and pressure gradient reduced along the pharyngeal airway and strongly correlated 

with reduction in AHI after MMA and AT. Nasal ventilation improved by RME due to reduction 

in nasal resistance and negative pressure in pharynx, and reduction in velocity variations by 

means of CFD applied on CBCT-reconstructed airway models.
148, 163, 164

 

 

Upper airway imaging: Association with craniofacial growth 

Correlation between airway measures in CBCT and skeletal patterns is contradictory. 

Few studies found that volume and several cross-sectional areas in at least one part of the 
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pharyngeal airway were different amongst different skeletal patterns
165-170

, with pharyngeal 

airway being largest in the skeletal Class III (mandibular prognathism) or low mandibular angle, 

followed by Class I, and then Class II  (mandibular retrognathism) or high mandibular angle. 

Others found no difference in airway measures in different skeletal malocclusion patterns.
118, 171, 

172
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1.2 Statement of the problem 

Although adenotonsillectomy is the most common and first line of treatment for pediatric 

SDB, only one study
135

 (MRI) measured upper airway changes after AT.  

It is clearly evident that the majority of CBCT studies on upper airway either used 

manual or automatic segmentation of the pharynx. Few attempts were made to create automatic 

segmentation algorithms, however these were developed or tested only for the pharyngeal airway 

or required further tests to increase presicion.
173, 174

  As interest in airway imaging using CBCT 

grew, a large influx of new commercial software programs or applications specific for airway 

analysis is noted. This is evident by the increasing amount of studies introducing, testing, or 

validating automatic commercial software products. However, few points are worth discussing:   

 In an imaging modality with low signal to noise ratio, i.e. CBCT, reliability and accuracy 

of automatic segmentation techniques or commercial software products are important. If 

such programs were tested and deemed reliable or accurate, it is possibly as a result of 

using geometric phantoms consisting of cylinder or simple shapes as the “reference or 

gold standard”.
175, 176

 A more representable reference would be manual segmentation of 

true upper airway rather than a cylindrical phantom. Similarly, it is expected that 

automatic segmentation would closely represent that of manual segmentation, thus over-

representing its reliability. For example, when the nasal cavity was included in testing 

automatic segmentation of a common software (Dolphin®), the upper airway volume 

differed by 42% against manual segmentation; a result deemed unacceptable.
177

 Including 

the nasal cavity in validation of segmentation methods is more evident in the 

otolaryngology literature.
178-181

 Semi-automatic segmentation of the nose and paranasal 
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sinuses reduced segmentation time by 78.1% however even the reduction to 3.5 hours 

was still considered not-practical clinically nor for research purposes.
181

  

 There are multiple and inconsistent measurements of the upper airway that may or may 

not correlate with each other. Upper airway analysis in CBCT cannot be accurately 

expressed by single linear measurements and volume alone does not depict the 

morphology of the airway.
182

 Since the upper airway is a complex geometry, its 

assessment should reflect size and shape parameters; conventional measures such as 

linear, area, and volume may fall short on the latter.  

 When longitudinal CBCT analysis of the upper airway is carried out, most studies did not 

take into account changes in patient head position at the time of scan. Furthermore, sub-

dividing the pharyngeal airways into different segments appears erroneous, inconsistent, 

and relies on unstable or unclear soft tissue landmarks. This, in turn, will impact the 

location and size of the linear, area, and volume measurements selected to analyze the 

upper airway. 

In a pediatric population presenting with craniofacial disproportion and SDB symptoms, can 

we analyse their nasal and pharyngeal airways before and after adenoidectomy or tonsillectomy 

with meaningful measures, based on accurate CBCT models and reliable superimposition 

technique? 
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1.3 Objectives and Hypotheses 

Objective 1: To assess reliability and accuracy of CBCT auto/semi-automatic segmentation 

technique specific for the upper airway. 

Hypothesis 1 (H0): There is no significant difference in the dimensions of 3D upper 

airway models generated semi-automatically compared to manual segmentation “the 

reference”. 

Objective 2: To test reliability of registration technique based on anatomical landmarks specific 

for longitudinal upper airway CBCT images. 

Hypothesis 2 (Ha): Landmark-based registration technique is reliable method for upper 

airway CBCT superimposition. 

Objective 3: To explore new parameters that take into account localized characteristics of the 

3D upper airway. 

Hypothesis 3 (Ha): New parameters measuring the 3D upper airway correlate with and 

complement conventional/global measures. 

Objective 4: To apply the tools in aforementioned objectives to assess adenoidectomy or 

tonsillectomy outcomes based on 3D upper airway models against quality of life measure OSA-

18, in a pediatric population with jaw disproportions and sleep disordered breathing symptoms.  

Hypothesis 4 (Ha): 3D upper airway models, landmark-based registration, and new 

methods of analysis provide objective tool to measure surgical outcome and correlates 

with OSA-18 measures. 
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1.4 General Scope of Dissertation 

 The thesis is presented in seven chapters. This chapter, Chapter 1, represents a general 

introduction that reviews pertinent literature, states relevant problems identified, lists specific 

objectives and hypotheses to be tested, and finally the thesis scope is presented. 

 In Chapter 2, two systematic reviews are presented. Both reviews highlight the lack of 

optimized CBCT protocol for airway imaging, questionable validity and reliability of 

automatically-generated 3D airway models from CBCT, debatable sufficiency of linear, area, 

and volumetric measures to describe the airway, lack of clinical cross validation to determine if 

CBCT airway dimensional changes are suitable for assessment of treatment outcome, and 

deficiency of CBCT studies to assess pediatric SDB treatment outcomes. Although several upper 

airway CBCT studies have emerged since the two reviews, most if not all the discussed 

shortcomings still apply.  

Chapter 3 describes two pilots. The first aimed to enhance the inherent low signal to 

noise ratio of the CBCT and consequently improve the delineation of airway boundaries and 

segmentation accuracy.  This was completed by testing several application methods of topical 

radiograph contrast to the upper airway however different methods did not distribute throughout 

the upper airway. The second pilot tests a possible method to better analyze the upper airway 

using the center skeleton (or medial axis) of the 3D model and although was promising, two 

major issues subsequently became evident: 1) when the available software generates “skeletons 

or centerlines” based on two CBCT images, for the same airway, taken 6 months apart with no 

airway surgery applied, they are drastically different. 2) To overcome this, a new algorithm to 
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generate the “centerline” needs to be developed. Efforts to do so have proven to require 

extensive computational testing that cannot parallel the time frame of this dissertation. 

Accordingly, both pilots were not used in subsequent projects.  

In Chapter 4, a 6-point landmark registration technique is introduced, validated, and its 

impact on upper airway is detailed by point-based analysis. This project also elucidates the 

impact of neck flexion and tongue position on upper airway to protocol CBCT imaging in 

following chapters.  

Chapter 5, comprises three projects. The first ensures the reliability of manual tracing of 

the nasal and pharyngeal airways by the principal investigator (i.e. the PhD student) as manual 

segmentation will be considered the reference to test the semi-automatic segmentation program 

in the following projects. The second and third projects introduce the semi-automatic 

segmentation algorithm and tests its reliability, validity, and time efficiency, as well as utilizes 

the new point-based analysis of the 3D models. 

Chapter 6 combines the segmentation program, registration technique, and point-based 

analyses developed in chapters 4 and 5 to generate and superimpose 3D airway models in 10 

children with jaw disproportion and SDB symptoms before and after adenoidectomy or 

tonsillectomy. The changes in airway parameters are tested against changes in quality of life by 

means of OSA-18 survey.  

Finally, Chapter 7 provides general discussion, limitations and suggestions for future 

studies, and conclusions to further enhance the tools of CBCT upper airway analysis. 
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Chapter 2 

Accuracy and use of CBCT generated 3D airway models: current evidence 

 

2.1 Three-dimensional segmentation of the Upper Airway using CBCT: A systematic review 

2.2 CBCT assessment of upper airway changes and treatment outcomes of obstructive sleep 

apnea: a systematic review 
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2.1 Three-dimensional segmentation of the Upper Airway using CBCT: A systematic 

review* 

N. Alsufyani, C. Flores-Mir and P. Major 

*Published in Dentomaxillofacial Radiology (2012) 41, 276–284.   
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2.1 Three-dimensional segmentation of the Upper Airway using CBCT: A systematic 

review 

 

Abstract 

Objectives: To systematically review the literature for studies using cone beam computed 

tomography (CBCT) to automatically or semi-automatically model the upper airway (including 

pharyngeal, nasal and paranasal airways) and to assess their validity and reliability. Methods: 

Several electronic databases (Medline, Medline In-Process & Other Non-Indexed Citations, all 

Evidence Based Medicine Reviews which includes the Cochrane Database, and Scopus) were 

searched. Abstracts that appeared to meet the initial selection criteria were selected by 

consensus. The original articles were then retrieved and their references were manually searched 

for potential articles that were missed during the electronic search. Final articles that met all the 

selection criteria were evaluated using a customized evaluation checklist. Results: Sixteen 

articles were finally selected. From these articles, five scored >50% based on their methodology. 

Although eight articles reported the reliability of the airway model generated, only three used 

Intra-class correlation (ICC). Two articles tested the accuracy/validity of airway models against 

the gold standard, manual segmentation, using volumetric measurements however neither used 

ICC. Conclusions: Only three articles properly tested the reliability of the 3D upper airway 

model generated from CBCT and only one article had sound methodology to test their 

accuracy/validity. The literature lacks proper scientific justification of a solid and optimized 

CBCT protocol for airway imaging. Due to the limited number of adequate studies, it is difficult 

to generate a strong conclusion regarding the current validity and reliability of CBCT-generated 

3D models.  
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2.1.1 Introduction 

Obstruction of the upper airway often alters normal breathing, which can have a 

significant impact on the normal development of craniofacial structures.
1,2

 Narrow maxillary 

arch, cross bites, clockwise mandibular growth rotation, and mandibular retrognathia have been 

reported as being associated with chronic mouth breathing.
3
 Many of these facial features have 

been also reported in subjects with sleep disordered breathing such as obstructive sleep apnea.
4, 5

 

Such abnormalities require prompt attention and an early diagnosis is imperative to ensure 

normal craniofacial development.
6
 

Cone beam computed tomography (CBCT) has become available for oral and 

maxillofacial imaging. It has been suggested that CBCT provides an accurate, efficient and 

relatively less radiation modality, compared to multi-detector CT, for improved understanding of 

airway anatomy, pathology and upper airway mechanics.
7, 8

  

Segmentation of the airway can be done manually or automatically. Manual segmentation 

seems to be the most accurate method and allows for the most operator control.
9
 Accordingly, it 

is significantly time-consuming because it requires the operator to outline the airway boundaries 

on each slice and then transform the data into a 3D volume. Automatic segmentation, on the 

other hand, can drastically reduce segmentation time.
9
  

Automatic or semi-automatic, three-dimensional segmentation of the upper airway can be 

very challenging especially in the complex anatomy of the nasal airway. It has been noted that 

several studies 
6, 10-12 

that assessed the use of CBCT scans to segment the airway did not provide 

validation of their proposed methods. Not only must a reliable but also valid model of the upper 

airway be reconstructed to accurately study the possible relationship between airway restriction 

and craniofacial growth using CBCT imaging. 
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The purpose of this study is therefore to systematically review the medical and dental 

literature for studies using CBCT to automatically or semi-automatically model the upper airway 

(including pharyngeal, nasal or paranasal airway) and to answer the following questions: Are 3D 

airway models automatically segmented from CBCT accurate and reliable? Can clinicians and 

surgeons use quantitative analysis based on these models? 

 

2.1.2 Methods 

A systematic search of multiple electronic databases was completed during the third week 

of May 2011. Databases searched were: Medline (including In-Process & Other Non-Indexed 

Citations), all Evidence Based Medicine reviews (EBM) (including Cochrane Database) and 

Scopus. Each database was searched with the following search terminologies (adapted to each 

database requirements): “airway OR upper OR nasal OR pharynx” and “segmentation OR 

reconstruction OR algorithm OR three dimensional imaging” and “cone beam computed 

tomography OR computed tomography”. An example of search terminology used in Medline is 

summarized in table 2.1.1. (Search terminology for all EBM reviews and Scopus are provided in 

Appendix A) 
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Table 2.1.1: Example of search terminology in Medline 

Keywords 
Number of 

articles 

1. Airway.mp.  94883 

2. exp Pharynx/ or upper.mp. 39104 

3. Nasal.mp. or exp Nasal Cavity/ 80344 

4. 1 or 2 or 3 194220 

5. exp Algorithms/ or segmentation.mp.  159925 

6.  exp Tomography, X-Ray Computed/ or cone beam computed 

tomography.mp. or exp Cone-Beam Computed Tomography/ 
243627 

7. 4 and 5 and 6 138 

 

 

Two reviewers conducted the selection process independently. In case of disagreement, 

discussion between both reviewers was favoured to reach a consensus. 

Phase I: the first phase of the selection process involved reviewing the titles and abstracts of the 

potential articles according to the following inclusion criteria:  

 Upper airway assessment, and  

 Use of CBCT. 

Phase II: the second phase consisted of a detailed review of the entire retrieved article as selected 

in phase I. In addition to the initial selection criteria, two more were added at this stage: 

 Only studies that involved an automated or semi-automated, three-

dimensional/volumetric segmentation of the upper airway were selected. 
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 In studies involving a physical/geometric model, the design of the airway model must 

mimic the possible different diameters/shapes or angles of the human airway. 

Finally, manual search of potentially missing articles was completed using the 

references/bibliography of the articles identified at phase II. In addition, the authors of the 

selected studies were contacted to inquire about missing or incomplete data.  

A customized systematic evaluation protocol (table 2.1.2) was created to assess 

systematically the selected studies. For example, a study that included a randomized sample of 

human subjects, ≥ 30, preferably included a test group with abnormal airway, used manual 

segmentation as gold standard, analyzed the entire upper airway with several types of 

measurements, and executed proper statistical analyses would score higher and would be 

considered scientifically superior to that of another study that scores less.  Accordingly, any 

conclusions withdrawn from any of these sixteen articles had to be based on studies that scored 

higher i.e. were superior in design and analysis. Because the accuracy of an airway model should 

be checked against a gold standard, ideally manual segmentation, and by means of reliable 

measurements, more points were given to the parts “Study measurements” and “Data analysis” in 

table 2.1.2 “Study design” was taken into consideration, however was given fewer points. No 

efforts were made to validate this evaluation tool. In addition, the parameters of CBCT scan 

protocol used in the final selected articles were also collected. 
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Table 2.1.2: Evaluation checklist for the final selected studies 

 

 

 

 

 

 

Parameters of Evaluation Maximum score 

1. Study design 

a. Randomized sample (✓) 1 

b. Sample size ≥ 30 (✓) 1 

c. Test group included (✓) 1 

d. 
Physical model (✓) 

Human (✓) 
2 

e. 

Method of segmentation 

Algorithm (✓) 

Commercial software (✓) 
1 

2. Study measurement 

f. 

Validation/Gold standard 

Physical model (✓✓✓) 

Manual segmentation (✓✓✓✓) 
4 

g. 

Part of airway 

Oropharynx/nasopharynx (✓) 

nasal cavity (✓) 

paranasal sinuses (✓) 

3 

h. 

Type of measurement 

Linear (✓) 

Area (✓) 

Shape (✓) 

Volume (✓✓) 

5 

3. Data Analysis i. 

Reliability: 

Intra-examiner (✓) 

Inter-examiner (✓) 

Kappa or ICC (✓) 

Other statistical test: 

Appropriate (✓) 

P value, R
2 
reported (✓) 

5 

 

 Total (✓) = 23 
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2.1.3 Results 

Database search 

The search results and the number of articles at each phase from the various databases are 

provided in table 2.1.3. Comparing the final results of the different databases, Scopus finally 

obtained the most articles (68.75%) whereas all EBM reviews originally obtained fifteen 

potential studies, but none were deemed useful per our selection criteria. By the end of phase II, 

ten studies were excluded either due to duplication or selection criteria and only twelve met the 

selection criteria. Finally, manual searching of the references from articles identified at phase II 

obtained four additional studies. The final number of articles deemed useful therefore was 

sixteen.  

 

Table 2.1.3: Number of articles per database 

Database Medline 
EBM 

reviews 
Scopus 

Hand 

search 

Total 

articles 

Initial search 138 15 75 - 228 

Phase I 4* 0 18 - 22 

Phase II 1 0 18
ψ
 - 19 

Final selection 1 0 11 4 16 

Contribution of database to final 

selection (%) 

6.25% 0% 68.75% 25%  

*3 articles excluded at next phase: duplicates 
ψ
7 articles excluded at next phase: violated selection criteria 

 

Article scores and evaluation 

The application of the customized evaluation tool is presented in table 2.1.4. Results and 

conclusions of articles that scored ≥50% were given more weight since these studies present 

more accurate methodology compared to other studies. Only five articles
9, 12, 13-15

 scored over 

50%. The study by El and Palomo
9
 presented the highest score, 69.57%.   
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Table 2.1.4: Scores of the final sixteen selected studies using checklist  

Studies 

evaluated 

Parameters of scoring (x.: maximum score) 

Total score n 

(% out of 23) 

Study Design 
Study 

measurements 

Data 

analysis 

a.=1 b.=1 c.=1 d.=2 e.=1 f.=4 g.=3 h.=5 i.=5 

El and Palomo
9
 

2011 
1 1 0 2 1 4 2 2 3 16(69.57%) 

Shi et al
12

 2006 1 0 0 2 1 4 1 4 0 13(56.52%) 

Lenza et al
13

 

2010 
0 1 0 2 1 0 1 4 4 13(56.52%) 

Haskell et al
14

 

2009 
0 0 0 2 1 0 1 5 4 13(56.52%) 

Iwasaki et al
15

 

2009 
0 1 0 2 1 0 2 5 2 13(56.52%) 

Grauer et al
16

 

2009 
0 1 0 2 1 0 1 3 3 11(47.82%) 

Kim et al
17 

2010 0 0 0 2 1 0 2 4 2 11(47.82%) 

Tso et al
18

 2009 1 0 0 2 1 0 1 4 2 11(47.82%) 

Iannetti et al
19

 

2011 
0 0 1 2 1 0 1 3 3 11(47.82%) 

Schendel and 

Hatcher
20

 2010 
0 0 1 2 1 3 1 1 0 9(39.13%) 

El et al
21

 2011 0 0 1 2 1 0 1 4 0 9(39.13%) 

Iwasaki et al
22

 

2011* 
0 1 1 2 1 0 3 0 0 8(34.78%) 

Schendel et al
23

 

2011 
0 0 0 2 1 0 1 3 0 7(30.43%) 

Cheng et al
10

 

2007 
0 0 0 2 1 0 1 3 0 7(30.43%) 

Huynh et al
7
 

2009* 
0 0 0 2 1 0 1 0 0 4(17.39%) 

Celenk et al
24 

2009 
0 0 0 2 1 0 1 0 0 4(17.39%) 

*CFD (computational fluid dynamics) studies 
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Detailed analysis of the sixteen articles is summarized in table 2.1.5. Although there were 

few articles published in 2006 and 2007, the majority of the articles were recent (from 2009 to 

2011). Most studies were not randomized, included subjects with normal/healthy airway, and 

utilized software products for the segmentation process. Only two studies
9, 12

 used manual 

segmentation as a gold standard to validate their measurements and only eight
9,13-17,19,20 

reported 

the reliability of their measurements. The majority of the articles included analysis of oro-naso-

pharyngeal airway and one or more measurements (linear, area, or volume). In terms of data 

analysis, most studies did not score high for reliability or appropriate statistical tests. Two 

studies
7,22

 were computational fluid dynamic studies (CFD) and did not include such 

measurements or statistical analysis. 
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Table2.1.5: Analysis of study methodology for the selected sixteen articles 
 Study design 

-Sample 

-Subjects 

-Software/algorithm 

Study measurements 

-Gold standard 

-Airway region 

-Measurements 

Data analysis 

 

-Reliability (IER) 

-Other statistical test 

El and Palomo
9
 

2011 

-randomized, n= 30 

- normal airway 

- Dolphin3D
®
, InVivoDental

®
, 

OnDemand3D
®
 

-Manual segmentation:  

OrthoSegment 

-ONpharynx & part of 

nasal cavity 

-Volume 

- ICC 

- not appropriate 

 

 

Shi et al
12

 2006 

-randomized, n=20 

- NR 

-Algorithm: Visual C++, 

VTK program language 

-Manual segmentation; for 

1 case only 

-ONpharynx 

-linear, area, and volume 

-NR 

-not appropriate 

Lenza et al
13

 

2010 

- Not randomized, n=34 

- normal airway 

- Mimics
®
 

-None 

-ONpharynx 

-Linear, area, and volume 

-Dahlberg’s formula 

and ANOVA 

-appropriate 

Haskell et al
14

 

2009 

- not randomized, n= 26 

- OSA 

- Dolphin3D
®
, Image J

®
 

-None 

-ONpharynx-naso-

pharynx 

-linear, area, shape and 

volume 

-  ICC 

-appropriate 

 

Iwasaki et al
15

 

2009 

-Not randomized, n=45 

-normal airway 

- INTAGE Volume Editor
®
 

-None 

-ONpharynx 

-Linear, area, shape and 

volume 

-paired t-test, 

correlation r, 

Dahlberg’s formula 

-not appropriate 

Grauer et al
16

 

2009 

-Not randomized, n=62 

- normal airway 

- InsightSNAP
®
 

-None* 

-ONpharynx 

-shape and volume 

- COV 

-appropriate 

Kim et al
17 

2010 

-Not  randomized, n=27 

- normal airway 

- InVivoDental
®
 

-None 

-ONpharynx- and nasal 

cavity 

-Linear, shape, and 

volume 

- ICC 

-appropriate 

Tso et al
18

 2009 

- randomized, n=10 

- normal airway 

- CBWorks
®
 

-None 

-ONpharynx 

-Linear, area, and volume 

-NR 

-appropriate 

Iannetti et al
19

 

2011 

-Not randomized, n=4 

-craniofacial syndromic 

malformations 

-Dolphin3D
®
 

-None 

-Nasal cavity 

-area and volume 

-Wilcoxon signed 

rank test 

-not appropriate 

Schendel and 

Hatcher
20

 2010 

-Not randomized, n=1 

-OSA 

-Airway phantom  

-3dmDVultus
®
 

-Phantom 

-ONpharynx 

-Measurements: 

Phantom; linear, area, 

and volume 

OSA subject; area only 

-Mentioned 

(Phantom), 

NR (OSA subject) 

-Appropriate 

(Phantom), NR (OSA 

subject) 
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Table2.1.5: Continued 

 Study design 

-Sample 

-Subjects 

-Software/algorithm 

Study measurements 

-Gold standard 

-Airway region 

-Measurements 

Data analysis 

-Reliability (IER) 

-Other statistical test 

El et al
21

 2011 

-Not randomized, n=1 

-OSA 

-Dolphin3D
®
 and 

OnDemand3D
®
 

-None 

-ONpharynx 

-Linear, area, and 

volume 

-NR 

-NR 

Iwasaki et al
22

 

2011* 

-Not randomized, n= 40 

-normal airway 

-INTAGE Volume Editor
®
/ 

refined by algorithm 

-None 

-ONpharynx nasal 

cavity and paranasal 

sinuses 

-None/ CFD* study 

-NR 

-NR 

Schendel et al
23

 

2011 

-Not randomized, n=1 

-OSA 

-3dmdVultus
®
 

-None 

-ONpharynx 

-area and volume 

-NR 

-NR 

Cheng et al
10

 

2007 

-Not randomized, n=1 

-NR 

-Algorithm: Modified GVF 

snakes 

-None 

-ONpharynx 

-area and volume 

-NR 

-NR 

Huynh et al
7
 

2009* 

-Not randomized, n=4 

-OSA 

-V-Works
®
, ImageJ

®
, 

Pro/engineer
®
 

-None 

-ONpharynx 

-None/ CFD* study 

-NR 

-NR 

Celenk et al
24 

2009 

-Not randomized, n=1 

-NR 

-Algorithm: 3D Gaussian 

smoothing kernel, 3D PCA C
++

 

programming 

-None 

-ONpharynx 

-None 

-NR 

-NR 

ONpharynx: oro-naso-pharynx 

IER: inter/intra-examiner reliability 

ICC: Intra correlation coefficient 

NR: not reported 

OSA: obstructive sleep apnea 

*CFD: computational fluid dynamics 

®For details on software products reported in this systematics review, please refer to the original 

articles. 
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CBCT scan protocol 

CBCT scan parameters/protocol used for each study is presented in table 2.1.6. The most 

common CBCT machines used were iCAT (Imaging Sciences International, Hatfield, PA, USA) 

and CB MercuRay (Hitachi Medical, Tokyo, Japan), five articles each. NewTom (3G, QR s.r.l.; 

AFP Imaging, Elmsford, NY, USA) and Master 3D dental-imaging system (Vatech, Seoul, 

Korea) were also used in one article each. The remainder four articles failed to mention the 

CBCT machine used in their protocol. In studies that reported their scanning protocol, the field 

of view (FOV) ranged from 13 cm to 30.5 cm, the mA from 2 to 15 and 110 or 120 kVp. The 

scanning time varied from 10 to 40 seconds and the resolution varied from 0.25-0.6mm voxel 

size/3.527x3.527 or 1024x1024 pixels. 
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Table 2.1.6: CBCT scan protocol collected from the selected sixteen articles 

 CBCT machine FOV mA Kvp Time 

(seconds) 

Resolution 

Voxel/pixel 

El and Palomo
9
 

2011 

Hitachi CB 

Mercuray 
12” 2 120 NR 

1024x1024 

pixel 

Shi et al
12

 2006 iCAT 22 cm NR NR 20+20s 0.4mm voxel 

Lenza et al
13

 2010 iCAT NR 3-6 120 20s 0.4mm voxel 

Haskell et al
14

 

2009 NewTom 12” 1-4 110 

36s 

/5.4s 

exposure 

0.36mm 

voxel 

Iwasaki et al
15

 

2009 

Hitachi CB 

Mercuray 
NR 15 120 9.6s 

0.377mm 

voxel 

Grauer et al
16

 

2009 
iCAT 

Medium 

or full 
NR NR NR 0.3mm voxel 

Kim et al
17 

2010 Master 3D dental 

imaging system 
12” NR NR NR NR 

Tso et al
18

 2009 Hitachi CB 

Mercuray 
19 cm 10 120 10 s 

0.6 mm 

voxel 

Iannetti et al
19

 

2011 
NR NR NR NR NR NR 

Schendel and 

Hatcher
20

 2010 
iCAT 13 cm NR NR 40s 

0.25mm 

voxel 

El et al
21

 2011 Hitachi CB 

Mercuray 
NR 15 120 9.6 s 

0.377 mm 

voxel 

Iwasaki et al
22

 

2011* 

Hitachi CB 

Mercuray 
12” 15 120 NR 

1024x1024 

pixel 

Schendel et al
23

 

2011 
NR NR NR NR NR NR 

Cheng et al
10

 2007 
NR NR NR NR NR 

3.527x3.527 

pixel 

Huynh et al
7
 

2009* 
iCAT 23x19 cm NR NR NR 0.4mm voxel 

Celenk et al
24 

2009 
NR NR NR NR NR NR 

FOV: field of view  

mA: milliAmpere  

kVp: kiloVoltage peak  

NR: not reported 
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2.1.4 Discussion 

CBCT technology has introduced a paradigm shift in oral and maxillofacial imaging by 

transitioning from 2D to 3D. 3D segmentation of the upper airway using CBCT paved the road 

to study the anatomy and function of narrowed airways in subjects with sleep disordered 

breathing, e.g. obstructive sleep apnea (OSA), in ways that were unattainable before.
25 

Most 3D 

airway models generated from CBCT have not been validated in the literature.
9
  

 

Study design 

Only few studies
9,12,18

 were randomized and a sample size more than 30 was found in 

only five studies
9,13,15,16,22

. Accordingly, these studies should have less bias in their 

measurements. In three articles
10,13,24

, the authors attempted the use of reconstruction algorithms 

instead of commercial software. Because the main purpose of these studies was to develop new 

or modify previous reconstruction methods using different algorithms, the sample size was 

smaller than that for studies using commercial software, and study measurements were limited if 

not absent. Most articles analysed subjects with healthy upper airways. Five articles
7,12,20,22,23

 

analysed constricted airways of subjects with OSA. Studies by Lenza et al
13

, Cheng et al
10

, and 

Celenk et al
24

 failed to report whether the analysed airway was that of a healthy subject or OSA 

patient. No study, out of the sixteen, compared the accuracy of 3D airway model between OSA 

patients and their healthy controls. If an OSA subject is an obligatory mouth breather or if the 

CBCT scan time was long, the patient would undergo multiple breathing cycles thus causing 

some motion artefact that can affect the resolution of the airway boundaries. This technical 

difficulty was not addressed by any of the studies that included OSA subjects.  
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Study measurements 

Validity is defined in this systematic review as agreement in measurements between the 

software or segmentation algorithm and the gold standard/or ground truth. Reliability or 

reproducibility is defined as the agreement between measurements within the same examiner 

(intra-examiner) or between different examiners (inter-examiner) using a commercial software or 

reconstruction algorithm.  

Out of the sixteen articles, only three
9,12,20 

tested their measurements against a gold 

standard. Out of these, El and Palomo
9
 and Shi et al

12
 used manual segmentation as a reference. 

El and Palomo
9
 validated their measurements for the entire sample of 30, whereas Shi et al

12
 

validated their measurements with manual segmentation in only one case. Grauer et al
16

 stated 

that the segmentation process/software they used was described and validated previously by 

Yushkevich et al
26

 and was superior to manual segmentation. However, Yushkevich et al
26

 

validated InsightSNAP
® 

(version 1.4.0, Cognitica, Philadelphia, PA, USA) using magnetic 

resonance images (MRI) not CBCT. Clearly, MRI and CBCT are very different imaging 

modalities with different image resolution that can affect the accuracy of segmentation 

significantly. 3D airway models generated from CBCT are being introduced as an objective 

evaluation tool of surgical treatment of OSA subjects, orthognathic surgeries, and maxillary 

expansion and their impaction on airway dimensions. This necessitates a proper, scientific 

validation of the method used to generate this model as it serves as baseline for treatment. 

  Schendel and Hatcher
20 

used measurements of an airway phantom as validation; however 

the true complex anatomy of the human airway cannot be replicated and measured physically, 

hence the use of the airway phantom with uniform geometry. Therefore, manual segmentation, 
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which by default should better represent ground truth, would be the ideal gold standard for 

segmentation especially in the nasopharynx and nasal cavity. 

Most authors analysed the pharyngeal airway with volumetric measurements. Only 

Iannetti et al
19

, Iwasaki et al
22

 and El and Palomo
9
 segmented the nasal cavity and/or maxillary 

sinuses. The shape of the oropharyngeal airway is similar to a tube and is completely hollow. 

This makes the process of segmentation straightforward. The anatomy of the nasal cavity is 

complicated with the narrow and tortuous pathways of the conchae and meatuses, consequently 

the segmentation process is extremely challenging due to difficulties encountered in defining the 

boundaries and grey-thresholding especially with noisy CBCT images. Therefore, studies that 

only focus into the oropharyngeal airway will likely over-represent the true validity of the 

evaluated tools.  

Three studies
7,22,24

 failed to report any linear, area or volumetric measurements. Studies 

by Iwasaki et al
22 

and Huynh et al
7
 were computational fluid dynamic (CFD) studies where the 

measurement of airflow, velocity, pressure and resistance were the parameters of concern. CFD 

studies simulate airflow in the airway to assess the functional changes in the airway rather than 

anatomical and/or visual analysis of the airway. The main focus of Celenk et al
24

 was to develop 

a user friendly method to detect and construct 3D human airway using CBCT and while the use 

of 3D Gaussian smoothing kernel seemed very promising, the authors could’ve attempted to 

validate their proposed method by comparing area and volumetric measurements of the airway 

against manual segmentation. 
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Data analysis 

The quality of statistical analysis used in the majority of the articles was poor. To 

measure the validity, ICC (intra-class correlation coefficient) is the most appropriate statistical 

tool. ICC is a general measurement of agreement or consensus. It is an improvement over 

Pearson's r and Spearman's ρ, as it takes into account the differences in ratings, along with the 

correlation between raters.
27,28

 

 El and Palomo
9
 validated their human airway model by means of volumetric 

measurement against manual segmentation however did not use ICC. Instead, they used linear 

regression analysis and reported paired t-test and Pearson correlation coefficient, r, to validate 

their measurements. Shi et al
12

 validated their human airway model by means of linear 

measurement against manual measurement however did not use ICC. The authors used paired t-

test to report the differences in linear measurement. Linear regression analysis provides 

information about the linear relationship or correlation between two random variables, not 

agreement.
29

  

To measure reliability or reproducibility, ICC is the most appropriate test tool. Only 

three studies
9, 14, 17

 used ICC for their intra-examiner agreement (IEA) however, none reported 

the ICC’s 95% confidence interval (CI). The lower limit of the ICC’s CI reports how small the 

examiner agreement might be. For example, if the ICC yielded ≤ 0.80 and the lower bound of 

CI was 0.60 this does not necessarily imply good agreement. Lenza et al
13

 and Iwasaki et al
15 

used Dahlberg’s formula to detect errors between measurements. Springate
30

 examined the use 

of Dahlberg’s formula to estimate errors and found that Dahlberg's formula can under or 

overestimate the true value of the random error.  
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Grauer et al
16

 used coefficient of variation (COV) and Iannetti et al
19

 used Wilcoxon 

sign rank test to measure reliability of volumetric measurements. COV is a measure of 

dispersion and Wilcoxon sign test detects differences in the means, however none of these tests 

measures “agreement”. 

In terms of statistical tests used to analyse the possible relationship and/or correlation 

between the different airway dimensions and craniofacial parameters, most authors mistakenly 

used univarite statistical tests, e.g. t-test, for each variable instead of using multivariate analysis 

for all the variables tested. In doing so, the alpha (error type I) is inflated and possible inter-

correlation between the variables was ignored.  Haskell et al
14

 used multiple linear regression to 

analyse 7 predictors and over 12 outcome variables and had a sample size of 26 only. This can 

affect the power of the regression model. 

To summarize, El and Palomo
9
 were the only authors to test the accuracy of airway 

models against manual segmentation. In their study, they reconstructed the pharyngeal airway 

and part of the nasal cavity, separately, and used volumetric measurements in 30 CBCT image 

sets. They concluded that the volumetric measurements of the three software products tested: 

Dolphin3D (version 11, Dolphin imaging & Management Solutions, Chatsworth, CA, USA), 

InVivo- Dental (version 4.0.70, Anatomage, San Jose, CA, USA), and OnDemand3D (version 

1.0.1.8407, CyberMed, Seoul, Korea) were reproducible and had high correlation with the 

measurements of manual segmentation however were not valid. In other words, the software 

consistently over or underestimated the true, manual, volumetric measurements hence the high 

correlation and therefore were not accurate, suggesting “systematic errors”.  However, the reader 

has to keep in mind that the authors measured “linear” correlation, by using linear regression, 

instead of ICC to measure the validity.  The largest difference was found between 
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OnDemand3D® and manual segmentation in the oropharyngeal airway volume, -2163.25mm
3
 

(95% CI= -2945.69 mm
3
, -1380.80 mm

3
). Although this difference was found statistically 

significant, it is uncertain if it would be of clinical significance. It is unclear whether linear and 

volumetric measurements are sufficient parameters that can be used to validate 3D airway 

models and are accurate indicators/predictors of surgical outcomes. Perhaps it would be more 

meaningful if airway models were analysed not only based on measurements but also on 

geometrical assessment using shape analysis.  

CBCT protocol 

When reported, most of the studies used CBCT machines that required the patient to be 

seated. Lenza et al
13

 used the NewTom
®
, which requires the patient to be supine. It has been 

shown that the dimension of the airway changes from sitting to supine position mostly due to the 

relaxation of the soft palate, tongue and change in hyoid bone position.
31

 Since patients are 

awake during the CBCT scan and sleeping conditions are not simulated, the airway should be, in 

our opinion, imaged while patients are seated.  

Studies that reported CBCT’s field of view (FOV) used FOV ranging from 13 to 30.5 cm. 

13 cm FOV is acceptable to image one part of the upper airway (oropharynx or nasal cavity) 

larger dimensions are satisfactory to image the entire upper airway (superior limits of nasal 

cavity to epiglottis inferiorly). A kilo Voltage peak (kVp) of 120 was used in most studies and 

milliAmperage (mA) ranged from 1 to 15. Whether the kVp or mA was fixed or adjustable, it 

depends on the CBCT machine used. If these parameters were adjustable, none of the authors 

explained why they selected these specific scanning parameters. The scan time highly varied (9.6 

to 40 seconds) and the voxel size ranged from 0.25 to 0.6 mm. This is also dependant on the 

CBCT machine as well as the operator’s selection and was not explained or justified by any of 
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the authors. Conceptually, increasing the kVp, mA, scan time and reducing the voxel size will 

gain the highest resolution for optimum segmentation of the airway, however, at the expense of 

radiation dose to the patient.
32

 This was not addressed in any of the articles included.  

In conclusion, only three articles (out of 16) properly tested the reliability of 3D upper airway 

models generated from CBCT and only one article had a sound methodology to test their 

accuracy.  The literature lacks scientific justification of a solid and optimized CBCT protocol for 

airway imaging. Due to the limited number of adequate studies, it is difficult to generate a strong 

conclusion regarding the validity and reliability of CBCT-generated 3D models.  
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2.2 CBCT assessment of upper airway changes and treatment outcomes of obstructive sleep 

apnea: a systematic review 

 

Abstract 

Objective: To review studies using cone beam computed tomography (CBCT) to assess 

dimensional changes in the upper airway after appliance or surgical therapy in subjects with 

obstructive sleep apnea and to correlate CBCT findings with treatment outcome. Method: 

Several electronic databases were searched. Studies that met selection criteria were evaluated 

using a customized evaluation tool. Results: Study parameters were met in seven articles. Fifty 

adults were assessed using CBCT 1.6-10 months after appliance therapy or maxillary-mandibular 

advancement (MMA) surgery with Genial Tubercle Advancement (GTA). Airway parameters 

measured were linear, cross-sectional (CS) area, volume, or airway function. In only two 

validated surgical case reports, airway volume increased by 6.5-9.7 cm
3
 (> 80%) and minimum 

CS area by 0.1-1.2 cm
2
 (21% and 269%). Conclusion: The available published studies show 

evidence of CBCT measured anatomic airway changes with surgery and dental appliance 

treatment for OSA. There is insufficient literature pertaining to the use of CBCT to assess 

treatment outcomes to reach a conclusion. High quality-evidence level studies, with statistically 

appropriate sample sizes, and cross validated clinically are needed to determine if CBCT airway 

dimensional changes are suitable for assessment of treatment outcome.  
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2.2.1 Introduction 

Sleep-disordered breathing (SDB) is a spectrum of conditions with abnormal respiratory 

pattern and/or decreases in oxyhemoglobin saturation during sleep.
1, 2

 Obstructive sleep apnea 

syndrome (OSA) is the severe end of that spectrum
1, 3

. Recently, OSA is being seen in greater 

numbers even within the paediatric and adolescent age range.
4
 OSA may affect 2%-4% of 

middle-aged adult population in North America and 2- 3% children.
1, 3, 5-7

In the 2009 Wisconsin 

Sleep Cohort Study, the reported SDB prevalence was 9% in women and 24% in men, based on 

Apnea Hypopnea index (AHI) > 5 
8
. 

Management of OSA may include one or more of: conservative approach (e.g. diet or 

altering sleep position), Continuous Positive Airway Pressure CPAP, oral appliance therapy (e.g. 

Mandibular Advancement Devices), and surgery.
4, 9

 Currently, oral appliances are underused 

partly due to their cost and difficulties faced by dentists to utilize these appliances or control 

their various dental side effects.
10

 

  Obstruction can occur at single or multiple levels along the upper airway, from the tip of 

the nose to the larynx.
11

 Imaging of the upper airway has traditionally employed lateral 

cephalometric radiography. Cephalometry is informative and readily available however possess 

the limitations of any two-dimensional (2D) radiographic procedure: changes which occur in the 

transverse dimension cannot be visualized.
12

 3D imaging modalities, including cone beam CT, 

multi-detector CT, and magnetic resonance imaging (MRI), allow 3D segmentation and analysis 

of organs of interest. This provides an opportunity to evaluate functional and developmental 

relationships between skeletal, oral, and pharyngeal dimensions between OSA subjects and their 

normal peers as many SDB subjects presented with narrow upper airway.
13-15

 Advanced imaging 

modalities demonstrated diminished airway prior to treatment and the significant changes that 
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occur following successful treatment however, conflicting results have been reported.
4, 16

 The 

ability to identify the location or cause of obstruction in an attempt to clarify treatment efficacy 

will continue to improve.
13, 17

 Ultimately, the diagnostic study should provide anatomic and 

functional imaging consistent with the physiologic location and severity of disease with minimal 

invasion, limited radiation exposure, and relevance to treatment.
11

 CBCT devices have become 

available for oral and maxillofacial imaging, including the upper airway, at a reduced radiation 

and cost.
12, 18, 19

 Accordingly, several disciplines in dentistry are capable of providing or 

assessing treatment for patients with or at risk for OSA.
4, 20, 21

 

The use of CBCT to investigate upper airway obstruction in patients with SDB/OSA and its 

usefulness to assess treatment outcome has not been systematically reviewed.  The purpose of 

this review is to answer the following questions: 

1) For appliance or surgical therapy, can CBCT measured dimensional airway changes serve 

as an objective tool to assess treatment outcomes (measured by AHI) in subjects with 

SDB/OSA? And if so, 

2) Which upper airway sites are most sensitive to depict treatment success? What is the 

magnitude of the change in these sites?  

 

2.2.2 Methods 

Database search 

A systematic search of multiple electronic databases was completed during the last week 

of April 2012. Databases searched were: Medline (including In-Process & Other Non-Indexed 

Citations), all Evidence Based Medicine reviews (EBM) (including Cochrane Database) and 
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Scopus. Each database was searched with the following search terminologies (adapted to each 

database requirements): “Obstructive sleep apnea OR Sleep Apnea Syndromes OR sleep 

disordered breathing” and “Cone-Beam Computed Tomography OR Computed tomography OR 

Tomography, X-Ray Computed”. The search terminology used in Medline is summarized in 

table 2.2.1. Search terminology for all electronic databases is provided in Appendix A. 

 

Table 2.2.1: Medline electronic database search 

 Keywords   #hits 

1 Obstructive sleep apnea.mp. or exp Sleep Apnea, Obstructive/ 13,324 

2 Sleep disordered breathing.mp. or exp Sleep Apnea Syndromes/ 20796 

3 1or2 22291 

4 cone beam CT.mp. or exp Cone-Beam Computed Tomography 2,211 

5 exp Tomography, X-Ray Computed/ or computed tomography.mp. 310244 

6 4 or 5 310351 

7 3 and 6 355 

 

Two reviewers (NA and MA) conducted the selection process independently. In case of 

disagreement, discussion between both reviewers was favoured to reach a consensus.  

Inclusion criteria:  

 Use of CBCT. 

 Subjects diagnosed with sleep disordered breathing or obstructive sleep apnea syndrome.  

 Only studies that involved intervention to treat SBD/OSA were selected. 

Exclusion criteria: 

 Editorials, commentaries, or reviews. 

 Cadaver studies. 

 Multi-detector or spiral CT. 



 

74 
 

The screening process consisted of three phases:  

Phase I: Review the titles and abstracts. 

Phase II: Full article reading based on articles selected from Phase I. 

Phase III: Hand/manual search of bibliography/references of articles from Phase II. 

 

Quality and risk of bias assessment  

A customized tool was created and adopted from the recommendations by Viswanathan 

et al 
22

 for assessing the risk of bias of individual studies in systematic reviews. The items of 

evaluation are based on study design and subject recruitment (selection bias), methods to assess 

the intervention and outcome (detection/measurement bias), statistical tests and their 

interpretation (analysis/interpretation bias), and effects of concurrent intervention (performance 

bias). 

This tool was developed and tested using studies that fulfilled most of the selection 

criteria however were excluded due to the use of multi-detector CT. Using five of these studies, 

two viewers were trained to use this evaluation tool followed by a pilot test using different five 

studies. Issues and conflicts were identified from the training and pilot testing and the tool was 

revised to reach consensus. Finally, both reviewers independently assessed the final articles 

included in this systematic review using the finalized customized evaluation tool, table 2.2.2. 

The inter-examiner agreement was calculated using intra-class correlation coefficient (ICC). 
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Table 2.2.2: Risk of bias evaluation tool
§
 

A.  

Selection bias 

1. Randomized sample    

2. Sample size ≥ 30  

3. Adequate test group 

 Were cases selected appropriately (e.g., 

appropriate diagnostic criteria or definitions)  

 

4. Adequate control group 

 Inadequate: does not match the test group 

 NA 

5. Inclusion/exclusion criteria for recruitment   NA 

B.  

Detection or 

measurement bias 

6. Adequate follow-up 

 Inadequate: loss to follow-up was a concern or 

follow-up period was not the same between 

groups. 

  

7. Was the intervention assessed using a reliable measure? i.e. 

sleep apnea assessment 

 Example: with PSG (gold standard), Pulse 

oximetry, QOL or sleep questionnaires, or others. 

 

8. Were the outcomes assessed using a reliable measure? i.e. 

CBCT measurements 

 Example: Inter or intra-examiner agreement 

reported 

 

9. Outcome assessors blinded to intervention.   

10. Reported and statistically controlled for confounding 

factors.  

 

C. 

 Analysis or 

interpretation bias 

11. Adequate statistical tests used. 

 Inadequate: e.g. univariate analysis for multivariate 

outcomes 

 NA 

12. Adequate and complete reporting of results 

 Inadequate: e.g. lack of SD or 95% CI, reporting 

significance based on P value when R
2
/correlation 

is <50%. 

 NA 

D. 

Performance bias 

13. Did researchers rule out any impact from a concurrent 

intervention or an unintended exposure that might bias 

results? 

 NA 

 Total maximum 

score= 13 

§(adopted from recommendations by Viswanathan et al
21

) 

*NA: not applicable items: 

For items 4 and 5: not applicable in single case reports  

For items 11 and 12: not applicable in descriptive results.  

For item 13: not applicable in the absence of concurrent treatment 

For remainder items: if not reported, score NO. 
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Data analysis 

For each study, demographic and clinical information were collected. In addition, SDB/OSA 

measurements, upper airway parameters (qualitative and/or quantitative) from CBCT analysis, 

and CBCT protocol were collected for each study.  

 

2.2.3 Results  

Database search 

The search results and the number of articles are provided in the flow diagram in Figure 

2.2.1. The electronic database search resulted in 705 articles. By the end of phase I, a total of 688 

studies were excluded either due to duplication or selection criteria and only 17 were eligible to 

move into phase II. By the end of phase II, 10 out of the 17 studies were excluded and only 7 met 

the selection criteria. Finally, manual search of the references from articles identified at phase II 

did not obtain any additional studies. The final number of articles deemed useful therefore was 

seven, included adult OSA population, and were published between the years 2009 to 2011.  
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Figure2.2.1: Flow diagram with search strategy and number of articles. 
 

Quality and research bias 

Using the customized evaluation tool, the ICC between the two reviewers was 97.7% 

[95% confidence interval= 88.1-99.6%] indicating excellent intra-examiner agreement beyond 

chance. A study scoring 0- <50%, is graded as high risk of bias. Studies scoring 50% are graded 

as moderate risk of bias and those scoring >50% are of low risk of bias. The final score (%) of 

each article is provided in tables 2.2.3 and 2.2.4. All articles were either case reports or case 

series and the overall risk of bias was high (< 45%); mostly related to selection and detection or 

measurement bias. 
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Table 2.2.3: Data analysis for studies with appliance therapy 

Variables collected 
Study/year 

AbiRamia et al
28

/2010 Haskell et al
26

/ 2009
ϯ
 Singh et al

27
/ 2011 

Risk of bias Score= % 

Type of intervention 

Amount of advancement* 

40.06% 

Modified Twin Block (TB) 

(75% of maximum protrusion) 

32.04% 

MAD: Herbst appliance 

(4.0±3.6 mm
3
) 

20.0% 

Mandibular appliance & new 

maxillary DNA 

(maxilla inter-molar width: 

5mm. mandible: 2.9mm) 

D
em

o
g
ra

p
h
ic

/ 

cl
in

ic
al

 d
at

a 

 

-Sample size: gender 

-Age 

 -BMI 

-Skeletal/dental factors 

-Follow-up period 

- n= 16: 10 f, 6 m 

- Mean= 47.06 years 

- BMI <27 

- Arch-overjet at least 4mm  

- Average 7 months 

- n= 26: 9 f, 17 m 

- NR 

- NR 

- NR  

- NR 

- n=1: m   

- 36 years 

-BMI: NR 

- Mid-facial underdevelopment 

- 10 months 

O
S

A
 p

ar
am

et
er

s 

 

Before After Mild/moderate 

OSA 

 

 

PSG 

- AHI<30 

 

NR 

 Mild OSA 

 

 

 

PSG 

 - AHI=+5 

NR 

Moderate 

OSA 

 

PSG 

-AHI=24/h 

-OxHm 90%  

 

-Normal 

breathing 

 

Home sleep 

test 

-AHI= 0 

-O2 88-95%  

- Pulse63/min  

- severity  

 

 

- Test  
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Table 2.2.3: continued 

Variables collected AbiRamia et al
28

/2010 Haskell et al
26

/ 2009
ϯ
 Singh et al

27
/ 2011 

C
B

C
T

 a
ir

w
ay

 p
ar

am
et

er
s*

 
-Part of airway 

 

 

 

-Variable measured: 

With-without 

appliance= difference  

 

- OP and partial NP  

 

 

 

 -Total volume (mm
3
):  

(8710±2813)-(7601±2659)= 

1109±154  

 

-OP 

- Change in total volume (m±SD)= 

2792.8±4380.9 mm
3
 

-  Change at MinCS  

MinCS/Lat= 2.5±4.7 mm 

MinCS/AP= 0.6±2.5mm  

MinCS/L:AP= 0.2±0.9 

MinCS area= 43.2±86.2 mm
2
 

- Change at LgCS 

 LgCS/Lat= 3.7±6.0 mm  

 LgCS/AP= 0.8±2.1 mm  

 LgCS/L:AP= 0.1±0.5 

 LgCS  area= 71.4±61.7 mm
2
 

- Change at C2CS 

C2CS/Lat= 4.3±4.4 mm  

C2CS/AP= 1.0±2.1mm 

C2CS/L:AP= 0.2±0.5     

C2CS area= 77.6±111.2 mm
2
 

- OP and partial NP 

 

 

- Total volume mm
3
:   

22024-12889 = (9135)  

-MinCS area: Visual/plot of 

increase.  

Summary 

-Total volume increase by 

1.1±0.2 cm
3 

(15±6%); 

statistically not significant 

P=0.0494 

 

 

 

Change in airway outcome 

not validated against OSA 

measurement. 

-Total volume increase by 2.8±4.4 cm
3 

-Increase in MinCS area by 0.4±0.9cm
2
 

-Increase in AP dimension by 0.1cm. (largest 

at C2) 

-Increase in Lat dimension ranged from 0.3 to 

0.4 cm. (largest at C2) 

-Overall, all airway parameters increased; 

statistically significant based on Z scores.  

Change in airway outcome not validated 

against OSA measurement. 

-Total volume increase by 

9.1cm
3 
(71%) 

 

 

 

 

-Hx and concurrent use of 

CPAP.  

Change in airway outcome not 

validated against consistent 

OSA measurement. 

*All measurements were rounded-up to one decimal. 

Ϯ % of change in airway parameters was not feasible; original article provided mean change in airway dimensions only. 

Abbreviations: MAD: mandibular advancement; DNA: Day-night appliance; BMI: body mass index; NR: not reported; PSG: polysomnography; 

AHI: Apnea-hypopnea index; OxHm: oxygenated haemoglobin; OP: oropharynx; NP: nasopharynx; MinCs: minimum cross section; Lat: lateral; 

AP: antero-posterior; lgCs: largest cross section; C2Cs: cross section at 2nd cervical vertebra; Hx: history; CPAP: Continuous positive airway 

pressure. 
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Table 2.2.4: Data analysis for studies with surgical intervention 

Variables collected and 

summary 

Study/year 

El et al
25

/ 2011 Schendel et al
24

/ 2010 Schendel et al
29

/ 2011 Huynh et al
23

/ 2009  [CFD] 

Study quality score % 

Type of intervention 

(Amount of 

advancement)* 

33.33% 

MMA + GTA 

(mandible:7mm, maxilla 6 

mm) 

18.75% 

MMA+GTA+GGA  (10 

mm)  

33.33% 

-MMA + GTA 

(12mm) 

20.0% 

MMA  

(mean: 4mm maxilla, 7.7mm mandible) 

Sample size :gender 

Age  

BMI 

Skeletal/dental  

Follow-up period 

n=1: f 

32 years  

BMI =23.8  

Mild skeletal Class II 

6 months 

n= 1: f 

55 years 

NR 

Bimaxillary retrusion  

NR 

n=1: m   

54 years 

 NR 

Skeletal class III 

3 months 

n=4: 3m, 1 f   

mean 40 years 

NR 

NR 

At least 7 weeks (1.6 months) 

O
S

A
 p

a
ra

m
et

er
s 

Before |  After 

 

Severity 

 

Test 

 

Severe OSA 

 

PSG 

AHI=33.7 

Sleep Q 

-Epworth 

sleepiness 

scale 9/24 

Mild OSA 

 

PSG 

AHI=6.7 

O2sat= 93% 

Sleep Q 

-Epworth 

sleepiness 

scale 4/24  

 

-Moderate 

OSA 

 

PSG 

 AHI=19.9 

 

NR 

severe 

OSA 

 

PSG 

AHI=21 

O2 desat 

82% 

-Mild 

OSA 

 

PSG 

AHI=5 NR NR 

C
B

C
T

 a
ir

w
a

y
 p

a
ra

m
et

er
s*

 

Part of airway 

 

 

Variable 

measured:  

Pre-Post= 

difference 

OP and partial NP 

Total volume (mm
3
):  

7957.8 -14433.5= 6.5cm
3
. 

MinCS area (mm
2
):   

 46.3 - 170.7= (1.2 cm
2
). 

Linear (mm): 

H-palate/AP: 

16.2 -17.9=1.7(10.5%) 

H-palate/Lat: 

12.6 -22.6=10 (79.4%) 

S-palate/AP: 

 1.8 -7.5=5.7 (316.7%) 

S-palate/Lat: 

 11.9 -23.2=11.3 (95.0%) 

Tongue/AP:  

4.1 -9.2=5.1 (124.4%) 

Tongue/Lat:  

13.9 - 21.5=7.6 (54.7%) 

C3/AP:  

12.6 -13.5=0.9 (7.1%) 

C3/Lat: 

 17.8 -32.7=14.9 (83.7%) 

OP and partial NP* 

 

 

 

MinCS area (mm
2
): 6.6 -

112.4= (1.1 cm
2
) 

OP and partial NP 

 

 

Total volume (mm
3
) 

10970 – 20690= 9720 

MinCS area (mm
2
):  

59.5 – 72.0= 12.5 

OP and partial NP 

 

Total pressure drop (Pa) from T0-T1  

Airflow   340 ml/s 400 ml/s  460 ml/s 

Subj1 

Subj2 

Subj3 

Subj4 

11.6 

21.3 

-0.3 

42.4 

15.6 

28.8 

-0.4 

57.9 

20.4 

37.4 

-0.6 

75.9 

 

Airway resistance (%) from T0-T1 

Airflow   340 ml/s 400 ml/s  460 ml/s 

 

Subj1 

Subj2 

Subj3 

Subj4 

 

-91.2  

-91.2  

+11.1 

- 97.5 

 

-91.3 

-91.3   

+12.5 

- 97.6    

 

-91.4 

-91.4 

+13.7 

- 97.7 
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Table 2.2.4: Continued 

 El et al
25

/ 2011 Schendel et al
24

/ 2010 Schendel et al
29

/ 2011 Huynh et al
23

/ 2009  [CFD] 

Summary 

Total volume increase by 

6.5cm
3
 (81.0%)  

Increase in MinCS area by 

1.24 cm
2
 (269%)  

Increase in AP dimension 

ranged from 0.1 (7%) to 0.6 

cm (317%). (largest at S-

palate) 

Increase in Lat dimension 

ranged from 0.8 (55%) to 1.4 

(95%) cm, largest at S-palate  

Clinically significant; 

however lacks statistical 

power 

Hx of CPAP; unknown 

duration. 

 

 

Increase in MinCS area 

by 1.1 cm
2
 (1598%)  

 

 

 

 

Change in airway 

outcome not validated 

against OSA 

measurement.  

Total volume increase by 

9.7 cm
3
 (89%)  

Increase in MinCS area by 

0.1 cm
2
 (21%)  

 

 

 

 

 

Hx of conservative, mand 

positioning devices, 

uvular surgery; unknown 

duration 

3 of 4 subjects showed reduction in total 

pressure along the airways and over 90% 

reduction in airway resistance. 

The remainder subject demonstrated 

opposite findings.  

Both outcomes increase in magnitude as 

the airflow increases. 

Lack anatomical verification of areas of 

stenosis.  

Change in airway outcome not validated 

against OSA measurement. 

*All measurements rounded-up to one decimal. 

Abbreviations, in addition to those in table 2.2.3: MMA: maxillary-mandibular advancement; GTA: genial tubercle advancement; GGA: genioglossus 

advancement; CFD: computational fluid dynamics; REM: Rapid eye movement; O2sat: oxygen saturation; O2desat : oxygen desaturation; OxHm: oxygenated 

haemoglobin; H-palate: hard palate; S-palate: soft palate; C3Cs: cross section at 3rd cervical vertebra; Subj: subject; T0-T1: from baseline to after treatment 
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Imaging with CBCT 

In five
23-27

 studies, OSA subjected were imaged with CBCT in the seated/awake position 

twice; pre and post-surgically or with/without appliance. AbiRamia et al
28

 imaged their OSA 

subjects in the supine/awake position. Schendel et al
29

 failed to report their CBCT imaging 

protocol. Generally, most of the included studies used a large field of view (from 13 to 23 cm) 

and voxel size from 0.25 to 0.4 mm. The scanning time varied significantly according to the 

CBCT machine used. In general, the airway region of interest extended from the most inferior-

anterior point of cervical vertebra C3 inferiorly to the mid-soft palate or the level of hard 

palate/posterior nasal spine, superiorly, table 2.2.5. 

Table2.2.5: Airway region of interest (ROI) segmented from CBCT images 

Study Superior limit Inferior limit Comments 

AbiRamia et al
28

  

El et al
25 

 

Huynh et al
23

   

PNS 
Anterior-inferior point 

of C3 
- 

Haskell et al
26

 Edge of soft palate Tip of epiglottis Soft tissue landmarks 

Singh et al
27

 
Posterior nasal 

aperture 
Hyoid bone  

Schendel and Hatcher
24

 Mid-soft palate* Base of hyoid* 
3D rendering was 

beyond the ROI. 

Schendel et al
29

 PNS* 
Anterior-inferior point 

of C3* 

3D rendering was 

beyond the ROI. 

*Data not clearly stated in the study, however could be extracted from the images provided. 

Abbreviations: PNS: posterior nasal spine; C3: third cervical vertebra 

 

 

Data analysis 

Detailed analyses of all articles included in this review are summarized in tables 2.2.3 

and 2.2.4. There were three articles
26-28

 that studies the use of appliance therapy (table 2.2.3) and 

the remainder four articles
23-25, 29

 studied the effects of surgical therapy namely MMA 

(maxillary-mandibular advancement) with or without GTA (genial tubercle advancement), table 
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2.2.4. The follow-up period was reported in five articles
23, 25, 27-29

 and varied from 1.6-10 months. 

None of the authors of these articles included a control group, randomly selected their subjects, 

or had large sample sizes.  Overall, there are a total of 50 adults with OSA; 22 females and 28 

males in their fourth-fifth decades of life. Of these subjects, only 7 had surgery. The body mass 

index BMI was reported in only two studies
25, 28

 and was reported to be less than 27 indicating 

non-obesity. 

The diagnosis of OSA was confirmed for all subjects pre-treatment using 

polysomnography (PSG) except for the ones reported by Huynh et al
23

. The severity of the OSA 

ranged from mild to severe. Post-treatment PSG was completed only by El et al
25

 and Schendel 

et al
29

 which represented just 2 surgery subjects. Pre and post-treatment sleep questionnaire was 

completed by El et al
25

 only and Singh et al
27

 reported post treatment home-based sleep test on 

his single subject treated with a dental appliance. Huynh et al
23

 reported “history of OSA” in 

their inclusion criteria, but did not provide diagnostic evidence to support the diagnosis.  

All articles included in this review analysed the orophayngeal (OP) with or without 

partial nasopharyngeal (NP) airway.  Airway parameters measured were one or more of: linear, 

cross-sectional area, or volume except for one CFD (computational fluid dynamics) study by 

Huynh et al
23

 where airway function was assessed by measuring total pressure drop and airway 

resistance at three different airflows. The changes in airway dimensions with treatment are 

summarized in tables 2.2.3 and 2.2.4. 
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2.2.4 Discussion 

The ultimate goal in the treatment of SDB/OSA is to decrease the associated morbidity 

and mortality. The guidelines for successful treatment vary widely from achieving an Apnea-

Hypopnea Index AHI of <10 to achieving at least a 50% reduction in the AHI.
4
 

Quality and research bias 

Since all seven articles analysed in this review were either small case series or single case 

reports, they had evidence levels of 4 or 5.
30

 The fundamental disadvantages of such study 

designs pertain to the unknown changes in the upper airways in subjects who are untreated or 

received an alternate form of therapy. Accordingly, a quantitative/meta-analysis of this 

systematic review was not attainable.  

Using the customized tool of bias evaluation, high risk of bias was found in all articles; 

mostly selection and detection/measurement bias. High selection bias can be explained by the 

lack of controls, small sample size, inadequate recruitment of the test group and lack of its 

randomization. OSA patient selection was not adequate in the study by Huynh et al
23

 as they 

failed to report PSG findings to establish the diagnosis of OSA in their small case series. 

Detection/measurement bias can be attributed mainly to the lack of blinding the 

assessor/examiner to the intervention, uncontrolled confounding factors such as BMI or skeletal 

form, non-reliable measures to assess intervention and/or the outcome. Although the remainder 

six studies
24-29

 confirmed the diagnosis and severity of OSA before treatment using PSG, only El 

et al
25

 and Schendel et al
29

 reported PSG findings after surgical treatment. Singh et al
27

 failed to 

used consistent assessment of OSA by using home-based sleep test post-treatment. To answer the 

question whether CBCT is an objective tool to assess treatment outcomes in SDB/OSA subjects, 

it must be validated against another methodology known to clinically assess treatment outcome. 
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In the realm of SDB/OSA, the primary standard to assess the existence and severity of OSA is 

PSG, by means of AHI.
5, 7

 Examples of other tools that have been used, not necessarily 

validated, to assess the level/stage of OSA are home-based sleep study, acoustic reflectometry, 

pressure catheters, sleep nasoendoscopy, or QOL/sleep questionnaires. Only two studies, with 

just 2 surgery patients, reported post treatment PSG. Only one study, representing just one 

patient treated with a dental appliance, used a home-based study post treatment. Unfortunately, 

since very few subjects who have been evaluated with CBCT also had post treatment PSG, the 

usefulness of airway dimensional changes as a tool to assess surgical and dental treatment 

outcomes cannot be adequately determined. 

The reliability of the outcome measurement (i.e. airway dimensions from CBCT) would be 

ideally tested by inter and /or intra-examiner agreement using ICC (intra-class correlation 

coefficient) to ensure its reproducibility. This was reported in two studies
26, 28

only. 

Analysis/interpretation bias was found in studies
26, 28

 that reported significance based on p values 

more than 0.05 or ignored the value of correlation coefficient (R
2
). Performance bias was 

detected when the authors
25-27, 29

 did not rule-out the impact of previous or concurrent 

intervention on the upper airway. 

CBCT protocol  

The CBCT protocol was fairly heterogeneous relative to resolution, CBCT brand, and 

patient positioning thereby, potentially affecting the accuracy of 2D and 3D measurements. It has 

been shown that airway dimensions change according to head posture. In a cephalometric study 

of OSA subjects, it was evident that when head position changed from upright to supine, the 

velopharynx significantly reduced in the anteroposterior dimension and was the narrowest site in 

both body positions.
31

 This can be attributed to gravity and relaxation of the soft palate, tongue 
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and change in hyoid bone position.
32

 Theoretically, this means that patients must be imaged in 

the supine position however a “stationary” supine position does not truly reflect the 

“shifting/changeable” positions during sleep. A major factor to changes in airway dimension is 

related to the state of sleep vs. awake.  Upon the transition from awake to non-rapid eye 

movement (NREM) sleep, the diaphragm and muscles of the upper airway show reductions in 

activity with hypoventilation and two to five folds increase in upper airway resistance.
33

 In rapid 

eye movement sleep, these parameters start to reverse to levels above those noted in NREM 

sleep or quiet wakefulness. Trudo et al
34

 studied the state dependence of upper airway in a 

normal subject using 3D MRI reconstructions over several respiratory cycles during in sleep and 

wakefulness. The 3D images of the pharyngeal airway during NREM sleep showed medio-lateral 

reduction in the retro-palatal area and not in the retro-glossal region. 
33, 34

 This demonstrates that 

the upper airway does not behave as a homogeneous tube due to sleep and its effects on the 

pharyngeal muscle tone.
33, 34

 

It is difficult to understand the pathophysiology of the airway in the awake patient, 

whether supine or in the upright position.
35

 Since patients are awake during the CBCT scan, 

imaging in the supine position is not necessarily ideal since sleeping conditions are not 

simulated. 

Most of the studies included in this review analysed similar airway region of interest (OP 

with part of the NP), few variations exist (table 2.2.5). The studies by Schendel and Hatcher
24

 

and Schendel et al
29

 failed to clearly state the borders of the airway analysed, however it was 

possible to extract this data from the images provided. A note, however, is made of the “over-

flow” of the 3D rendering beyond the borders marked on the 2D image. As such, the changes in 

airway parameters in this review were provided as % in difference/change, when possible.  
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The most common airway parameters measured were total volume and minimum cross-

sectional (MinCS) area, followed by area and linear measurement (Lateral and antero-posterior 

dimensions) at certain anatomical locations (e.g. C2, C3, Hard or soft palate).  

Data analysis 

There are a total of 50 adults with OSA. The body mass index, BMI, was reported in only 

two studies
25, 28

 and was less than 27; indicating non-obesity. Indeed, it has been documented 

that obesity (mild through severe) is on the rise and is associated with an increased prevalence of 

OSA in the general population.
36, 37

  The design of most articles included in this systematic 

review, i.e. case reports, does not allow studying the effect of BMI on OSA treatment outcome or 

to control for it.  

Appliance therapy
26-28

 

All three studies
26-28

 analysed subjects with mild to moderate OSA and included the 

oropharyngeal airway with or without part of the nasopharyngeal airway. 

AbiRamia et al
28

 utilized modified Twin Block appliance in 16 patients to advance the 

mandible to 75% of maximum protrusion. This was, however, stated vaguely without detailed 

reporting of the exact advancement per subject. The appliance was removable and all patients 

were instructed to wear the appliance at night.  Each subject was imaged at the end of treatment 

period twice; with and without the appliance. Their reasoning for this was to maintain ideal head 

position and avoid changes in BMI or airway parameters due to climate change. AbiRamia et al
28

 

found that after 7 months of appliance therapy the total airway volume increases by 1.1±0.2 cm
3 

(15 ±6%)
 
when the appliance is in place. They reported their finding to be statistically significant 

however the p value of 0.0494 (i.e. almost 0.05) would be considered weak evidence of a 
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significant difference. Furthermore, these measurements were not validated clinically by 

evaluating the change in OSA severity, if any, at the end of treatment period. 

Haskell et al
26

 analysed the use of a mandibular advancement device; removable Herbst 

appliance in 26 OSA subjects over unknown period of therapy. The appliance was titrated by the 

patient gradual adjustment of the pistons (i.e. part of the appliance) to a more forward position. 

Each subject was imaged twice; with and without the appliance. The mean horizontal movement 

of the mandible, measured as the distance from antero-superior aspect of C3 to pogonion, was 

4±3.6 mm. The large standard deviation indicates variability in the amount of mandibular 

horizontal movement among patients in their study. The authors quantified the increase in the 

total volume of the oropharynx to be 2.8±4.4 cm
3
. They also quantified area and linear 

measurements at three cross sectional levels; minimum, largest, and at the level of cervical 

vertebra C2 (axis). The MinCS area changed by 0.4±0.9cm
2
, the AP dimension increased by 

0.1cm, and the increase in Lat dimension ranged between 0.3 and 0.4 cm. The authors found that 

the largest changes occurred more in the lateral dimension rather than antero-posteriorly, and 

was located at the level of C2 indicating that the upper airway acquired more of an elliptical 

shape, in cross-section. The data provided did not allow calculation of percentage change. While 

these measurements appeared to be statistically significant (by means of Z-scores between -1 and 

1; suggesting small P-value), it was not validated clinically by evaluating the level of OSA at the 

end of treatment period.  

Singh et al
27

 reported the use of new maxillary appliance DNA (Day-night appliance) in 

one subject over 10 months. The customized removable maxillary appliance allowed the patient 

to turn the midline expansion screw if the appliance became loose. The patient was instructed to 

wear the maxillary appliance during the day and night for a minimum of 12-16 hours. The screw 
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was advanced twice weekly at 0.25mm on each turn. The authors reported an increase in the 

inter-molar width by 14.71% (5mm). However, failed to describe the details of the mandibular 

appliance and reported a forward movement by 2.9mm according to the jaw-tracking data. In 

terms of airway changes, the authors reported an increase in the total volume by 9.1 cm
3 

(71%). 

Albeit, the patient was concurrently using CPAP and mandibular appliance and the subjective 

improvement in breathing cannot be attributed solely to the use of the maxillary appliance. In 

addition, the subject did not complete the same pre-treatment OSA test, a PSG, after treatment. 

Rather, the patient completed a home-based sleep test (Type IV monitoring device).  Although 

home sleep tests are advantageous in terms of duration and cost, the literature lacks high-quality 

studies to clarify the diagnostic accuracy of home-based sleep tests.
38, 39

  

Surgical treatment
23-25, 29

 

Three
24, 25, 29

 out of the four studies with surgical intervention analysed subjects with 

moderate to severe OSA; Huynh et al
23

 failed to report the severity of OSA pre and post-

surgically. All studies
23-25, 29

 included the oropharyngeal airway with or without part of the 

nasopharyngeal airway and performed MMA with or without GTA. 

El et al
25

 analysed the upper airway of one OSA subject 6 months after MMA with GTA 

surgery and reported advancement of 7mm for the mandible and 6mm for maxilla. The authors 

quantified the increase in the oropharyngeal volume, by 6.5 cm
3 

(82%)
 
and MinCS area, by 1.2 

cm
2 

(269%). Linear measurements were reported at three cross sectional levels; minimum 

constriction at hard palate, minimum constriction at soft palate, and at the level of cervical 

vertebra C3. The increase in AP and Lat dimensions ranged from 0.1 to 0.6 cm (7%-317%) and 

0.8 to 1.4 cm (55%-95%), respectively (largest change was at the level of soft palate). The 
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authors found that the largest changes occurred more in the lateral dimension rather than antero-

posteriorly indicating that the oropharynx acquired more of an elliptical shape, in cross-section. 

While these measurements appeared to be clinically significant by means of 27.0 drop in the AHI 

score (from severe to mild OSA), the study lacks statistical power; n=1. 

Schendel and Hatcher
24

 reported the effects of 10 mm MMA with GTA and genioglossus 

advancement on upper airway in one subject with moderate OSA after unknown time of follow-

up. The authors report an increase in the MinCS area by 1.1 cm
2 

(1598%)
 
however,

 
it was not 

validated clinically by means of PSG test. 

Schendel et al
29

, on the other hand, obtained pre and post-surgical PSG testing for their 

subject and reported 12mm horizontal advancement with MMA plus GTA. The authors 

quantified the increase in the upper airway volume, by 9.7 cm
3 

(89%), and in the MinCS area, by 

0.1 cm
2 

(21%). While these measurements appeared to be clinically significant by means of 16 to 

49.4 drop in the AHI score (from moderate/severe to mild OSA), the study lacks statistical 

power; n=1. 

The study by Huynh et al
23

 represents the only upper airway functional analysis of four 

OSA MMA surgery subjects by means of computational fluid dynamics, CFD. CFD provides 

airway assessment beyond anatomical changes; it better reflects how air changes (velocity, 

pressure, resistance…etc) as it flows through the nose to the lungs.
40, 41

 Although this study did 

not report dimensional airway changes, the authors used CBCT generated 3D airway models for 

computer simulation of airflow pre and post-surgery. Airflow was simulated at 340, 400, and 460 

ml/s. The changes in hydraulic diameter and Reynolds number along the pharyngeal airway as 

well as the contours of Eddy viscosity coefficient and relative pressure were plotted. The total 
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airway pressure drop and airway resistance changes after surgery were quantified and reported. 

Reynolds number is a dimensionless number used to characterize different types of fluid flow; 

the higher the Reynolds number the more turbulent the flow.
23

 The eddy viscosity coefficient (a 

combination of turbulent production and diffusion) decreases in areas with reduced turbulence.
23

 

After MMA surgery, three out of four OSA subjects showed an overall increase in hydraulic 

diameter and perimeter, decrease in the Reynolds number and eddy viscosity coefficient. 

Collectively, the effect was a decrease in total airway pressure and airway resistance (over 90% 

reduction) and the respiratory force airflow tends to be more laminar, i.e. less turbulent, in 

nature. As flow speed simulation was increased, the amount of drop in total airway pressure and 

airway resistance increased. Conversely, the remainder subject showed opposite results. The 

authors speculate it is due to smaller amounts of MMA, smaller changes in hydraulic diameter 

and Reynolds number behaviour throughout the pharyngeal passage. The authors suggest it could 

be a pharyngeal shape/geometry issue that may not benefit from MMA surgery. Computational 

fluid dynamics approach to study airway function and correlation with anatomical changes post-

treatment treatments is promising and worthy of additional research.   

Shortcomings of this systematic review are related to: 

-  The fact that all studies included were case reports or small case series with evidence 

levels 4-5 and high risk of bias. 

- The quality of CBCT images, as a product of acquisition protocol, may have had an 

impact on the accuracy of airway measurements. 

- Lack of clinical validation/correlation of CBCT airway changes, except for two studies 
25, 

29
. 
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Conclusions 

It is clear that the literature lacks evidence pertaining to the use of CBCT to assess 

treatment outcomes in the SDB/OSA population. However, the available published studies 

provide evidence of utilizing CBCT to measure anatomic airway changes with surgical and 

dental appliance treatment for OSA.  

Accordingly, it can be concluded that CBCT may emerge as an objective tool to 

anatomically and functionally assess SDB/OSA treatment outcomes. High quality-evidence level 

studies, with statistically appropriate sample sizes, and cross-validated clinically are needed, 

however, to determine the role of CBCT to assess of treatment outcome. 
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Chapter 3 

Improving segmentation and 3D analysis of upper airway CBCT images: pilot studies 

 

3.1 Topical contrast agents to improve soft-tissue contrast in the upper airway using cone beam 

CT: a pilot study 

3.2 Risk Assessment of Sleeping Disorder Breathing based on Upper Airway Centerline 

Evaluation 
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3.1 Topical contrast agents to improve soft-tissue contrast in the upper airway using cone 

beam CT: a pilot study 

 

Abstract 

Objective: To explore the topical use of radiographic contrast agents to enhance soft tissue 

contrast on cone beam computed tomography (CBCT) images. Methods: Different barium 

sulfate concentrations were first tested using airway phantom. Different methods of barium 

sulfate application (nasal drops, syringe, spray, and sinus wash) were then tested for four 

volunteers and nebulized iodine was tested in one volunteer. CBCT images were performed and 

then assessed subjectively by two examiners for contrast agent uniformity and lack of streak 

artifact. Results: 25% barium sulfate presented adequate viscosity and radio-density. Barium 

sulfate administered via nasal drops and sprays showed non-uniform collection at the nostrils, 

along the inferior and/or middle nasal meatuses, and posterior nasal choana. The syringe and 

sinus wash showed similar results with larger volumes collecting in the naso-oropharynx. 

Nebulized iodine failed to distribute into the nasal cavity and scarcely collected at the nostrils. 

Conclusion: All methods of nasal application failed to adequately reach or uniformly coat the 

nasal cavity beyond the inferior nasal meatuses. Key factors to consider for optimum topical 

radiographic contrast in the nasal airway are particle size, flow velocity, and radiopacity.  
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3.1.1 Introduction 

Upper airway analysis has gained considerable attention in the medical and dental fields, 

especially in breathing disorders such as obstructive sleep apnea. Three-dimensional (3D) 

models of the upper airway segmented from Cone-beam computed tomography (CBCT) scans 

are emerging as means to visualize and assess the upper airway. Segmentation (manual, 

automatic or semi-automatic) refers to the extraction of structural information of particular 

interest from surrounding images. This analysis tool is essential because it defines the contours 

and boundaries of anatomy or pathology for visualization or characterization.1 

Although CBCT provides less radiation compared to multi-detector CT (MDCT), CBCT 

presents with lower signal to noise ratio (SNR). The larger amounts of scattered radiation from 

the x-ray source in CBCT enhance noise in the reconstructed images, affect the low-contrast 

detectability, and thus may influence image quality and tissue segmentation accuracy.2 Adding to 

the difficulty is the complex anatomy of the nasal airway which will affect boundary definition, 

gray-level thresholding, accuracy of 3D model, and any resultant quantitative analysis.3 

Contrast agents are employed by many imaging modalities and can easily improve SNR 

by improving tissue contrast. Several studies used contrast agents (namely iodine) in the nasal 

and paranasal sinuses to assess nasal/sinus drug delivery using MDCT,4, 5 nuclear medicine,6-8 

and CBCT.9 To our knowledge, topical application of contrast agents in the upper airway as a 

method to enhance tissue contrast has not been investigated.  

Therefore, the purpose of this pilot study was to explore the topical use of two contrast 

agents (Barium sulfate and iodine) to improve tissue contrast in the upper airway (nasal and 

pharyngeal parts).  
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3.1.2 Materials and Methods 

Contrast agents: Different concentrations of barium sulfate suspension 105% w/v 

(Liquid Polibar Plus
®
, E-Z-EM Inc., Lake Success, NY) were tested. Then, different methods of 

application, including nasal drops, needle-less syringes, nasal spray, sinus wash, and 

nebulization, were tested, Figure 3.1.1). 

 

Figure 3.1.1: Methods of contrast agent application. (A) For barium sulfate (left to right) syringe, 

drops, spray, and sinus wash). (B) For iodine: nasal adaptor for nebulization. 

 

Because barium sulfate is insoluble and is partly cleared by mucociliary transport, 

expectoration and coughing, with the remainder removed by macrophages resulting in 

accumulation in the tracheobronchial lymph nodes and localized opacity for years.10 

Accordingly, barium sulfate was not nebulized. Instead, water-soluble-iodine 240 mg I/ml 

(Omnipaque iohexol 52%, GE Healthcare, Waukesha, WI) was nebulized, using the PARI 

SinuStar™ with nasal adaptor (PARI Respiratory Equipment Inc., Midlothian, VA), because it is 

water soluble and does not remain in the lung.  

In vitro: An anthropomorphic airway phantom (Figure 3.1.2) was used to optimize the 

concentration of barium sulfate. The airway phantom included the pharyngeal, nasal and 

A. B. 



 

102 
 

paranasal airway from the level of frontal sinus superiorly to the hypo-pharynx inferiorly. It was 

built based on an MDCT scan of an adult subject by a rapid proto-typer using acrylic plastic with 

wax support material. The construction details of the model are described in the study by Storey-

Bishoff et al.11 Barium sulfate concentrations tested were 50%, 25%, and 12.5% by diluting with 

sterile water. Diluted barium sulfate (6 cc) was applied through each nasal aperture of the 

phantom in the supine position using a nasal syringe. Then, the phantom was moved and tilted to 

ensure distribution of the contrast agent. This was repeated for each concentration.  After the 

application of each concentration of barium sulfate, the phantom was stabilized in a plastic 

cylinder such that it represented the human seated position, then scanned with the Classic iCAT 

CBCT scan (Imaging Sciences International, Hatfield, PA). CBCT protocol used a medium-large 

field of view (16 cm width x 13 cm height), 120 kVp, 24 mAs, 20 seconds scan time, and 0.3 

mm voxel size. After each contrast application, the airway model was thoroughly washed with 

water and scanned again to ensure the lack of barium residue. The resultant images were 

subjectively and visually analyzed by two examiners (medical and oral & maxillofacial 

radiologists). Consensus between both examiners was reached to select the optimum barium 

sulfate concentration. Criteria for optimum concentration were absence of detrimental streak or 

beam hardening artifacts with complete uniform coating of the airway.  
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Figure 3.1.2: Anthropomorphic airway phantom. Left: frontal view, right: lateral view. 

 

In vivo: Five healthy subjects were invited to volunteer in this pilot. Each volunteer 

received one method of contrast application as follows: four subjects received 6 cc of 25% 

barium sulfate per nostril (total 12 cc) using needle-less syringes, Salinex® nasal drops or spray 

(Sandoz Canada Inc., Boucherville, QC), or NeilMed® sinus wash (NeilMed® Pharmaceuticals 

Inc., Santa Rosa, CA). Each subject was asked to sniff after the administration of barium sulfate.  

One subject was asked to normally breathe 8 cc of nebulized water-soluble iodine. After the 

contrast application, a CBCT scan of the upper airway was completed for each participant using 

a small field of view (16 cm width x 8 cm height), 120 kVp, 24 mAs, 20 seconds scan time, and 

0.3 voxel size. The resultant images were subjectively and visually analyzed by the same 

examiners. Consensus between both examiners was reached to select the optimum method of 

distribution i.e. uniform distribution throughout the nasal cavity (inferior, middle, superior 

meatuses, anterior naris/nostrils and posterior naris/choana).  
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3.1.3 Results 

In vitro (barium sulfate concentration) 

 CBCT images of 50%, 25%, and 12.5% barium (6cc/nostril) are presented in Figure 

3.1.3. 25% barium sulfate presented adequate viscosity and reasonable radio-density.  

 

Figure 3.1.3: Barium sulfate concentrations using the airway phantom. CBCT axial images through 

the inferior nasal meatus with 50%, 25%, and 12.5% barium sulfate, from left to right. 

 

In vivo (methods of application): None of the volunteers showed immediate or delayed 

reaction to the contrast agents used in this pilot. CBCT images of barium sulfate applied via 

nasal drops, spray, syringe, sinus wash, and nebulized iodine are presented in Figures 3.1.4. 

Barium sulfate inhomogenously collected at the nostrils and along the inferior and/or middle 

nasal meatuses, and posterior nasal choana. Nebulized iodine failed to distribute into the nasal 

cavity and scarcely collected at the nostrils.  
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Figure 3.1.4: Sagittal (2D and 3D) CBCT images of the nasal cavity using different application 

methods of contrast. From top to bottom: using nasal drops, spray, syringe, sinus wash, and 

nebulization.  
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3.1.4 Discussion  

Barium sulfate was chosen for this pilot because of its greater radiographic density 

compared to water soluble iodine contrast agents.12 Due to its iso-osmolarity, barium sulfate can 

also give better mucosal coating and adherence as noted in sites of gastro-intestinal leakage.12, 13 

The ideal barium sulfate/water mixture has yet to be developed. Key factors for this 

mixture are: radiopacity, concentration, and viscosity. Ideally, the contrast agent distributing 

along the upper airway would be of low-medium viscosity, to allow reasonable flow with even 

coating, and medium radiopacity, to avoid detrimental beam-hardening artifact; suggesting that 

medium-low concentration is preferred. Using the airway phantom, 50% barium sulfate was too 

radiopaque with evident beam hardening artifacts, Figure 3.1.3. However, it showed more areas 

of contrast adherence due to its higher viscosity.  25% and 12.5% barium sulfate were of 

acceptable radiopacity, i.e. no streaking or beam hardening, however less coating of the nasal 

cavity. 25% concentration was chosen due to larger amounts of contrast retention because most 

of the 12.5% contrast agent leaked through the phantom’s hypopharynx.  

In studies similar to this pilot, the amount of radiographic contrast used varied between 

0.3 to 40 ml (Drops: 1.5 ml/naris,9 Spray: 0.3-10 ml/naris,5, 8, 9 Syringe: 40 ml/naris,5, 8 and Sinus 

wash: 20 ml/naris).4 The smaller end of the spectrum was likely selected to reflect typical 

volumes used in nasal medications, whereas the larger amounts (i.e. 40 ml) were used based on 

the recommendation that 50 ml could fill the average sinus.9 For this pilot study, the authors 

chose to use 6 ml/naris of contrast agent to allow reasonable contrast distribution while reducing 

subject discomfort. 
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Using 6 cc/nostril of 25% for barium sulfate, all methods of application demonstrated 

non-uniform collection at the nostrils, along the inferior and/or middle nasal meatuses, and 

posterior nasal choana, Figure 3.1.4). However, syringe and sinus wash showed larger volumes 

collecting in the naso-oropharynx/dorsum of soft palate. These findings are in agreement with 

similar studies using iodine. However, Olson et al4 and Snidvong et al5 tested sinus delivery 

using iodine. Using spray and syringe or sinus wash and positive pressure irrigation (sniffing 

contrast from the palm of the hand), it was evident that most of the contrast agent drained 

through the nose or oropharynx with few streaks of contrast in the maxillary sinuses, inferior and 

middle meatuses of the nasal cavity.4,5  Similarly, Rudman et al9 found that iodine (via nasal 

spray and drops) variably collected along the anterior nasal vestibule, anterior-inferior meatus, 

and nasopahrynx.  Senocak et al14 used nasal spray and assessed iodine distribution in the nasal 

cavity over time by imaging with MDCT three times (three minutes apart). Iodine collected in 

the anterior nasal floor and inferior turbinate and with time, it reduced in volume and reached the 

posterior nose then nasopharynx in few subjects.16 In these studies, the ultimate goal was local 

drug delivery to the sino-nasal cavity and the contrast agent was considered even if only a small 

droplet reached an anatomical area. As such, it was counted and quantified by means of volume 

or proportion.  In this pilot, however, the aim was for the contrast agent not only to reach the 

superior anatomical areas of the nose, but also to uniformly coat their surfaces to enhance soft 

tissue contrast. Thus, the assessment was qualitative and subjective.  

Nebulization delivers drugs to the bronchopulmonary system either through the oral or 

nasal cavities. The PARI SinusStar™ has a capacity of 6-8 cc with 0.180 ml/min output rate. 

Using the nasal adaptor, the time to nebulize 8 cc of full concentration iodine was around 11 

minutes. Nebulized iodine failed to distribute into the nasal cavity and scarcely collected at the 
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nostrils, Figure 3.1.4. This was in agreement with Olson et al,4 where 20 cc/naris of iodine was 

nebulized by delivering 10 cc in low flow then repeated by filling the chamber with 10 cc at high 

flow. It was reported that particle size < 5µm had higher deposition rate to the osteomeatal 

complex and maxillary sinus.15 In this pilot, the quantity and quality (i.e. particle size) of iodine 

particles produced, reached, or bypassed the nasal cavity is unclear. 

Based on the preliminary results of this pilot, two factors must be considered in 

delivering contrast agent to the upper airway: particle size and flow velocity. Computational 

simulation of particle deposition using validated airway casts or three dimensional airway 

models have been used to assess nasal drug delivery.16, 17 Using these simulations, the optimum 

method of delivery and its impact on the physical properties of the contrast agent, including 

radioapcity, could be identified.  
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3.2 Risk Assessment of Sleeping Disorder Breathing based on Upper Airway Centerline 

Evaluation 

 

 

ABSTRACT 

Cone-beam computed tomography (CBCT) is used to assess the location or cause of 

upper airway obstruction. To date, all studies analyzing the upper airway in subjects with 

Sleeping Disorder Breathing were based on linear, area, or volumetric measurements, which are 

global computations and can easily ignore local significance. Skeletonization was initially 

introduced as a 3D modeling technique by which representative medial points of a model are 

extracted to generate centerlines for evaluations. Although centerlines have been commonly used 

in guiding surgical procedures, the novelty lies in comparing its geometric properties before and 

after surgeries. We apply 3D data refinement, registration and projection steps to quantify and 

localize the geometric deviation in target airway regions. Through cross validation with 

corresponding subjects’ therapy data, we expect to quantify the tolerance threshold beyond 

which reduced dimensions of the upper airway are not clinically significant. The ultimate goal is 

to utilize this threshold to identify patients at risk of complications. Preliminary results 

demonstrate the feasibility of our approach. 
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3.2.1 Introduction  

Obstruction of the upper airway often affects normal breathing and sleep-disordered 

breathing such as obstructive sleep apnea (OSA).
1
 OSA is one of the most important breathing 

disorders in childhood affecting 2–3% of children with failure rates of surgical treatment as high 

as 54%.
2-7

 Obstructions of the upper airway due to adenoid tissues which are further compressed 

when muscle tone is decreased during sleep are possible factors. As computer aided diagnosis 

(CAD) advances the ability to identify the location or cause of the airway obstruction continues 

to improve. Many researchers make use of the popular Cone-beam computed tomography 

(CBCT) devices to capture the head and neck and segment the upper airway for assessment.
9-12

  

To date, all studies analyzing the upper airway in subjects with Sleeping Disorder 

Breathing were based on linear, area, or volumetric measurements.
1
 However, Huynh et al 

pointed out that unfavourable condition in respiratory airflow after surgery was found and 

suggested it could be a shape or geometry issue.
13

  Since 2D and volumetric measurements are 

based on global averaging, they are inadequate indicators. It would be more meaningful if 

changes in geometry and shape targeting local significance could be assessed in these airway 

models.  

Skeletonization is a process to extract representative medial points of a model to generate 

centerlines for evaluations, Figure 3.2.1. Although centerlines have been commonly used in 

guiding surgical procedures
14

, the novelty lies in comparing its geometric properties before and 

after surgeries.  
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     (A)                                              (B) 

 

   

                           (C)                                  (D)                                  (E) 

Figure 3.2.1: 3D segmentation of upper airway from CBCT. (A) Upper airway before segmentation 

(B) region of interest highlighted (C) 3D model generated, lateral view (D) 3D model frontal view (e) 

example of medial points “skeleton”. 

 

 

 

 

 

 

 

 



 

114 
 

 

3.2.2 Methods 

 

Two CBCT image sets were retrieved from Orthodontic Graduate clinic database at the 

University of Alberta. The images were acquired by the Classic iCAT CBCT scan (Imaging 

Sciences International, Hatfield, PA). CBCT protocol used a medium-large field of view (16 cm 

width x 13 cm height), 120 kVp, 24 mAs, and 0.3 mm voxel size.  Using Mimics® software 

[Mimics 15.0, Materialise NV, Leuven, Belgium]
15

, the pharyngeal airway was segmented, from 

the inferior aspect of the third cervical vertebra (C3) inferiorly to the posterior nasal aperture 

superiorly, by adjusting the grey threshold on each 2D axial and/coronal slices. Then, a 3D 

model of the airway is reconstructed and saved in .STL format. The centerline was generated for 

each airway by using the centerline application in Mimics®, then post-surgery centerline was 

simulated using a deformation algorithm. The deviation between centerlines generated before 

and after surgery in the upper airway will be measured. 

Seven anatomical markers for registration were used to register the pre- and simulated 

post-surgical models. These were: 1. sella; 2. clivus; 3. 2
nd

 cervical vertebra; 4. 3
rd

 cervical 

vertebra; 5. Tip of the nose; 6. left hamulus; 7. right hamulus, Figure 3.2.2.  
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(A)                                                                                      (B) 

 

  
                                               (C)                                                                           (D) 

 

             
 

(E)                                                 (F) 

 

Figure 3.2.2: Registration and centerline formation. (A) Sagittal and (B) coronal CBCT images 

showing registration marks. (C) Axial and (D) sagittal CBCT images showing coordinate system. (E) and 

(F) Extracted pre-surgery centerlines for two subjects.   
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When setting up the coordinate system, the lower joint on the skeleton is defined as the 

one i) incident on three branches, i.e., having a node degree of three, ii) below registration 

marker C2, and iii) with the largest distance to C2 in the z-direction but with the smallest 

distance to C2 in the x-y plane. The coordinate system is shown in Figure 3.2.2 (C-D). 

 

We first form the centerline segments from the medial points. Registration is performed 

by matching the lower joint, upper branch, as well as the lower right and left branches as shown 

in Figure 3.2.2 (E-F). The geometric deviation between the pre- and post-surgery centerlines is 

calculated in the target region, i.e., upper branch in our current surgery simulation, following 

three steps. First, sampling is performed on the upper branch of the post-surgery centerline. N 

sample points are uniformly placed on the upper branch between its two end points, i.e. N=100. 

They are uniformly placed based on the z-coordinate. Second, sample projection is done on the 

pre-surgery centerline to find matching points. The process is illustrated in Figure 3.2.3 (A). In 

the last step, per-sample deviation between a sample and its projection is calculated as their 

Euclidean distance in the x-y plane. 
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                                            (B)                                                                                   (C) 
 

 
                                                   (D)                                                                 (E) 

 
Figure 3.2.3: Centerline geometric deviation. (A) Sample projection on the pre-surgery centerline. (B) 

All 100 sample point deviations for subject 1, clinically significant when a threshold θ is set to -1. (C) 30 

sample points selected for the same subject, clinically significant when a threshold θ is set to 0.2. (D) All 

100 sample point deviations for subject 2, clinically significant when a threshold θ is set to -1. (E) 37 

sample points selected for the same subject, clinically significant when a threshold θ is set to 0.2. 

(A) 
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3.2.3 Results 

The average, maximum, and minimum deviations are calculated. The average deviation is 

computed on samples whose deviations are above a threshold θ. We used two threshold values, -

1 and 0.2 to control the filtering of insignificant deviations. For example, in subject 1 and 2 when 

θ= -1, all the samples are included. In this case, the average deviation, maximum deviation, and 

minimum deviation are:  

(Subject 1) 0.309301, 1.64984, and 0.00453, respectively;  

(Subject 2) 0.378014, 1.61043, and 0.00546, respectively.  

 

When θ = 0.2, the calculation includes 30 samples for subject 1 and 37 for subject 2, such that 

the average deviation, maximum deviation, and minimum deviation are:  

(Subject 1) 0.920059, 1.64984, and 0.20103, respectively;  

(Subject 2) 0.929027, 1.61043, and 0.222272, respectively.  

 

Results for subject 1 and subject 2 are depicted in Figure 3.2.3 (B,E). By analyzing the 

shape of the histogram, local deformations in the target upper airway region can be determined. 

Significance of these deformations can be validated using clinical data and a predictive model, 

quantified by a risk threshold value, can eventually be developed.  

 

 



 

119 
 

Conclusion 

Preliminary results demonstrate that it is beneficial to use our approach for objective and 

quantitative measurements of the airway changes. Although centerlines have commonly been 

used in guiding surgery, here centerline computation is applied to assess the upper airways. This 

method could ultimately be used to identify groups at risk of complications based on the 

geometry of their airway or estimate treatment success based on airway measurements. Our 

finding will introduce a new method to quantify changes in the upper airway in a meaningful 

way compared to the global averaging approach. It will demonstrate where and how different 

local upper airway sites deform and their correlation with surgical outcome. Through validation 

with surgical outcome, we expect to quantify the tolerance threshold beyond which reduced 

dimensions of the upper airway are not clinically significant. We will further validate our finding 

by increasing our subjects to 50 or more.  
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4. Cone-beam computed tomography registration for 3D airway analysis based on 

anatomical landmarks 

 

 

Abstract 

Objectives: explore craniofacial landmarks reliability to superimpose CBCT images and assess 

impact of plane re-orientation on airway parameters. Study design: 10 CBCTs were marked 3 

times at baseline, 3T1, to test landmark reliability. Measurement errors (MEs) of new coordinate 

system were tested using 3T1, and other 10 paired CBCT images, at T1 and T2. Impact on upper 

airway was assessed using volume, surface area, and point-based analysis. Results: tips of nasal 

bone and clivus, and foramina spinosa defined the new coordinate system. Plane re-orientation 

didn’t affect landmark identification reliability and significantly reduced inter-landmark 

distances from T1-T2. Airway volume changed by 25.76±24.9%, surface area by 13.85±10.8%, 

and mean part analysis was 0.43±0.3 mm. Strong correlation (R >65%) was found between 

airway analysis and large distances in 2
nd

 and 3
rd

 cervical vertebrae. Conclusions: coordinate 

transformation significantly reduced MEs in longitudinal CBCT data, however is not designed to 

correct for large neck flexion.  
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4.1 Introduction 

Three-dimensional (3D) models of the upper airway reconstructed from cone-beam 

computed tomography (CBCT) scans are emerging as methods to assess anatomical constrictions 

in subjects with symptoms of sleep disordered breathing (SDB) that may also present with 

craniofacial growth discrepancies.
1
 3D superimposition of CBCT images, before and after 

treatment, is required to assess anatomically and/or functionally treatment outcomes in this 

population. The goal is to understand how changes in size and shape of structures are contributed 

to the surgical treatment. Such understanding can improve our interpretation of variations in 

patient response and criteria for future treatment planning.
2
 

The problem with CBCT superimposition, however, is to determine a method that 

eliminates or minimizes the impact of variations in patients’ head position at different image 

acquisition times. One technique for CBCT image superimposition is computer-aided 

superimposition based on best fit of object shapes in the cranial base.
3-6

 Another is to standardize 

and optimize the orientation of two sets of 3D images by transforming the global coordinate 

system to a new Cartesian coordinate system using reliable anatomical landmarks.
7-9

 The latter 

allows the researcher to quantify the change in a given 3D model in the x, y, z axes i.e. 

expressing magnitude and direction of change in all three axes. 

Several studies reported accuracy and reliability of craniofacial landmarks or their use as 

reference planes for 3D image superimposition.
4, 6, 8, 10-12

 However, these studies were serial 3D 

cephalometric analysis for “bony” growth assessment, assessing maxillary expansion, or post-

orthognathic surgery. A stable reference for a soft tissue structure superimposition, i.e. the upper 

airway, is required for an adequate registration of longitudinal CBCT images. No soft-tissue 

structure, including the upper airway, is stable enough to allow registration between pre and post 
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treatment images, because the shape of the nasopharyngeal airway is affected by changes in head 

posture, tongue and epiglottis position between both image sets.
5
  

To date, the use of craniofacial anatomical landmarks for upper airway (nasal and 

pharyngeal) registration has not been assessed. The purposes of this study were: 1) to explore 

reliability of craniofacial landmarks to superimpose upper airway using CBCT images. 2) To 

assess if plane re-orientation based on these landmarks, affects their reliability, in a single CBCT 

set. 3) To test the effect of plane re-orientation on airway model superimposition in longitudinal 

CBCT sets.  

 

4.2 Methods  

Reliability of anatomical landmarks 

Ten CBCT images of adolescents (age range 13-17) with “normal” upper airways were 

randomly and retrospectively selected from the Orthodontic Graduate clinic database at the 

University of Alberta. The images were acquired by the Classic iCAT CBCT scan (Imaging 

Sciences International, Hatfield, PA). CBCT protocol used a medium-large field of view (16 cm 

width x 13 cm height), 120 kVp, 24 mAs, 20 seconds scan time, and 0.3 mm voxel size.  Patients 

head is positioned using laser beams within the CBCT scanning machine to maximize position 

standardization. Using Mimics® software [Mimics 15.0, Materialise NV, Leuven, Belgium], the 

location of a landmark was marked with 0.5 mm diameter spheres. The software used the center 

of these spheres as coordinates. A total of 22 landmarks were tested, table 4.1 and Figure 4.1, 14 

were in the cranial base (to produce origins for coordinate transformation) and 8 were located at 

the periphery of the nasal and pharyngeal airway (to test the impact of coordinate transformation 

on the actual airway).  
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Table 4.1: Three-dimensional definitions of the anatomical landmarks 

Anatomical 

landmark 
Definition 

Identification of the landmark on CBCT image section 

Axial Coronal Sagittal 

Foramen 

Cecum 

(CECM)  

Figure 4.1a 

Opening of small foramen at the 

inferior end of frontal crest of 

frontal bone.  

inferior, complete circle at 

the frontal-ethmoid bone 

junction 

Superior opening through 

the roof of ethmoid, 

anterior to crista galli. 

Superior opening through the 

frontal-ethmoid bone junction, at 

the inferior end of frontal crest. 

Tip of nasal 

bone  

(NSTP) 

Figure 4.1a 

Tip of two oblong bones joined at 

the mid-upper face. Their junction 

forms the nasal bridge.  

Mid-inferior radiopaque 

point of the nasal bone. 

Mid-anterior radiopaque 

point of the nasal bone. 

Inferior radiopaque point of the 

nasal bone. 

Anterior nasal 

spine 

(ANS)  

Figure 4.1a 

Tip of bony projection formed by 

the union of the two pre-maxillae.  
Mid-anterior point Anterior radiopaque point Anterior-inferior point 

Posterior nasal 

spine  

(PNS) 

Figure 4.1a 

Tip of the sharp posterior end of 

the nasal crest of the hard palate.  

Mid-posterior point  

 
Mid-inferior point  Posterior-inferior point  

Tip of clivus  

(CLVS) 

Figure 4.1b 

Tip of the bony slope posterior to 

dorsum sallae. It forms the anterior 

aspect of foramen magnum.  

Mid-inferior point of the 

clivus where right and left 

basi-occiput join. 

 

Mid-posterior point of the 

clivus where right and left 

basi-occiput join. 

 

Inferior point of the clivus. 

Foramen 

magnum 

(MGNM)  

Figure 4.1b 

Mid-posterior point of the large 

opening in the occipital 

bone/cranial base.  

Mid-anterior point where 

right and left squama 

occipitalis join. 

Mid-inferior point where 

right and left squama 

occipitalis join. 

Inferior point of occipital bone. 

2
nd

 cervical 

vertebra 

(C2)  

Figure 4.1b 

Anterior-inferior point of the body 

of the second cervical spinal 

vertebra (axis)  Mid-inferior point of the 

anterior surface of the 

vertebral body. 

Mid-anterior point of the 

vertebral body 

Inferior-anterior corner of the 

vertebral body. 3
rd

 cervical 

vertebra 

(C3)  

Figure 4.1b 

Anterior-inferior point of the body 

of the third cervical spinal vertebra  
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Table 4.1 Continued: Three-dimensional definitions of the anatomical landmarks 

Anatomical 

landmark 
Definition 

Identification of the landmark on CBCT image section 

Axial Coronal Sagittal 

Foramen ovale  

(ROVAL, 

LOVAL) 

Figure 4.1c  

Mid-foramen in the cranial base/ 

posterior part of sphenoid bone.  

Mid-point of the inferior 

complete circle 

representing the 

foramen. 

Mid-point of the medio-lateral 

and superior-inferior dimensions 

of the foramen. 

Mid-point of the anterior-

posterior and superior-

inferior dimensions of the 

foramen. 

Foramen spinosum 

(RSPNM, 

LSPNM)  
Figure 4.1c 

Mid-foramen in the cranial base/ 

posterior part of sphenoid bone 

lateral to foramen ovale.  

Mid-point of the inferior 

complete circle 

representing the 

foramen. 

Inferior, mid-point of the opening to infra-temporal fossa. 

 

Pterygoid hamulus 

(RHMUL, 

LHMUL) 
Figure 4.1d  

Tip of hook-like process of the 

medial pterygoid plate of the 

sphenoid bone.  

Most inferior radiopaque point along the hamular process. 

Most lateral radiopaque 

point of the hamular 

process. 

Infra-orbital 

foramen (RORB,  

LORB)  
Figure 4.1e 

Mid-foramen in the facial skull 

below the inferior margin of the 

orbits.   

Mid-point of the widest 

(medio-lateral) 

dimension of the 

foramen  

Mid-incomplete circle lateral to 

the maxillary sinuses. (complete 

circle represents infra-orbital 

CANAL) 

Mid-point of the superior-

inferior dimension of the 

foramen. 

Posterior clinoid 

process (RCLIN, 

LCLIN)  
Figure 4.1f 

The lateral-superior tubercles of 

dorsum sellae of the sphenoid 

bone.  

Lateral point of the 

posterior clinoid 

process. 

 

Superior-lateral point of 

posterior clinoid process. 

Most lateral radiopaque 

point posterior to sella 

turcica. 

Greater palatine 

foramen 

(RGPF, LGPF)  

Figure 4.1g 

Mid of bilateral opening on the 

posterior angle of the hard 

palate.  

Mid-inferior, most 

complete circle 

representing the 

foramen. 

 

Mid-inferior point of the medio-

lateral dimensions of the 

foramen. 

 

Mid-inferior point of the 

anterior-posterior 

dimensions of the foramen. 

Spheno-palatine 

foramen  

(RSPPF, LSPPF) 

Figure 4.1h 

Mid of bilateral openings in the 

skull connecting nasal cavity 

with the pterygopalatine fossa.  

Mid-point of the medial 

aspect of the foramen. 

Mid-point of the medio-lateral 

and superior-inferior dimensions 

of the foramen. 

 

Not reliable 
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Figure 4.1: CBCT image slices of the registration landmarks. (A) Midsagittal CBCT image showing: 1. Foramen cecum, 2. Tip of nasal bone, 

3. Anterior nasal spine, 4. Posterior nasal spine. (B) Midsagittal CBCT image showing: 5. Tip of clivus, 6. Foramen magnum, 7. C2, 8. C3. (C) 

Axial CBCT image showing: 9. Foramen ovale, 10. Foramen spinosum. (D) Coronal CBCT image showing the tips of the right and left hamular 

processes. (E) Axial CBCT image showing the right and left infraorbital foramina. (F) Axial CBCT image showing right and left posterior clinoid 

processes. (G) Coronal CBCT image showing the left greater palatine foramen. (H) Coronal CBCT image showing the right and left 

sphenopalatine foramina
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Two examiners marked the landmarks. The first examiner (#1) marked each landmark 

three times one week apart. The second examiner (#2), also experienced in CBCT landmark 

identification and registration, marked the same landmarks one time only. Intra- and inter-

examiner agreement were evaluated for examiner #1 and between both examiners, respectively, 

using intra-class correlation co-efficient (ICC). Also, measurement error (in mm) between each 

trial for each axis (x, y, z) was calculated for examiner #1, and between examiner #2 and the 

second trial of examiner #1. A landmark would be considered clinically reliable if it presented > 

90% ICC and less than 1.5mm mean difference, in intra- and inter-examiner attempts. Upper 

airway segmentation and landmark positioning were completed using Mimics® software 

[Mimics 15.0, Materialise NV, Leuven, Belgium]. Of note, the Cartesian coordinate system 

provided by Mimics®, transformed and optimized throughout this study is that where x 

represents the axial plane, y represents the sagittal plane, and z represents the coronal plane. This 

is unlike the anatomical coordinate system where y is the coronal plane and z is the sagittal 

plane. 

Co-ordinate transformation 

Anatomical landmarks tested were ranked based on their ICC and measurement error. The 

six most reliable landmarks were selected to create the new 3D coordinate system with the 

highest ranking being the (0, 0, 0) origin point. The second through fourth ranking were used to 

set the new xy and yz planes. The fifth and sixth ranking points were used to optimize the 

transformation. The remaining landmarks were used to assess the new coordinate system. Details 

of the 6-point algorithm for co-ordinate transformation can be reviewed in previous work by 

Lagravere et al
7
 and DeCesare et al

13
.  



 

129 
 

The coordinate transformation was completed in two CBCT data sets: 

1) To determine if the coordinate transformation potentially affects the reliability of 

landmark identification, transformations were applied on the 10 CBCT images at 

baseline, T1, marked three times by examiner #1 (hereafter, image set referred to as 3T1). 

2) To determine if the coordinate transformation potentially produces clinically relevant 

superimposition error in time, transformations were applied on 10 paired CBCT images, 

at baseline T1 and six-months after T2, marked one time (hereafter, image set referred to 

as T1-T2). The 10 paired CBCT images were randomly and retrospectively selected from 

the Orthodontic Graduate clinic database for subjects that participated in a previous 

maxillary expansion clinical trial, unrelated to this study. 

 

Once transformations were completed, inter-landmark distance, i.e. measurement error, in the 

3T1 and T1-T2 data sets was compared between original and transformed data in all axes. Mean 

inter-landmark measurement error after transformation less than 1.5 mm was considered 

clinically acceptable. 

Impact of transformation on upper airway 

To relate the impact of coordinate transformation on airway parameters, 3D airway 

models were segmented for all 10 paired CBCT data at T1-T2 (total 20 airway models). Then, 

each paired CBCT data set was registered, based on the landmarks defining the new coordinate 

system. The pharyngeal airway (bounded by the inferior-anterior point of the anterior arch of C1 

superiorly, to the inferior-anterior point of C3 inferiorly) was semi-automatically segmentation 

using grey-level thresholding (ranged from -1000 to -600) in Mask tool in Mimics® software 
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[Mimics 15.0, Materialise NV, Leuven, Belgium]. Image sets were registered using Image 

registration tool in Mimics®. The 3D airway models were then exported to 3-matic® [3-matic 

7.0, Materialise NV, Leuven, Belgium] in ASCII STL format where total volume and total 

surface area were measured for each airway model. In addition, a point-based analysis using the 

Part comparison analysis tool in 3-matic® was used. This tool allows quantified comparison of 

the airway model at T2 (target entity) to the airway model at T1 (reference entity). 

Thousands of triangles form the mesh model of an upper airway. Part comparison analysis 

measures the distance (in mm) between sampled or patch-based triangular nodes from one object 

(the target) to the closest triangular node on the surface of the “reference” object. This type of 

analysis is useful to compare two, very similar geometries to evaluate the accuracy of one of the 

two, or to study the effect of a certain parameter over time. The analysis calculates the mean, 

minimum, and maximum values of these distances then produces a color map, Figure 4.2. The 

mean is a weighted mean that takes the triangle size into account. The operator is allowed to 

change the upper and lower thresholds, of the distances, such that all triangles are colored: 

- Blue [minimum part analysis]: if the triangular node travelled a distance below the 

minimum threshold value (values are negative). 

- Red [maximum part analysis]: if the triangular node travelled a distance above the 

maximum threshold value (values are positive). 

- Green: if the triangular node travelled a distance within the threshold boundaries. 
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Figure 4.2: Part Comparison analysis of the oropharyngeal airways (A) Superimposed 3D airway 

models at T1 (pink) and T2 (olive-green). (B) Part Comparison applied on T1. (C) Magnified areas 

into the mesh showing, from top to bottom, maximum part analysis: red triangle with distance of 

6.1573 mm, part analysis within the threshold: green triangle with distance of -0.5183 mm, and 

minimum part analysis: blue triangle with distance of -4.8092 mm. 
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Due to the lack of sufficient literature reporting the changes in airway measurements at 

which clinical significance is noted, the threshold for Part comparison analysis was 

conservatively set at 2 mm. The mean, minimum, and maximum part analysis were measured 

between each airway pair (from T2 airway model to the surfaces of T1 airway model). 

Statistical analyses (ICC, means and standard deviations of measurement errors, and 

correlations) were assessed using IBM SPSS
®
 [IBM SPSS Statistics, V 21.0, Armonk, NY]. 

 

4.3 Results 

 

Reliability of anatomical landmarks 

Intra-examiner reliability was high; overall ICC was >98% and the lowest ICC lower bound was 

95% for RHMU and RCLIN in the y-axis. The intra-examiner mean measurement error (ME) 

was overall low; up to 0.50 mm. The maximum ME was <1.5 mm except for RCLIN in y and z-

axes (= 1.60 mm). 

Inter-examiner reliability was high; overall ICC was >95% except for 88 % for LORB in the y-

axis. Overall, the mean inter-examiner ME was <1.5 mm. Maximum ME > 1.5 mm was found in 

CECM (1.99mm-z axis), RHMU (2.2mm-y axis), RORB (2.79mm-y axis), LORB (2mm-x 

axis/2.7 mm-y axis), and LCLIN (2.18mm-y axis). Average ME for all landmarks are listed in 

table 4.2.  
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To proceed with the coordinate transformation, four landmarks were excluded from the 

total 22. These were: CECM and MGNM (as they were located at the periphery of the image 

volume), RORB and LORB due to their high mean ME. 

Table 4.2: Average mean of measurement error in 3T1 (original) data 

Landmarks
*
 

Mean ±standard deviation (mm) 

Intra-examiner Inter-examiner 

x y z x y z 

1 CECM 0.15±0.2 0.36±0.23 0.52±0.40 0.25±0.24 0.40±0.30 0.71±0.59 

2 NSTP 0.45±0.25 0.31±0.14 0.37±0.25 0.56±0.37 0.60±0.27 0.31±0.21 

3 CLVS 0.27±0.11 0.54±0.15 0.45±0.30 0.54±0.35 0.30±0.25 0.40±0.25 

4 MGNM 0.22±0.18 0.26±0.17 0.37±0.34 0.34±0.17 0.24±0.17 0.45±0.24 

5 ROVAL 0.26±0.26 0.29±0.26 0.10±0.17 0.27±0.36 0.57±0.57 0.87±0.44 

6 LOVAL 0.26±0.16 0.26±0.21 0.13±0.19 0.28±0.17 0.65±0.41 0.36±0.25 

7 RSPNM 0.27±0.18 0.38±0.20 0.45±0.55 0.38±0.29 0.47±0.15 0.69±0.47 

8 LSPNM 0.38±0.27 0.32±0.19 0.23±0.21 0.17±0.15 0.52±0.37 0.54±0.39 

9 RHMU 0.46±0.35 0.60±0.41 0.28±0.27 0.53±0.34 1.52±0.73 0.66±0.50 

10 LHMU 0.32±0.31 0.61±0.29 0.33±0.17 0.54±0.25 1.05±0.49 0.51±0.36 

11 RORB 0.33±0.18 0.51±0.22 0.27±0.22 0.61±0.39 1.71±0.57 0.55±0.33 

12 LORB 0.46±0.16 0.42±0.19 0.37±0.22 0.74±0.57 1.93±0.61 0.72±0.59 

13 RCLIN 0.06±0.09 0.55±0.43 0.55±0.45 0.34±0.27 0.52±0.36 0.33±0.30 

14 LCLIN 0.10±0.10 0.52±0.61 0.52±0.27 0.28±0.18 0.74±0.73 0.40±0.26 

15 ANS 0.37±0.16 0.27±0.28 0.42±0.19  

 

 

 

- 

 

16 PNS 0.23±0.08 0.20±0.24 0.30±0.24 

17 C2 0.36±0.20 0.50±0.22 0.36±0.37 

18 C3 0.33±0.12 0.33±0.26 0.26±0.22 

19 RGPF 0.27±0.12 0.33±0.11 0.46±0.22 

20 LGPF 0.10±0.10 0.17±0.09 0.20±0.15 

21 RSPPF 0.15±0.07 0.13±0.11 0.23±0.19 

22 LSPPF 0.42±0.18 0.21±0.20 0.40±0.34 

Abbreviations: CECM: Foramen cecum, NSTP: Tip of Nasal bone, CLVS: Tip of clivus, MGNM: Dorsum 

foramen Magnum, ROVAL/LOVAL: Foramen ovale (R, L), RSPNM/LSPNM: Foramen Spinosum (R, L), 

RHMU/LHMU: Tip of hamulus (R, L), RORB/LORB: Infra-orbital foramen (R, L), RCLIN/LCLIN: 

Posterior clinoid processes (R, L), ANS: Anterior nasal spine, PNS: Posterior nasal spine, C2: Anterior-

inferior point C2, C3:Anterior-inferior point C3, RGPF/LGPF: Greater palatine foramen (R,L), 

RSPPF/LSPPF: Sphenopalatine foramen (R,L) 

*Landmarks 15 through 22 were specifically chosen at the proximity of the upper airway to test effects of 

transformation on airway, hence inter-examiner reliability and measurement error was not attained. 
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Co-ordinate transformation  

The landmarks chosen to form the coordinate system were: NSTP, CLVS, RSPNM, 

LSPNM, ROVAL and LOVAL. NSTP was chosen as the (0, 0, 0) origin point. The new xy-

plane was defined using RSPNM and LSPNM with NSTP. The new yz-plane was formed by 

NSTP and CLVS perpendicular to the new xy-plane, Figure 4.3. ROVAL and LOVAL were 

used to optimize the transformation 6-point. 

 

 

Figure 4.3: Co-ordinate system transformation sequence. (A) Location of four landmarks in global co-

ordinate system. (B) Translation of the center of global co-ordinate system to NSTP. (C) Determination of 

new xy-plane using NSTP, RSPNM and LSPNM. (D) Determination of new yz-plane using NSTP and 

CLVS. NSTP: Tip of Nasal bone, CLVS: Tip of clivus, RSPNM/LSPNM: Foramen Spinosum (right, left). 
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MEs of inter-landmark distance in 3T1 data after coordinate transformation, with 

comparison to the original data with T1-T2 data are summarized in tables 4.3 and 4.4, 

respectively. In 3T1 data, the average ME after coordinate transformation was less than 1.5 mm 

for all landmarks. In comparison to the original MEs, the transformation either reduced or 

increased (noted by – in the mean differences when the transformed values are subtracted from 

the original) the original average ME by <0.5 mm except for C3 which showed an increased 

average ME of 1.03 ±0.31 mm in the x-axis, table 4.3. 
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Table 4.3: Average mean of measurement error in 3T1 data after transformation 

Landmarks
*
 

After transformation 

Mean ±SE (mm) 

Difference in ME= original – transformed 

 Mean ±SE (mm) 

(95% Confidence Interval)  

x y z x y z 

NSTP 0±0 0±0 0±0 NA NA NA 

CLVS 0 ±0 
0.38 

±0.26 
0.47±0.40 NA 

0.16±0.08 

(-0.02, 0.36) 

-0.01±0.15 

(-0.37, 0.34) 

ROVAL 0.37±0.16 0.43±0.26 0.87±0.21 
-0.12±0.08 

(-0.32, 0.76) 

-0.14±0.07 

(-0.32, 0.03) 

-0.76±0.07
† 

(-0.94, 0.51) 

LOVAL 0.28±0.14 0.45±0.34 0.74±0.36 
-0.02±0.06 

(-0.16, 0.11) 

-0.20±0.07
† 

(-0.36,0.03) 

-0.61±0.07
† 

(-0.78, -0.43) 

RSPNM 0.32±0.16 0.31±0.20 0±0 
-0.05±0.05 

(-0.19, 0.07) 

0.06±0.06 

(-0.07, 0.20) 
NA 

LSPNM 0.42±0.15 0.42±0.25 0±0 
-0.04±0.07 

(-0.21, 0.13) 

-0.09±0.05 

(-0.21, 0.01) 
NA 

RHMU 0.90±0.43 0.52±0.29 0.60±0.24 
-0.44±0.12

† 

(-0.73, -0.16) 

0.07±0.05 

-0.04, 0.20 

-0.32±0.10
† 

(-0.56, -0.07) 

LHMU 0.86±0.29 0.57±0.26 0.66±0.40 
-0.54±0.08

† 

(-0.74, -0.34) 

0.04±0.06 

(-0.09, 0.17) 

-0.33±0.09
† 

(-0.55, -0.11) 

RCLIN 0.71±0.43 0.48±0.26 0.81±0.28 
-0.65±0.13

† 

(-0.96, -0.33) 

0.07±0.08 

(-0.11, 0.26) 

-0.26±0.16 

(-0.64, 0.10) 

LCLIN 0.67±0.40 0.41±0.26 0.73±0.32 
-0.57±0.13

† 

(-0.87,-0.27) 

0.11±0.21 

(-0.37, 0.58) 

-0.21±0.08
† 

(-0.40, -0.01) 

ANS 1.14±0.33 0.46±0.24 0.63±0.24 
-0.76±0.10

† 

(-0.99, -0.53) 

-0.19±0.08 

(-0.38,0.004 

-0.21±0.07
† 

(-0.38, -0.04) 

PNS 0.52±0.36 0.34±0.27 0.60±0.24 
-0.29±0.11

† 

(-0.54,-0.03) 

-0.14±0.07 

(-0.31, 0.01) 

-0.30±0.06
† 

(-0.45, -0.16) 

C2 1.11±0.64 0.70±0.33 0.65±0.40 
-0.75 ±0.20

† 

(-1.21, -0.29) 

-0.20±0.08
† 

(-0.4, -0.01) 

-0.28±0.11
† 

(-0.55, -0.01) 

C3 1.37±0.94 0.63±0.37 0.71±0.42 
-1.03 ±0.31

† 

(-1.7, -0.31) 

-0.3±0.07
† 

(-0.48, -0.13) 

-0.45±0.09
† 

(-0.66, -0.23) 

RGPF 0.76±0.31 0.43±0.20 0.67±0.44 
-0.50±0.11

† 

(-0.76, -0.23) 

-0.10±0.06 

(-0.25, 0.05) 

-0.20±0.11 

(-0.45, 0.04) 

LGPF 0.10±0.10 0.17±0.09 0.20±0.15 
-0.58±0.10

† 

(-0.82, -0.33) 

-0.14±0.07 

(-0.31, 0.02) 

-0.32±0.12
† 

(-0.61, -0.02) 

RSPPF 0.32±0.12 0.27±0.18 0.52±0.11 
-0.16±0.03

† 

(-0.25, -0.08) 

-0.14±0.05
† 

(-0.27, -0.01) 

-0.29±0.07
† 

(-0.45, -0.12) 

LSPPF 0.53±0.11 0.43±0.28 0.63±0.44 
-0.11±0.05 

(-0.24, 0.02) 

-0.21±0.03
† 

(-0.29, -0.14) 

-0.23±0.11 

(-0.48, 0.02) 

Abbreviations: CECM: Foramen cecum, NSTP: Tip of Nasal bone, CLVS: Tip of clivus, MGNM: 

Dorsum foramen Magnum, ROVAL/LOVAL: Foramen ovale (R, L), RSPNM/LSPNM: Foramen 

Spinosum (R, L), RHMU/LHMU: Tip of hamulus (R, L), RORB/LORB: Infra-orbital foramen (R, L), 

RCLIN/LCLIN: Posterior clinoid processes (R, L), ANS: Anterior nasal spine, PNS: Posterior nasal 

spine, C2: Anterior-inferior point C2, C3:Anterior-inferior point C3, RGPF/LGPF: Greater palatine 

foramen (R,L), RSPPF/LSPPF: Sphenopalatine foramen (R,L)  

 
†
P< 0.05 based on One way ANOVA. 
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In T1-T2 data, the original average MEs were very high, up to 7.26 mm. After coordinate 

transformation, the average MEs were less than 1.5 mm for all landmarks except C2 (1.78±0.94 

mm in y-axis) and C3 (2.96±1.47 mm in y-axis). In comparison to the original MEs, the 

transformation significantly reduced the inter-landmark distance especially in the y and z-axes, 

table 4.4. 
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Table 4.4:  Average measurement error between T1-T2 (original and transformed) 

Landmarks 

T1-T2 

M±SD (mm) 

Difference 

Original vs. transformed 

M±SE (mm) 

(95% Confidence Interval) 
Original data Transformed data 

x y z x y z x y z 

NSTP 1.64±2.37 5.39±4.42 4.77±2.81 NA NA 

CLVS 2.30 ±1.69 6.29 ±5.91 5.55±5.13 NA 0.08±0.19 0.19±0.32 NA 
6.21±1.89

* 

(1.92,10.50) 

5.36±1.65
* 

(1.61, 9.10) 

ROVAL 1.60±1.46 6.31±4.91 4.37±4.31 0.29±0.35 0.68±0.84 0.52±0.60 
1.30±0.49

* 

(0.17, 2.43) 

5.6±1.60
† 

(2.00, 9.25) 

3.85±1.43
* 

(0.60, 7.10) 

LOVAL 1.59±1.47 5.74±4.83 4.52±4.36 0.19±0.13 0.79±0.67 0.47±0.37 
1.39±0.48

* 

(0.31, 2.48) 

4.94±1.60
* 

(1.31, 8.57) 

4.05±1.37
* 

(0.95, 7.15) 

RSPNM 1.91±1.64 6.14±4.83 4.43±4.66 0.02±0.05 0.14±0.38 NA 
1.89±0.51

† 

(0.73, 3.06) 

6.00±1.54
† 

(2.50, 9.50) 
NA 

LSPNM 1.93±1.78 5.97±5.06 4.35±4.48 0.03±0.06 0.13±0.39 NA 
1.90±0.55

† 

(0.64, 3.16) 

5.84±1.64
† 

(2.12, 9.55) 
NA 

RHMU 2.08±2.23 6.80±6.35 3.95±4.04 0.65±0.45 0.71±0.71 0.33±0.33 
1.42±0.77 

(-0.32, 3.18) 

6.09±2.09
* 

(1.34, 10.83) 

3.61±1.31
* 

(0.63, 6.60) 

LHMU 2.29±2.03 6.36±6.30 3.60±3.83 0.77±0.57 1.01±0.80 1.00±0.73 
1.51±0.72 

(-0.11, 3.14) 

5.26±2.01
* 

(0.71, 9.81) 

2.60±1.16 

(-0.03, 5.23) 

RCLIN 1.31±1.39 5.41±4.63 4.76±4.61 0.34±0.22 0.67±0.70 0.53±0.39 
0.97±0.43 

(-0.01, 1.96) 

4.74±1.58
* 

(1.16,
 
8.33) 

4.22±1.51
* 

(0.80, 7.65) 

LCLIN 1.31±1.29 6.09±4.80 4.47±4.82 0.27±0.18 1.16±1.08 0.75±0.76 
1.04±0.40

* 

(0.11, 1.96) 

4.92±1.46
† 

(1.60, 8.23) 

3.71±1.64
* 

(-0.01, 7.44) 

ANS 1.96±2.50 6.26±5.90 4.30±2.92 0.38±0.20 0.49±0.57 0.47±0.39 
1.57±0.82 

(-0.29, 3.45) 

5.77±1.91
* 

(1.44, 10,11) 

3.83±0.98
† 

(1.61, 6.05) 

PNS 1.73±2.19 6.40±5.97 3.50±4.30 0.40±0.28 0.77±0.69 0.45±0.39 
1.32±0.65 

(-0.16, 2.81) 

5.62±1.94
* 

(1.21, 10.03) 

3.06±1.40 

(-0.12, 6.24) 

C2 2.74±2.49 7.26±7.06 5.41±4.89 0.79±0.71 1.78±0.94 0.84±1.05 
1.95±0.87 

(-0.02, 3.92) 

5.47±2.21
* 

(0.45, 10.50) 

4.56±1.57
* 

(1.00, 8.13) 

C3 2.90±2.76 7.15±7.66 5.96±5.03 1.05 ±0.74 2.96±1.47 1.23±1.46 
1.85±0.96 

(-0.33, 4.04) 

4.18±2.48 

(-1.44, 9.81) 

4.73±1.77
* 

(0.71, 8.74) 



 

139 
 

Table 4.4 Continued:  Average measurement error between T1-T2 (original and transformed) 

Landmarks 

T1-T2 

M±SD (mm) 

Difference 

Original vs. transformed 

M±SE (mm) 

(95% Confidence Interval) 
Original data Transformed data 

x y z x y z x y z 

RGPF 1.62±2.30 6.46±6.18 3.38±3.77 0.70±0.34 0.60±0.57 0.64±0.70 
0.92±0.77 

(-0.82, 2.66) 

5.85±1.99
* 

(1.34, 10.36) 

2.73±1.30 

(-0.19, 5.67) 

LGPF 1.93±1.92 6.20±5.67 3.25±4.09 0.36±0.40 0.73±0.55 0.69±0.69 
1.56±0.65

* 

(0.07, 3.05) 

5.46±1.84
* 

(1.28, 9.64) 

2.56±1.33 

(-0.46, 5.60) 

RSPPF 1.32±1.71 6.42±4.88 3.47±4.06 0.60±0.37 0.89±0.83 0.87±0.45 
0.73±0.58 

(-0.58, 2.04) 

5.53±1.52
† 

(2.09, 8.98) 

2.60±1.30 

(-0.35, 5.55) 

LSPPF 1.40±1.58 5.71±4.43 3.65±4.32 0.73±0.36 0.80±0.86 0.47±0.48 
0.67±0.43 

(-0.30, 1.66) 

4.91±1.52
* 

(1.47, 8.36) 

3.17±1.37 

(0.06, 6.30) 

Abbreviations: CECM: Foramen cecum, NSTP: Tip of Nasal bone, CLVS: Tip of clivus, MGNM: Dorsum foramen Magnum, ROVAL/LOVAL: 

Foramen ovale (R, L), RSPNM/LSPNM: Foramen Spinosum (R, L), RHMU/LHMU: Tip of hamulus (R, L), RORB/LORB: Infra-orbital foramen 

(R, L), RCLIN/LCLIN: Posterior clinoid processes (R, L), ANS: Anterior nasal spine, PNS: Posterior nasal spine, C2: Anterior-inferior point C2, 

C3:Anterior-inferior point C3, RGPF/LGPF: Greater palatine foramen (R,L), RSPPF/LSPPF: Sphenopalatine foramen (R,L) 

NA: not applicable 
†
P-value <0.01 

*
P-Value <0.05; One way ANOVA. 



 

140 
 

 

Impact of transformation on upper airway 

After registration of T2 to T1 CBCT data sets based on the new coordinate system, the 

total volume of the upper airway (T1-T2) changed by 25.76±24.9% (2.09±1.95 cm
3
) and the total 

surface area by 13.85±10.8% (4.58±3.95 cm
2
). The mean part analysis was 0.43±0.3 mm; the 

maximum part analysis (over 2 mm in positive direction; marked red in the color map) was 

4.39±1.06 mm, and the minimum part analysis (over 2 mm in negative direction; marked in blue 

in the color map) was 3.82±0.82 mm, table 4.5. 

Table 4.5: Changes in airway parameters from T1-T2 after coordinate transformation and 

registration 

Parameters measured Mean±SD Minimum Maximum P value 

Volume difference 
(cm3) 2.09±1.95 0.34 6.74 NS* 

(%) 25.76±24.95 7.09 87.85 NS* 

Surface area difference 
(cm2) 4.58±3.95 1.47 13.71 NS* 

(%) 13.85±10.80 4.49 36.78 NS* 

Mean part analysis (mm) 0.43±0.3 0.04 0.89 - 

Minimum part analysis (mm) -3.82±0.82 -5.06 -2.06 - 

Maximum part analysis (mm) 4.39±1.06 2.44 5.89 - 

*NS: not significant using Paired samples T-test 

 

Larger volume and surface area changes were noted in subjects 8 and 9, Figure 4.4a. The 

majority of the triangular nodes (forming an airway model; ~2000-5000 triangles) moved <2 mm 

in both directions. Larger triangular node distances (over 2 mm) were noted in subjects 1, 5, 7, 8, 

9, and 10, Figures 4.4b and 4.5) 
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Figure 4.4: Changes in airway from T1 to T2. (A) Scatter plot of the volume and surface area change 

(%). (B) Scatter plot of the part analysis showing distances travelled by triangular nodes forming the 

airway, for subject 1 through 10. 
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Figure 4.5: Registered 3D models of the 10 pharyngeal airways. A through J correspond to subjects 1 

through 10. The purple and blue models represent T1 and T2 airways after registration based on new 

coordinate transformation; side view. The color-mapped models represent the part analysis; front and side 

views.  



 

143 
 

As large inter-landmark distances (>2 mm) were noted in C2 and C3 in several T1-T2 

subjects, correlations between C2-C3 inter-distances and changes in 3D airway parameters were 

assessed. Significant and strong positive correlation was found between the minimum/maximum 

part analysis distances and changes in C2 and C3 in at least one axis, table 4.6. 

 

 

4.4 Discussion 

Reliability of anatomical landmarks 

Although it is impossible to locate a landmark without errors, all efforts should be made 

to minimize such errors.
14

 Landmark identification errors are related mainly to the quality of the 

images, nature of the landmark (point vs. surface), operator error (reliability), and the registration 

procedure.
10

  

There is insufficient literature reporting the change in linear, area, or volume airway 

measurements at which clinical significance or impact is noted.
1
 Therefore, the 1.5 mm cut-off 

for mean ME for landmark identification was chosen.
10, 15

 Cranial base landmarks can be 

Table 4.6:  Correlations between C2-C3 inter-distances and changes in 3D airway parameters 

Airway parameters C2x C2y C2z C3x C3y C3z 

Volume difference (%) -0.52 -0.16 0.02 -0.01 -0.25 -0.11 

Surface difference (%) -0.51 0.01 0.00 -0.14 -0.32 -0.21 

Mean part analysis -0.29 0.17 0.45 0.08 -0.31 0.31 

Minimum  part analysis 0.75
*
 -0.19 0.03 0.65

*
 0.09 0.16 

Maximum  part analysis -0.42 0.74
*
 0.61 -0.20 0.61 0.38 

*Correlation is significant at the 0.05 level (2-tailed). 
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identified from CBCT with very good reliability as they are considered anatomically stable 

structures and by age 5, 85% of growth is completed in this area.
8, 15

 

Overall, intra- and inter-examiner reliability were high (ICC >95%). Intra- and inter-

examiner mean MEs were generally low (< 1.5 mm). Errors > 1.5 mm were more found between 

examiners in: CECM, RHMU, RORB, LORB, and LCLIN, table 4.2. Our results presented are in 

agreement with other studies
10, 16

 with reported MEs of 0.1-4 mm or < 1.4 mm. Generally, intra-

examiner landmark identification errors are less than inter-examiner errors.
10

  

Although mean MEs were <1.5 mm, maximum MEs found in RHMU and LCLIN may 

be related to examiner differences in location or the impact of image quality on their 

interpretation. In addition, RORB and LORB presented intra- and inter-examiner difficulties due 

to the oblique nature of the infra-orbital foramen and the wide range of locating its center 

especially in the y and z axes. CECM is a very small foramen in the anterior cranial base and 

maybe absent in some subjects. Although mean ME was <1.5 mm for CECM, maximum ME 

was found in one axis between both examiners possibly related to the nature of the landmark i.e. 

small size. 

Four landmarks were excluded from further analysis: CECM and MGNM were located at the 

periphery of the image volume thus risking their non-inclusion in future CBCT scans. Due to 

their high intra- and inter-examiner mean ME, RORB and LORB were also excluded.  

 

Co-ordinate transformation  

Unlike previous studies
3-6

 utilizing gray scales and color-coded graphics to display 

surface changes, the authors here chose coordinate transformation and optimization analysis to 

superimpose CBCT images. This allows quantified assessment of change in the x, y, and z axes 
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and involves minimizing the total root mean square error found over a series of fixed landmark 

positions.  

An anatomical coordinate system has higher reproducibility when the distance between 

those landmarks is great. Objective landmarks, testing the transformation error, should be further 

away from the landmarks defining the new coordinate system.
17

 The landmarks chosen to form 

the coordinate system were: NSTP, CLVS, RSPNM, LSPNM, ROVAL and LOVAL. The first 

four were used to define the new coordinate system, ROVAL and LOVAL were used to optimize 

the location of the defining landmarks yielding a 6-point transformation. The method error in the 

6-point transformation algorithm, as presented by DeCesare et al
13

, reduced the overall average 

distance errors from 1.64 ±0.62 mm in the original image to 1.24±0.37 mm in the transformed 

image. 

Because most landmarks presented with excellent intra-reliability and small average 

measurement errors (0.10–0.61 mm) in all axes, transformation was allowed a maximum of 1 

mm shift in landmarks forming the new reference system. Since all landmarks tested in this study 

may have minor, but not significant, position changes as a result of growth within our 6-month 

imaging time frame, a maximum ME > 2 mm after transformation was not acceptable. 

Changes in inter-landmark distances, MEs, in 3T1 data reflects the sole effects of 

coordinate transformation i.e. no effect of patient positioning error. The average ME after 

transformation was less than 1.5 mm for all landmarks. Based on table 4.3, the transformation 

improved (reduced) the original average ME in some landmarks at the expense of increasing it 

for others. However, these ME increases were by <0.5 mm except for C3 (increased by 1.03 mm 

in x-axis). C3 is the furthest landmark from the coordinate-defining landmarks and larger 

differences at C3 were expected to occur. This is similar to the work by Lagravere et al
8
 where 
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larger errors were found in the R/L mental foramen (~5 mm) when using R/L foramen spinosum 

and R/L external auditory meatuses for their coordinate system. 

In T1-T2 data, we introduce another factor in ME, i.e. alteration in patient position at two 

different CBCT scans. The mean inter-landmark distances were high in the “original” T1-T2 

data, up to 7.26 mm and larger differences were found in the y and z-axes, (table 4.4). This can 

be explained by the fact that patient positioning in the x-axis (right-left plane) is fairly 

reproducible using positioning laser-beams within the CBCT machine. Patient positioning in the 

y-axis (antero-posterior plane) or z-axis (superior-inferior plane) is largely influenced by head 

rotation and flexion of the neck. If we consider non-absolute values for MEs, patient positioning 

at T2 compared to T1 caused most of the landmarks to shift to the patients’ anterior and inferior 

(i.e. ME is negative in y and z axes), and slightly to the patients’ left (i.e. positive in x-axis).  

After T1-T2 co-ordinate transformation, the mean inter-landmark distances were less 

than 1.5 mm for all landmarks except C2 (1.78 mm) and C3 (2.96 mm). In comparison to the 

original MEs, the transformation corrected for patient positioning by significantly reducing the 

inter-landmark distance, especially in the y and z-axes (antero-posterior and superior-inferior 

direction), table 4.4.  

C2 and C3 were chosen specifically to indirectly assess the impact of transformation on 

the oro-pharyngeal airway. Although coordinate transformation corrected for patient positioning 

and head rotation from T1-T2, it is not capable of re-aligning deformable anatomy such as that 

caused by neck flexion in the areas of C2 and C3 (mean MEs > 1.5 mm, maximum MEs up to 

4.91 mm). Because the pharyngeal walls are soft tissues formed mainly by muscles and adipose 

tissue, it is expected to deform in shape due to the displacement pressures from cervical 
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vertebrae as the neck flexes. It was necessary, therefore, to directly assess the ME within the 

oropharyngeal airway. 

Impact of transformation on upper airway 

Neck flexion at T1 or T2 scan, in several subjects, caused maximum MEs of 3.09 mm in 

y axis and 3.75 mm in the z-axis in C2, and 4.66 mm in the y-axis and 4.91 mm in the z-axis in 

C3. Consequently, this caused apparent discrepancies between T1-T2 pharyngeal airways, Figure 

4.6. This has important consequences for adequate longitudinal assessment of “pharyngeal” 

surgical treatment outcomes in future studies.  

 

 

Figure 4.6: Large distances between C2 and C3 with large airway model discrepancies. T1 and T2 

registered mid-sagittal CBCT image for subject 1 with neck flexion. Green points: C2-C3 at T1, Red 

points: C2-C3 at T2, blue airway: at T1, yellow airway: at T2. 
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Stratemann et al
18

 non-rigidly transformed 30 upper airway surfaces to that of one subject 

by embedding 27 landmarks in each airway. The resultant analysis was in the format of color 

map. This registration method is computationally costly, the 3D models are deformed, and lacks 

quantitative information expressed in x, y, and z axes. One way to accurately assess MEs in a 

given 3D airway model, is to include each point forming the 3D model (in x, y, and z location) in 

the coordinate transformation by exporting the data as point clouds. This however is 

computationally demanding because these 3D models are formed by hundreds of thousands of 

points. Another option is to use the centers (nodes) of the triangles forming the mesh of a given 

3D model. These nodes/points can be used in a sampled point-based analysis representative of 

the entire 3D models to allow a Cartesian-based quantitative assessment in the xyz axes for a 

given change, such as that offered by 3-matic® Part Comparison Analysis tool. 

After coordinate transformation and image registration, the total volume of the upper 

airway (T1-T2) changed by 25.76±24.9% (2.09±1.95 cm
3
) and the total surface area by 

13.85±10.8% (4.58±3.95 cm
2
). A volume difference of 1 cm

3
 (= 1ml) was described as the size 

of two “standard” sugar cubes. 
19, 20

 Consequently, surface area change of 7.55 cm
2
 is equivalent 

to the total surface area of two sugar cubes. Using this analogy, the mean change in volume and 

surface area in this study is estimated to be equivalent to that of 4 and 1.2 sugar cubes, 

respectively. Conceptually, this would be clinically relevant if such changes occurred in 

localized/ specific part of the airway. However, volumetric measurement of the upper airway 

ignores a clinically important factor; distribution.  On the other hand, part analysis takes into 

consideration the amount and distribution of change to produce meaningful results. In this study, 

the mean part analysis was 0.43±0.3 mm and the largest distances travelled by the triangular 
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nodes forming the entire airway model were no more than 5 mm in either direction, table 4.5 and 

Figure 4.4b. These larger differences (> 2 mm; red in positive direction and blue in negative 

direction) were noted in subjects 1, 5, 7, 8, 9, and 10 in Figures 4.4b and 4.5) and larger volume 

and surface area changes were noted in subjects 8 and 9, Figure 4.4a. This can be attributed to 

large C2/C3 inter-landmark distances (> 3 mm post-coordinate transformation) i.e. larger neck 

flexion in subjects 1, 5, 7, 9, and 10 as noted in the registered blue-purple airway models in 

Figure 4.5. In fact, significant and strong positive correlation was found between C2-C3 inter-

landmark distance and the minimum/maximum part analysis distances, table 4.6. In other words, 

neck flexion producing > 3 mm inter-distance at C2-C3 (in at least one axis) is likely to produce 

larger distances between localized parts of the airway models. In contrast, there were negligible-

weak correlations between C2-C3 distances and airway volume or surface area. The main 

purpose of this registration method is to utilize it for longitudinal CBCT image analysis of the 

upper airway after surgey (e.g. adenotonsillectomy). Thus, adjusting for neck flexion using rigid 

alignment, based on the cervical vertebrae, would mean distorting the remainder of landmarks.  

Also, applying deformable alignment would introduce bias in the assessment of the pharyngeal 

airway that lies in very close proximity to the vertebrae.  

 In subjects 8 and 9, there was major change in tongue position or tongue curling from 

T1-T2, causing evident discrepancies in the shape of the airway. This has serious implications to 

controlling tongue position when assessing airway using longitudinal CBCT images. It is evident 

that large neck flexion, tongue curling, or swallowing will impact the pharyngeal airway. Using 

deformable alignment to correct for such positioning errors may introduce bias in the assessment 

of treatment response. Rather, such errors should minimized by ensuring standard imaging 

parameters. For example, patients should be instructed to relax the tongue against their anterior 
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teeth, not to swallow, adjusting head and chin rests of the CBCT unit for proper head position 

rather than requesting the patient to extend/flex the neck, and finally consider reducing exposure 

time to reduce chances of motion or heavy breathing. 

 

Limitation to this study is that the sample of 10 subjects in T1-T2 data was randomly 

chosen from a previous study conducted at our institution. This resulted in a heterogeneous 

sample of subjects receiving different types of orthodontic treatment (fixed orthodontic brackets, 

tooth or bone-anchored maxillary expansion). However, this did not appear to impact the results 

of this current study in which our aim was to present a registration method that can be applied to 

an orthodontic cohort. Another point to address is the arbitrary nature of the cut-off limits to 

errors in landmark identification and coordinate transformation (at 1.5 mm), and distances 

between airway models (at 2 mm). These limits may be considered rigorous especially the one 

pertaining to airway analysis, as it also take into consideration CBCT errors related to partial 

volume averaging (±voxel size which in this study equals 0.3 mm) in addition to landmark errors 

due to intra-examiner variability and coordinate transformation. 
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Conclusions 

Based on the results of this study, the following conclusions can be inferred: 

1. Tips of nasal bone and clivus, right and left foramen spinosum and foramen ovale 

produced reliable landmarks for new coordinate transformation for the purposes of CBCT 

registration. 

2. The described coordinate transformation significantly corrected positioning errors in 

longitudinal CBCT data, however is unable nor designed to correct for evident neck 

flexion.  

3. Neck flexion producing > 3 mm C2 and C3 inter-distance caused localized airway 

discrepancies (2 mm > airway part analysis < 5 mm). 

4. Similar airway discrepancies were also found, with small C2/C3 inter-distances, in 

subjects with significant change in tongue position from T1-T2. 

5. Controlling tongue position and neck flexion has major implication in future CBCT 

airway imaging protocol.   
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Chapter 5 

 Semi-automatic segmentation software for the upper airway 

 

5.1 Ground Truth Delineation for Medical Image Segmentation   
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5.3 Segmentation of the nasal and pharyngeal airway using CBCT: Part II: reliability and validity 
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5.1 Ground Truth Delineation for Medical Image Segmentation based on Local 

Consistency and Distribution Map Analysis 

 

Abstract: The interest in cone-beam computed tomography (CBCT) and its additional benefits 

to oral and maxillofacial diagnosis and treatment planning is increasing.  CBCT generated 3D 

models, Computer-aided detection (CAD) systems, are the product of segmentation, manual or 

automatic. Several aspects regarding upper airway segmentation need to be addressed; validity 

and reliability. In order to assess the accuracy of a CAD segmentation algorithm, a comparison 

with ground truth data is necessary. To date, ground truth delineation relies mainly on contours 

that are either manually defined by clinical experts or automatically generated by software. In 

this paper, we propose a systematic ground truth delineation method based on a Local 

Consistency Set Analysis approach, which can be used to establish an accurate ground truth 

representation, or if a ground truth is available, to assess the accuracy of a CAD generated 

segmentation algorithm. We validate our computational model using medical data. Experimental 

results provides consistency information at pixel level, and thus is invariant to global 

compensation error. 
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5.1.1 Introduction 

Accuracy and reliability of airway measurements in CBCT images have been tested, in 

the dental literature, using linear, cross-sectional areas, and volume (systematic reviews in 

Chapter 2). In image segmentation, however, detecting the contour or boundary of the object of 

interest is an important step as the segmented structure is then reconstructed into a 3D model that 

is essential for many clinical applications to aid in diagnosis, treatment planning, and assess 

treatment outcomes more efficiently by the medical image. 

The precision of many of newly proposed techniques and algorithms used for automatic 

detection and segmentation
1-3

 needs to be compared with the manual detection by an expert.  

This, however, needs to be preceded by evaluating the ground truth that is defined by the 

professional experts.  

Generally there are two different methods to measure the accuracy of Ground Truth. One 

is the artificial approach
4
 using the synthetic images (phantoms) in which definition of ground 

truth is fairly easy however does not reflect the reality in true medical image. The other is 

manually annotated approach
5
 which is “based on the assumption that the precision and 

reliability of existing automatic techniques is vastly inferior to human interpretation”
6
. The latter 

is the most common and widely accepted approach for performance characterization. 

Nonetheless, manual ground truth is not faultless due to intra- or inter-examiner errors. 

The main aim of this work is to test the consistency of single expert’s manual tracing of the 

upper airway, thus testing consistency of the “ground truth”. 
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5.1.2 Methods 

Image Selection 

Five CBCT image sets of adolescent subjects were randomly and retrospectively selected 

from the Orthodontic Graduate clinic database at the University of Alberta. The images were 

acquired by the Classic iCAT CBCT scan (Imaging Sciences International, Hatfield, PA). 

Images were acquired with 120 kVp, 24 mAs, and 0.3 mm voxel size. For each image set, six 

sections were selected and exported as JPEG files: 

1)  Axial section through the inferior anterior point of the second cervical vertebrae, C2.  

2) Axial section through the inferior point of the anterior arch of the first cervical vertebrae, 

C1. 

3)  Axial section through the inferior point of Clivus.  

4) Coronal section through the posterior nasal spine, PNS. 

5) Coronal section through the Crista galli; of ethmoid bone. 

6) Coronal section through the tip of nasal bone. 

Image sections 1, 2, and 3 represent pharyngeal airway and sections 4, 5, and 6 represent 

nasal airway. Using a tracing program (TRACER A, developed at the Department of Computing 

Sciences, University of Alberta), one examiner (PhD student) traced the airway boundaries in all 

images sections (single airway region in sections 1-3 and bilateral airway region in sections 4-6, 

i.e. nose) three times. The total is 45 airway regions, each region has 3 boundary data point sets 

saved as text files (.txt) containing x and y coordinated of each tracing point. 
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Tracing Evaluation 

For the same region within one image, the three tracings are called A, B, C. All are discrete 

2D points with (x, y) identifying its location. The coordinate system of each image is static and 

the original point (0, 0) located at left bottom of the image during each tracing attempt. 

Therefore, the first evaluation phase tests the consistency between these three points data set 

relative to the (0, 0) point. If there is one point PA belongs to A, we can find one point PB from B 

and stratified the condition as {SDistB(PA) : min|PAPB|, PAε A,∃PBε B } to go through all the 

points from A and obtains shortest distance SDist for each point. According to the distance 

distribution, smaller distances between points from A to B represent high consistency.  

Next phase is data classification, the calculation from phase 1 is applied to all pairs among A, 

B, C. Following, we define a tolerable error at 3 pixel distance (in this study =0.9 mm as pixel 

size is 0.3 mm) thus tolerable error. Therefore, any point with SDist ≤ 3 will be treated as 

consistent to the target points set as the “Real Positive” points.  

The final phase is data analysis after collecting all the Real Positive points for each data set 

based on itself and target to other two data sets. The Consistent level calculates correlations 

among all three points from A, B, C. If a point in one tracing has less than 3 pixel distance to the 

other two tracings, the correlation is high. A correlation of 1 represents perfect overlap and 0 

pixel distance between tracings, i.e. high consistency. 
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5.1.3 Results 

After applying the consistent level elevation on the 45 airway regions, the outputs 

distribution are presented in Figure 5.1.1.  

 

 

Figure 5.1.1: Consistency level of 45 airway regions. 

 

 

Consistency levels ranged between 0.80 to 1, and most airway regions presented with 

consistency levels ≥ 0.9 except for two images. Examples of high consistent level cases with its 

raw tracing image are presented in Figure 5.1.2. 
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Figure 5.1.2: CBCT image sections showing high consistency level tracing (=1). A) Axial section and 

its close-up of the pharyngeal airway. B) Coronal section and its close-up of the nasal cavity. 

 

 

Examples of low consistent level cases with its raw tracing image are presented in Figure 

5.1.3. More tracing examples are provided in Appendix B.  
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Figure 5.1.3: CBCT image sections showing lowest consistency level tracing. A) Coronal section and 

its close-up of the posterior nasal cavity, consistency level =0.80. B) Coronal section and its close-up of 

the anterior nasal cavity, consistency level =0.89. 

 

Two additional graphs are provided for the images with highest consistency levels (Case 1) and 

for the lowest (Case 6), Figures 5.1.4 and 5.1.5, respectively. Distance circle graph shows the 

SDist of points from the base data set to the target data set, which is represented by the distance 
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from each points on the graph to the original point. The normalized SDist distribution bar 

indicates the distances distribution of the base data set to the target data set. 

 

 

Figure 5.1.4: Distance circle (left) and distribution bar (right) graphs of Case 1.  
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Figure 5.1.5: Distance circle (left) and distribution bar (right) graphs of Case 6.  

 

By comparing the two extreme cases, it is apparent from the distribution graphs, Figures 

5.1.4 and 5.1.5, that the SDist of most tracing points  in Case 6 was ≤ 3 pixels with few points > 

3 pixels, whereas in Case 1 there were no points with SDist >3.  

 

 

Conclusion  

Although it is impossible for an examiner to identically trace the same boundary twice, 

evaluating the different tracing groups in this work shows that the expert’s tracings of 45 upper 

airway images, three times, were of high consistency (no more than 3 pixels) and therefore 

accepted as “reference” in upcoming studies.   
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5.2 Segmentation of the nasal and pharyngeal airway using cone beam computed 

tomography Part I: A new approach 

Abstract 

Objectives: to develop a semi-automatic segmentation program that efficiently and accurately 

segments the upper airway structure from cone beam computed tomography (CBCT) images into 

a 3D model.  Methods: Local Decomposition Gradient Segmentation (LEDGES) algorithm is 

applied in a software package, Segura
©

, developed to segment the upper airway using the CBCT 

data of one subject. Then, four generic syringes (1, 3, 10, and 60 ml) were scanned with CBCT, 

The air inside the syringes was segmented, and reconstructed into 3D models. The segmentation 

process was repeated five times and the syringe volumes were measured to test the software’s 

reliability. The accuracy of Segura
©

 was tested by comparing the known volumes of the four 

syringes to the calculated syringe volumes from their Segura
©

 segmented 3D models. Using the 

CBCT of the subject sample, the time to segment the upper airway using Segura
©

 was compared 

to that of manual segmentation to test time efficiency. Results: Implementing LEDGES in 

Segura
©

 software allowed easy and efficient segmentation of the upper airway (nasal and 

pharyngeal) in the sample CBCT. The volumes of Segura
©

 segmented 3D models were reliable 

(standard deviations ≤ 0.11 ml) and accurate (intra-class correlation coefficient= 100%, CI 97-

100%). Segmentation with Segura
©

 was 26 times less than manual segmentation for the same 

image set.   Conclusion: Preliminary trials of Segura
©

, and the results thus obtained are very 

promising from time efficiency, reliability and accuracy perspectives. Forthcoming work entails 

detailed validation of Segura
©
 using human upper airways from CBCT scans. 
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5.2.1 Introduction 

Three-dimensional (3D) models of the upper airway segmented from Cone-beam 

computed tomography (CBCT) scans are emerging as means to visualize and assess the upper 

airway. Such imaging techniques provide significant insights into the anatomy of the upper 

airway especially in subjects with sleep disordered breathing.
1
  Segmentation refers to the 

extraction of structural information of particular interest from surrounding images for 

visualization or characterization of anatomy or pathology.
2
 Generally, segmentation methods can 

be broken down into three main types: manual, semi-automatic and automatic. 

Manual segmentation is the most accurate method as it allows for the most operator 

control however is significantly time consuming.
3, 4

 Commercial software products allow 

automatic segmentation of the upper airway by means of global thresholding. This method relies 

on setting an intensity range (grey-threshold) such that voxels having intensity values outside 

that range are set to zero. This provides fast, but potentially inaccurate segmentation.
3, 5

 Semi-

automatic methods are classified according to three main approaches: global filtering, region 

growing and model-based methods.1 Automatic segmentation of the nasal cavity is rarely 

attempted in the dental literature.
6
  In the otolaryngology literature, it was reported that 

semiautomatic segmentation took 3.5 hours for detailed segmentation of nasal/paranasal airway 

compared to 8–16 hours of manual segmentation, which is still time consuming, not as accurate 

as manual segmentation, and not feasible in clinical or research workflow.
4, 5, 7

 The varying 

densities of bone, mucosa or air in the upper airway renders the segmentation process very 

difficult and revealed the limitations of traditional segmentation approaches, such as region 

growing.
8
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Changes in the geometric features of the upper airway are imperative to assess patient 

response to surgical treatment in the sleep disordered breathing population. Taking into account 

the suboptimal image resolution of CBCT images compared to MDCT, the complex anatomy of 

the nasal cavity, heterogeneity of grey-level throughout the upper airway, and realistic 

segmentation time instigate the need for a semi-automatic method that better defines relevant 

intensity values and allows for limited user input.  

The purpose of this paper is to develop an accurate, reliable, and time efficient semi-

automatic segmentation program specific for the upper airway to generate a realistic patient-

based 3D mesh model. 

 

5.2.2 Methods 

CBCT protocol 

The CBCT image set of one subject was randomly retrieved from the Graduate 

Orthodontic clinic database, department of Dentistry, University of Alberta.  The images were 

acquired using the Classic iCAT CBCT scan (Imaging Sciences International, Hatfield, PA). 

CBCT protocol used a medium-large field of view (16 cm width x 13 cm height), 120 kVp, 24 

mAs, 20 seconds scan time, and 0.3 mm voxel size. This image set was used to develop and test 

the segmentation program. 

Semiautomatic Segmentation:  

The Local Decomposition Gradient Segmentation “LEDGES” algorithm 

Using the CBCT image volume, the automatic segmentation of local regions was defined 

around seed points that were manually supplied by the user or automatically generated by 
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previously-segmented adjacent cross-sections. The LEDGES algorithm automatically searches 

for the optimal local segmentation around each point by first representing each local image by 

the local threshold decomposition
9
 which contains the point, Figure 5.2.1.  

 
Figure 5.2.1. Threshold Decomposition. (A) Original image. (B) Binary images Ik for k = 15, 33, 50 

 

Following the method described by Saha and Ray
10

, the image gradient of each binary 

image of this decomposition was then used to sample the original image, Figure 5.2.2 and the 

mean value calculated. The optimal local segmentation was considered to be the cross-section 

corresponding to the maximum mean value, Figure 5.2.3.  

 
Figure 5.2.2: Image gradient. Each binary image IK corresponds to an image gradient that is used to 

sample the original image. Red points denote the origin of each gradient vector. 
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Figure 5.2.3: Optimal segmentation: corresponds with the k value where the maximal mean gradient 

occurs (k = 33). 

 

Any image I, of bit depth d, can be thresholded by a value k where 0 <= k < 2
d
 (i.e. d=8 

means 256 values). Each threshold value k produces a binary image Ik = {I <= k} with value 1 at 

pixels where the image is less than k, 0 otherwise. The set of all Ik (for each k) is the threshold 

decomposition of the image I, denoted here as Ds = {Ik such that 0 <= k < 2
d
 }, Figure 5.2.1.  

Each seed point s, corresponding to the user clicking on the image, is associated with a local 

region where this decomposition can be performed locally, namely the local threshold 

decomposition Ds. Since every Ik in Ds can contain multiple connected components, every Ik 

retains only those connected components that contain s.  For each Ik in Ds, we consider its 

corresponding image gradient Gk and use these to sample the original image, Figure 5.2.2. The 

mean value of all these sampled image gradients gives a final number gk, which represents the 
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edge strength of Ik, when overlaid over I, and corresponds to the mean change in image pixel 

values along gradient directions. The threshold value Ks (around each clicked seed point), 

associated with the largest mean gradient value then corresponds to the optimal segmentation of I 

around seed point s, Figure 5.2.3. Finally, we consider the optimal segmentation to be the edge 

set of the union of IK over all seed points, Figure 5.2.4. The edge set is the set of pixels of value 1 

found on the edge of all connected components in a binary image. The union of binary images is 

the logical-or of binary images values that combines the pixels of value 1 together into one 

binary image. 

 

 

Figure 5.2.4: The LEDGES algorithm. 

 

Once all cross-sections have been segmented, they are combined into a final 3D mesh 

using iso2mesh
11

 and CGAL
12

 and saved to steriolithographic file
13

 (.stl). This mesh can then be 

loaded into other 3D software packages for mesh smoothing, trimming, visualization, or further 

analysis. 
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Implementing LEDGES in The Segura
©
 software package 

To efficiently segment the upper airway and generate a 3D model, a custom-written 

program was created using MATLAB® (MATLAB R2012b, The Mathworks Inc., Natick, MA) 

and the LEDGES method was implemented. This software package is referred to as Segura
©

.  

Once the DICOM files are loaded into Segura
©

, the user first defined the region of interest 

(ROI) on the sagittal section thus defining a series of square, path-orthogonal 2D cross-sections. 

As such, these exhibit a higher degree of continuity from the hypopharynx to the tip of the nose 

(compared to axis-aligned cross-sections), eliminate the need to merge segmentations from 

multiple paths, and specify a more natural segmentation workflow as though "moving through 

the path", Figure 5.4.5. The semi-automatic segmentation of each of these cross-sections is 

performed by simply applying the LEDGES algorithm to each “seed point”. To further increase 

workflow speed, these points can be copied and/or automatically generated based on adjacent 

segmentations from one cross-section to the next.  

Segura
©

 also allows for voxel-level image adjustments to adjust for noise, mucous, or seal 

off regions where segmentation is not desired (e.g. connections to sinuses). Other Segura
©

 

features (beyond the scope of this paper) allow for efficient segmentation workflow. Once each 

cross-section has been segmented, they are combined into a final 3D reconstruction of the ROI, 

Figure 5.2.5. 
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Figure 5.2.5: The Segura
©©

 software package. (A) A snapshot of the user interface showing the Region of interest (blue), cross-section view 

with seed points (green) and current segmentation (magenta). (B) Magnified cross-section image showing local regions (green squares) associated 

with each seed point within which LTD occurs. (C) Sagittal and angled views of the resultant 3D upper airway model. 
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Testing Segura
©

:  

Reliability and accuracy  

To assess the reliability and accuracy of the segmentation of Segura
©

, four generic 

(needleless) syringes were imaged with CBCT using the same parameters described in section 1 

of the methods. The generic plastic syringes (volumes 1, 3, 10, and 60 ml) were fixed to a block 

of foam and placed in a plastic container surrounded by 1 inch of water, to mimic soft tissue 

attenuation, Figure 5.2.6. The resultant DICOM image files were imported into Segura
©

, semi-

automatically segmented then reconstructed into 3D models, five times, by the principal 

investigator (PI). The resultant 3D models were then exported as .STL models into 3-matic3® 

[3-matic 7.0, Materialise NV, Leuven, Belgium]. 

 

Figure 5.2.6: Generic syringes used to test segmentation of Segura
©
 (A) The syringes in plastic 

container, (B) Segura
©
 segmented 3D models of the syringes. 

 

Reliability will be assessed by comparing the means and standard deviations of the five 

trials for each syringe size. To assess accuracy, intra-class correlation coefficient ICC was 
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calculated between the ground truth, i.e. the known volumes of each syringe and the mean 

volume calculated from Segura
©

 generated 3D models of the syringes.   

Time efficiency 

The upper airway of the image sample was segmented manually and semi-automatically 

and segmentation time recorded to assess time-efficiency. The region of interest included the 

pharyngeal and nasal airways, maxillary, sphenoid, and ethmoid sinuses. The inferior extent of 

the ROI was the most anterior-inferior point of the body of the third cervical vertebra, and the 

superior extent was the last axial image slice intersecting with the planum sphenoidale, Figure 

5.2.7. 

 

Figure 5.2.7: Mid-sagittal CBCT image showing the upper airway Region of interest (ROI). Dashed 

line runs through planum sphenoidale and two solid white lines mark the ROI boundaries; inferiorly 

through the third cervical vertebra and superiorly intersecting with the dashed line. 

 

Manual segmentation was completed using the Mask tool in Mimics® software [Mimics 

15.0, Materialise NV, Leuven, Belgium], the PI manually selected the grey-level threshold on 

each axial slice for the entire ROI (~430 slices, 0.3 mm slice thickness, 0 mm inter-slice 
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interval). The PI adjusted the mask by erasing or adding to the highlighted airway on each slice. 

Once the upper airway was defined and edited, a 3D model of the mask was created and saved in 

an ASCII STL format. Using the same sample image, the PI initiated seed-points in Segura
©

 in 

the most inferior axial slice in the ROI then allowed the seed-points to automatically copy and 

adjust as the slice moved superiorly within the ROI. The PI was allowed to adjust the seed-points 

and edit the boundaries of segmentation if needed. Once the upper airway was defined and 

edited, a 3D model of the segmented ROI was created and saved in an ASCII STL format. 

 

5.2.3 Results  

The air volumes of each syringe calculated from Segura
©

 3D models were consistent 

between the five trials for all syringe sizes, as evident by the small standard deviations (≤0.11 

ml), table 5.2.1. The mean air volumes, from Segura
©

 3D models, were no more than 0.1-0.2 ml 

different (less) than the true volume of each syringe, table 1. In addition, the ICC was high, 

100% (95% confidence interval= 97-100%), showing that 3D models generated from Segura
©

 

are precise. 

Table 5.2.1:  Volumes of Segura
©

 segmented 3D models vs. true syringe volumes (ml) 

 Volumes of Segura
©

 segmented 3D models (ml)* 

True Syringe volumes Minimum Maximum Mean Std. Deviation 

syringe_1ml 0.91 0.93 0.92 0.01 

syringe_3ml 2.85 2.88 2.86 0.01 

syringe_10ml 9.78 9.83 9.80 0.02 

syringe_60ml 59.71 59.98 59.90 0.11 

*Volumes represent all five trials 
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Using the CBCT data of the sample subject, manual segmentation was completed in 24 

hours (1440 minutes) whereas, for the same ROI, segmenting with Segura
©

 took 55 minutes i.e. 

26 times less. The resultant 3D models, from manual segmentation and Segura
©

, appear similar, 

Figure 5.2.8. 

 

 

Figure 5.2.8: Upper airway segmentation and 3D reconstruction. (A) Axial CBCT image through the 

ethmoid air cells showing Segura
©
 seed-points (B) Axial CBCT image comparable to (A) showing high-

lighted manual segmentation (c) 3D reconstruction of the upper airway from manual segmentation (red) 

and Segura
©
 (in green.) 
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5.2.4 Discussion 

Although recent work has been directed to validating commercial software products in 

CBCT airway segmentation, these were limited to the pharyngeal airway with or without the 

inferior nasal meatus.
6, 14, 15

 Reasonably, the nasal cavity is very complex anatomically and 

challenging due to the presence of mucous thickening or secretions. As such, global thresholding 

will compromise the segmentation accuracy as the grey threshold of the airway differs within 

one image slice and between sequential slices of the nasal cavity, and obviously between the 

nasal cavity and pharyngeal airway. In this work, the LEDGES algorithm “customizes” the 

segmentation locally within a single image and between sequential image slices in a given image 

volume.  

Implementing LEDGES in Segura
©

 seed points allowed continuous segmentation of the 

pharyngeal airway as well as the challenging anatomy of the nasal cavity. The seed points were 

automatically and fairly accurately copied from one slice to the next and it was easier for the user 

to adjust the presence or location of a seed-point within a given 2D slice than to edit (erase or 

add) the entire boundaries of the grey-threshold selected in manual segmentation.  

The air volume of the 3D models generated by Segura
©

 was reproducible between the 

five trials for all syringe sizes, as evident by the small standard deviations (no more than 0.11 

ml), table 5.2.1. The mean air volumes, from Segura
©

 3D models, were 0.1-0.2 ml compared to 

the gold standard, i.e. the known volumes of each syringe in table 5.2.1, and high ICC (100%; CI 

97-100%) showing that 3D models generated from Segura
©

 are precise, These preliminary 

results show that Segura
©

 is both reliable and accurate.  
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In terms of time efficiency, manual segmentation of the nasal and pharyngeal airways of 

one subject was completed in 24 hours (1440 minutes) whereas, for the same ROI, segmenting 

with Segura
©

 took 55 minutes i.e. 26 times less. The time of manual segmentation, 24 hours, is 

more than the 16 hours reported by Tingelhoff et al.
5
 is attributed to the fact that we included the 

pharyngeal and nasal airway to the tip of the nose (anterior nasal nares) where less signal to 

noise ratio is evident thus representing challenges in segmentation. We also used cone beam CT; 

suboptimal resolution when compared to spiral CT, and with 0.3 mm slice thickness unlike 

Tingelhoff et al’s 1mm slice thickness.  

Majority of the segmentation time, for both segmentation methods, was spent in the 

anterior nasal nares where low signal to noise ratio is noticeable and in the complex anatomy of 

superior nasal meatus and ethmoid air cells. The resultant 3D models from manual segmentation 

and Segura
©

 are very similar, Figure 4.2.8.c.   

Several artifacts (e.g. beam hardening, scatter, noise, exponential edge gradient effect, 

aliasing, partial volume effect, and object motion) and artifact-inducing factors (e.g. scan field, 

voxel size, and dental material type) are known to hinder the quality of CBCT images.
16, 17

 Their 

impact on the image gradient and subsequent segmentation threshold value and accuracy are 

beyond the scope of this study however must be considered in future work.  

 

Conclusion 

Accurate and detailed segmentation of the complex structures of the nasal and pharyngeal 

airway is time consuming to be of practical use in clinical or research workflow. We present a 

new segmentation algorithm (LEDGES), implemented in a new software package Segura
©
, and 
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used it to segment the complete upper airway of one subject. Results show that segmentation 

time with Segura
©

 is 26 times less than manual segmentation for the same image set without 

compromising accuracy or reliability. This dramatic reduction in segmentation time (less than 

one hour of operator time per subject), makes detailed 3D analysis of the nasal cavity and 

pharyngeal airway possible for research or clinical practice. Forthcoming work entails validation 

of Segura
©

 using human upper airway CBCT scans and detailed analysis of the reconstructed 3D 

airway models. 
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5.3 Semi-automatic segmentation of the upper airway from Cone beam computed 

tomography scans: reliability and validity  

 

Abstract 

Objectives: to assess reliability, validity, and time efficiency of semi-automatic segmentation 

using Segura
©

 software of the nasal and pharyngeal airways, against manual segmentation, using 

meaningful parameters.  Methods: Pharyngeal and nasal airways from 10 CBCT image sets 

were segmented manually and semi-automatically using Segura
©

. To test intra-and inter-

examiner reliability, semi-automatic segmentation was repeated 3 times for one examiner then 

between 3 examiners, respectively. In addition to volume and surface area, point-based analysis 

was completed to assess the reconstructed 3D models from manual and Segura
©

 segmentation. 

The time of both methods of segmentation was also recorded to assess time efficiency. Results: 

the reliability and validity of Segura
©

 were excellent (Intra-class correlation coefficient > 90% 

for volume and surface area). Part analysis showed small distances between the Segura
©

 and 

manually segmented 3D models (largest difference did not exceed 4.3 mm). Time of 

segmentation using Segura
©

 was significantly shorter than that for manual segmentation, 

49±11.0 vs. 109±9.4 minutes, p<0.001. Conclusion: Semi-automatic segmentation of the 

pharyngeal and nasal airways using Segura
©

 was found reliable, valid, and time efficient. Part 

analysis was key to explain the differences in upper airway volume and provides meaningful and 

clinically applicable analysis of 3D changes. 

 

   



 

186 
 

5.3.1 Introduction 

Three-dimensional (3D) models of the upper airway segmented from Cone-beam 

computed tomography (CBCT) images have been used to visualize and analyze treatment 

efficiency in subjects with snoring and obstructive sleep apnea.1, 2  

Providing accurate modalities for morpho-functional analysis is essential to improve diagnosis, 

treatment planning, and to assess treatment outcomes. In order to overcome the difficulties 

related to the complex morphology of the nasal cavity, the gray level heterogeneity of the 

airway, and thin bony septae, we proposed a semi-automatic segmentation program, Segura
©

 

(developed at University of Alberta), specific to the upper airway in the previous section, 

Chapter 5.2. 

Automatic/semi-automatic segmentation methods have not been adequately tested for 

accuracy.2 Validating such methods should be completed, ideally, against manual segmentation 

of the CBCT images of actual human airways such as the work by El and Palomo.3  However, 

most studies tend to validate automatic segmentation methods using phantoms constructed into 

uniform geometries (e.g. cylinder) or replicating the pharynx.4-7  Since the shape of the 

pharyngeal airway is similar to a simple hollow tube, studies that focus only on this part of the 

airway will likely over-represent the true validity of the evaluated tools. In addition, volumetric 

measurement was the most popular parameter assessed. This parameter is not specific as it 

disregards the distribution of the change/difference in airway despite supplementing it with local 

cross-sectional area measurements. The entire airway model needs to be assessed quantitatively 

and qualitatively. 
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The purpose of this study is to assess the reliability, validity, and time efficiency of 

Segura
©
, against manual segmentation, of the nasal and pharyngeal airway using meaningful 

parameters.  

 

 

 

5.3.2 Methods 

This study was approved by the Health Research Ethics Board at the University of 

Alberta. Ten CBCT image sets of adolescent subjects with “normal” upper airways were 

randomly and retrospectively selected from the Orthodontic Graduate clinic database at the 

University of Alberta. The images were acquired by the Classic iCAT CBCT scan (Imaging 

Sciences International, Hatfield, PA). CBCT protocol used a medium-large field of view (16 cm 

width x 13 cm height), 120 kVp, 24 mAs, 20 seconds scan time, and 0.3 mm voxel size.  

The upper airway region of interest (ROI) included the oro-naso-pharynx, the inferior and 

middle nasal meatuses and extends from the anterior nasal nares to the level of anterior-inferior 

point of the body of the third cervical vertebra (C3). The maxillary sinuses, superior nasal 

meatus, and ethmoid air cells were not included. Each CBCT image set was segmented manually 

and semi-automatically and the time of both methods of segmentation for each CBCT case 

(n=10) was recorded in minutes to compare time efficiency. 

Manual Segmentation 

Using the Mask tool in Mimics® software [Mimics 15.0, Materialise NV, Leuven, 

Belgium], the Principal investigator (PI) manually selected the grey-level threshold on each axial 

slice for the entire ROI (400-430 slices, 0.3 mm slice thickness, 0 mm inter-slice interval). The 

grey-threshold of the upper airway roughly ranged from -1000 to -500 depending on the location 
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of the slice and the quality of the scan. The PI adjusted the mask by erasing or adding to the 

highlighted airway on each slice. Once the upper airway was defined and edited, a 3D model of 

the mask was created and saved in an ASCII STL format, Figure 5.3.1. 

 

 

Figure 5.3.1: Manual segmentation. From left to right: Axial CBCT section showing 2D segmentation 

of the inferior nasal meatus and naso-pharynx, Sagittal CBCT section showing 2D segmentation of the 

ROI, and Lateral view of the reconstructed 3D model. 

 

 

Semi-automatic Segmentation 

Using Segura
©
, the PI initiated seed-points in the most inferior axial slice in the ROI, i.e. 

within the oro/hypo-pharyngeal airway, then allowed the seed-points to automatically copy and 

adjust as the slice moved superiorly towards the nasal cavity within the ROI. The PI would 

adjust the seed-points, seal unwanted sinuses or airway passages, and edit the boundaries of 

segmentation when needed, examples of steps used in Segura© are supplemented in Appendix C. 

Once the upper airway was defined and edited, a 3D model of the segmented ROI was created 

and saved in an ASCII STL format, Figure 5.3.2. 
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Figure 5.3.2: Semi-automatic segmentation. From left to right: Cropped coronal CBCT section showing 

the copied seed points with the 2D segmentation of the nasal cavity, 3D histogram of the same image 

section showing the gradient/depth for segmentation, and Lateral view of the resultant 3D model. 

 

This method of segmentation was completed three times for each CBCT data, by the same PI, 

one week apart to assess intra-examiner reliability. To test inter-examiner reliability, two 

additional examiners with experience in CBCT anatomy were familiarized and lightly trained to 

use Segura
©
 using one case not included in the study. Both examiners segmented the same 10 

upper airway cases, using the same computer. 

 

3D airway model analysis 

3D analysis was performed between the PI’s three trials of semi-automatic segmentation 

using Segura
©

 and between the PI’s second trial and the two other examiners to assess intra-and 

inter-examiner reliability, respectively. To assess validity, 3D analysis was performed between 

the PI’s second trial using Segura
©

 and the PI’s manual segmentation. The airway analysis was 

completed as follows: 

 The 3D airway models (in .STL format) were exported to 3-matic® [3-matic 7.0, 

Materialise NV, Leuven, Belgium]. Each model was smoothed by a factor of 0.7 and its surface 

wrapped. Then, each model pair for comparison was registered using N-point registration 

followed by global registration in 3-matic®. Point registration allows the PI to manually select 
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several points (n=10) on the manually segmented model and their match on the semi-auto 

segmented model, the software then registers both models based on these points. Global 

registration then fine-tunes the N- point registration. 

The total volume and surface area were measured for each airway model. In addition, a 

point-based analysis using the “Part comparison analysis” tool in 3-matic® was applied. This 

tool was previously used and described by Alsufyani et al8 (Chapter 4) and measures the distance 

(in mm) between each triangular node forming the 3D mesh from one airway model to the 

surfaces of the reference airway model. This comparison was completed between the different 

models created by intra- and inter-examiner semi-automatic segmentation, then between pairs of 

semi-automatic and manual segmentation airway models. 

Due to the lack of sufficient literature reporting the changes in airway measurements at 

which clinical significance is noted, the threshold for Part comparison analysis was 

conservatively set at 2 mm. Triangular node travelling a distance within the threshold 

boundaries will appear green, a distance < - 2mm will appear blue [minimin part analysis], and a 

distance > 2mm will appear red [maximum part analysis]. 

Based on paired T-test for a power of 80%, significance level of 5%, using the volume 

means and standard deviations between manual and automatic segmentations of the upper airway 

reported by El and Palomo3, the sample size average was 14.5 (range 8-21). Power analysis was 

re-calculated based on the means and standard deviations on the results on our 10 subjects. 

Intra-examiner (between the three segmentation trials of Segura
©

)
 
and inter-examiner 

reliability (between the three examiners) was tested using the intra-class correlation coefficient 
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(ICC) of volume and surface area. The mean differences in volume, surface area, and part 

analyses of the resultant 3D models were assessed with repeated measures ANOVA.  

To test validity between the second segmentation of Segura
© 

against that of manual 

segmentation, the (ICC) of volume and surface area was completed. Also, the difference in 

volume and surface area of the resultant 3D models was assessed with a paired t-test. 

Since the part analysis measures the distances travelled by the triangular nodes from one 

airway model to the other, only descriptive statistics (mean±standard deviation, minimum, and 

maximum) are used to report these distances when comparing manual and Segura
©

 

segmentations. “Median part analysis” will describe distances traveled within the threshold of -2 

and +2mm, whereas “minimum and maximum part analyses” will describe distances traveled 

beyond + or - 2mm. Small distances show that the compared models are similar in shape, as such 

the segmentation is reliable and/or valid. 

All statistical analyses were completed using IBM SPSS
®

 [IBM SPSS Statistics, V 21.0, 

Armonk, NY] and significance levels for the paired t-test and repeated measures ANOVA was 

set at p < 0.05. 

5.3.3 Results 

Despite the intent to exclude superior nasal meatus and ethmoid air cells, there was intra- 

and inter-examiner variability in segmentation superior extensions. As such, a superior “cutting” 

plane through the middle nasal meatus was created to limit the superior extent of segmentation. 

This cutting plane was applied “post-segmentation” on the resultant 3D models of the airways. 

The superior cutting plane was based on the right and left sphenopalatine foramina posteriorly 

and a point bisecting the line between the tip of nasal bone and Nasion anteriorly, Figure 5.3.3. 
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The reliability of landmark identification of sphenopalatine foramina and tip of nasal bone has 

been verified previously.
8
 

 

Figure 5.3.3: Superior cutting plane. (A) Cropped axial CBCT section marking right and left 

sphenopalatine foramina (white arrows), (B) Cropped sagittal CBCT section marking anterior point: 

middle of bisecting line formed by Nasion (dashed arrow) and tip of nasal bone (arrow head), (C) The 

resultant superior plane cutting through the upper airway 3D model. 

 

Reliability 

The intra-examiner reliability of Segura
©

 segmentation was excellent. The intra-class 

correlation coefficient (ICC) between the three trials of Segura
©

 was 99.2% (CI 97.8-99.8%) for 

volume and 99.1% (CI 97.3-99.8%) for surface area. Using the superior cutting plane reduced 

the differences in volume and surface area and minimally affected part analysis. The average 

intra-examiner difference in volume and surface area was 2.4±1.3% and 1.2±0.8%, respectively, 

and in median part analysis was 0.2±0.1 mm. Larger part analysis (distances) ranged between 2.4 

and 3.9 mm, table 5.3.1, and were localized, Figure 5.3.4. The differences in minimum part 

analysis were statistically significant between the second and third trials. 
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Table 5.3.1: Intra-examiner reliability using Segura
©

 
    

 Before superior plane definition After superior plane definition 

Parameters measured Mean±SD Minimum Maximum P value Mean±SD Minimum Maximum 
P 

value 

Average Volume 

difference 

(cm
3
) 1.2 ±1.4 0.2 4.87 

NS* 

0.6 ±0.3 0.2 1.1 

NS* 

(%) 3.6±2.9 1 9 2.4±1.3 1 4.7 

Average Surface area 

difference 

(cm
2
) 3.17±2.4 0.3 8.2 

NS* 

2.6±1.4 0.3 5 

NS* 

(%) 1.8±1.4 0.2 4.8 1.2±0.8 0.2 3.1 

Average Mean part analysis (mm) 0.2±0.1 0.0 0.4 NS* 0.2±0.1 0 0.4 NS* 

Average Minimum part analysis 

(mm) 
1.6±0.6 0.8 2.7 <0.01^ 1.6±0.6 0.8 2.4 <0.01^ 

Average Maximum part analysis 

(mm) 
3.6±0.6 2.5 4.3 NS* 3.3±0.5 2.5 3.9 NS* 

Using Repeated measures ANOVA: 

*Not significant 

^Between 2
nd

 and 3
rd

 trials 
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Figure 5.3.4: Examples of larger differences in intra-examiner part analysis. 3D airway models 

showing part analysis between 2
nd

 and 3
rd

 trials in cases # 8, 9, and 10. A through C without- and A’ 

through C’ with superior cutting plane.  

 

 

Inter-examiner reliability of Segura
©

 segmentation was excellent. The ICC between the 

three examiners using Segura
©

 was 98.7% (CI 95.6-99.7%) for volume and 97.5% (CI 85-

99.4%) for surface area. Using the superior cutting plane largely reduced the differences in 

surface area and slightly reduced volume and part analysis. The average difference in volume 

and surface area was 5.5±3.2% and 2.7±1.1%, respectively, and larger differences are noted in 

subjects 8, 9, and 10, table 5.3.2 and Figure 5.3.5). 
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Table 5.3.2: Inter-examiner reliability using Segura
©

     

 Before superior cutting plane  After superior cutting plane 

Parameters measured Mean±SD Minimum Maximum 
P 

value* 
Mean±SD Minimum Maximum 

P 

value* 

Average Volume 

difference 

(cm
3
) 1.8 ±0.6 1 3 

<0.05 
1.4 ±0.7 0.3 2.7 

<0.05^ 
(%) 7.4±2.7 3.8 12.5 5.5±3.2 1.2 11.5 

Average Surface 

area difference 

(cm
2
) 14.7±4.5 7.7 20.9 

≤0.01 
4.4±1.9 1.1 8.2 

≤0.01^ 
(%) 9.6±2.9 4.9 12.9 2.7±1.1 0.7 4.6 

Average Median part analysis (mm) 0.4±0.1 0.0 0.6 NS 0.4±0.1 0.0 0.5 NS 

Average Minimum part analysis 

(mm) 
2.4±0.7 1.1 3.5 <0.01^ 2.2±0.7 1.1 3.5 <0.01^ 

Average Maximum part analysis 

(mm) 
4.6±2.6 0.6 9.8 NS 3.5±2.3 0.6 5.8 NS 

Time of 

segmentation 

process (minutes) 

Examiner 1 46.8±6.7 40 60 

<0.01  Examiner 2 32.3±11.9 18 50 

Examiner 3 53.5±8.3 38 65 

*Using Repeated measures ANOVA 
^
Between examiner 2 with examiners 1 and 3 
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Figure 5.3.5:  Box-plots of inter-examiner differences in volume and surface area. 
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The average difference in median part analysis was 0.4±0.1 mm. Larger part analysis 

ranged between 3.5 and 5.8 mm, table 5.3.2, and were localized, Figure 5.3.6. In terms of 

segmentation time, examiner 2 spent the least amount of time (32.3±11.9 minutes) followed by 

examiner 1 (46.8±6.7 minutes) and examiner 3 (53.5±8.3 minutes). The differences in volume, 

surface area, and minimum part analysis were statistically significant between the second 

examiner and the remaining two examiners.   

 

 

Figure 5.3.6:  Examples of larger differences in inter-examiner part analysis. 3D airway models 

showing part analysis between examiner 2 and 3 in cases # 2, 3, 4, and 10. A through D without- and A’ 

through D’ with superior cutting plane. 
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Validity 

The validity of Segura
© 

was excellent. The (ICC) between Segura
©
 and manual 

segmentation was 96.5% (CI 84-99.2%) for volume and 97.2% (CI 89.3-99.3%) for surface area. 

Using the superior cutting plane reduced the differences in volume and surface area and 

minimally affected part analysis, table 5.3.3. The difference in volume and surface area was 4.9 

±3.1% and 1.9±0.9%, respectively and the median part analysis was 0.2±0.2 mm. Larger part 

analyses (distances) ranged between 2.6 and 4.3mm, table 5.3.3, and were localized, Figure 

5.3.7. 

Time of semi-automatic segmentation using Segura
©

 was statistically significantly 

shorter than that for manual segmentation, 49±11.01 minutes vs. 109±9.36 minutes, table 5.3.3.  
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Table 5.3.3: Validity and time efficiency of Segura
© 

against manual segmentation 
 

 Before superior cut plane After superior cut plane 

Parameters measured Mean±SD Minimum Maximum P value Mean±SD Minimum Maximum P value 

Volume 

difference 

(cm
3
) 1.9±1.4 0.1 4 

NS* 

1.2±0.6 0.2 2.4 

NS* 

(%) 8.4±7.4 0.4 20.7 4.9±3.1 0.9 11.5 

Surface area 

difference 

(cm
2
) 5.4±3.6 0.5 10.6 

NS* 

3.3±1.7 0.5 6.0 

NS* 

(%) 3.2±2.2 0.3 6.9 1.9±0.9 0.3 3.4 

Median part analysis (mm) 0.2±0.2 0.0 0.5 
^
NA 0.2±0.2 0.0 0.4 

^
NA

 

Minimum part analysis (mm) 1.9±0.5 1.3 2.6 
^
NA 1.8±0.5 1.3 2.6 

^
NA

 

Maximum part analysis (mm) 3.8±0.8 2.1 4.6 
^
NA 3.5±0.6 2.1 4.3 

^
NA

 

Time of 

segmentation 

process 

(minutes) 

Manual 109±9.4 90 120 

<0.001 

 

Segura
©

 49±11.0 40 75 

*Not significant using Paired samples T-test 
^
Not applicable 
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Figure 5.3.7: Part comparison analysis of manual vs. Segura
© 

segmentation.  A through J: Lateral 

views of subjects 1-10, areas in green represent part analysis within the threshold of -2mm to +2 mm, and 

areas in red or blue represent part analysis > 2mm. 
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Significant and strong positive correlation was found between median part analysis and 

differences in surface area as well as volume, table 5.3.4. 

Table 5.3.4: Correlation between part analysis and other airway measures 

Part comparison analysis Difference in Surface area  Difference in Volume  

Median part analysis  0.76
*
 0.86

**
 

Minimum part analysis  0.25 0.49 

Maximum part analysis  0.12 0.42 

*Pearson’s correlation is significant at the 0.05 level  

**Pearson’s correlation is significant at the 0.01 level  

 

Based on our results, power analysis for reliability and validity analyses was 0.99 for 

volume and surface area and 0.88 for part analysis. 

 

 

5.3.4 Discussion 

Adequate testing of the reliability and accuracy of upper airway 3D models using CBCT-

related software is very limited.2  In order to ascertain the reliability and validity of our 

previously introduced semi-automatic segmentation program, Segura
©

, it was necessary to apply 

this program on both the nasal and pharyngeal airway using meaningful parameters that better 

explain differences between two objects.  

The reliability of Segura
©

 was excellent as shown by the ICC between the three trials of 

semi-automatic segmentation, 99.2% for volume and 99.1% for surface area. The average mean 

difference in volume and surface area was small; 0.6±0.3 cm
3 

(2.4±1.3%) and 2.6±1.4 cm
2
 

(1.2±0.8%), respectively, table 5.3.1. El and Palomo3 tested the reliability of three automatic 
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segmentation software products for the oropharynx (OP) and the nasopharynx including the 

inferior nasal meatus (NP), separately, for 30 CBCT image sets. The reliability of the three 

software tested was higher for OP (ICC 99%) than NP (ICC 88-97%). The mean difference in 

their volume measurement was a maximum of 0.1 cm
3
 for the OP and 0.51 cm

3
 for the NP. In 

this current study we report similar ICC values and slightly higher differences in volume 

measurements. This may be explained by the fact that we have included more complex anatomy 

in the nasal cavity which may have introduced larger differences. This is similar to El and 

Palomo’s3 results where the reliability is higher in the OP than NP due to the “simpler” geometry 

and ease of segmentation in the OP. 

The airway volume is extremely variable, depending on head posture and breathing 

stage.3,9-12  Volume and surface area are global, non-specific measures that do not reflect local 

changes or differences. As such, Part comparison analysis (a point-based analysis) was 

completed to specify the amount, location and distribution of such differences throughout the 

entire upper airway. Cevidanes et al 13, 14 used a similar method of analysis to assess 3D surface 

growth and post-surgical changes in the craniofacial area. The average difference in the median 

part analysis was very small, 0.2±0.1mm, which is less than the size of one voxel (in this study 

equals 0.3 mm). Triangular nodes that travelled beyond the distance threshold of 2 mm and -

2mm had a mean distance of 3.3±0.5 mm and 1.6±0.6 mm, respectively. Despite the statistical 

significance between second and third trials in minimum part analysis, the difference did not 

exceed 2.4 mm. In other words, even when there were local discrepancies between each trial of 

segmentation, these were not very large (≤3.9mm in either direction) and were mostly localized, 

Figure 5.3.4.   
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Inter-examiner reliability of Segura© was excellent; ICC between the three examiners 

using Segura© was 98.7% for volume and 97.5% for surface area.   The average difference in 

volume and surface area was small; 5.5±3.2% and 2.7±1.1% respectively, as noted in table 5.3.2. 

Discrepancies between the second examiner with examiner 1 and 3 appear to enlarge in cases 8, 

9, and 10, Figure 5.3.5. Of note, mucosal thickening was evident in the nasal cavity of subjects 8, 

9, and 10 thus possibly affecting examiner’s segmentation and increasing its variability, Figures 

5.3.5 and 5.3.6. The average difference in median part analysis was small (0.4±0.1 mm), table 

5.3.2, emphasizing high inter-examiner reliability.  

Generally, inter-examiner measurement differences are expected to be larger compared to 

intra-examiner differences. The differences between examiner 2 with examiners 1 and 3 are 

significant in volume, surface area, and minimum part analysis. Despite the statistical 

significance, large volume and surface area discrepancies were noted in subjects 8, 9, and 10, 

Figure 5.3.5. Difference did not exceed 3.5 mm in minimum part analysis and were mostly 

localized, Figure 5.3.6.   

The second examiner spent the least amount of segmentation time, table 5.3.2. The 

differences between examiners segmentation time ranged between 6.7-21.2 minutes and may 

reflect the level of experience and familiarity with the upper airway anatomy on CBCT.  

 The airway model segmented from the second trial was compared to that of manual 

segmentation to test the validity of Segura
©

. The (ICC) between Segura
© 

and manual 

segmentation was excellent, 96.5% for volume and 97.2% for surface area. The difference in 

volume and surface area was 1.2±0.6 cm
3
 (4.9±3.1%) and 3.3±1.7 cm

2
 (1.9±0.9%), respectively 

(table 5.3.3). Considering that these differences are distributed though out the OP and NP 

airways, the differences in volume are smaller than those reported by El and Palomo
3
 ; they 
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reported volume difference between automatic (3 different programs) and manual segmentation 

ranging between 0.52 and 2.16 cm
3
 for OP and 0.82 and 1.78  cm

3
 for NP. Contrary to our 

results, the distribution or localization of the difference in volume was not elucidated by El and 

Palomo
3
 and were found statistically significant leading the authors to conclude “poor accuracy” 

and suggest systematic errors of the tested software products. Water et al15 reported larger 

differences in volumetric measurement (9-43%) between Dolphin 3D software® and manual 

segmentation. In their study, the nasal and pharyngeal airways of 20 craniosynostosis subjects 

were assessed pre- and post- Le fort III osteotomy using CT. The authors concluded that Dolphin 

3D software® was not reliable or accurate since the difference in volume, compared to manual 

segmentation, exceeded the effect of the LFIII osteotomy on airway volume (27%-37%). In our 

study, Segura© produced models very similar to the ones produce by manual segmentation and 

larger differences in volume (up to 11.5%) and surface area (up to 3.4%) were, once again, noted 

in subjects 8, 9, and 10, Figure 5.3.7, arguably due to presence of mucosal thickening of the 

nasal cavity.    

The average difference in part analysis between manual and Segura©
 
segmentation was 

very small (0.2±0.2 mm), less than the size of one voxel (in this study equals 0.3 mm). Out of 

thousands of triangular nodes, only 0.1% -1.0% exceeded the distance threshold of 2 mm 

(3.5±0.6 mm > 2 mm and 1.8±0.5 mm less than -2 mm), table 5.3.3 and Figure 5.3.7.  These 

local discrepancies did not exceed 4.3 mm in either direction and were localized, Figure 5.3.7. 

Similar to volumetric and surface area findings, part analysis distances larger than 2 mm were 

noted in airway models of cases 8, 9, and 10 in the nasal cavity Presence of mucosa along with 

low resolution would hinder the accuracy of the segmentation as it impacts the examiners 

visualization and the gradient of slide grey-thresholding.16,17 Albeit, triangular node discrepancies 
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over 2 mm were localized (< 1% of the entire model) and small (no more than 4.3 mm). To 

reduce variability in part analysis in the future especially in studies analyzing surgical impacts on 

the airway, it would be advantageous to divide the upper airway into nasal and pharyngeal parts 

for analysis and limit the superior extent of segmentation by creating a superior “cutting” plane 

through the middle nasal meatus based on anatomical landmarks.    

An important factor to consider in segmentation is time. Segmentation using Segura© 

statistically significantly reduced segmentation time by 55% compared to manual segmentation 

(49±11 minutes vs. 109±9.4 minutes), table 5.3.3. Tingelhoff et al17 managed to reduce the 

segmentation time of the nose and paranasal sinuses, using multi-detector CT, by 78.1% 

however, semi-automatic segmentation of the paranasal sinuses for 3.5 hours was still considered 

impractical for everyday workflow.17 In this study, not only was the quantity of time reduced to 

49±11 minutes but the quality of time was improved. It was easier to adjust the presence or 

location of a seed-point within a given 2D slice than to edit (erase or add) the entire boundaries 

of the grey-threshold selected in manual segmentation. In other words, it is easier for the 

operator to guide the seed-points to adjust local grey-thresholding than adjusting the resultant 

global thresholding, within a given 2D slice.  

Finally, significant and very strong positive correlation was found between median part 

analysis and differences in surface area (r=0.76, p=0.01) as well as volume (r=0.86, p=0.001), 

table 5.3.4. This strongly suggests that the point-based analysis Part Comparison Analysis is 

complementary to the “global” measures of volume and surface area.  
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Conclusion 

Semi-automatic segmentation of the pharyngeal and nasal cavity using Segura
©

 was found 

reliable, valid, and time efficient. Normal anatomical variations, mucosal thickening or 

pathology in the nasal cavity may impact the validity and/or time efficiency of the segmentation, 

however not to severe extents. Using part analysis to assess 3D airway models was key to 

explain the differences in volume and provides meaningful and clinically applicable analysis of 

3D changes. 
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6. Evaluation of anatomic surgical outcomes in children with sleep disordered breathing 

symptoms using Cone beam CT: A clinical pilot 

Abstract 

Background: Anatomical obstruction of the upper airway is a common cause to the etiology of 

paediatric sleep disordered breathing (SDB) and adenoidectomy or tonsillectomy (A or T) is 

commonly performed in children. Cone beam CT (CBCT) provides insights to the anatomical 

anomalies found along the upper airway.  Prospective studies analyzing the upper airway using 

CBCT and correlating anatomical airway changes with surgical outcomes in the SDB pediatric 

population are lacking. Methods: 10 children with SDB symptoms and craniofacial 

disproportions were evaluated by interdisciplinary airway team and underwent (A) or (T). CBCT 

of the nasal and pharyngeal airways and OSA-18 quality of life questionnaire were completed 

pre and post-operatively. 3D models of the upper airways were reconstructed, conventional and 

new airway variables were measured. Results: 8 females and 2 males were 8.8±2 years with 

mean BMI of 18.7±3. OSA-18 improved, median (lower quartile-upper quartile), from 63 (54.7-

79.5) to 40 (28.7-43) postoperatively, p=0.007. 3 subjects showed small improvement or 

worsening in OSA-18 after surgery. The median of all airway measures improved however with 

very wide range. Subjects with the smallest amounts of constriction relief and gain in airway 

patency presented with least improvement in OSA-18.  New airway measures show strong 

correlation with changes in OSA-18 (ρ=0.44 and 0.55) whereas conventional measures showed 

very weak correlation (ρ= -0.04 to 0.37). Conclusions: Using point-based analyses, new airway 

measures were more explanatory than conventional global measures such as volume. Airway 

patency gained by at least 150% and constriction relief by at least 15% showed marked 

improvement in OSA-18 by 40-55%, after surgery. 
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6.1 Introduction 

The inter-active roles of adenoid, tonsillar, and nasal turbinates hypertrophy, deviated 

septum, mouth breathing, and tongue position on orthodontic changes and abnormal craniofacial 

growth remains ambiguous despite its documentation in the otolaryngology and orthodontic 

literature.
1-3

 Controversies exist regarding the etiology of paediatric sleep disordered breathing 

(SDB), but most accept smaller airway as the most common cause. Adenotonsillar hypertrophy 

is considered the most important anatomic cause of such constriction thus prompting the 

American Academy of Paediatrics recommendation of adenotonisllectomy (AT) as first line of 

treatment.
4
 However, AT is not as effective in treating pediatric obstructive sleep apnea (OSA) 

as previously thought. High-risk groups and comorbidities were associated with failure rates as 

high as 54% and information on underlying pathophysiologic mechanisms leading to residual 

SDB are limited.
5-7

 Only one study quantified volumetric changes using MRI in the paediatric 

upper airway with OSA after AT in which an association between residual adenoid tissue and 

low success rate of AT by means of polysomnography was found.
7
 

Cone beam CT (CBCT) provides insights to the anatomical anomalies found along the 

upper airway and craniofacial disproportions and has been used to measure anatomic airway 

changes with surgical and dental appliance treatment for adult SDB/OSA.
8
 However, significant 

drawbacks were related to the questionable accuracy of the reconstructed upper airway 3D 

models, lack of clinical correlation with CBCT measurements, and the use of global non-specific 

airway measure such as volume, linear, and cross-sectional area.
8, 9

  

Prospective studies analyzing the upper airway, by means of CBCT, and correlating 

anatomical airway changes with surgical outcomes in the SDB pediatric population are lacking.
8, 

10
 The aim of this clinical pilot is twofold:  to prospectively evaluate anatomical constrictions 
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and changes that occur in the upper airways before and after AT using 3D airway models from 

CBCT; and to evaluate whether changes in anatomical airway measures are reflected in the 

patient’s quality of life in a cohort of children and adolescents presenting with jaw disproportions 

and SDB symptoms.   

 

6.2 Methods 

 

Subjects 

Eleven consecutive non-syndromic children-adolescents with SDB symptoms were 

recruited from the Interdisciplinary Airway Clinic (IARC), Department of Dentistry, University 

of Alberta. Based on the interdisciplinary evaluation of orthodontist, pediatrician 

respirologist/sleep medicine specialist, and otolaryngology surgeon, the subjects underwent 

adenoidectomy (A) and/or tonsillectomy (T). The diagnosis of SDB is based on the history of 

nocturnal symptoms for at least 12 months, physical examination, overnight pulse oximetry, and 

Pediatric Sleep Questionnaire (PSQ-22). All subjects completed PSQ-22 and OSA-18 quality of 

life questionnaires and underwent CBCT imaging, over-night pulse oximetry, and sleep naso-

endoscopy at baseline. OSA-18 questionnaire and CBCT imaging were also completed after 

surgery.  

 

CBCT imaging 

The scans were obtained using Next generation iCAT® (Imaging Sciences International, 

Hatfield, PA) with 0.3 mm voxel, 4 seconds of exposure, 120 kVp, and 5 mA. The field of view 

extended from the Nasion superiorly to the chin inferiorly, the tip of the nose anteriorly and the 
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bodies of cervical vertebrae posteriorly. Acquisition of CBCT scans was based on orthodontic 

reasons where conventional radiography failed to provide adequate information (e.g. maxillary 

constriction, anteroposterior or vertical jaw discrepancies, asymmetry…). These jaw 

disproportions are believed to be contributing factors to the SDB symptoms in this cohort with 

the prospects of maxillary expansion or orthognathic surgeries in their longer treatment plan. The 

authors do not support the use of CBCT for the sole purpose of airway analysis. 

 

Upper airway analysis 

The upper airway region of interest (ROI) included the nasopharynx, oropharynx, and the 

nasal cavity (inferior and middle nasal meatuses) and extends from the anterior nasal nares to the 

level of anterior-inferior point of the body of the third cervical vertebra (C3). The ROI was 

segmented and reconstructed into 3D model (ASCII STL format) using a semi-automatic 

program developed at the University of Alberta, Segura
©
. Details of Segura

©
, its reliability, and 

validity are reported in Chapters 5.2 and 5.3.  Using Mimics® [Mimics 15.0, Materialise NV, 

Leuven, Belgium], pre- and post-surgical CBCT image sets were registered for each subject 

based on a previously tested method using six anatomical landmarks (Chapter 4).
11

 The 3D 

airway models were then imported and registered onto the “fused” CBCT image volumes using 

manual translation and rotation followed by global registration which fine-tunes the manual 

registration. The registered 3D models were exported to 3-matic® [3-matic 7.0, Materialise NV, 

Leuven, Belgium], smoothed by a factor of 0.7 and its surface wrapped. The upper airway was 

then divided into nasal cavity (NS), nasopharynx (NP), and oropharynx (OP) for further analysis, 

Figure 6.1, using three planes. The first plane created by the Posterior nasal spine, right and left 
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anterior clinoid processes to separate NS from NP.  The second plane was created by the mid-

anterior-inferior point of the base of odontoid, the right and left anterior-lateral most points of C2 

pedicles. The third plane was created by mid-anterior-inferior most point of the body of C3, the 

posterior-inferior-lateral most points of the body of C3. Details of the three planes provided in 

Appendix D.    

 

Figure 6.1: Sections of the upper airway. Sagittal CBCT image showing Nose (NS) in green, 

Nasopharynx (NP) in yellow, and Oropharynx (OP) in blue. 

 

Airway measurements were carried out in 3-matic and consisted of: 

1. “Conventional” measures: Volume (cm
3
) and surface area (cm

2
) of NS, OP, and NP and 

Minimum cross-sectional area MinXarea (mm
2
) in OP and NP, at T1 and T2. MinXarea 
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in OP was identified manually as the smallest medio-lateral dimension on the coronal 

view, and in the NP as the smallest anterior posterior dimension on the sagittal view, 

followed by confirmation on the 3D model of the airway.  

2. “New” measures: airway constriction and patency of each segment at T1 and T2. These 

represent point-based analysis, referred to as “wall thickness analysis” in 3-matic©, in 

which the software measures distance of each triangular node forming the 3D mesh of the 

airway model to the nearest surface based on the normal vector of sampled triangles, 

Figure 6.2. The total number of triangles forming a model depends on its size and ranges 

between 20,500 and 40,000. The minimum 3-matic©-system recommendation is Intel 

Core 2 Duo / AMD X2 AM2 or equivalent, 2 GB RAM, Graphic card with 512 MB 

RAM, more details in {http://biomedical.materialise.com/3-matic-system-requirements}.  

The resultant analysis provides minimum, maximum, mean, median, standard deviation, 

and interquartile range of all the distances from all the triangles. From a given histogram, 

the percentage of triangles that traveled a distance within a certain threshold set by the 

operator can be chosen. In this pilot, distances < 0.5 mm in the nasal cavity or <4 mm in 

the pharyngeal airway represent potential areas of constriction. Distances >3mm in nasal 

cavity or >10 mm in pharyngeal airway were considered areas of patency. These cut-off 

numbers were subjective clinical estimation of expert medical radiologist and 

maxillofacial radiologist based on the CBCT radiographic appearance of the nasal cavity 

and pharyngeal airway. 

3. Part Comparison analysis of each segment: This tool was previously described by 

Alsufyani et al
11

 and represents point-based analysis to assess the changes in 3D airway 

models between T1 and T2 to produce a color map. A threshold was set between 4 and 

http://biomedical.materialise.com/3-matic-system-requirements
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10mm such that areas marked in green represent tissue changes <4mm, orange-yellow 

represent changes between 4 and 10 mm, and areas marked in red represent changes over 

10mm, from T1 to T2. 

Conventional and new airway variables are measures before and after surgery, i.e. at T1 and 

T2, whereas part comparison analysis describes the color map of 3D airway model at T2 

subtracted from T1. 
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Figure 6.2: New airway measures: airway constriction and patency. (A) 3D model of the oropharynx 

and (B) triangle nodes forming the model with two sampled triangles: inset shows direction (vector) of 

one triangle to the nearest triangle on opposing surface. (C) Example of color map where triangles in 

green represent distances <4mm (i.e. area of constriction at adenoids) and in red > 10 mm (i.e. area of 

patency increased after adenoidectomy). 
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Statistical analysis 

Statistical analysis was performed using IBM SPSS
®

 [IBM SPSS Statistics 22.0, 

Armonk, NY]. Means (±standard deviations) are reported for normally distributed variables. For 

non-parametric variables, median and quartile range marking 25% deviation on each side of the 

median, much like SD for the mean, are reported as median (lower Q1- upper Q3 quartiles). For 

paired comparisons between T1 and T2 evaluations, Wilcoxon signed-rank test was used. To 

assess correlation between new and conventional airway measures and changes in OSA-18, 

Spearman correlation coefficients were completed. P value < 0.05 was considered significant. 

 

6.3 Results 

Eleven subjects were initially included in this pilot however one was excluded due to 

significant error in neck flexion and tongue positioning impacting the pharyngeal airway where 

the subject received palatine tonsillectomy. The data of the remaining 10 was not normally 

distributed with few outliers, except for NS dimensions (was normally distributed). Median 

(quartile range Q1-Q3) and other non-parametric tests were therefore used in this study, unless 

specified otherwise. 

 

Demographic/Clinical information 

The mean age of the 10 subjects, 8 female and 2 male, was 8.8±2 years. Of the ten, two 

had allergy and asthma and the mean BMI was 18.7±3 (4 overweight or obese). All subjects 

present with short anterior cranial base, Sella-Nasion (SN) distance = 60.8±3.1 mm and ranged 

from 55.5 to 64.9 mm, and five (50%) presented with “long face syndrome”, 3 with narrow 

maxilla-high arched palate, 2 with skeletal class III. At baseline, all subjects had sleep oximetry 
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McGill score of 1 (i.e. normal or inconclusive of OSA) and mean PSQ-22 score of 0.50±0.17. 

Seven (70%) had monopolar suction diathermy adenoidectomy with/without inferior 

turbinectomy (microdebrider technique) and three (30%) had microdebrider assisted 

tonsillectomy (2 lingual and 1 palatine) with supraglottoplasty, completed by the same 

otolaryngologist. 

 

Quality of Life 

The median and quartile range for OSA-18 scores at baseline T1 was 63 (54.7-79.5) and 

postoperatively T2 was 40 (28.7-43). The total OSA-18 and sub-domain scores at T1 and T2 are 

summarized in table 6.1. Subject 9 revealed worsening OSA-18 scores and subjects 6 and 7 

presented with the smallest improvements in OSA-18 scores, Figure 6.3. 
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Figure 6.3: Scatter plot of OSA-18 scores before and after surgery per subject. 

Table 6.1: Average scores, median (Q1-Q3), for per- and post-operative OSA-18 questionnaires 

 

T1 T2 
Score difference T1-T2 

P-value* 

N % 

Sleep disturbance 17 (12-22) 8 (7.5-10.5) 7.5 (4-10.7) 43.4 (33.3-61) 0.005 

Physical suffering 16 (9.5-17.2) 10 (7-11.2) 5 (2.3-6.5) 34.8 (28.1-48) 0.05 

Emotional Distress 11.5(8.8-14.3) 7.5 (4-9.5) 3.5 (0.8-6.5) 36.6 (6.2-53.1) 0.03 

Daytime problems 9 (6.8-16.5) 5.5 (4-9.7) 2.5 (0.8-7.7) 26.8 (15-47.8) 0.05 

Caregiver Concern 14 (8.8-19) 5.5 (4-8.5) 7 (1-11.7) 43.9 (20-71.4) 0.005 

Total score 63 (54.7-79.5) 40 (28.7-43) 29 (13.5-38) 43 (31-38) 0.007 

*Wilcoxon signed Rank test  
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Airway measurements 

None of the subjects presented with significant nasal septum deviations. Generally, 

changes in NS dimensions from T1 to T2 were not statistically significant using paired t-test: 

mean volume of the NS was 11.2±3 cm
3
 at T1 and 12.1±3.1 cm

3
 at T2 (p-value=0.07), mean 

surface area was 110.8±21.9 cm
2
 at T1 and 116.2±3.1 cm

2
 at T2 (p-value=0.14), mean nasal 

airway constriction (i.e. <0.5 mm) was 4.4±1.7% and remained unchanged postoperatively 

5±1.8% (p-value= 1), and mean nasal patency (i.e. >3mm) was 16.2±4% at T1 and 18.6±3.9% at 

T2 (p-value= 0.13). Median “conventional” airway measures, i.e. volume, surface area, and 

minimum cross-sectional area (MinXarea), for the NP and OP generally increased from T1 to T2 

except for MinXarea for the OP that remained unchanged, Figure 6.4.  

 

Figure 6.4: Bar histogram of “Conventional” upper airway measurements for NP and OP at T1 

and T2. Reporting median (quartile range Q1-Q3). 
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Mean changes in conventional and new airway measures specific to the area of surgery, 

i.e NP for adenoidectomy and OP for tonsillectomy are presented in table 6.2. Overall, the 

median of all airway measures in the surgical area showed improvement after surgery however 

with very wide range.  
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Table 6.2: Average airway measurements specific to the surgical area 

 

Airway measure 
T1 T2 

% Score difference T2-T1 

P-value* Median  

(Q1-Q3) 

Minimum  Maximum 

Volume (cm
3
)

ϯ
 1.1 (0.9-1.4) 3 (1.6-3.4) 37.8 (20-83.6) 4.6 181.8 0.005 

Surface area (cm
2
)

 ϯ
 2.6 (1.8-4.5) 3.7 (2.2-5.2) 18 (1.3-31.3) -12.3 70.4 0.04 

MinX area (cm
2
)

 ϯ
 1 (0.6-1.3) 3 (1.8-3.4) 164.6 (92.1-215.4) 0 433 0.01 

Airway constriction <4mm (%)  44 (36.3-53) 28 (23.5-40.8) 24 (11.8-46.1)^ 7.7 54 0.005 

Airway patency >10mm (%) 3 (1-6) 14 (4.7-24.5) 308 (50-999.5) -75 1450 0.02 

^T1-T2 

*Wilcoxon signed rank 
ϯ
 These measures are specific to the area of surgery; NP for adenoidectomy and OP for tonsillectomy 
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Changes in conventional and new airway variables per subject are presented in Figures 

6.5 and 6.6, respectively.  

 

 
Figure 6.5:  Bar Histogram of conventional airway measures specific to surgical area per subject. 
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Figure 6.6: Changes in airway patency and constriction vs. quality of life per subject. Individual 

scatter plots of (A) airway patency and (B) constriction against changes in OSA-18. (C) Multivariable 

histogram of changes combining airway constriction, patency, and OSA-18 per subject. Subjects 6, 7, and 

9 present with the smallest changes in OSA-18, airway constriction (<13%), and patency (< 66%). 
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Subjects #1 and 5 show reduced surface area and the least improvement in volume, and 

subject #6 showed no change in MinXarea, Figure 6.5. Using new airway measures, subjects #6, 

7, and 9 showed small amounts of constriction relief and gain in patency, Figure 6.6. In fact, 

subject #9 had lost airway patency after lingual tonsillectomy by 75% and subject #6 had no 

change in airway patency. Only new airway measures show strong correlation with changes in 

OSA-18 (ρ=0.44 and 0.55), Figure 6.7.  

 

Figure 6.7: Line chart of median airway measures and OSA-18 scores at T and T2. The degree of 

change from T1 to T2 in the median airway constriction (purple) and patency (blue) is very similar to that 

of OSA-18, *Spearman-rho =0.44 and 0.55. Whereas conventional measures show no-weak correlations 

with OSA-18, *Spearman-rho = -0.13 to 0.37.  
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New airway measures shows very strong and significant correlations with conventional measures 

such as volume and MinXarea, table 6.3. 

 

 

 

Part comparison analysis (T2-T1) depicts changes in airway models specific to surgical 

areas, Figure 6.8. Changes were more noticeable in adenoidectomy cases and least in subjects 6, 

7, and 9. Median of tissues gaining space over 4mm was 16.5 % (range 9-46) and for tissues 

gaining space beyond 10 mm was 1.5% (range 0-7).  

 

 

 

 

 

Table 6.3: Correlation between new and traditional airway measures 

 Traditional Measures 

New Measures Change in MinXarea 

(%) 

Change in Volume 

(%) 

Change in surface area 

(%) 

Relief in Airway 

constriction % 
0.86** 0.69* 0.40 

Gain in Airway 

Patency % 
0.88** 0.55 0.24 

**Correlation is significant at the 0.01 level (2-tailed).       

*Correlation is significant at the 0.05 level (2-tailed).       
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Figure 6.8: Part analysis T2-T1 of subjects 1 though10. Percentage of tissue changes after surgery 

(>4mm and >10 mm) for subject #1 are (15 and 1), for #2 (26 and 7), for #3 (20 and 2), for #4 (19 and 2), 

for #5 (9 and 1), for #6 (13 and 0), for #7 (10 and 0), for #8 (46 and 2), for #9 (13 and 0), and for #10 (20 

and 2). 
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6.4 Discussion 

SDB in the paediatric population is complex and an interdisciplinary approach from 

paediatrics, sleep specialists, otolaryngologists, and Orthodontics is recommended.
3
 This is to 

ensure adequate and collaborative diagnosis, treatment planning and outcome assessment. In this 

level I diagnostic study, we present the use of 3D models of the upper airways reconstructed 

from CBCT to assess surgical outcomes in 10 children-adolescents presenting with SDB 

symptoms and jaw disproportions in the interdisciplinary airway clinic.  

All 10 subjects (mean age 8.8±2 years) presented with short anterior cranial base, SN= 

60.8±3.1 mm, similar to a recent study
12

 of OSA children (mean age 9) where mean SN was 

61.5±3.4 mm.  Compared to normative data published for 10 year olds (mean SN= 

63.9±2.6mm
13

 and 70.8±2.9mm
14

), children with OSA had shorter cranial base lengths.  

Ideally, full polysomnagraphy (PSG) would be used at baseline to diagnose SDB and 

post-operatively to assess surgical outcome however, it is expensive, time consuming, labor 

intensive, and limited institutions can use full PSG to diagnose and evaluate pediatric SDB. A 

validated Pediatric Sleep Questionnaire (PSQ-22) and overnight pulse oximetry can be used as 

screening tools to identify SDB when PSG is not feasible.
15-17

 Although sleep pulse oximetry did 

not rule out SDB (McGill score= 1) at baseline, the PSQ-22 scores were over the published cut 

off (≥ 0.33)
15

 for 8 subjects out of 10 indicting high risk of pediatric SDB. The surgeries were 

performed by the same otolaryngolgist and consisted of seven adenoidectomies with/without 

inferior turbinectomy, two lingual and one palatine tonsillectomies with supraglottoplasty. 

Turbinectomy reduces the overall size of the nasal turbinates to increase airflow whereas 
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supraglottoplasty involves the trimming of the floppy supraglottic tissue from the area above the 

vocal cords found in congenital condition called laryngomalacia.  

The aim was to recall subjects by 6 months post-operatively to allow sufficient time for 

tissues to stabilize and the mean recall period was 7±1.5 months (range 4-9). Overall, the impact 

of SDB-symptoms on patients’ quality of life reduced after surgery in total OSA-18 score and its 

subdomains, table 6.1. Median total OSA-18 score changed from moderate impact to low, from 

63 (54.7-79.5) to 40 (28.7-43). This is based on using the cut off of 60 where total score <60 is 

low, 60-80 is moderate, and >80 is severe impact on quality of life.
18

 Several studies reported 

changes in OSA-18 in children post AT or tonsillectomy and the mean baseline OSA-18 in these 

studies ranged from 61.1 to 77.6 and the range of mean postoperative OSA-18 was from 32.5 to 

41.
19-22

 Compared to these reported numbers, our cohort seems to present with the lower end at 

T1 and even with subject 9, worsened OSA-18 postoperatively, the median OSA-18 at T2 is still 

similar to some of the previously reported studies. Subjects 6 and 7 showed the least amount of 

improvement whereas subject 9 reports worsening of symptoms marked by higher OSA-18 

scores in T2 (OSA-18 score was 55 and increased to 62 post-surgically), Figure 6.3. After 

surgery, the parent of subject 9 reports development of swallowing difficulties, aggressive 

behavior, and difficulties in waking up in the morning. This is a small sign of the possible neuro-

behavioral and reduced neuromuscular tone contributing factors in the realm of pediatric SDB.  

Of note, subjects 6 and 9 had lingual tonsillectomies and subjects 6 and 7 were siblings with 

asthma and allergy. 

In light of the important role of structural narrowing of the upper airway in the 

pathogenesis of pediatric SDB, imaging was useful in diagnosing OSA, investigating obstruction 

sites and airway dynamics in pediatric OSA and their controls.
10

 However, only one study 
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quantified airway changes before and after AT in children with SDB.
7
 This pilot is the first to 

utilize 3D models generated from CBCT to analyze the upper airways pre- and post AT in 

pediatric SDB.  

None of the 10 subjects presented with significant nasal septum deviation and nasal 

constriction. Nose (NS) volume did not change from T1 to T2 even in the two subjects that 

underwent turbinoplasty (#7 and 10) possibly due to mucosal thickening/compensation at T2. 

Generally, median volume and surface area increased from 4.5 to 7 cm
3
 and 24.1 to 28.7 cm

2 
for 

NP, and from 2.6 to 3.7 cm
3
 and from 14.1 to 18.5 cm

2
 for the OP.  Median MinXarea increased 

for NP (from 1.1 to 3 mm
2
) but remained the same for OP (0.6 mm

2
), Figure 6.4. This is possibly 

due to false tongue positioning in subject 1 causing significant pseudo-enlargement by 60% of 

the OP volume at T1, Figure 6.9. Despite fast scanning time (8.9 seconds), proper positioning, 

and patient instructions to relax the tongue, movement and improper tongue positioning are 

inevitable in young and active children consequently impacting the shape and dimensions of the 

oropharyngeal airway.
11

 Such errors in neck and tongue posture during the scan would, and 

should, deem case exclusion from a study if it affects the surgical area.  
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Figure 6.9: Error in tongue position in subject 1. Sagittal CBCT images at baseline (A) with tongue 

touching the hard palate and postoperatively (B) with tongue resting against anterior teeth. (C) 3D models 

of the oropharynx at T1 (grey) and T2 (blue) showing pseudo-enlargement of OP at T1 (volume larger by 

60%). 

 

Nandalike et al
7
 reported similar volume increases in NP (from 2.9±1.3 to 4.4±0.9 cm

3
) 

and in OP (from 3.2±1.2 to 4.3±2.0 cm
3
). In their MRI study, 27 obese children with OSA 

underwent PSG and MRI and the volumes of the NP, OP, adenoids, tonsils, and tongue were 

measured pre and post AT. In this pilot, conventional and new airway parameters were measured 

specific to the area of surgery, i.e NP for (A) and OP for (T).  

Overall, there was improvement in airway dimensions after surgery however with wide 

range, table 6.2. Subject 5, showed the smallest increase in volume (by 4%) and subjects 1 and 5 

showed reduction in surface area (by 7.7 and 12.3%, respectively), Figure 6.5. Surface area does 

not necessarily reflect volume since surface area represents the surface boundary forming the 
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airway whereas the volume represents air inside it thus; a “compressed” pharynx may have large 

surface area yet contain very small airway volume within it.  MinXarea increased for all subjects 

except for #6; remained unchanged after surgery, Figure 6.5. It was evident that subject 6 had 

multi-level narrowing in the NP and the adenoidectomy simply removed one of them. This 

highlights the deficiency in using MinXarea which focuses on one slice and neglects the entire 

airway.  

Using new airway measures, there was relief of constriction by 24% (range 7.7-54) and 

gain of patency by 308% (range -75 to 1450), table 6.2 and Figure 6.6. In other words, tissues 

showing airway lumen narrowing <4mm, marking potential sites of collapse, have reduced and 

areas with over 10 mm patency have increased post-surgically. This however was not the case in 

subject 9 showing loss of previous patency by 75% and unchanged airway patency in subject 6. 

Subjects 6, 7, and 9 show the least amounts of changes in airway constriction as well as OSA-18, 

Figure 6.6. While airway constriction of subject #5 modestly improved by 14.3%, there was a 

large gain airway patency by 150% after palatine tonsillectomy and presented with the greatest 

improvement in OSA-18 score by 67%, Figure 6.6. Subjects 6 and 9 underwent lingual 

tonsillectomy with history of failed AT and thus already present with complexity in which 

lingual (T) was the last surgical resort. Hypertrophy of the lingual tonsils occurred in one third of 

children with persistent OSA and along with allergy and asthma present risk factors to residual 

SDB.
4, 24

 

Subject 7 underwent (A) and presented with allergy, asthma, and family history of SDB (i.e. 

subject 6/sibling) all of which are risk factors to residual SDB.
23, 24

  

It appears that gaining airway patency beyond 150% and relieving constriction beyond 

15% after surgery did not drastically change scores in the OSA-18; all subjects other than 6, 7, 
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and 9 tend to “Plateau” at 40-55% improvement in OSA-18 post-surgically, Figure 6.6. This is 

suggestive of a possible threshold of surgical tissue changes beyond which it has low impact on 

changes in quality of life. This evidently needs to be verified with a larger sample size. 

Changes in all five airway measures were significant after surgery and only new airway 

parameters showed strong correlation with changes in OSA-18 (Spearman Rho= 0.44 for 

constriction and 0.55 for patency). There was moderate correlation between changes in OSA-18 

and MinXarea (Rho= 0.37) and no-weak correlation with volume and surface area. All 

correlations were not significant (p-value >0.05) possibly due to the small sample size. This 

suggests that changes in new airway variables i.e. constriction and patency better represent the 

degree of changes in OSA-18 compared to conventional measures, Figure 6.7.  

Airway constriction and patency showed very strong-strong correlation with the most 

commonly used airway measures; MinXarea and volume, table 6.3, confirming that point-based 

analysis is supplemental to global measures however is more explanatory as it takes into account 

the level(s) of narrowing throughout the entire 3D object i.e. the airway. This is illustrated in 

Figure 6.8 with the 10 airway models, at T2 subtracted from T1, highlighting the amount and 

localization of tissues removed and airway space gained. Generally, patients that underwent (A) 

reveal largest tissue removal except for subject 7. Subject 5 received palatine T, #6 and 9 

received lingual (T). Subjects 6, 7, and 9 consistently showed 0% of tissues changing > 10 mm 

thus show the least amount of tissue removal, Figure 6.8.  

Limitations to this pilot need to be addressed. The small sample size, heterogeneity of the 

surgeries included, and existing outliers severely limit options to statistical tests and hinder the P 

values reported. Also, point-based analysis in 3-matic© is based on the normal vector of each 

tringle in the 3D mesh, this can be problematic since the airway geometry is complex and some 
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tringle vectors will not be perpendicular to the opposing wall and there for can give an “off” 

distance. This noticed in Figure 6.2C where odd red triangles are noted in a green zone or a green 

triangle in a red zone. Albeit, the overall average of the analysis should not be affected by these 

“off” measurements. 

Future studies with controls and larger sample size will allow rigorous statistical analyses 

such as regression and discriminant analyses that ultimately correlate clinical variables and 

airway measurements at T1 with outcome to provide a prediction model. The search for new and 

meaningful methods to analyze the morphology of the airway, rather than global measures such 

as volume and MinXarea, will continue with the possibility of utilizing the 3D airway models in 

functional analysis to assess air flow. 

 

Conclusions 

This pilot is the first to prospectively evaluate anatomical changes in the upper airways after 

AT using accurate 3D airway models from CBCT with meaningful tools of analysis. In this 

cohort, it was evident that: 

-  New airway measures, airway patency and constriction, strongly correlated with quality of 

life measure (OSA-18) and better explained low scores after surgery in cases 6, 7, and 9. 

- Airway patency and constriction also strongly correlated with conventional measures, 

volume and MinXarea, and proved more explanatory.  

- Airway patency gained by at least 150% and constriction relief by at least 15% showed 

marked improvement in OSA-18 by 40-55%, after surgery. 
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7.1 General Discussion 

The main aim of this dissertation was to assess whether 3D models of the upper airway 

generated from CBCT can be used as objective tools to assess surgical outcomes in pediatric 

cohort with SDB symptoms. In Chapter 2, the first systematic review revealed that only two 

studies
1, 2

, out of 16, properly tested the reliability of 3D upper airway models generated from 

CBCT and only one study
1
 tested the accuracy of commercial software products against manual 

segmentation. In the study by El and Palomo
1
, they report statistically significant differences 

between automatic segmentation software products and manual segmentation reaching up to 

2163.25 mm
3
. Whether this difference is clinically relevant or not cannot be confirmed as 

volume does not reveal the location or distribution of that change. Furthermore, many studies did 

not include the nasal cavity. The complex anatomy of the nasal cavity along with the presence of 

mucous secretions are undoubtedly a hindrance to the ease and accuracy of the segmentation 

process. None the less, the nasal cavity is an important structure through which the air flows 

toward the lungs. Any anatomical obstructions in the pharyngeal airway are preceded by nasal 

obstructions such as nasal septum deviations, bony spurs, concha bullosa, or hypertrophied nasal 

turbinates. In addition, there were different protocols for airway imaging with no justification for 

the chosen parameters, and while imaging subjects in the supine position seems to resemble 

sleeping position, it is far from it. Imaging supine subjects while they are awake is essentially a 

“snapshot” of their airway and doesn’t reflect the dynamics and pharyngeal collapses occurring 

during the different sleep stages and changes in posture during sleep.
3
  

 In the second systematic review, the use of CBCT as a tool to assess treatment outcomes 

on the upper airway found two studies
4, 5

, out of seven, that validated airway measures against 

clinical outcomes. All the studies included were of the OSA-adult population that completed 
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appliance therapy or maxillary-mandibular advancement (MMA) surgery to increase dimensions 

of the upper airway. There was a wide range of airway measures selected to assess the change in 

airway. Particularly, linear and cross-sectional measurements varied greatly and the image 

section, on which the 2D measurement is chosen, was based on single point of a soft tissue or 

bone landmarks. In order to create a plane to section the airway, or any object, three points are 

required to define that plane. In most studies, the authors would select one point (e.g. axial slice 

at the level of soft palate or hyoid bone) to define the section and rely on patient orientation (x, y, 

z planes) to complete the plane. This is largely irreproducible. 

Collectively, both systematic reviews show that validity and reliability of CBCT-

generated 3D models, by means of commercial software, are not clear and the use of global 

measures such as volume may not truly represent the localised characteristics of the airway 

geometry. Deficiency in standardized methods to properly section the pharyngeal airway (into 

naso-, oro-, and hypo-pharynx) or to select areas of interest to measure makes it difficult to 

compare airway measurements across the different studies.  Since most studies were case reports 

with high risk of bias, high evidence level studies, with statistically appropriate sample sizes, and 

cross validated clinically are needed. Since the publication of both systematic reviews, several 

studies utilizing 3D models of the upper airway have emerged. These studies were included in 

the literature review in Chapter 1 and one improvement is noted; the studies have shifted from 

case reports to larger sample sizes. However, the deficiencies are still valid with more studies 

emerging using volume as their sole outcome measure, using phantoms with very simple 

geometry to validate a measurement
6
, or analyzing changes in the nasal cavity (e.g. after Rapid 

maxillary expansion) using commercial software products that are based on global thresholding
7-

11
, and no standards on where to section or measure the airway.  Global thresholding refers to the 
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process of selecting a range of grey threshold values that would represent a tissue of interest. In 

this thesis, the airway is the area of interest and grey values of air in CBCT are expected to be in 

the lower range represented by the minus sign next to the grey value (e.g. -700 or -3000). While 

selecting a range for air in the pharyngeal could work, that range cannot and should not be 

extended to the nasal cavity. The grey values of air found in the pharynx are not as distinct in the 

nasal cavity due to volume averaging from surrounding thin bony boundaries or mucous lining of 

the nose. Bone and mucous will increase the “low” grey values of the nasal airway and thus will 

not adequately fit into the selected pharyngeal airway threshold. The operator would then have to 

increase the range of grey threshold to include the nose, at the expense of causing over or under-

segmentation in other areas, consider Figure 7.1.1. 

 

Figure 7.1.1: Axial CBCT image with “global thresholding”. The image shows a selected grey value 

range that perfectly segments the nasopharyngeal airway however “under-segments” in the nasal meatus 

(close-up image on the right) and “over-segments” the anterior part of the nose. To include all airway 

passages without impacting the segmentation accuracy of others, it needs to be manually adjusted.  

Furthermore, the range of grey-threshold cannot and should not be fixed even for the 

pharyngeal airway or for specific software such as Dolphin® imaging software (Dolphin 

Imaging & Management Solutions, Chatsworth, CA) similar to the recent work by Feng et al
12

. 
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This is because grey value of a pixel depends not only on the tissue contrast but also is dependent 

on other factors such as: type of CBCT machine used, the scanning parameters as it will control 

the amount of radiation/signal, scattered radiation or metal artifact, patient motion, or machine 

calibration.
13,14

 All factors will cast a change to that pixel value and thus it is unrealistic to 

standardize an airway threshold.  

The need for an accurate segmentation method became clear along with exploring 

parameters that better analyze the upper airway compared to global measures such as volume. In 

Chapter 3, we attempted to improve the ease of segmentation by testing topical use of 

radiographic contrast material in the upper airway as they enhance tissue contrast, chapter 

section 3.1. Despite exploring different methods to deliver barium sulfate and iodine to the nasal 

cavity, all failed to adequately or uniformly coat the nasal cavity beyond the inferior nasal 

meatuses. While this might be acceptable for nasal drug delivery, it was not for our purpose. 

Two factors must be considered in delivering contrast agent to coat the entire upper airway: 

particle size and flow velocity and this would need to be tested using computational simulation 

of particle deposition similar to testing drug aerosol. In the next chapter section 3.2, with the 

collaboration of the Department of Computing Sciences at the University of Alberta, the 

computational possibility of skeletonization or centerline analysis was tested. Skeletonization 

represents the “skeleton” of an object and a lot of information can be gained by assessing the 

distances or curvatures from the center “skeleton” to the periphery “outside boundaries” of an 

object or the distance from one skeleton to another of two objects. In the skeletonization pilot, 

we generated the centerlines of two pharyngeal airways using Mimics® then a deformation 

algorithm was applied to generate “post-surgical tonsillectomy” centerlines. The preliminary 

results proof the concept of measuring local deformations in the target upper airway region by 
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measuring the deviations between the centerlines with the possibility of quantifying tolerance 

threshold beyond which reduced dimensions of the upper airway are not clinically significant. 

Regrettably, when using paired CBCT data (two CBCT scans of the same subject taken 6 months 

apart with no surgical intervention) Mimics® software generates drastically different centerlines, 

Figure 7.1.2. To overcome this, a new algorithm to generate the centerline needs to be 

developed. This requires extensive computational testing that was not feasible. Accordingly, both 

pilots in Chapter 3 were not used in subsequent projects. 
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Figure 7.1.2: Errors in centerlines generated by Mimics®. 3D models of the same upper 

airway at baseline, in green, and 6 months after, in yellow. Note the difference in corresponding 

centerlines on the right or each model. 
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With the knowledge that natural head posture changes overtime, it was essential to test a 

landmark-based registration method specific for airway analysis. In Chapter 4, transforming the 

global coordinate system to a new Cartesian coordinate system using reliable anatomical 

landmarks was chosen as it provides the option to quantify the change in a given 3D model in the 

x, y, z axes i.e. expressing magnitude and direction of change in all three axes. For the 22 

landmarks, intra- and inter-examiner reliability were high, ICC >98% and 95%, respectively, and 

mean measurement errors (MEs) were below 1.5 mm. The landmarks tested were distributed in 

the cranium to select a new coordinate system while others were selected in the vicinity of the 

upper airway to assess impact of the transformation on the airway. The four most reliable were 

chosen for the new coordinate system: tip of nasal bone as point of origin, tip of clivus, right and 

left foramen spinosum. The right and left foramen ovale were used to optimize the 

transformation as shown by DeCesare et al
15

 that 6-point based registration was far more 

optimum than 4-point based. Changing the coordinate system did not affect MEs (intra-examiner 

reliability) in fact reduced the overall average distance errors from 1.64 ±0.62 mm in the original 

image to 1.24±0.37 mm in the transformed image, in single CBCT data i.e. 3T1 data set. In 

paired CBCT data (T1-T2 data), we introduce another factor in ME i.e. alteration in patient 

position 6 months apart. Changing the coordinate system reduced T1-T2 MEs to less than 1.5mm 

(MEs based on original coordinate systems reached up to 7.26 mm). An exception was MEs in 

the y-axis for C2 (1.78±0.94 mm) and C3 (2.96±1.47 mm). Because the pharyngeal walls are soft 

tissues formed mainly by muscles and adipose tissue, it is expected to deform in shape due to the 

displacement pressures from cervical vertebrae (C2 and C3) as the neck flexes. The impact of 

neck flexion on airway was studied using lateral cephalogram, where 10° change in cranio-

cervical inclination (by line through C2 and Sella-Nasion line) or 10 mm change in C3 to 
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Menton distance, increased the pharyngeal airway space (anteroposterior line from the back of 

tongue to post pharyngeal wall) by about 4 mm.
16

 It was necessary, therefore, to directly assess 

the ME within the oropharyngeal airway however take into account all aspects of the airway 

instead of a single airway measurement.  

Neck flexion at T1 or T2 scan, in several subjects, caused maximum MEs of 3.09 mm in 

y axis and 3.75 mm in the z-axis in C2, and 4.66 mm in the y-axis and 4.91 mm in the z-axis in 

C3. Consequently, this caused apparent discrepancies between T1-T2 pharyngeal airways 

marked by changes in volume, surface area, and part analysis. After superimposing CBCT T1 

and T2 based on the new coordinate system, the mean part analysis was 0.43±0.3 mm and the 

largest distances travelled by the triangular nodes forming the entire airway model were no more 

than 5 mm. The largest changes in volume, surface area, and part analysis were found in certain 

subjects with neck flexion or tongue mal-positioning.  

 In fact, significant and strong positive correlation was found between C2-C3 inter-

landmark distance and the minimum/maximum part analysis distances. In other words, neck 

flexion producing > 3 mm inter-distance at C2-C3 (in at least one axis) is likely to produce larger 

distances up to ~5 mm between localized parts of the airway models, overtime. In contrast, there 

were negligible-weak correlations between C2-C3 distances and airway volume or surface area. 

Chapter 4 revealed that the described coordinate transformation significantly corrected 

positioning errors in longitudinal CBCT data, however is unable nor designed to correct for 

evident neck flexion. Point-based analysis, not volume, was strongly associated with C2-C3 MEs 

and better explained its impact on airway. Additionally, similar airway discrepancies were found 

in subjects with significant change in tongue position from T1-T2. This in turn has elucidated the 
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need to control tongue position and neck flexion in future CBCT airway imaging protocol where 

surgical treatment of the pharyngeal airway are expected.  

Chapter 5 describes the development and testing of a segmentation method that 

combines the precision and control of manual segmentation and the speed of automatic 

segmentation. The first chapter section 5.1 reveals a high consistency in manual tracing of 45 

sections of the upper airway, traced 3 times per section. This reflects that the PhD student of this 

thesis has an overall error of < 3 pixels (around 0.9 mm). With this in mind, it was accepted that 

manual segmentations carried out by the PhD student are acceptable as “the reference” or 

“truth”. In chapter section 5.2, the LEDGES algorithm, Local Decomposition Gradient 

Segmentation, was developed and implemented in a program package named Segura© in 

collaboration with Computing Sciences department at the University of Alberta. The software 

automatically copies original seeds placed by the operator in the inferior boundary of the 

pharyngeal airway. The seeds will generate and copy based on the grey threshold and the 

gradient of the original seeds. In other words, depending of the original grey level selected by the 

operator, the seeds will find the optimum (i.e. largest) gradient that fits the selected shade of 

grey. A larger gradient means a sharper boundary and therefore accurate segmentation. This 

process is done locally within each 2D slice and in sequential slices. The processes allowed 

assisted manual segmentation in which the software segments automatically but allows user 

input when and if needed. To test if Segura© was accurate, it had to produce reliable 3D models 

of 4 simple syringes of known values. Segmenting the 4 syringes five times produced consistent 

and accurate models that resemble the volumes of the syringes. With regards to time efficiency, 

the time to segment the upper airway including nasal cavity, paranasal sinuses, and pharyngeal 

airway using Segura© was compared against that of manual segmentation. Segura© was able to 
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reduce the segmentation time by 26 (55 minutes vs. 24 hours). Semi-automatic or manual 

segmentation of the nasal and paranasal airway is seldom in the dental literature however is 

found in the otolaryngology literature.  Fifty five minutes was even shorter than semiautomatic 

segmentation reported by Tingelhoff et al
17

 that took 3.5 hours for detailed segmentation of 

nasal/paranasal airway.  

After ensuring that Segura
©

 is precise and consistent in segmenting simple geometry, 

chapter section 5.3 further tests Segura© using human upper airway based on CBCT scans with 

detailed analysis of the reconstructed 3D airway models. Using 10 CBCT image sets, the intra- 

and inter-examiner reliability of 3D airway models produced using Segura© was high (ICC 

≥97%) for volume and surface area. The accuracy of Segura© was also high by means of ICC 

≥96.5% for volume and surface area against manual segmentation. More importantly, point 

based analysis using “part comparison tool” shows that the mean distances were less than the 

threshold of 2mm and the largest distances between the airway models did not exceed 3.9 mm, 

5.8 mm, and 4.3 mm (for intra-, inter-examiner, and against manual segmentation measurements, 

respectively), and  were very localised.   

Despite the intent to exclude superior nasal meatus and ethmoid air cells, there was intra- 

and inter-examiner variability in segmentation superior extensions marked by red in part 

comparison analysis color map. As such, a superior cutting plane through the middle nasal 

meatus was created to standardize the superior extend of segmentation. This generally reduced 

the differences between the different airway models, however the aforementioned larger and 

localised differences in airway models were evident in certain cases presenting with mucosal 

thickening of the nasal cavity indicative of rhinitis, cases 8, 9, and 10. As mentioned previously, 

the presence of mucous will affect the grey threshold and soft tissue delineation from air. This 
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can be magnified by different examiners with different expertise, educational background, and 

comfort in segmenting the nasal cavity.   

Segmentation time for Segura© was 49±11.01 minutes vs. 109±9.36 minutes of manual 

segmentation, p-value <0.001. Not only was the quantity of time reduced but the quality of time 

was improved. It was easier for the operator to guide the seed-points to adjust local grey-

thresholding than adjusting (add/erase) the resultant global thresholding, within a given 2D slice.  

Similar to the finding in Chapter 4, significant and very strong positive correlation was 

found between median part analysis and differences in surface area (r=0.76, p=0.01) as well as 

volume (r=0.86, p=0.001). This strongly suggests that the point-based analysis Part Comparison 

Analysis is complementary to the “global” measures of volume and surface area. The results 

indicate that Segura© is reliable, accurate, and time efficient. However, mucosal thickening in 

the nasal cavity may impact the validity and/or time efficiency of the segmentation, however not 

to severe extents. Using part analysis to assess 3D airway models was key to explain the 

differences in volume and provides meaningful and clinically applicable analysis of 3D changes. 

 

Finally, Chapter 6 includes the implementation of the registration technique described in 

Chapter 4 along with the semi-automatic segmentation methods in Chapter 5 to analyze the nasal 

cavity and pharyngeal airways. The clinical pilot recruited 10 children and adolescents with SDB 

that underwent surgical treatment from the Interdisciplinary airway clinic at the School of 

Dentistry. This provides a unique advantage to diagnose, treatment plan, and assess treatment 

progress or outcome from orthodontic, pediatric sleep, and otolaryngology perspectives. Based 

on the previous chapters, the CBCT scanning protocol was chosen to maximise resolution, 

reduce radiation dose and reduce scan time to minimize motion. Patients were instructed to bite 
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on posterior teeth and relax their tongues against their anterior teeth to minimize tongue curling, 

and radiology technician was instructed to avoid hyper-flexion of the neck. Although 11 children 

were originally recruited, one presented with significant error in neck flexion and tongue 

positioning (at baseline where the scan was taken at another institution) thus impacting the 

pharyngeal airway where the subject received palatine tonsillectomy, Figure 7.1.3 below. 

Tongue curling was noted in subject 1 (at baseline prior to airway protocol implementation) that 

affected the oropharynx however not the registration. 

 

 

Figure: 7.1.3: Sagittal superimposed CBCT images, T1 and T2, of the excluded case. Note large 

registration error in neck flexion and perfect registration in the cranial base, nasal cavity, and maxilla.   

 

 Based on the PSQ-22, 8 subjects out of 10 presented with high risk of pediatric SDB and 

the surgeries consisted of seven adenoidectomies, two lingual and one palatine tonsillectomies. 

The median and quartile range of the total OSA-18 score changed from moderate impact on 
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quality of life 63 (54.7-79.5) to low impact 40 (28.7-43) after surgery. The least amount of 

improvement in OSA-18 was found in subjects 6 and 7, and subject 9 reported worsening of 

symptoms after surgery. While upper airway imaging during wakefulness is unlikely to capture 

the dynamic interactions between the structures of the upper airway during sleep, it certainly 

represents the 3D aspect of airway anatomical obstruction. Using 3D airway models, the nasal 

cavity and pharyngeal airways were analysed by means of conventional and new measures.  

The nasal cavity in all 10 subjects did not present with any septal deviations and its 

dimensions remained unchanged from T1 to T2. The conventional measures (volume, surface 

area, and minimum cross-sectional area) for the target area (nasopharynx for adenoidectomy and 

oropharynx for tonsillectomy) generally improved after surgery but with wide ranges and few 

exceptions. There was only one MRI study in which changes in the upper airway were measured 

after adenotonsillectomy in obese children.
18

 The pharyngeal volume changes in this clinical 

pilot were similar to the one in the MRI study.  Using another point-based analysis tool in 

Mimics©, named “wall thickness analysis”, two new airway measures were created. Airway 

constriction: referring to narrowing of the airway lumen < 4 mm, and airway patency: referring 

to wide lumen of > 10 mm. After surgery, there was median relief of constriction by 24% 

(minimum 7.7% and maximum 54%) and gain of patency by 308% (minimum -75% and 

maximum 1450%). Once again, subject 9 presented loss of previous patency by 75% and 

unchanged airway patency in subject 6. Subjects 6, 7, and 9 show the least amounts of changes in 

airway constriction.  In other words, subjects 6, 7, and 9 that presented with lowest 

improvements, or worsened, in OSA-18 showed minimum relief in potential sites of collapse (< 

4mm) and minimum gain in patent areas (>10 mm) post-surgically. Only new airway measures 

reflected the degree of change in OSA-18 by means of strong correlation (ρ=0.44 and 0.55) 
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compared to conventional measures (ρ=-0.13, 0.20, and 0.37 for surface area, volume, 

MinXarea, respectively).  

Moreover, it appears that gaining airway patency beyond 150% and relieving constriction 

beyond 15% after surgery did not drastically change scores in the OSA-18; all subjects other 

than 6, 7, and 9 tend to “Plateau” at 40-55% improvement in OSA-18 post-surgically beyond 

these two marks. This is suggestive of a possible threshold of surgical tissue changes beyond 

which it has low impact on changes in quality of life. This evidently needs to be verified with a 

larger sample size.  

Volume and smallest or minimum cross-sectional area are the most common variables 

used in the literature to assess the upper airway. The new measures, airway patency and 

constriction, showed very strong correlations with volume and MinXarea (0.55≤ r ≤0.88). This 

indicates that new airway measures are complimentary to conventional ones yet they take into 

account the level(s) of narrowing throughout the entire airway. Part comparison analysis, 

another point-based analysis, conveyed the distribution of the amount of change after surgery, 

Figure 6.8, by subtracting T2 models from T1. 3D models that received adenoidectomy depicted 

the largest changes (marked in red) whereas part analyses of subjects 6, 7, and 9 revealed the 

least tissue changes. 

Upper airway measures introduced in this pilot offer a meaningful platform to accurately 

evaluate anatomical risk factors to postsurgical outcomes using larger cohorts. 
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7.2 Limitations and Future Directions 

 Chapter 2: the quality of the studies included on both systematic reviews was low with 

high risk of bias. Since the publication of both systematic reviews, several studies that fit 

the inclusion criteria have emerged. Although the literature review in Chapter 1 shows 

the deficiencies remain, future update of both systematic reviews is recommended. 

 Chapter 3: the skeletonization pilot was based on two cases, used deformation algorithm 

to mimic airway surgery, and later the software used did not produce reliable centerlines 

using longitudinal CBCT data. Future studies can be directed towards developing new 

algorithms to generate the upper airway centerline, test its reliability using large samples 

of non-surgical longitudinal CBCT data. Only then can centerline analysis be explored as 

method to characterize 3D airway models and assess their deformation after surgery. 

 Chapter 4: the 10 subjects used in the landmark-based registration were 13-17 years old 

and their CBCT image sets were taken 6 months apart. The performance of the 

registration technique in younger subjects or longer periods between both scans should be 

tested in the future. By increasing the sample size and including younger subjects with 

serial CBCT imaged over 6 months apart, a stronger inference regarding the reliability of 

landmark-based registration can be reached. 

 Chapter 5: Although testing of Segura© with conventional measures (volume and 

surface area) was supplemented by point-based analysis (namely Part Comparison 

analysis), this analysis is based on the normal vector of the triangles creating the 3D 

model. This potentially is problematic since the complex shape of the airway will place 

some triangle vectors in a non-perpendicular direction towards the opposing wall.  

Further testing of Segura© can incorporate the consistency algorithm described in section 
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5.1 by extending the algorithm into 3D to critically visualize and quantify the 

segmentation boundaries. In addition, examining the performance of Segura© with 

different image resolution, multiple examiners with different levels of expertise, and 

larger samples can be further explored.  

 Chapter 6: A major limitation is the lack of PSG study to diagnose SDB and assess the 

surgical outcome in the tested cohort. Also, the patients recruited from the 

interdisciplinary airway clinic may represent a “special sub-group” of children with SDB 

symptoms that feature jaw disproportions, referred mainly by dentist/orthodontist 

suspecting airway problems rather than ones seen at the ENT clinic referred by 

physicians or pediatricians with serious concerns of sleep, breathing, or with 

neurocognitive or developmental issues. Due to the small sample size of the pilot, 

heterogeneity of the surgeries included, and existing outliers the options to statistical 

testing are limited. Along with concerns regarding normal vector direction in point-based 

analysis, selecting the MinXarea was subjective/manual and thus may hinder its 

reproducibility.   

To advance this pilot, larger sample size is required to stratify the sample and apply 

statistical tests that identify risk factors and create prediction models of surgical 

outcomes. Airway analysis can be improved by incorporating algorithms in Segura© to 

automatically calculate cross-sectional area throughout the upper airway, exploration of 

different thresholds (other than 4mm and 10 mm), further investigation of 

skeletonization, or applying functional analyses such as computational fluid dynamics 

(CFD). Using 3D airway models, the airflow can be computationally simulated and 

assessed post-surgically. 
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 General limitation is dedicated to the inherent deficiencies of CBCT acquisition of the 

upper airway. As CBCT is only a “snapshot” of the head, it is an isolated observation of 

the upper airway and by no means does it dissect the complexity of airway function in the 

realm of SDB. Also, technical factors defining the image resolution of CBCT, along with 

the expertise of the operator’s segmentation, can vary widely and thus impact the size of 

the 3D models generated. Finally, despite improving the imaging protocol, children are 

expected to move, flex their necks, and move their tongues during the scan. Methods to 

secure head and neck and control tongue position during the scan can be explored. Until 

then, assessing upper airway changes with tongue or neck mal-position especially in the 

oropharyngeal airway is not promoted.  

7.3 General Conclusions 

Within the limitations of this thesis and the results presented, the following can be concluded: 

1.  The difference in the dimensions of 3D upper airway models generated semi-

automatically compared to manual segmentation “the reference” is not clinically relevant. 

Segura© provides reliable, accurate, and time efficient segmentation of the nasal and 

pharyngeal airways.  

2. Landmark-based registration technique is reliable method for upper airway CBCT 

superimposition. 

3. Point-based analysis (namely Part Comparison and wall thickness analysis) provides new 

parameters that take into account localized characteristics of the 3D upper airway, 

correlated with and complemented conventional/global measures. 
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4. Using accurate 3D upper airway models, reliable landmark-based registration, and new 

airway measures (airway patency and constriction) provided objective tools to assess 

surgical outcome, in pediatric cohort with jaw disproportions and sleep disordered 

symptoms, when correlated with OSA-18 measures. 
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Appendix A 

Chapter 2.1: Search terminology used for other databases 

 

 

All EBM Reviews 

 

Keyword Hits 

1. airway.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 8976 

2. Upper.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 12465 

3. Nasal.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 7409 

4. pharyn*.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 2353 

5. 1 or 2 or 3 or 4 28333 

6. segmentation.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 142 

7. reconstruction.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 2171 

8. algorithm.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 1850 

9. three dimensional imaging.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 46 

10. 6 or 7 or 8 or 9 4153 

11. cone beam computed tomography.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 

or Computed tomography.mp. [mp=ti, ot, ab, tx, kw, ct, sh, hw] 

243627 

12. 5 and 10 and 11 15 

 

 

Scopus: 

 

Keyword Hits 

1. TITLE-ABS-KEY(airway OR upper OR nasal OR pharynx) 790315 

2. TITLE-ABS-KEY(segmentation OR reconstruction OR algorithm OR 

three dimensional imaging) 

91788 

3. TITLE-ABS-KEY(cone beam computed tomography OR computed tomography) 3135 

4. 1 and 2 and 3 69 
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Appendix A 

 

Chapter 2.2: Search terminology used for other databases 

 

 

Database 

Scopus   Medline   EBM 

Keywords #hits  Keywords #hits  Keywords #hits 

1 TITLE-ABS-KEY 

(obstructive sleep apnea) 

 

2 TITLE-ABS-KEY 

18,408 

 

 

4,794 

 obstructive sleep apnea.mp. or 

exp Sleep Apnea, 

Obstructive/ 

sleep disordered breathing.mp. 

13,324 

 

 

20,796 

 
Obstructive sleep apnea.mp.                1,025  

[mp= ti, ab, tx, kw, ct, ot, sh, hw] 

sleep disordered breathing.mp.                 225 
(sleep disordered breathing) 

 

3 1or2 

 

 

20,900 

 or exp Sleep Apnea 

Syndromes/ 

1or2 

 

 

22,291 

 [mp= ti, ab, tx, kw, ct, ot, sh, hw] 

 

1or2                 1,178 

4 TITLE-ABS-KEY 

(cone beam computed 

tomography) 

5 TITLE-ABS-KEY 

4,081 

 

 

376,60

5 

 cone beam CT.mp. or exp 

Cone-Beam Computed 

Tomography 

exp Tomography, X-Ray 

2,211 

 

 

310,24

4 

 cone beam computed tomography.mp.  

[mp= ti, ab, tx, kw, ct, ot, sh, hw]              37 

 

Computed tomography.mp.                3,657 
(computed tomography) 

 

6 4 or 5 

 

 

376,60

5 

 Computed/ or computed 

tomography.mp. 

4 or 5 

 

 

310,35

1 

 [mp= ti, ab, tx, kw, ct, ot, sh, hw] 

 

4 or 5                3,659 

7 3 and 6 346  3 and 6 355  3 and 6                                                       4 

Total 705 articles
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Appendix B 

 

Chapter 5.1: Supplemental material 

 

Detailed steps for Consistent Level: Courtesy of Xinyao Sun and Dr. Irene Cheng from the 

Department of Computing Science, University of Alberta. 
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Chapter 5.1: Additional samples of tracing: 
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Appendix C 

Chapter 5.3: Steps in Segura© 
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As segmentation continues 

toward the nasal cavity, the 

seeds will detect airway in 

paranasal sinuses. The result 

is segmentation boundaries 

will “leak” into unwanted 

areas.  

 

In this image, unwanted 

segmentation is traced in 

maxillary and ethmoid 

sinuses.  

To avoid unwanted “leakage”, 

the operator can choose to 

“seal” openings to paranasal 

sinuses by using the Adjust 

Image tool. 

 

 

In this image, such openings 

are sealed, marked white. 

 

Next, operator presses the button.  

The Retain Image Adjustments allows the tool to 

be effective as segmentation moves forward. 

 

 

 

This prevented “leakage” of segmentation in the 

following slices, see above image.  
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 Appendix D 

 

Chapter 6 supplementary Figure: Three planes used to section the upper airway models. 

(A) 3D rendering of skull and airway showing the 3 planes. (B) Sagittal CBCT with anterior 

points of 2
nd

 and 3
rd

 planes: anterior-inferior base of odontoid and anterior-inferior body of C3. 

(C) Coronal CBCT with posterior points of 2
nd

 plane: anterior-lateral points of C2 pedicles. (D) 

Axial CBCT with posterior points of 3
rd

 plane: posterior-inferior-lateral points of body C3. (E) 

Coronal CBCT with posterior points of 1
st
 plane: anterior clinoid processes.
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Appendix E  

Questionnaires used in Chapter 6 clinical pilot. 
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Appendix F 

Patient information Sheet, consent, and assent forms used in Chapter 6. 
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Appendix G: Health Research Ethics Board Approval Letters 
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