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ABSTRACT 

 Maxillary expansion is used to correct maxillary deficiencies, the most common technique 

is the Rapid Maxillary Expansion. Although there are several other treatment types depending on 

age such as surgery or archwire; maxillary expansion, have been related to the increase of the upper 

airway volume and minimal cross-sectional area (MCA). However, contradictory results regarding 

the measured changes in the oropharyngeal portion of upper airway have led to uncertainty about 

the real effect of maxillary expansion on the oropharynx dimensions. 

Moreover, there is no published research regarding oropharyngeal dimensional changes af-

ter the application of Damon philosophical treatment approach. Following the claim from Damon 

proponents that the therapeutic effect after its use in the constricted maxilla is a broader dental arch 

due to alveolar bone remodeling. We speculate if the oropharyngeal volume and MCA could also 

be increased. Therefore, the main objective of this study is to compare the volume and MCA 

changes in the oropharyngeal space following maxillary expansion using the Damon system versus 

Hyrax appliances, assessed through CBCT imaging. 

A retrospective analysis of data from a randomized parallel clinical controlled trial with an 

allocation ratio of 1:1 was conducted. Patients between 11 to 17 years old, with maxillary trans-

verse discrepancies in need of maxillary expansion, were included and randomly allocated into one 

of two treatment groups, Hyrax or Damon, in the orthodontic clinic at the University of Alberta, 

Edmonton Canada. Patients underwent CBCT imaging at three time-points: T1- before treatment 

and after clinical evaluation, to further evaluate and assist the clinicians on the diagnosis on dental 
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and craniofacial orthodontic discrepancies; T2- at 6 months, and T3- after completion of all ortho-

dontic treatment. The CBCT data was assessed through Invivo Software (Anatomage, San Jose, 

California, US) and Dolphin Software (Dolphin Imaging & Management Solutions, Chatsworth, 

California US). Reliability of measurements was done to certify the reproducibility of the research. 

In addition, a qualitative assessment of breathing function was done using the NOSE questionnaire 

modified from The NOSE Scale 2003 developed by the American Academy of Otolaryngology-

Head and Neck Surgery Foundation. Repeated measures multivariate analysis of variance 

(MANOVA) and Bonferroni post-hoc tests were used to analyse the differences between the treat-

ment groups at each time-point and each software. A paired-sample t-test was applied to verify 

whether or not the changes were statistically significant. All the statistical analysis was made at a 

5% significance level (95% CI) using IBM SPSS statistics 25 version (SPSS Inc, Chicago, IL).  

 A reliability assessment was done evaluating intra-reliability and inter-reliability with a 

second examiner. All results ranged above the excellent range of 90%. Our study showed a statis-

tically significant increase in the oropharyngeal volume after 6 months maxillary expansion (T2), 

and after the completion of treatment (T3) when the oropharyngeal volume was evaluated in the 

Hyrax group with both software. Also, results showed a statistically significant increase in the 

MCA in the Hyrax group when evaluated with Dolphin software. The Invivo and Dolphin software 

showed they are statistically different when oropharyngeal dimensions were compared. Our results 

on the NOSE questionnaire showed no statistically significant improvement in breathing between 

time-points in both treatment groups. Future research should focus on airway function to correlate 

the dimensional changes to airflow and respiratory capacity function after maxillary expansion 
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treatment. As well, the qualitative analysis with patient’s feedback by questionnaire could elucidate 

the patient’s breathing improvement after orthodontic therapy. 
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Chapter 1:  Introduction of concepts 

1.1   Upper airway  

1.1.1   Anatomy 

The upper airway tract is part of the respiratory system and comprises the nasal cavity, oral 

cavity, and pharynx.1 Its function includes air warming and humidification, defense against infec-

tions, protection from food aspiration, ventilation, swallowing, and speech.1  

The nasal cavity comprises the nostrils, nasal septum and turbinates. It is the primary air 

entrance in inspiration and is responsible for thermic regulation warming and humidifying it. The 

nostrils are the two external openings. Right behind the nostrils, the nasal septum separates the two 

air passages and the choanae. The turbinates are bone curled shelves within the passageway in 

which the thermic regulations occur. 

The oral cavity includes the teeth and periodontal tissues, the hard and soft palates and the 

tongue and floor of the mouth. The posterior boundary is the pharynx. The pharynx is a tubular 

organ connecting the nasal cavity, oral cavity, larynx, and esophagus. It is divided into nasophar-

ynx, oropharynx, and hypopharynx. As only the nasopharynx and oropharynx are pertinent to this 

topic, a detailed description will solely be provided for them.  

 The nasopharynx is the most superior part of the pharynx its boundary is the poste-

rior edge of the nasal turbinates to the hard palate, bounded by the soft palate and palatopharyngeal 

arches and the posterior wall of the pharynx.2,3 The nasopharynx communicates with the nasal 
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cavities through the nasal choanae and with the middle ear through the Eustachian tube. The phar-

yngeal tonsils or adenoids are located in the posterior wall at the roof of the nasopharynx. 

 The oropharynx has its boundaries as the base of the tongue (anterior wall), palatine 

tonsils and tonsillar pillars (lateral walls) and epiglottis (inferior boundary), posterior wall of the 

pharynx (posteriorly). The oropharynx can be divided into retropalatal (also called velopharynx), 

with the boundaries from the hard palate to the caudal margin of the soft palate, and retroglossal, 

from the caudal margin of the soft palate to the base of the epiglottis.2 

 The hypopharynx links the oropharynx to the esophagus from the epiglottis. 

1.2    Relationship between upper airway and craniofacial structures 

 The term airway space refers to the air passage from the nose or mouth to the lungs. More 

specifically, the upper airway is responsible for speech, swallowing and part of the respiratory 

functions. Swallowing and deglutition demand the sealing of the nasopharyngeal airway, and vo-

calization requires coordination of larynx and nasopharynx structures.4 Besides swallowing and 

deglutition, the pharyngeal airway space should be open all times, and its patency is in large part 

controlled by the neuromuscular system.4 However during sleep, there is a decrease in the neuro-

motor output to pharyngeal muscles, and this works in favour of potential pharyngeal collapsibil-

ity.4 The patients diagnosed with Obstructive Sleep Apnea (OSA) usually present narrowed upper 

airway during sleep in the retropalatal and/or retroglossal regions.4  

1.2.1   Craniofacial structures and airway function 
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The anteroposterior (AP), transversal and vertical dimension of the airway have “a propor-

tional relationship to the jaw and facial growth patterns”.5,6  Doyle and Swarts described the bi-

hamular distance as “the linear distance between the outer margins of the bilateral hamular pro-

cesses of the medial pterygoid plate which is an approximate measure of palatal width”.7 The trans-

versal pharyngeal growth (bihamular distance) appears to level off around the 24 months of life, 

however the distance between the pterygoid plates increases until maturity.6 The normal mandibu-

lar and maxillary growth pattern with a counter-clockwise rotation might induce to larger airway 

dimension because the cranial base shape (nasion-sella-basion) with an acute angle influences the 

vertical direction of the pharyngeal growth.5,6 In other words, facial growth affects the size and 

shape of the upper airway space.8 While craniofacial hard and soft tissues are growing during child-

hood and adolescence, the lymphoid tissue is diminishing, leading to an increase in the upper air-

way dimensions.8 This event was first described by Scammon et al, where the lymphoid (tonsils 

and adenoids) masses increase fast during the early ages, with a slower development thereafter, a 

peak before adolescence and a decrease to adult.6,9  The anterior cranial base grows in length (AP) 

up to seven years old, and the posterior cranial base up to 13 years old (AP and transverse); con-

currently the nasomaxillary complex moves forward, and the midface bones move anteriorly and 

inferiorly.8 Meanwhile the mandible increases forward and downward by adding bone on the pos-

terior and superior edges of the ramus. All these events will enlarge pharyngeal height and width.8  

Antagonistically, a great decrease of nasal airflow may lead to changes in craniofacial fea-

tures as a lower and forwarded position of the tongue, lower position of the hyoid bone, short upper 

lip, prominent upper incisors, increase of mouth breathing over nasal breathing, anteriorly position 

of head and neck, increase in the anterior face height, increase in the mandibular and occlusal plane 
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angles, high palatal vault, class II malocclusion, clockwise facial growth pattern, posterior crossbite 

and narrowed maxillary arch among others.5,10–12 These features usually facilitate morphological 

changes associated with a face phenotype known as adenoidal facies. However, there is a dilemma 

of who can first, the decrease in nasal flow lead to craniofacial changes and compensations or the 

craniofacial deficient growth lead to an increase in nasal resistance?7  

1.3    Sleep-breathing disorders in children 

 The International Classification of Sleep Disorders- third edition (ICSD-3) updated in 2014 

allowed better communication worldwide regarding sleep disorders, not only for research purposes 

but also for diagnosis and epidemiology standardisation.13 The ICDS-3 classification has primary 

categories such as insomnias, sleep-related breathing disorders (in which Obstructive Sleep Apnea 

is one of the sub-categories), hypersomnia of central origin, circadian rhythm sleep disorders, 

sleep-related movement disorders, parasomnias, and other sleep disorders.4,13 The major sleep dis-

orders in children are Obstructive Sleep Apnea (OSA), periodic leg movements of sleep, narco-

lepsy, primary insomnia, and delayed sleep phase syndrome.14  

The OSA is related to an obstruction in the airway resulting in increased airflow re-

sistance.4,13 The OSA is characterised by repetitive episodes of complete or partial cessation in 

breathing.4,13 Often it is associated with a decreased blood oxygen saturation.4 Snoring, sleep dis-

ruption, daytime sleepiness, insomnia are commonly associated.4,13 In children, the diagnosis re-

quirements are at least one event of Apnea/Hypopnea Index (AHI), at least two respiratory cycles’ 

duration, per hour of sleep.4,13  Aggravated sleep-breathing problems in children generally involve 

lymphoid tissue hyperplasia.8 Obesity, is a significant risk factor for pediatric OSA.8 Untreated 
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OSA may lead to growth impairment; on the other hand, mandibular retrognathia, long and narrow 

faces, narrow and deep palate, may increase the risk for OSA in children.8 OSA prevalence in 

children is accounted to be around 1 to 4 %.8 Only the physician can diagnose OSA. However, the 

dentists have an important role in screening for sleep disorders breathing, applying, and managing 

oral appliances when indicated.8  

1.4    Evaluating upper airway dimensions   

1.4.1   2D Cephalometric radiograph  

 

The two-dimensional (2D) cephalometric radiography favours the craniofacial morphology 

and growth 2D analysis.15 However, even though there are two possibilities of this type of radiog-

raphy, which are the lateral cephalometric radiographs and the postero-anterior cephalometric ra-

diographs, there is limited information of the mediolateral oropharyngeal airway dimensions that 

does not enable reliable information on the volume and minimal cross-sectional area (MCA).8,15 

The 2D re-presentation of a three-dimensional (3D) structure incurs in distortion, differences in 

magnifications, projective displacements, rotational errors, and superimposition of the bilateral 

craniofacial structures.16–19  

1.4.2   Magnetic Resonance Imaging (MRI) 

 

 MRI uses a magnetic field to manipulate hydrogen ions presented in the body creating static 

and dynamic 3D images.20,21 MRI has high tissue contrast, high sensitivity, and specificity for the 

generated images.21 The volumetric MRI approach enables the acquisition of volumetric data of 
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organs and systems, allowing quantitative information of some airway risk factors.21,22 The MRI 

has a high accuracy for soft tissue representation. However, cost and accessibility are the disad-

vantages of this imaging technique. 

1.4.3   Nasopharyngoscopy 

 Nasopharyngoscopy is a non-radiation exposure minimally invasive exam; it uses a flexible 

tube to evaluate airway lumen and obstruction.2 It is mostly used by Ear Nose and Throat (ENT)  

specialists to analyse nasal passage, pharynx and vocal cords.2 It can be performed in the supine or 

sitting positions; during wakefulness and sleep.2 However, no estimation on dimensions can be 

made.23 

1.4.4   Rhinomanometry 

 

 Rhinomanometry evaluates nasal flow and pressure using pressure transducers and minia-

turised technology.21 However, it cannot identify the likely position of obstruction.23 

1.4.5   Acoustic rhinometry (AR) 

 

It is a non-invasive technique for assessing airway cross-sectional area as a function of 

airway distance.4 It is based on the study of the sound wave reflected from the respiratory tract.2 

The acoustic reflection combines the determination of upper airway patency using Rhinomanom-

etry for nasal airway and pharyngometry for pharynx; both are connected to a monitor which dis-

play cross-sectional area and volume at different points of the airway.21,24 This method do not use 
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ionising radiation exposure.21 Easily available for ENT, but not a commonly assessable tool for 

orthodontists. 

1.4.6   Nocturnal Polysomnography (nPSG) 

 

 The nPSG is considered to be the gold standard for evaluation of sleep, pulmonary sleep 

medicine, and neurology.14 The Polysomnography (PSG) is composed of three main measures: 

electroencephalography, electromyography, and electrooculography, respectively the analysis of 

brain, motor, and eye activities.14 Additionally, other electrophysiological measures are gathered: 

electrocardiograms and nasal/oral airflow.14  Those measurements are complementary; the electro-

encephalogram (EEG) is the core of the PSG with the measurement of the electrical activity of the 

brain14. “EEG is a continuous variance in voltage over time where the source potential for the 

voltage is derived from the slow potential activity of the dendrites and somas residing within the 

first three layers of the cortex.”14 The fifth stage of sleep (the so-called third stage of consciousness) 

cannot be accurately observed through the EEG; at this stage, the rapid eye movements and the 

absence of muscle tone are two important characteristics, for this reason, the electrooculography 

(EOG) and the electromyography (EMG) measures are essential.14 The measure of respiratory 

function is complex because this appraisal depends upon airflow, respiratory effort, and degree of 

arterial blood oxygenation.14 In the case of oral/nasal airflow, the measurement occurs based on 

the temperature changes of air inhaled and exhaled.14 The changes in temperature modulate the 

conductivity of an exogenous voltage generated by crossing different metals within a small sen-

sor.14 The cooler air makes the metals conduct more signals; warmer air makes it conduct fewer 

signals, then an oscillating voltage is created.14 To measure the respiratory effort, the expansion 
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and contraction of the chest inflect the conductivity of an exogenous voltage through an elastic full 

of metal particulate. With the movement of the chest, the metal particles pull apart, and the signals 

turn to be less when the metal particles draw near, there is more signal passing, it creates an oscil-

lating voltage.14 The blood oxygenation or oximetry measurement occurs with a photosensitive 

sensor being placed in one side of a highly vascularized area (usually ear lobe) and a light beam is 

applied on the other side.14 This process allows the light to pass through the tissue to be measured. 

The light signal is transformed into a voltage. 14 The more light passes, the more oxygenated the 

blood, then an oscillating voltage is produced.14   

 nPSG is the gold standard exam for OSA’s diagnostic purposes, both in children and 

adult.8,25 However, there is a variation on the interpretation of the PSG results and the criteria for 

the definition of OSA in children.26 IN children the protocol for OSA diagnosis varies from ≥ 5 

AHI; at least one event of, at least two respiratory cycles’ duration, per hour of sleep; or 1-5 

AHI/hour as mild, 5-10 AHI/hour as moderate and ≥ 10 AHI/hour as severe.4,8,13 

1.4.7    Home sleep apnea testing (HSAT) 

 Due to the fact that in-lab PSG are expensive, often not readily available and have the in-

convenience of spending the night in the lab; the home sleep apnea testing is a possibility to eval-

uate sleep-breathing disorders.27 The HSAT is a well-accepted exam when evaluating adults for 

the sleep-breathing disorder, however, a good correlation to PSG results is controversial and prob-

lems with sensitivity and specificity have been reported.8,27 However, in children the results have 

not demonstrated a good correlation as in adults; both single channel (type 4) and 4-7 channels 

(type 3) studies have shown a poor correlation to PSG results in .27–29 
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1.4.8   Computed Tomography (CT) and Cone Beam Computed Tomography (CBCT) 

 

The CT was first developed in the 1970s revolutionizing how imaging exams allowed the 

3D visualization of body structures.17 CT uses a fan beam transmitting the radiation in the form of 

a helix or spiral, producing the images by slices, while the CBCT.17 However, the high cost and 

high radiation dose made the use of CT to craniofacial imaging limited.17 In the late 1990s, the 

CBCT was created using a beam in the shape of a cone, enabling the capture of the images with 

one or two rotations, decreasing radiation and time to scan. 17,30,31 The CBCT scan produces mul-

tiple consecutive planar images.31,32  

The CBCT scan allows the diagnostic and morphometric analysis of hard and soft tissue 

and may be used to assess the airway and surrounding structures, only when available at the 

dentist's office, to evaluate and monitor upper airway changes after orthodontic treatments.8 The 

2D visualization of the three planes (sagittal, axial and coronal) is possible and a 3D rendering 

volumetric model reveals all the craniofacial structures and anatomy details enhancing the evalua-

tion of dental, skeletal and upper airway anatomy.17 Some studies have validated the CBCT’s lin-

ear, angular, area and oropharyngeal volumetric measurement accuracy and reliability to examine 

airway.21,33–35 A recent systematic review evaluating CBCT reliability to analyse upper airway 

concluded that the upper airway dimension acquisition may vary depending on the experience of 

the examiner; the oropharynx dimensions had the less variability on the results and the higher reli-

ability.36  Even though it is an acceptable method for upper airway analysis, no radiographic exam 

presents a  high enough sensitivity and sensibility to be used alone as a risk assessment tool for 

OSA as it does not give information on neuromuscular tone, collapsibility trend and upper airway 
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function.8 One other limitation is the fact that imaging is done in a standing position which does 

not enable the analysis of the upper airway in a supine position which simulates the body sleeping 

position.8 Also, CBCTs are not a good exam to evaluate soft tissue.  

 The difference in radiation dose between CT and CBCT is significant, depending on sev-

eral factors as the field of view (FOV), milliamperage seconds (mAs), peak kilovoltage (kVp), 

beam filtration, and the number of images.17,37 The radiation dose from a CBCT is higher than the 

conventional intraoral radiograph or a panoramic, although lower than the CT. 17,37 The dose is 

dependent on equipment type and exposure parameters.37 

        

Figure 1: Representation of (A) CBCT and (B) CT and differences between them. (Kapilla, 2014 and Miracle and 

Mukherji, 2009)17,38 
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1.5   CBCT segmentation software 

 The CBCT image acquisition requires software to convert the Digital Imaging and Com-

munications in Medicine (DICOM) files into 3D volumetric data; this process is called segmenta-

tion.39 The segmentation can be manual or automatic/semi-automatic.39 In the manual, the segmen-

tation is made slice by slice prior to allow the software to merge into a 3D model.39 In the auto-

matic/semi-automatic, the examiner places the boundaries and defines the grey-levels, and then the 

software builds up the volume.39 The manual processing is time-consuming when compared to the 

automatic/semi-automatic; however, studies have demonstrated that manual segmentation is more 

accurate than automatic/semi-automatic segmentation.39,40 Some examples of manual software are 

OrthoSegment (Developed by the Orthodontic department at Case Western Reserve University, 

Cleveland, Ohio) and ONpharynx. Examples of automatic segmentation software are Dolphin 

(Dolphin Imaging & Management Solutions, Chatsworth, California), InVivo (Anatomage, San 

Jose, California), Mimics (Materialise, Leuven, Belgium), INTAGE, InsightSNAP (Cognitica, 

Philadelphia, PA), OnDemand (CyberMed, Seoul, Korea), 3dmdVultus (3dMD LLC, Atlanta, 

Georgia). El and Palomo tested various software and concluded that among others, InVivo and 

Dolphin were reproducible.41 Another study showed that the manual segmentation is more accurate 

and reliable to evaluate upper airway following Le Fort III osteotomy.42  

1.6   Maxillary constriction correction and its effects on airway 

1.6.1    Maxillary expansion  
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 The maxillary expansion is an orthodontic or orthopaedic treatment largely necessary in the 

correction of unilateral or bilateral crossbite, transversal constricted maxilla, and increase of dental 

arch perimeter.43 Moreover, according to McNamara, not only the presence of crossbite indicates 

a narrow maxilla, but also a narrow maxillary intermolar distance without crossbites can imply the 

need for maxillary expansion.44 Even though the primary aim of the maxillary expansion is to open 

the mid-palatal suture, studies have shown that the results of maxillary expansion come from skel-

etal expansion, alveolar bending and dental tipping.45–48 The amount of those effects will depend 

on the type of appliance used to expand the maxilla. Maxillary expansion can be achieved by or-

thopaedic appliances, orthodontic appliances, and maxillofacial surgery.49–51 Early diagnosis may 

favour early correction with orthopaedic appliances.45 Since there is an increase in the palatal 

width, several studies have been evaluating the changes in airway dimensions, nasal width, and 

decrease in airway resistance.52–56 

  It has been shown that, anatomically, the nasal cavity increases in width after rapid maxil-

lary expansion and can present a reduced air resistance.23,57–62 However, there are controversies on 

clinical significance.45  

1.6.2    Types of appliances 

 

In general terms, there are four different methods to manage the transversal maxillary con-

striction: Slow maxillary expansion (SME), Rapid maxillary expansion (RME), surgically assisted 

maxillary expansion and fixed orthodontic wires. Among them, there are numerous treatment types 

and different appliances to correct the transversal constricted maxilla, mainly the decision between 

them is based on the patient’s age/skeletal maturation.45  
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Orthopaedic appliances 

 The SME and RME are orthopaedic treatments. Usually, SME is used in early-aged chil-

dren with primary or mixed dentition. The appliance of choice is banded continuous wire expanders 

such as Quad helix, while RME in older children and teenagers have banded jackscrew expanders 

such as Hyrax or Haas.45 Among the various types of RMEs, the Hyrax is one of the most common 

orthopaedic appliances. Several studies have shown an increase in the nasal volume after RME,63–

65 and some studies have demonstrated oropharyngeal volume increase after the use of Hyrax to 

expand the maxilla,60,62,66 although there were negative results for the increase of oropharynx after 

maxillary expansion using Hyrax.65,67 

Orthodontic appliances 

 The orthodontic alignment can manage less severe cases of maxillary constriction. The Da-

mon self-ligating system is an orthodontic philosophy that is also used to fix transversal discrep-

ancies.68 According to proponents of Damon philosophy, considerable expansion can be achieved 

in the buccal segments, producing a broader arch form.68–70 Atik and Ciger concluded in their study 

that despite the absence of an active expansion appliance in the Damon group studied, an increase 

of the intermolar width similar to that in the conventional group using a quad-helix appliance em-

phasizes that the Damon system can expand the dental arch without using an auxiliary expansion 

appliance before fixed appliance therapy.68 

1.7    Statement of the problem 

 Since the orthodontist has regular contact with children and knowledge on craniofacial 

growth and development, the screening for children at high risk of sleep-breathing disorders, more 
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specifically OSA, is important, and in selected cases, if indicated by the leading physician, the 

orthodontist can contribute as part of the multidisciplinary team to manage OSA children.8,71 The 

orthodontic treatment planning should be focused on the occlusion and skeletal discrepancy cor-

rection; however, the primary correction may contribute to the decrease of upper airway resistance 

as suggested in some studies after maxillary expansion and mandibular advancement.8,60,62  

 After maxillary expansion, the separation of the maxillary halves occurs followed by the 

separation of the nasal walls and lowering of the palate vault.72 The transverse changes in the max-

illary halves and consequently on the nasal walls after the maxillary expansion procedure seems to 

be directly related to the nasal cavity dimensional changes.72–75 Better tongue position and stimulus 

for normal positioning of the mandible after the maxillary teeth repositioning are also described as 

a result of maxillary width expansion.54 A hypothesis has been described as a reason for oropha-

ryngeal changes: the “new” position of the tongue after maxillary expansion with more room in the 

oral cavity could be related to increases in the oropharyngeal retroglossal space76. In addition, the 

widening of the mandibular arch following the new maxillary posterior teeth position could in-

crease the retropalatal space.  

Several studies have shown an increase in the nasal cavity dimensions after RME; however, 

only a few studies have evaluated dimensional oropharyngeal changes after the maxillary con-

striction correction using RME.61,76–79 Moreover, among them, the results vary widely. Addition-

ally, the Damon System philosophy proponents claim the effectiveness of this system in expanding 

constricted maxillary arches. This claim has not been explored enough yet. Based on that, we aim 

to evaluate and compare oropharyngeal volumetric and minimum cross-sectional area changes after 
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maxillary expansion using either Hyrax or Damon System and correlate the results with a ques-

tionnaire to subjectively check on patients’ perceived breathing capacity. Furthermore, we wish to 

analyse the results by using two automated software for CBCT analysis. Reliability of the results 

will be done to appraise their reproducibility. 

1.8    Research question and Hypothesis 

The research questions for this study are: 

1- Are the examiners reliable to evaluate the oropharyngeal volume and minimal cross-

sectional area (MCA) using the software Invivo and Dolphin? 

2- Are there differences in the Oropharyngeal measurements between Invivo and Dolphin? 

3- Are there changes in oropharyngeal volume and the MCA between Time-point (T), T1, 

T2, and T3 in patients undergoing treatment with Hyrax significant? 

4- Are there changes in oropharyngeal volume and the MCA between T1, T2, and T3 in 

patients undergoing treatment with Damon Appliance philosophy significant? 

5- Are there differences in changes in oropharyngeal volume and MCA in patients under-

going treatment with Damon Appliance philosophy versus Hyrax significant? 

6- Are there significant perceived changes using NOSE questionnaire? 

The hypotheses are: 

Reliability: H01A: µ Examiner 1 (SG-C) = µ Examiner 1 (SG-C). 

Reliability: H01B: µ Examiner 1 (SG-C) = µ Examiner 2 (FA). 
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HO2: µ Invivo = µ Dolphin. There is no difference in the mean oropharyngeal volume and/or MCA 

amongst software. 

HO3: Hyrax treatment µ T1= µ T2= µ T3. In other words, there are no differences in the mean 

oropharyngeal volume and/or MCA amongst the different time points T1, T2, T3 in patients treated 

with Hyrax. 

 HO4 : Damon System approach treatment µ T1= µ T2= µ T3. In other words, there are no differ-

ences in the mean oropharyngeal volume and/or MCA amongst the different time points T1, T2, 

T3 in patients treated with Damon. 

HO5: µ Hyrax = µ Damon System approach. There is no difference in the mean oropharyngeal 

volume and/or MCA between treatments. 

H06: µ NOSE results before maxillary expansion = µ NOSE results after maxillary expansion. 

There is no difference in the mean NOSE answers before and after treatment. 
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Chapter 2: Rapid maxillary expansion effects to the upper airway dimension 

and function in growing patients: an umbrella review 

2.1 Introduction  

 The upper airway is part of the respiratory system and comprises a nasal cavity, oral cavity, 

and pharynx.1 Upper airway’s function includes air warming and humidification, defense against 

infection, protection from food aspiration, ventilation, swallowing, and speech.1 Upper airway vol-

ume variation after orthodontic treatment has been heavily studied, but still has several inconsist-

encies due to differences in methodology and a large number of orthodontic/ orthopaedic appli-

ances tested. 

Maxillary expansion is used to correct maxillary deficiencies commonly related to posterior 

crossbites and crowding.80 The most common technique used in mixed dentition is the rapid max-

illary expansion (RME)  with a tooth-anchor expander (Hyrax and Haas).80 After maxillary expan-

sion, the separation of the maxillary halves occurs followed by the separation of the nasal walls 

and lowering of the palate vault.72 Additional reported changes related to the maxillary expansion 

are stretching of the tensor palatine muscles and improving the drainage of Eustachian tubes, re-

ducing otitis media and conductive hearing loss.72,73 In addition to those changes, nasal permeabil-

ity may increase, and the nasal air resistance may reduce.72,74,75 RME has been associated to 

changes in upper airway dimensions; however, the extent of these changes, the long-term effec-

tiveness and the relationship between airway dimensional changes and breathing capacity is still 

controversial, especially those changes related to the oropharynx portion.54,81–84  
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 Different methods for evaluating the upper airway dimensions and function are available, 

although each has its advantages and drawbacks.84 The CBCT allows the rendering of the volume 

in 3D view, permitting the assessment of airway dimensions, linear and angular measurements. 

Although it has a higher radiation dose than the cephalometric radiographs, CBCTs are more ac-

curate than 2D images.85 With the acoustic rhinometry is possible to gather volumetric and cross-

sectional area data from reflected signals, however, this method is commonly used by ENTs but 

not by orthodontists. The PSG gives information on the airway function throughout the AHI. 

There are several types of reviews, one of them is the umbrella review used in cases of the 

evidence of a topic should be compiled from multiple reviews. The umbrella review focuses on 

highlighting reviews that address interventions and their results for a specific condition.86  In this 

sense, since there are numerous published systematic reviews addressing the RME and its associ-

ations to the upper airway dimensional changes, we intend to map and summarize the research 

findings on the upper airway function and dimension. As well as outline the methods used to eval-

uate the upper airway across the systematic reviews and also to identify potentially complementary 

approaches on the topic. 

2.2 Methods 

2.2.1 Protocol and registration 

 The Preferred Reporting Items for Systematic Reviews and Meta-Analysis Protocols 

(PRISMA – P) was used as a guideline for the methodological approach of this study.87 In addition, 

the layout of this study was based on the PRISMA checklist.88 
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2.2.2 Eligibility criteria 

 Systematic reviews in which RME treatment outcomes in children and adolescents were 

evaluated in regard to upper airway dimensions or function were included in this umbrella system-

atic review. Studies that investigated upper airway changes using 3D images (CBCT, CT, MRI), 

acoustic rhinometry, rhinomanometry, polysomnography correlated to RME were included. Since 

the focus of this study is RME, studies on expansion using palatal anchorage with miniscrews 

surgically assisted maxillary expansions were excluded, as well as studies including syndromic 

patients. No limitation of time or language was imposed.  

2.2.3 Information sources 

 To identify likely compatible papers related to our inclusion criteria, the following 

databases were searched: Cochrane, EMBASE, Medline, and PubMed. Also, a hand search was 

carried out. The search was conducted in April 2018, and an update was carried through a year 

later, in April 2019. The search results were exported to Rayyan Software (Qatar Computing Re-

search Institute, Doha, Qatar)89 in which the duplicates were excluded. (Figure 2.1)   

2.2.4 Search  

The final search strategy is displayed in Appendix 1, it shows the search strategy and trun-

cations for each database. Terms used for the search were: airway*, Damon, expan*, hyrax, maxil*, 

nasal cavity, naso-pharyn*, nasopharyn*, nose, oro-pharyn*, oropharyngeal, palat*, palatal expan-

sion technique, pharyn*, pharynx, rme, rapid maxil* expan*, systematic, review. Those terms were 

adapted to each database and are included in Appendix 2.1. 
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2.2.5 Selection of sources of evidence 

 The studies were evaluated by two reviewers (SGC and KH) independently screening titles 

and abstracts using a web-based citation management program (RefWorks, ProQuest LLC; and 

Rayyan, Qatar Computing Research Institute, Doha, Qatar). The articles were screened by full text 

in the second phase by the same two reviewers, in case of disagreement a third reviewer was con-

sulted (CPP).  

2.2.6 Data charting process and Data Items 

 The data were extracted by the first examiner (SGC) and checked by the second examiner 

(KH) charted from each article, and the key features were listed: authors, country, year, type of 

appliance, the area of the airway evaluated, modalities of evaluation (e.g. volume, minimum cross-

sectional area, Apnea/Hypopnea Index, Oxygen saturation), type of test to assess airway changes, 

main results (Table 2.1). In addition, the data included in each systematic review were summarized 

in Table 2.2. 
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Figure 2.1: Flow chart  of literature search 
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2.2.7 Critical appraisal of individual sources of evidence  

The assessment of the methodological quality of each systematic review was executed us-

ing the AMSTAR 2 tool. Differently, from the first version of AMSTAR, this tool does not generate 

an overall score. Instead, the second version focuses on critical and non-critical weaknesses.90 The 

high-quality study receives “no or one non-critical weakness; this way,  the systematic review 

provides an accurate and comprehensive summary of the results of the available studies that ad-

dress the questions of interest.”90 Moderate quality is given to the review that receives “more than 

one non-critical weakness: the systematic review has more than one weakness but no critical flaws. 

It may provide an accurate summary of the results of the available studies that were included in the 

review”.90 However, multiple non-critical issues may decrease certainty and would be convenient 

to decrease the quality of the study from moderate to low.90 Low quality are those having “one 

critical flaw with or without non-critical weakness: the review has a critical flaw and may not 

provide an accurate and comprehensive summary of available studies that address the question of 

interest”.90 And the studies assigned as critically low have “more than one critical flaw with or 

without weakness” leading to a study that should not be entrusted to have an accurate summary of 

the included studies.90  

2.2.8 Summary measures 

 The studies were evaluated regarding the volume and minimal cross-sectional area changes 

in the upper airway (nasal cavity, nasopharynx, oropharynx) and respiratory function (AHI). Also, 

the type of exams (CBCT, AR, nPSG) was assessed, as well as the type of RME and long term 

effects. 
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2.2.9 Synthesis of results 

 The studies where grouped according to the portion of the airway analysed, nasal cavity, 

nasopharynx, oropharynx, and hypopharynx; and described in terms of percentages or statistics 

according to each study.   

2.2.10 Risk of bias across studies 

 The risk of bias (RoB) across studies was evaluated comparing the differences across stud-

ies such as type of RME, type of exams and type of outcome. Also, a comparison of the RoB among 

individual reviews was assessed. 

2.3 Results 

2.3.1 Selection of sources of evidence 

 A total of 66 studies were found from the databases’ search. After managing duplicates 33 

studies were assessed based on the title and abstract, where 17 were excluded. The remaining 16 

reviews were screened by assessing their full text. The references of the included studies were 

screened for possible new inclusions. In the end, ten reviews were included in this umbrella review. 

The complete information regarding studies’ selection and inclusion are described in Figure 2.1. 

2.3.2 Characteristics of sources of evidence 

 The characteristics associated with the target group, number of articles included, main find-

ings, databases searched, type of appliance, a portion of airway analysed, type of evaluation and 
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tests or exams used to evaluate upper airway dimensions and function are summarized in Tables 

2.1 and 2.2. 

2.3.3 Critical appraisal within sources of evidence   

 The AMSTAR tool results showed Table 2.3 is divided into 16 questions and the results 

displayed into 4 possible categories; High, Moderate, Low and Critically Low quality of evidence. 

Only one systematic review was ranked with High quality of evidence72, one received Moderate 

ranting84; three were rated Low23,54,91; and five received a Critically low rating82,92–95. 

 The lack of a protocol registered was the most common critical domain across the studies. 

Although it is not possible to affirm the lack of register or if the information was not reported in 

the papers. 

2.3.4 Results of individual sources of evidence 

General information 

 Lee et al. analysed the pharyngeal changes after RME or protraction, but we focused only 

on the results related to RME alone.95 Di Carlo et al. evaluated the upper airway changes comparing 

CBCT protocols.91 Vale et al. evaluated the studies available examining patients with OSA treated 

with RME for posterior cross-bites, analysing the AHI rates after the RME treatment.93 Ortu et al. 

evaluated changes in oropharyngeal airway volume and MCA after the use of RME.94 Camacho et 

al and Huynh et al evaluated upper airway changes after RME in children diagnosed with OSA.54,82  
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1. Did the research questions and inclusion crite-

ria for the review include the components of 

PICO? 

Y Y Y Y Y Y Y Y Y Y 

2. Did the report of the review contain an explicit 

statement that the review methods were estab-

lished prior to the conduct of the review and did 

the report justify any significant deviations from 

the protocol? 

N N N PY Y PY PY N PY PY 

3. Did the review authors explain their selection 

of the study designs for inclusion in the review? 
N N N N Y N Y N Y N 

4. Did the review authors use a comprehensive 

literature search strategy? 
PY PY PY PY Y PY Y Y PY PY 

5. Did the review authors perform study selection 

in duplicate? 
N Y Y Y Y Y Y Y Y Y 

6. Did the review authors perform data extraction 

in duplicate? 
N Y Y N Y Y Y N Y N 

7. Did the review authors provide a list of ex-

cluded studies and justify the exclusions? 
N N Y N Y N Y N Y Y 

8. Did the review authors describe the included 

studies in adequate detail? 
N PY Y Y Y PY Y Y Y PY 

9. Did the review authors use a satisfactory tech-

nique for assessing the risk of bias (RoB) in indi-

vidual studies that were included in the review? 

N Y PY Y Y Y N N Y Y 

10. Did the review authors report on the sources 

of funding for the studies included in the review? 
N N N N N N N N N N 

11. If meta-analysis was performed did the re-

view authors use appropriate methods for statisti-

cal combination of results? 

NA Y Y NA Y Y Y NA NA NA 

12. If meta-analysis was performed, did the re-

view authors assess the potential impact of RoB 

in individual studies on the results of the meta-

analysis or other evidence synthesis? 

NA N N NA Y Y N NA NA NA 

13. Did the review authors account for RoB in in-

dividual studies when interpreting/ discussing the 

results of the review? 

N N N Y Y Y N N Y N 

14. Did the review authors provide a satisfactory 

explanation for, and discussion of, any heteroge-

neity observed in the results of the review? 

N Y Y N Y Y Y N N N 

15. If they performed quantitative synthesis did 

the review authors carry out an adequate investi-

gation of publication bias (small study bias) and 

discuss its likely impact on the results of the re-

view? 

NA N N NA Y Y N NA NA NA 
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16. Did the review authors report any potential 

sources of conflict of interest, including any 

funding they received for conducting the review? 

Y N N Y Y Y Y Y Y N 

Result CL CL CL L H L CL CL M L 

Table 2.3: AMSTAR 2 critical appraisal tool for quality assessment 

 

Gordon et al. evaluated nasal dimensional changes through acoustic rhinometry after RME treat-

ment.23 Buck et al. described the volumetric changes in the upper airway after RME.72 

Upper Airway function 

 Camacho et al., Vale et al. and Huynh et al. evaluated the efficacy of RME in pediatric 

patients diagnosed with OSA.54,82,93 Their principal findings were a decrease of AHI after RME; 

improved mean oxygen saturation and lowest oxygen saturation after RME.54,82,93 Camacho et al. 

stated that RME could be a primary treatment option for children with small tonsils or the second 

option in patients who adenotonsillectomy failed and OSA persisted, in children with the con-

stricted maxilla.54 Nonetheless, according to Camacho et al, the patients with residual OSA after 

adenotonsillectomy and RME treatment could have considered oropharyngeal sites of collapsibility 

(epiglottis, supraepiglottis, and tongue base sites).54 The reduction in the obstruction could be a 

secondary factor associated with post-RME treatment such as an increase in nasal cavity size and 

consequently improve in the nasal flow; better tongue position after maxillary width expansion; a 

stimulus for normal positioning of the mandible after the maxillary teeth repositioning.54 An im-

mediate overall decrease of 70 % in the AHI was found with a reduction from a mean of 8.9 ± 

7/hour (h) to 2.7 ± 3.3/h after the treatment with RME; aside from two studies, the other 15 showed 

at least 50% reduction in AHI after the RME.54 According to Vale et al. the mean decrease rate for 
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AHI was 3.24 at a 95% confidence interval (CI) [0.34-6015].93 A more significant reduction on the 

AHI levels was seen in children with small tonsils or no tonsils.54 Regarding oxygen saturation, 

studies reported an improvement between 0.4% to 5.7% in the mean oxygen saturation and a 9% 

improvement of lowest oxygen saturation.54 Nasal flow increase was also reported (p<0.05).84 Alt-

hough all the results mentioned above, one author stated that it is possible that part of the results is 

related to growth and spontaneous remission of OSA.54  Huynh et al. reported a high heterogeneity 

(I2=98.4%, p<0.001) as well as Vale et al. (I2= 98.02%, p<0.0001 for AHI improvement, and 

I2=95.53% P<0.0001 for AHI normalization).93 According to them, likely due to the fact that there 

were just a few studies included and they were from a few research author groups.93 Although RME 

can influence positively in the breathing capacity of patients with OSA, RME treatment is an aux-

iliary method93 and should be used only when orthodontically indicated8. 

Upper airway dimensional changes  

Alyessary et al. showed that most of the results pointed for an increase in the anterior nasal 

cavity area, from pre to post-treatment (11.7%), post-expansion to post-retention (22.2%) and pre-

expansion to post-retention (35.7%).92 Similar results were found in the middle and posterior nasal 

cavity areas (10% and 15% respectively).92 Nasal width increase was found in several studies, its 

volume was reported to have increasing dimensions after RME treatment.67,79,91There was also an 

increase in the nasal volume reported (11.3%).92 Lee et al. reported changes in the nasal passage 

airway volume (p=0.004).95 However, no changes were seen in the lower airway and the airway 

below the palatal plane (p>0.05) in the same study.95 Gordon et al results showed an increase in 

the nasal volume and minimal cross-sectional area (MCA); one study demonstrated MCA increase 

after RME in two groups, one before the pubertal growing peak and the other after the pubertal 
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growing peak.23 However, a higher decrease in the MCA saw after the retention phase in the group 

after the pubertal growing peak.23 Overall Buck et al found the total airway volume increased; 

when evaluated via AR studies showed a statistically significant increase in nasal volume 

(p<0.001) with 2 mm3 to 6 mm3 increase.72 They found an increase in the velopharynx, nasophar-

ynx, oropharynx and hypopharynx volumes; however, there was a decrease in the remaining vol-

ume gain after the retention when compared to the volume results right after the expansion in the 

nasopharynx and oropharynx.72 Regarding oropharynx, one study found differences in oropharyn-

geal volume, however those changes were not statistically significant, but another study showed a 

statistically significant increase in oropharyngeal volume after RME.62,79 Conversely, one study 

showed a decrease in the oropharyngeal volume although not statistically significant,67,91 and other 

three studies found no differences in the oropharyngeal volume.60,61,76,91 Out of five studies ana-

lysed by Ortu et al., two did not find changes in the oropharynx volume after RME; the other three 

found increases, one in the retropalatal cross-sectional area, one in the retropalatal plane, and one 

in oropharyngeal volume.94 One author stated that the improvement of airway ventilation was re-

lated to the “new” lower position of the tongue.76,91 The reduction of upper airway resistance was 

linked to the changes in the nasal valves, the widening of the nasopharyngeal cavity, and the in-

crease in the total airway volume.92 Baratieri et al. noted through their study a moderate level of 

evidence showing that RME increases nasal cavity width and posterior nasal airway was found 

according to the quality of evidence tool assessed.84  

Long-term effects 

 An overall decrease in AHI results after RME treatment was described by Huynh (p=0.005 

from baseline to follow up of 6-12 months in one study, and p=0.046 from baseline to follow up at 
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10-16 months in another study).82 Baratieri et al. evaluated the long-term effects of RME on upper 

airway dimensions.84 They stated an indication of the stability of the results for at least 11 months 

after the treatment with RME, although one study concluded that there was stability up to five 

years.84 

Type of RME 

 Hyrax,84,91 Haas,84,91 were used in the studies included in each systematic review. Some 

studies also reported as banded91 or bonded84,91. The most common reported activation protocol 

was two turns a day.84 However, some authors described poorly the type of appliance. Huynh’s 

description of studies was limited; there was no information on the type of appliances used, only 

vague descriptions such as “fixed”, or “in situ” or “ex-situ”.82 All the articles evaluated by Vale et 

al reported the use of banded RME appliances.93 Alyessary et al., Lee et al., Ortu et al and Camacho 

et al. did not mention the type of RME used in the included articles.54,92,94,95 

Type of exams 

The reported exams used to appraise the breathing capacity were Polysomnography, Acous-

tic Rhinometry (AR),84,92,96and Rhinomanometry.84,92 The upper airway dimensional changes 

where assessed with either CBCT,84,91,92,94,95 CT,72,92 or MRI.92  

2.3.5 Synthesis of results 

 Ten systematic reviews were included in this study, all of them were written in English and 

published between 2009 and 2019, although no restrictions to language nor year were considered 

as inclusion/exclusion criteria. One study was from the United States, Portugal, and Italy54; one 
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from Malaysia and Singapore92; one from Brazil84; two from Canada82,96; one from Taiwan95; one 

from Portugal93; one from a group from Australia, Germany, and Greece72; and two from Italy91,94. 

Out of the ten systematic reviews, three studies focused on patients with OSA, for the others OSA 

was not an inclusion criterion.54,82,93 The reviews were critically appraised for quality of evidence 

using the AMSTAR 2 tool90; the results showed only one72 systematic review scored High quality 

of evidence. From the included systematic reviews, it was possible to retrieve 53 articles in total 

that studied upper airway changes after orthodontic treatment using RME in patients with a con-

stricted maxilla (bilateral or unilateral cross-bites). In total, 53 studies included evaluated different 

areas of the upper airway, 19 of them reported results related to breathing capacity, two related to 

the oral cavity or the palatal volume, 29 related to the nasal volume, 11 related to the nasopharynx 

and 9 related to the oropharynx The mean age of the accessed patients was from 5.9 to 14 years 

old. The overall conclusion that can be reached is that an increase in the nasal cavity volume, a 

decrease in airway resistance and decrease in AHI are usually observed after the treatment with 

RME. Nasopharyngeal volume and minimal cross-sectional area increases were shown with seven 

articles claiming an increase after RME and three claiming no change appeared.  The major uncer-

tainty on the results was left to the oropharynx where three studies reported an increase in the 

oropharynx, four reported no changes and two reported a decrease in oropharynx after RME treat-

ment.61,62,67,76–79,97,98 

The most common appliance used for RME amongst the 53 articles included in the system-

atic reviews analysed in this study was the Hyrax.72,84,91 However, besides Baratieri, Gordon, Buck 

and Di Carlo that described all the types of appliances used under the nomenclature RME, the other 

studies only labeled RME or bonded or banded RME.23,54,72,84,91   
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Alyessary et al. complained about the lack of information regarding relapses across the 

studies analysed; conversely, Camacho et al. highlighted one study in which the results showed 

relapses after 6.5 years related to AHI and skeletal changes associated with narrow palate and 

overjet.54,92 Also, Baratieri reported findings on the long-term effects of RME on the upper airway, 

showing at least 11 months of stability; although one study described up to 5 years stability.84 

Risk of bias across studies 

A large number of dissimilarities were seen across the studies. The studies differ in regards 

to the portion of the airway analysed, which could be interesting to have results focused in just one 

area.94 On the other hand, the boundaries delimited across the included studies in each review for 

times were different. The retropalatal plane described in one study was at the same anatomic bound-

ary as the nasopharyngeal space of another included study and was the same boundary of the oro-

pharyngeal space in another. This discrepancy leads to uncertainties among the results.  

In addition, the differences in types of exams turn the comparator factor impossible; it is 

not possible to compare the dimensional changes found through AR to those found in CBCT. The 

lack of more studies evaluating the long effects of RME on upper airway still leads to skepticism. 

The main RoB problem within studies was the lack of a registered protocol, sometimes the 

authors mentioned there was a protocol, however, there was no registration number. Only two 

studies reported a previous plan for the meta-analysis and investigation of the heterogeneity 

causes.54,72 Four studies did not describe in detail the studies included.23,54,92,95 

2.4 Discussion 
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2.4.1 Summary of evidence 

The objective of this umbrella review was to summarize the findings on the effect of the 

RME on the upper airway. Methodological flaws and differences do not support the comparison 

between some results, moreover, can lead to inaccuracies; especially concerning the boundaries 

and nomenclatures nasopharynx, oropharynx, and retropalatal pharynx. 

The finding on the increase of nasal cavity volume after RME treatment seems to be con-

sistent and reported by several articles.23,72,82,84,91,92 Overall the results showed an increase in the 

nasal cavity of 5cc or 10-12%.72,91,95,99 Supporting articles associated these volumetric changes to 

decreases of nasal resistance and normalisation of AHI,54,82,93 showing reduction on AHI the results 

ranging from a decrease of 8% to 95%54,91,93,96. However, caution is needed because is it not pos-

sible to automatically imply breathing function improvement only by AHI. In regards to nasophar-

ynx dimensional changes, several studies have found increases in volume and/or MCA, demon-

strating increases of up to 29%.70,72,77,91,97,100 On the other hand, fewer studies have evaluated the 

effects of RME in the oropharynx and the results are controversial: three studies reported an in-

crease (retropalatal plane; retropalatal airway and oropharyngeal sagittal and axial area), four stud-

ies reported no changes and two studies reported decreases of oropharynx dimensions.61,62,67,76–

79,97,98  

In general, the heterogeneity was found high91,93,95, although not all the systematic reviews 

have performed the meta-analysis. The systematic reviews that evaluated upper airway dimension 

were rated with a high level of evidence;72 moderate level of evidence84, low level of evidence23,91 
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and critically low level of evidence92,94,95. The reviews that analysed AHI were scored with criti-

cally low82,93 and low54quality of evidence. Although the review of Huynh et al was fully organized 

and complete, they did not report and discuss the risk of bias individually, for this reason, according 

to AMSTAR 2 tool their rating dropped off to the critically low quality of evidence.82 

An increase in the palatal volume may be related to a better repositioning of the tongue 

posture, increasing the airway space in the oropharynx level.72,101 The tongue might be positioned 

closer to the roof of the palate, displacing the tongue away from the oropharynx, possibly leading 

to a more consistent nasal breathing.81 However, caution is needed to correlate findings in this 

sense because the difference in tongue position can be related to swallowing or breathing phases 

during the CBCT exams when children are being imaged; even when the radiograph technician 

uses a strict protocol, tongue movement is not unlikely to occur.91 

The transverse changes in the maxillary halves and consequently on the nasal walls after 

the maxillary expansion procedure seems to be directly related to the nasal cavity dimensional 

changes.72–75 Furthermore, these changes might be related to the findings on reduced nasal re-

sistance and normalization of AHI.81 Based on linear measurements, Lagravere et al. reported in a 

systematic review that the transverse maxillary statistically significant changes were nasal cavity 

width (intercondylar width) and inter-alveolar width.102 Concerning vertical changes, the statisti-

cally relevant were changes in the mandibular plane with respect to the palatal plane and SN plane 

were relatively minor (1.65 and 1.97 degrees respectively).102 However, some studies have found 

no significant changes in the transversal skeletal width, although they found changes in the trans-

versal molar and pre-molar width, suggesting dental tipping.102 While others have supported sig-

nificant transversal findings, important increases to the maxillary alveolar width were found, but 
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the clinical significance is still questionable.102 Non-significant anteroposterior skeletal changes 

were found (p>0.05), but significant (p<0.05) vertical changes were confirmed in the mandibular 

plane angulation, however, those findings may not be clinically significant.84,102 

Regarding the examination types, the polysomnography exam gives a reliable and objective 

finding concerning the nocturnal breathing capacity. However, since RME anatomical changes 

might occur in different upper airway levels, it is impossible to know to which part of the upper 

airway the changes are related to. The AR is an interesting exam that gives cross-sectional area and 

volume of the nasal cavity and pharynx through the reflection of sound waves. Nasal decongestants 

can be used to remove pathological constriction effects and acute inflammation.23 But it is also not 

possible to know which part of the upper airway has increased in regards to RME effect. Both 

polysomnography and AR need special equipment and the analysis by an ENT. The CBCT gives 

an objective measure related to volume and MCA area that is easily comparable to different time-

points measurements in case of rigorously repetitive scanning conditions; however, different pro-

tocols of head position, threshold, and type of software to analyse the data may result in conflicting 

results. Additionally, CBCT’s have limitations regarding soft tissue analyses. 

Few studies evaluated long-term effects of RME on upper airway dimensions; one of them 

implied higher stability on a group of adolescents if RME was done before the pubertal peak of 

growth.23 The higher stability in the group treated before the peak of growth could be related to 

less palatal suture calcification at the time of expansion and a lower resistance against the expan-

sion forces.81 In agreement with stability results, Pirelli et al found the RME results to be stable 

after 12 years in a group of children diagnosed with OSA.103 Additionally, the long-term effect is 
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not an easy matter of debate considering the Scammon growing curve and craniofacial growing,  

the different ages are going to address the long-term effects differently.  

 

  

                              

Figure 2.2: Anatomy of the Eustachian tube from https://wd.vghtpe.gov.tw/ent/files/002.pdf and http://www.uptodate.com/con-
tents/image?imagekey=PC/70595&topickey=PC%2F14608&source=outline_link&search=patulous+eustachian+utdPopup=true 

 

 

During craniofacial growth, the nasopharynx volume can reach rates of up to 80% of in-

crease.6 Hence, not only the orthodontic treatment can influence the size, but Scammon curve re-

lated lymphoid tissue growth will influence the relative upper airway dimensions at the oro- and 

https://wd.vghtpe.gov.tw/ent/files/002.pdf
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Figure 2.3: Scammon curve 

nasopharyngeal levels as well.9 The lymphoid (tonsils and adenoids) masses increase fast during 

the early ages, with a slower development after that, a peak before adolescence and a decrease to 

adulthood (Fig 2.2).6,9 Therefore it is possible that the increase in the nasopharyngeal airway is 

related to the spontaneous reduction of the lymphoid tissue due to age or normal craniofacial 

growth changes. 

 

 

 

 

 

 

 

 

 

 

On the contrary of a previous systematic review of systematic reviews on the same RME 

treatment and its effects on upper airway subject, we decided to include studies that focused on 
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sleep-breathing disorders’ patients and also those that were done in healthy patients.81 Due to the 

fact that we intended to summarise the finding around this area, and since those patients underwent 

to RME treatment, the results on pharyngeal and nasal dimensions, breathing capacity, AHI, and 

oxygen patency are extremely valid to be analysed. Since 2D imaging exams have been related to 

the superimposition of structures, magnification and low accuracy to visualise upper airway, we 

decided not to include studies based on lateral 2D cephalometric radiographs.15–17 

Camacho et al. reported the Body Mass Index (BMI) of the population sample of the in-

cluded studies; however, besides the number itself of the mean BMI, no comments were made in 

regards of BMI.54 Martinelli et al reported a high prevalence of OSA in a group of obese children, 

however, no correlation was found between BMI and the presence of OSA.104  

Limitation 

 The authors of this umbrella review acknowledge that one included study94 was not a sys-

tematic review, but a review. In these terms, that review missed information and methodological 

format commonly used in systematic reviews. Although the decision to include this study was 

based on the fact that it is a good review of the topic proposed by this umbrella review. 

2.5 Conclusion 

A massive amount of research has been published linking RME changes to an increase in 

the nasal respiratory capability, nasal volume and linear transverse enlargement.55,60–62,67,82,84 How-

ever, inconsistencies and disagreements between the included studies’ results especially on the 

oropharyngeal dimensional changes after RME, led to uncertainties about the real effect of RME 
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on the oropharynx region. In line with our proposal for this systematic review, more studies with 

improved methods on the oropharyngeal changes related to RME are necessary to try to understand 

the real effects of RME in the cited region of the pharynx. Although, according to some authors, 

RME can influence positively in the breathing capacity of patients with OSA54,82,93, RME treatment 

is an auxiliary method93 and should be used only when orthodontically indicated. 

 

 

 

Authors 

Year 

 

Mean age 

BMI (if reported) 
Effects of RME on airway 

Monini et al. 2009 7.8 y 
There was an improvement of nasal respiration in children 

via a widening effect on the nasopharyngeal cavity. 

Aloufi et al. 2012 14.2 y 
Positive effect on the upper pharyngeal airway. RME did 

not significantly improve the mode of breathing. 

Iwasaki et al. 2012 NR 

Improvement of nasal airway ventilation by rapid maxil-

lary the expansion was detected by 

computational fluid dynamics 

Iwasaki et al. 2014 NR 

The nasal airway ventilation conditions were improved 

and constriction of the pharyngeal airway less likely after 

RME 

Caprioglio et al. 2014 NR Increases in total airway volume 

Fastuca et al. 2015 8.9 y 

The upper, middle, and lower airway volumes, and oxy-

gen saturation significant increased. 

71% of AHI decrease 

Izuka et al. 

2015 
NR 

Significant gain in airway 

the volume of the nasopharynx and 

nasal cavity, and also in the anterior 

and posterior widths of the nasal floor 

Compadretti et al. 2006 9.5 y 
Increase in nasal width. Decreased nasal airway resistance 

and increased total minimal cross-sectional area using AR 

Enoki et al. 2006 NR 
Decreased nasal airway resistance but no a 

a significant change in minimal cross-sectional-area 

Doruk et al. 2007 13 y Increased nasal cavity volume evaluated with CT and AR 

Palaisa et al. 2007 11.5 y 
10% increase in the nasal area and nasal volume 

using CT 
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Oliveira et al. 2008 13 y 

A mean reduction of nasal airway resistance; and mean 

increases in total nasal volume analysed via AR without 

decongestant and model scanning and nasal valve area 

Haralambidis et al. 

2009 
14.5 y 

A significant average increase of 11.3% in nasal 

volume. 

Sex, growth and the skeletal relationship did not 

influence measurements 

Matsumoto et al. 2010 NR 
RME significantly increased nasal and maxillary width, 

but the nasal mucosal effects were subtler and not stable 

Görgülü et al. 2011 13.8 y 
12.1% increase was measured in nasal cavity volume 

evaluated through CT 

Langer et al. 2011 NR 
RME does not influence on the nasopharyngeal area or 

nasal airway resistance in long-term evaluation 

Cordasco et al. 2012 9.7 y 

Significant enlarge the dimension of the nasal cavity, and 

the increment is larger in the lower part of the nose and 

equally distributed between the anterior and the posterior 

part of the nasal cavity. 

Smith et al. 2012 

 
12.3 y 

Significant increases in nasal cavity volume and naso-

pharynx volume. No increase found in the oropharynx, 

hypopharynx, and maxillary sinuses. CT was used to eval-

uate the airway 

Itikawa et al. 

2012 
NR 

No effect on nasal resistance since the nasal bony expan-

sion is followed by a mucosal compensation 

Chang et al. 2013 

 
12.9 y 

No changes in retropalatal and retroglossal and total vol-

umes. Only the cross-sectional area of the upper airway at 

the posterior nasal spine to basion level significantly 

showed a moderate increase after RME 

Pirelli et al. 2015 
8.6 y 

BMI 22.7 ± 1.3 
95% AHI decrease, 16% improvement in LSAT 

Taddei et al. 2015 8.9 y 7.7% AHI Decrease 

Villa et al. 2015 
6.2 y 

BMI 19.9 ± 2.2 
51% Decrease in AHI 

Hosselet et al. 2010 12 y 55%AHI decrease 

Villa et al. 2014 
6.6 y 

BMI 18.8 ± 3.4 
52% AHI Decrease 

Miano et al. 2009 
6.4 y 

BMI 18 ± 3.5 
69% AHI decrease 

Villa et al. 2007 
6.9 y 

BMI 16.7 ± 3.6 
74% AHI decrease 

Marino et al. 2012 5.9 y 24% AHI Decrease 

Pirelli et al. 2012 
7 y 

BMI <24 
55% AHI Decrease, 11% LSAT improvement 

Villa et al. 2011 
6.6 y 

BMI 16.7 ± 3.6 
63% AHI Decrease, 2% LSAT improvement 
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Pirelli et al. 2010 
7.3 y 

BMI<24 
95% AHI decrease 

Cameron et al. 2002 11.8 y Increase in nasal width. 

Baccetti et al. 2001 12 y Increase in nasal cavity width. 

Zhao et al. 2010 

 
12.8 y 

Retropalatal differences found in oropharyngeal volume 

when comparing subjects with narrowed maxilla with 

subjects without narrowed maxilla 

Christie et al. 2010 9.9 y Increases on nasal width 

Zeng and Gao       2013 

 
12.7 y 

Statistically significant nasal cavity width and volume in-

crease, and Oropharyngeal decrease using CBCT 

Ribeiro et al. 2012 

 
7.5 y 

Nasal cavity increase and increase in oropharyngeal me-

dian sagittal area (p=0.01) and lower axial area (p=0.04) 

after RME. No change in nasopharynx volume. 

Pangrazio-Kulbersh et al. 

2012 

 

13 y 
Increase in the nasal cavity, and sinus volume, but no 

change in posterior airway volume using CBCT 

Baratieri et al. 2014 9 y Increase in nasal cavity width. 

Pirelli et al. 2004 8.6 y Changes in AHI, Arterial oxygen saturation; sleep quality 

Guilleminault et al. 2011 6.5 y 
Changes in AHI, Arterial oxygen saturation; Respiratory 

disturbance index 

Almuzian et al. 2018 

 

12.6 y 

"normal" BMI 

Statistically significant increase in nasopharynx volume 

and retropalatal oropharynx using CBCT 

Azaredo 2014 10.7 y No statistically significant changes in total airway volume 

Babacan et al. 2006 12.3 y 

Statistically significant increase in the nasal cavity vol-

ume of about 12.5% evaluated through AR 

without decongestant 

Cappelletti et al. 2008 9 y 
Statistically significant increase in nasal cavity evaluated 

through AR with a decongestant 

Darsey et al. 2012 13.8 y No changes in the maxillary sinuses 

Kabalan et al. 2015 14 y 
No significant changes in the nasal cavity after RME 

evaluated with AR 

Li et al. 2015 

 
12.1 y 

29.9% Increase in the nasopharyngeal volume evaluated 

with CBCT. No changes found in the 

oropharynx 

Manini et al. 2007 7.5 y 
Increase in the palatal volume evaluated with 

Photogrammetry 

Sokucu et al. 2010 12.4 y 
Increase in nasal cavity volume evaluated with AR with 

and without decongestant 

Bicakci et al. 2005 12.5 y 
Increase in the nasal minimal cross-sectional area. How-

ever, a decrease was seen after the retention phase 
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Iwasaki et al. 2013 

 
9.82 y 

Decreased intra oral airway volume, and increase the 

pharyngeal volume 

El et al. 2014 

 
14 y No significant change in oropharyngeal volume. 

NR- Not reported   

Table 2.2: Studies included in the systematic reviews 
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Chapter 3: Oropharyngeal dimensional changes following maxillary expansion: 

the methodology and reliability  

3.1 - Introduction 

As seen in chapter two, a great amount of research has been linking the RME to an increase 

in nasal respiratory capability, nasal volume, and linear transverse enlargement.55,67,84 However, 

inconsistencies and disagreements between studies’ results on oropharyngeal volumetric and cross-

sectional area dimensional alterations after RME lead to uncertainties about the real effect of RME 

on the oropharynx region. Moreover, the type of assessment used to evaluate the upper airway 

volume is essential to imply reliability to the results. When comparing the upper airway structures 

analysed via 2D and 3D image exams, the CBCTs show more accurate results due to the addition 

of mediolateral information of the oropharyngeal airway .8,105–107 CBCTs are somehow effective to 

assess the upper airway and surrounding anatomic structures and to evaluate and monitor upper 

airway changes after orthodontic treatments.8 The assessment of upper airway through CT or MRI 

is possible and trustworthy; however, their higher costs, higher radiation dose (CT) and restricted 

access limit their use.16 CBCT, when compared to MRI and CT, has lower cost, relatively less 

ionizing radiation than CT, and is easily available for the dentist.40,108  CBCT’s accuracy and reli-

ability have been studied and validated in several previous studies.34,35,39,108–110 3D images gener-

ated from CBCT reconstructions have been used to assess different craniofacial problems enabling 

hard and soft tissue diagnostic and morphometric analysis.5,8,111–113  

To build the 3D model, a software is required to convert the  DICOM files into 3D images.16 

The process of converting raw CBCT data into a 3D imaging its called reconstruction. The software 



43 

 

may use different types of craniofacial segmentation using CBCTs data: manual and auto-

matic/semi-automatic. The manual segmentation is more accurate, but also more time consuming 

due to the necessity to, slice by slice, delimitate the area to be included.39–41 On the other hand, in 

the automatic/semiautomatic method, the software automatically differentiates the air from neigh-

boring structures according to the grey values determined as the threshold.39 Two greatly used 

software for segmentation among orthodontists are Invivo (Anatomage, San Jose, California, US) 

and Dolphin (Dolphin Imaging & Management Solutions, Chatsworth, California US), both auto-

matic software considered semi-automatic tools to assess upper airway segmentation.39,40 

The accuracy validates a 3D analysis.16 Nevertheless, reliability appraisal is also important 

to analyze the measurement agreement and consistency of observers in a tested method,114 and to 

determine the reproducibility of the methodology16. To establish a high-quality methodology, inter-

examiner and intra-examiner reliability tests were performed. The research questions for this part 

of the study are: 

 Are the examiners reliable to evaluate oropharyngeal minimal cross-sectional area and vol-

ume using the Invivo and Dolphin software? 

 Are there differences in the oropharyngeal measurements between the Invivo and Dolphin 

software? 

3.2 - Methods 

 This project derived from an original study approved by the Health Research Ethics Board, 

University of Alberta number Pro00013379.  
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Using Walter et al recommendations for the sample size calculation and optimal parameters 

for reliability studies,114 the following parameters were used: α=0.05, β=0.2 (implying a power test 

of 80%), n=3 (number of replicates – number of repetitions), p0=0.7 (minimum acceptable level of 

reliability ) and p1=0.9 (expected level of reliability ). For those parameters, the sample size re-

quired was 12 subjects. Having stated that, for the methodology and reliability appraisal, the data 

consisted of 24 patients with unilateral or bilateral posterior cross-bites, 12 patients treated with 

Hyrax and 12 patients treated with Damon in the orthodontic clinic at the University of Alberta, 

Edmonton Canada. The inclusion criteria were scans from 11 to 17 years old patients.  

CBCTs were taken with the I-CAT New Generation machine (Imaging Sciences Interna-

tional, Hatfield, PA, USA) at 120 kVp, 7 mA and 8.9 seconds, 0.3 voxel size and 16 x 13 cm field 

of view (FOV).  Patients underwent imaging evaluation at 3 time-points: T1- before treatment, to 

receive evaluation and diagnosis on dental and craniofacial orthodontic discrepancies; T2- right 

after the maxillary expansion achieved (6 months from the start of treatment); and T3- after com-

pletion of treatment. All images were taken by one of the two radiology technicians, at the Radio-

logic clinic of University of Alberta following a standardized protocol for this study. The patients 

were instructed to stay still with natural head position, Frankfort Plane parallels to the horizontal 

plane, the patients’ head was stabilized with a strip to standardize the head and neck position and 

to prevent movements.  The patients were instructed to maintain the tongue right behind the upper 

central incisors and in maximum intercuspation. The images were stored as DICOM files and made 

anonymous for blinding purposes. The CBCT data was assessed through Invivo Software version 

6.0 (Anatomage, San Jose, California, US) and Dolphin Software version 11.95 (Dolphin Imaging 
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& Management Solutions, Chatsworth, California US). All imaging was taken for reasons not re-

lated to this specific study.  

3.2.1 Head orientation previous to measurement 

 To ensure the same position of images, thus minimizing errors while limiting the landmarks 

and calculating the volume and the minimal cross-sectional area, a standardized protocol was used 

to reposition the reconstructed DICOMs according to the head position as follows (figure 3.1): 

1-Frontal view: horizontal plane - right and left orbitale cephalometric landmark parallel to the 

horizontal plane;115 perpendicular plane - line crossing the projection of anterior nasal spine and 

pogonion. 

2-Lateral view: the Frankfurt plane (porion to orbitale) parallel to the horizontal plane115. 

     

        Figure 3.1: Head orientation previous to measurements 
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3.2.2 The measurements 

 A calibration protocol between examiners (S.G-C and F.A) consisted of a demonstration of 

the measurements to be made using Dolphin and Invivo Software. The protocol using Dolphin was 

to select the boundaries as described in Table 3.1, populate the selected area with “seed points”. 

Thereafter, the area was automatically filled out in pink by the software giving the volume in cc. 

The MCA tool was then enabled to permit the software to calculate it; two limiting lines were 

offered by the software to be placed in the desired area, then the software automatically produces 

the yellow cut representing the minimal cross-sectional area in mm2. To evaluate the oropharyngeal 

volume and MCA using Invivo, the software requires the examiner to place arrows along the de-

sired area and when clicking the end of the last arrow would permit the software to understand the 

lower limit. However, the delimitation by the software using solely this tool is not accurate to map 

the exact area desired. To correct the boundaries, double-clicking inside the first automated se-

lected area, lines on the top and bottom borders of the pharynx appears so the examiner can refine 

the boundaries. Then the Invivo software gives the volume and minimal cross-sectional area values 

in mm3 and mm2 respectively. To allow the comparison with Dolphin the volume values were 

converted to cc.  

After calibration, the examiners did the measurements independently. The measures made 

were oropharyngeal volume and MCA. Patients’ data were anonymized by the radiologic techni-

cian to avoid bias.  
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 The slice in the mid-palatal plane was chosen to insert the boundaries of the landmark (Ta-

ble 3.1 and Figure 3.2) to allow the software to evaluate the airway using the sinus/airway tool 

Figure 3.3 and 3.4.  

 

 

 

 

 

 

                                    

 

Figure 3.2: Landmarks and oropharynx delimitation: Basion, Posterior Nasal Spine, Cv3, and Hyoid 
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Anterior boundary 

 

Posterior boundary 
 

Superior boundary 
 

Inferior boundary 

Oropharynx Line extending from 

the posterior nasal 

spine (PNS) to the tip 

of the hyoid bone 

Line extending from 

the Basion to the 

inferior border of 

cervical vertebrae 

(CV3) 

Line extending from 

the posterior nasal 

spine (PNS)to the 

Basion 

Line extending from 

the inferior border of 

cervical vertebrae 

(CV3) to the supe-

rior/posterior tip of the 

hyoid bone 

Table 3.1: Oropharynx Boundaries116 

 

Measurements of oropharyngeal volume and minimal cross-sectional area (MCA) in pa-

tients’ CBCTs were made three times: at the initial records (T1), 6 months (T2) and at debond-

ing/end of treatment (T3). Inter and intra reliability was assessed using the Intraclass Correlation 

Coefficient (ICC). The ICC was performed using 12 patients of each group (Damon and Hyrax), a 

total of 24 patients. To assess intra-reliability, each measurement (T1, T2, and T3) in each patient 

(n=24) was executed 3 times, with a washout period of a week, by the first examiner (S G-C), and 

twice with a week apart by the second examiner (FA), specialized in radiology. To assess inter-

reliability the results from the first and second examiners were analyzed, also using ICC. ICC val-

ues were estimated using a 2-way mixed-effects model.   

The results were ranked according to Portney and Watkins’ ICC guidelines.117 The ICC 

value was considered good between 0.76 and 0.9 and excellent above 0.9.117 Values under 0.75 

were considered inadequate and the need for a second calibration repetition was considered. All 

the statistical analysis was set at a 5% significance level (95% CI) using the Statistical Package for 

the Social Sciences SPSS - 25 version (IBM, SPSS Inc, Chicago, IL).  
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The measurement error analysis (average of the absolute mean differences) was executed 

to complete the reliability analysis for this study. 

 

 

     

       Figure 3.3: Oropharyngeal volume selected - Dolphin 
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            Figure 3.4: Oropharyngeal volume selected –Invivo 
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 While evaluating Invivo and Dolphin software, to determine whether the main effects and 

interaction effect are statistically significant, an overall test was performed as the first step. If the 

overall test shows any significance (p<0.05), a parametric or non-parametric test should be applied 

according to the analysis of the assumptions. All the statistical analysis was made at a 5% signifi-

cance level (95% CI) using IBM SPSS statistics 25 version (SPSS Inc, Chicago, IL).  

3.3 - Results  

 A total of 392 measures were made from examiner 1 and 288 measures from examiner 2 

for the reliability test ICC. The first examiner repeated three times the measurement and the second 

examiner repeated twice. The following measurements were taken into consideration to perform 

the ICC and the individual results are described in Table 3.2: Invivo volume and MCA, in three 

time-points, and in two different appliances; three repetitions for the first examiner and two repe-

titions for the second examiner. The same procedure was done for the Dolphin measures   

Since the examiner 1 was reliable, the measurement error results were calculated only for 

the examiner 1 (described in Table 3.3). 

Evaluating Invivo and Dolphin, before the overall test, the model assumptions were evalu-

ated. According to the box plots, the groups are approximately normally distributed (Figure 3.5).  

It is possible to confirm that the independence of observations is met, which means that the 

observations are not influenced by each other. On the homogeneity of variances for each combina-

tion of the groups of the three independent variables, the sphericity was not violated. For the factor 
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Time, the Mauchly test showed a p=0.932 when evaluated with Invivo software, and p=0.685 when 

evaluated with Dolphin Software. The Overall ANOVA was applied; since the sphericity assump-

tion was met, the “line” sphericity was analyzed. The p-value presented for the MCA= 0.001 and 

for volume p<0.001(Table 3.4). Since at least one factor showed significance, the next step was 

analysed to answer the third hypothesis. 

 

 
VOL INVIVO 

TOTAL
95% CI

VOL 

DOLPHIN 

TOTAL

95%CI

MCA* 

INVIVO 

TOTAL

95%CI 

MCA* 

DOLPHIN 

TOTAL

95%CI   

INTRA 

EXAMINER 1
0.968 0.945, 0.984 0.948 0.908, 0.975 0.935 0.888, 0.968 0.934 0.882, 0.968

INTRA 

EXAMINER 2
0.948 0.908, 0.975 0.955 0.921, 0.978 0.955 0.919, 0.978 0.94 0.893, 0.971

INTER 

Examiners
0.98 0.967, 0.990 0.977 0.960, 0.988 0.971 0.951, 0.985 0.903 0.833, 0.953

 

Table 3.2: Reliability in volume and MCA measurements using Invivo and Dolphin Software. *Minimal Cross-sectional area 

 

 

 

 
Vol Invivo Vol Dolphin MCA* Invivo MCA* Dolphin

% M.E. 5.02% 11.89% 14.83% 4.30%

M.E. 0.05 cc 0.12 cc 0.15 mm
2

0.04 mm
2

 

 Table 3.3: Measurement error for examiner 1. *MCA=Minimal Cross-sectional area 
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Figure 3.5: Box plot showing approximately normality 
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Source  F Sig.

MCA Sphericity Assumed 18.646 0.001

Volume Sphericity Assumed 23.812 <0.001
 

Table 3.4: Overall test within subjects’ effect – Dolphin and Invivo 

 

Since the assumptions were met, a parametric test was chosen. In this study, the two de-

pendent variables (MCA and volume) and two independent variables (Invivo and Dolphin), were 

analyzed using the Multivariate Repeated Measure MANOVA. A pairwise comparison analysis 

showed a statistically significant mean MCA difference (p=0.001) and volume (p<0.001) when 

comparing both software (Tables 3.5 and 3.6).  Dolphin showed higher mean average results than 

Invivo; in the MCA higher average = 47.533 mm2 and in Volume higher average =1.487 cc. The large high 

CI ranging from 0.816 to 2.158 at 95% shows the low precision of the results between Invivo and 

Dolphin. There is no interaction between time-points in the MCA nor in volume when evaluating 

the software. The results drawn through graphs in appendices 3.1 and 3.2 could suggest clinical 

relevance, even though there were no statistically significant differences. 

 

Lower Bound Upper Bound

1 2 47.553 0.001 23.315 71.791

Measure:   MCA

(I) Dolphin (J) Invivo

Mean 

Differenc

e (I-J)

Sig.

95% CI for Difference

 

 Table 3.5: Pairwise comparison Dolphin and Invivo for MCA 
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Lower Bound Upper Bound

1 2 1.487
* 0.001 0.816 2.158

Measure:   Volume

(I) Dolphin (J) Invivo

Mean 

Differenc

e (I-J)

Sig.

95% CI for Difference

 

Table 3.6: Pairwise comparison Dolphin and Invivo, Volume. 

 

3.4- Discussion 

 The ICC analysis to evaluate the validity and inter and intra-reliability is a suitable tool to 

account for measuring agreement or consensus.40 Compared to Person’s r or Spearman’s p, ICC is 

a more appropriate tool because it considers the differences in ratings along with the correlation 

between examiners.40,118,119 A recent systematic review on the reliability of assessing upper airway 

through CBCT showed that among the five high-quality studies included, the upper airway volume 

evaluation demonstrated moderate-to-excellent intra-reliability (0.780-0.998).116 On the same re-

view, only three studies showed inter-reliability results, in which they reached an excellent agree-

ment for upper airway volume (0.986-0.998) and moderate-to-excellent inter-reliability for MCA 

(0.696-0.988).116 In the present study’s agreement, an excellent intra-reliability was attained for 

the first and second examiner (> 0.93) when volume and MCA of the oropharyngeal space were 

evaluated using Invivo or Dolphin. Likewise, an excellent inter-reliability between the two exam-

iners was achieved (0.903 to 0.980) in all measurements. Also, the short range of lower and higher 

CI limits indicate a good agreement (see Table 3.2).40 Conversely, one previously published study 

showed poor reliability for MCA among six examiners (0.591), although they found excellent re-

liability for the oropharyngeal volume among the same six examiners (0.976).36 Another two stud-

ies showed good reliability for cross-sectional area (0.853 and 0.780/0.823).78,120 Possibly because 
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the oropharynx is described as the easiest portion of the upper airway to be isolated and measured 

in CBCT reconstructions, with that there are greater chances to achieve good inter and intra relia-

bility results in .36,39–41,120 The tubular shape of the oropharynx and the irregular anatomy of the 

nasopharynx and nasal airway can be the reasons for the higher reliability rates on the orophar-

ynx.39,40 Inter-reliability is as important as intra-reliability to assure diagnostic consistency and 

accuracy.  To satisfy a high-quality requirement of this work, following findings of previous studies 

showing that experienced examiners have better reliability scores, a second examiner with 15 years 

of experience in oral radiology was selected to perform the inter-reliability test.36,121 

 Accuracy is measured evaluating how close to a true or accepted value the result is. How-

ever, a ground truth value is not established and determined for upper airway volume. One study 

tentatively evaluated the same sample through a manual segmented technique to compare the re-

sults with the ones gathered from the Invivo and Dolphin analysis.41 The data resulted from the 

manual segmentation was considered the gold standard; however, they found low accuracy, in 

some cases exceeding 30% difference between manual and automatic segmentation results.41 The 

accuracy can be calculated checking the amount of inaccuracy using the absolute measurement 

error (ME) which is the difference between a measured quantity and its true value. Since we do not 

have a true value for oropharyngeal airway volume and oropharyngeal MCA we applied the abso-

lute measurement error analysis to evaluate our results. Our absolute measurement error results 

showed 0.05 cc or 5.02% for Invivo volume measures, 0.12cc or 11.89% for Dolphin volume 

measures; 0.15 mm2 or 14.83% for Invivo MCA and 0.04 mm2 or 4.30% for Dolphin MCA. These 

results showed higher uncertain results for oropharyngeal volume measured with Dolphin 

(11.89%) and MCA measured with Invivo (14.83%). The absence of true values for oropharyngeal 



57 

 

volume and MCA makes challenging the translation of these values to clinical implications. The 

difference between the measurement error results for volume in Invivo and Dolphin seems to be 

related to the algorithm of each software because the measurement protocol used was the same for 

all measures. However, the differences between the MCA measures in each software could be re-

lated to the chance that the Dolphin gives the examiner to select the area where the software should 

look for the MCA, avoiding sharp tips of the edges. Invivo, in turn, do not allow this correction. 

In this study, Invivo and Dolphin software were used to evaluate the dimensional changes 

in oropharynx after maxillary expansion. Both use automatic segmentation, with semi-automatic 

tools to allow the examiner to achieve personal expectations; however, there are some differences 

in the procedures as following described.  

In Invivo software, the airway selection requires that several points need to be picked inside 

the airway area to develop the airway volume of the selected area, these points generate arrows 

indicating the area to be covered. For the oropharynx, the points were selected at the level of the 

hard palate, posterior nasal spine line, level of the soft palate, level of the epiglottis and just below 

epiglottis; and by double-clicking at the last arrow included, the software understands that that is 

the selected area. After the creation of the selected airway volume using the arrows, the profile can 

be modified to adequate to the exact boundaries by clicking on it and editing the spline in the 

sagittal slice. Then a final airway volume was redrawn and recorded, showing volume and MCA.       

Using Dolphin, the selection of the airway is made by clicking on the landmarks to select 

the wanted boundaries, lines delimitating the selected area will appear, allowing the delimitation 

of the exact area/volume desired since the first selection. After that, some seed points inside those 
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limits are manually added to select the whole airway volume (Figure 3.5). The MCA area meas-

urements from Dolphin have to be carefully analyzed because in some cases the area selected ends 

with a sharp end and the minimal cross-sectional area will be defined by the software crossing that 

sharp area, giving a not accurate result for the MCA for the whole selected space. For this reason, 

the red dotted line limiting the selected area needed to be checked to assure the accurate selection 

of the MCA by the software.  

 

Figure 3.6: Boundaries delimitation and seed point in Dolphin Software 

For measurements, both software allows the brightness and contrast adjustment to enhance 

the image visualization, this procedure aids the better differentiation between bone and soft tissue 

areas. In addition, both software has tools to control the threshold values, giving the software the 

density range to fill the airway space. The threshold interval will limit the inclusion of all voxels 

with grey values within that interval to build the volume.39 This tool is a so-called Hounsfield Unit; 
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however, caution is needed to do not mix the terms Hounsfield Unit (HU) and threshold or grey 

value because the HU is based on the linear attenuation of the tissues on the CT acquisition, and 

not on the CBCT due to acquisition geometry.  

The HU is used to estimate bone density in images derived from multidetector Computed 

Tomography (MDCT).122 In most of the CT scans, the HU is set from  -1000 to ≥1000, where 0 is 

water and -1000 is air, i.17,122 For each image voxel, an HU value will be determined during the 

image reconstruction, the units are defined as linear transformations of measured X-Ray attenua-

tion coefficients of a material with reference to water.122 Areas that absorb more X-Rays have a 

higher HU value.122 There is a try to convert HU values to bone material density (BMD), using CT 

or micro-CT.122 Bone density measurements require a consistent correlation between the grey value 

(Gy) and bone density.  However, HU’s use to determine bone density is not recommended for 

CBCT images because there are important differences between MDCT and CBCT acquisition that 

makes challenging to correlate and use of quantitative Gy values for CBCTs.122 A large fluctuation 

of the Gy values can be seen in CBCTs due to limited field size, relatively high amount of scattered 

radiation, radiation physics principles, a variation of mass limitations of currently applied recon-

struction algorithms.122 A study performed by Katsumata et al found that the grey levels in a CBCT 

image varied from -1500 to over 3000.123 The smaller the CBCTs’ field of view the better the 

resolution and the less radiation dose; however, also less accurate Gy values.123 Moreover, the Gy 

values attained on one CBCT scanner may differ from those obtained on another manufacturer’s 

scanners.123 And even the Gy values acquired from one CBCT may differ from another obtained 

by the same machine.123 Some researchers have studied a way to derive grey levels from a CBCT 

into HU,123,124 or analyze regression equations to correlate the material density with HU from 
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CBCT,125,126 which could be useful to evaluate bone quality in a clinical environment. Therefore, 

caution is needed to consider the HU values provided by the third party software, moreover, to 

affirm a certain amount of HU was defined to evaluate upper airway using CBCTs. The software 

has been using the nomenclature HU linked to airway evaluation, in that sense, perhaps a more 

correct nomenclature would be threshold or grey value when it refers to CBCT data.   

 To measure the airway volume in 3D, the desired volume boundaries need to be drawn in 

several slices, with that, the number of voxels will be measured and a volume derived.41 The auto-

mated software makes this task easier; however, since voxels may have different grey densities 

within it, the selection of the threshold is a delicate task.41 The threshold value range to evaluate 

airway can be very tricky and may give a high variability between measures.39 The threshold value 

is important to guide the software to differentiate between soft tissue and air. However, the thresh-

old sensitivity value is very subjective. A previous study demonstrated a poor intra-reliability 

(0.473) and a poor inter-reliability (0.000-0.100) when evaluating interactive threshold selection 

(when the threshold is chosen for each scan independently) for upper airway measurement.36 Sim-

ilarly, another study showed that having the freedom to determine threshold may influence upper 

airway segmentation accuracy.39 Because of this poor reliability for the threshold found in the pre-

vious studies, and since the aim of this study is to determine oropharyngeal dimensional changes 

between different time-points in the same patient and not a true value of the volumetric measure-

ments, a fixed threshold was chosen. This is an attempt to eliminate the examiner’s subjectivity 

and to avoid incurring in greater possibilities of systematic measurement errors among the time-

points using different threshold values which could give inaccurate measurements.39 Moreover, a 

previous study showed similar oropharyngeal volumetric results among five software when a fixed 
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threshold was applied.39 As mentioned above, within a voxel different grey values may appear, 

with that in mind a threshold range needs to be determined. The lower threshold for airway analysis 

is set automatically by the software around -1000; since this is the value for air.127  Nakano et al 

determined in their study an upper threshold for airway when evaluated by CT as -460 to -470.127 

Considering that there is no upper threshold for airway established to be used in CBCTs, and there 

are differences in HU values between CT and CBCT, we defined the use of - 400 HU to be used in 

this study.  

 Our study showed statistically significant differences between Invivo and Dolphin when 

analyzing MCA and volume (p≤0.001). Likewise, another study that compared six software en-

countered statistically significant differences between oropharyngeal volume measurements 

among Dolphin and Invivo.39 The difference between software could be attributed to dissimilarities 

in the software algorithms to identify and fill airway boundaries.39 Neither one of this two software 

nor any other software for CBCT analysis of upper airway is considered a gold standard, therefore 

it was not possible to perform the Bland Altman correlation test that usually points the best “diag-

nostic tool” when it is compared to a well-established gold standard tool.128 Some studies have 

tried to encompass this limitation measuring phantom prototypes and comparing the measurement 

in different software39 or comparing the manual segmentation measurement with the automatic 

ones41. Weissheimer et al showed better matching results in Dolphin (1% error) than in Invivo 

(11% error) when compared to a known phantom volume39, and El and Palomo study demonstrated 

better correlation results when Dolphin was compared to a manual segmented technique than when 

Invivo results were correlated41. In our experience, it seems that the inclusion of the arrows to 

inform the Invivo software where to stop de inferior delimitation below the epiglottis sometimes 
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give not accurate boundaries delimitation to where the last clicks on the arrow were done. In our 

case, we carefully adjusted the boundaries after the first delimitation by the Invivo software, to 

match exactly the same boundaries used in Dolphin as described in table 1. Perhaps, the attention 

to this detail may lead to a more or less accurate result.  

3.4.1 Limitations  

 Even though there are differences between both software, it is not possible to ascertain 

which one is more accurate because there are no ground values for the oropharyngeal volume and 

cross-sectional area to compare with the results obtained with the software. One other limitation is 

the stand position to perform the CBCT exam in which does not enable the analysis of the upper 

airway in a supine position simulating the same position while sleeping.8 Ingman et al inferred that 

a difference in the oropharyngeal area may occur when upright and supine positions are compared, 

which do not happen to the naso or hypopharyngeal areas.129 Additionally, there is no validated 

minimal threshold level for volume and MCA indicating its true values.  

3.5- Conclusion 

Through the values for inter and intra-reliability, it is possible to observe that both examin-

ers were considered reliable; the intra reliability for both examiners showed results above 90% 

considered excellent, as well as for inter-reliability. Invivo and Dolphin showed statistically sig-

nificant different results when evaluating oropharyngeal MCA and volume; however, it was not 

possible to assume which one would have the most accurate measurement result when compared 

to the real volume and MCA. 
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Chapter 4: Oropharyngeal dimensional changes following maxillary expansion 

with two different appliances: a CBCT study 

4.1 – Introduction 

Background and Objectives 

Breathing is a crucial body function, and its dysfunction requires imperative attention. The 

etiology of breathing-related problems largely vary, one of them is related to an atypical orofacial 

growing pattern that can lead to a diminished size of the upper airway (upper respiratory tract). 

This volumetric reduction may be one of the causes of Sleep-Disordered Breathing (SDB) in chil-

dren130. An atypical orofacial growing pattern may be manifested by a constricted maxilla, usually 

leading to posterior cross-bites and teeth crowding. On the other hand, SDB can facilitate cranio-

facial development problems such as narrow maxilla, crossbites, mandibular retrognathia, and 

clockwise mandibular growth rotation; all of them have been linked to chronic mouth breath-

ing.40,131–134 The earlier the diagnostic and management is completed, the better the possibilities of 

normalizing craniofacial development.34,40 

 In 1860, RME was introduced into the scientific literature as an orthodontic option to treat 

maxillary constriction.82,135 Maxillary expansion is used to correct posterior crossbites and con-

stricted maxilla, increase the dental arch perimeter43, potentially alter the upper airway supporting 

structures64. Maxillary expansion can be achieved by either using orthopaedic approaches, ortho-

dontic appliances or performing maxillofacial surgery.51 RME is a common technique used to man-

age the constricted maxilla using orthopaedic appliances. The most common RME appliances are 
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fixed (banded or bonded) and have an expansion screw to separate the mid-palate suture. Normal 

clinical expansion ranges from 3 to10 mm.72,82 The active phase takes around one month and for 

the retention phase, approximately 3-6 months is required to allow the re-calcification of the palatal 

suture.82 Hyrax is one of the orthopaedic appliances frequently used to manage maxillary dental 

and/or skeletal constriction through rapid maxillary expansion.49,50 Moreover, it is the one mostly 

used in studies evaluating maxillary expansion what can be reassured evaluating a recently pub-

lished systematic review in which 100% of the included studies used Hyrax. 72  

The Damon self-ligating system was first proposed by Dwight Damon in the 1990s, it is an 

orthodontic philosophy that is also used to fix transversal discrepancies.68 The Damon self-ligating 

system (Ormco, Glendora, CA – US) is a treatment based on light archwire generated forces with, 

allegedly, faster treatment results, claiming to operate through the concept of stimulating cellular 

activity without damaging the vascular net of the periodontium.136 Damon System expansion is 

categorized as archwire and according to Damon’s supporters, considerable expansion can be 

achieved in the buccal segments, producing a broader arch form.136 Only a few studies have evalu-

ated the Damon System regarding maxillary expansion, and they claimed that there are differences 

in pre-molar and molar inter-width after treatment when compared to other conventional self-ligat-

ing brackets.68,70,137 Although some argue those differences could be more related to buccally dental 

tipping rather than a true skeletal maxillary expansion.68 

Orthopaedic treatments, such as maxillary protraction and maxillary expansion, have been 

related to increases in the upper airway volume and MCA.55,56,64,65,75,76,138,139 However, there is no 

published scientific evidence regarding similar changes through the Damon philosophical ap-

proach. Following the claim from Damon proponents that the therapeutic effect after its use in the 
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narrowed maxilla is a broader dental arch related to alveolar bone remodeling,140 we speculate if 

the upper airway volume and MCA could also be increased. Therefore, the primary main objective 

of this study is to compare the volume and MCA changes in the oropharyngeal space following 

maxillary expansion using the Damon system and Hyrax appliances, as assessed through CBCT 

imaging. The second aim is to compare the subjective patients’ breathing capacity using the NOSE 

questionnaire before and after treatment.  

4.2   Methods 

This project derived from an original study approved by the Health Research Ethics Board, 

University of Alberta number Pro00013379. The CONSORT statement was used to report methods 

and results.141 

Trial design 

The trial design of this retrospective analysis of data from a previously conducted random-

ized clinical controlled trial, parallel, with an allocation ratio of 1:1.  

Participants, eligibility criteria and settings 

Patients from 11 to 17 years old, with maxillary transverse discrepancies in need of maxil-

lary expansion were included. This is a retrospective analysis of data collected in which patients 

with unilateral or bilateral posterior crossbites were randomly allocated into one of two treatment 

groups, Hyrax or Damon approaches, in the orthodontic clinic at the University of Alberta, Ed-

monton Canada.  
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Interventions 

Patients in the Hyrax group had the appliance cemented with bands and non-self ligating 

brackets (n-SLB) were placed on upper 3-3 and lower 6-6 (Figure 4.2). The Hyrax appliance was 

banded on the maxillary permanent first molars and first pre-molars. The expansion screw was 

activated twice a day, 0.25 mm per turn, (0.50 mm per day) until 20% overcorrection was achieved. 

After correction achieved, the appliance was left passively for six months as a retention period. 

After this period, the Hyrax was removed and maxillary first premolars and first molars were brack-

eted with n-SLB. 

The Damon group had full braces installed using Damon Q braces (Figure 4.3). Buttons 

were fixed on the lingual surface of the upper 6s and 4s, this way crossbites elastics (3/16 inch, 2-

ounce force) were used against lower 6s and 4s brackets/tubes. The elastics were used the full time 

until 20% overcorrection was achieved. At the time overcorrection was achieved, the patient was 

instructed to wear the elastics at night for 6 months. The archwire sequence used in the first 6 

months of treatment was 0.014, 0.016, and 0.018 NiTi wires and by the end of the 6 months had 

16x22 NiTi wires. 

CBCT scans were taken with I-Cat (Imaging Sciences International, Hatfield, PA, USA) at 

120 kVp, 18.54 mA and 8.9 seconds image timing, 0.3 voxel size and 16 x 13 cm FOV.  Patients 

underwent CBCT imaging at two time-points: T1- before treatment and after clinical evaluation, 

to further evaluate and assist the clinicians on the diagnosis on dental and craniofacial orthodontic 

discrepancies; T2- after completion of all treatment. All images were taken by one of the two radi-

ology dental assistants, at the radiology clinic of University of Alberta following the standardised 
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protocol for this study. The patients were instructed to stay still with natural head position and 

Frankfort Plane parallel to the horizontal plane, the patients’ head was stabilised with a strip to 

standardise the head and neck position and to prevent movements.  The patients were instructed to 

maintain the tongue right behind the upper central incisors and in maximum intercuspation. The 

images reconstructed were stored as DICOM files and made anonymous for blinding purposes.  

Outcomes 

 The CBCT data was assessed through Invivo Software (Anatomage, San Jose, California, 

US) and Dolphin Software (Dolphin Imaging & Management Solutions, Chatsworth, California 

US) to check if there were significant differences among the available software. Inter and intra-

rater reliability for all the measures was performed using part of the sample, 24 patients’ data, 12 

Hyrax and 12 Damon.  

Sample size calculation 

 We had assessed to a convenient sample at the pool of CBCTs of the Orthodontic clinic of 

The University of Alberta. 31 patients were allocated in Damon group and 29 patients were allo-

cated in the Hyrax group. To evaluate the sampling capability we checked the post-hoc power 

analysis, at a significant level of 0.05.  

Randomization: sequence generation, allocation concealment, implementation 
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 With the use of an excel worksheet creating random number blocks, the randomization was 

done allocating the patients in one of two groups (Hyrax and Damon). After the patient was ac-

cepted for the study, the allocation concealment was concluded. A third person designated which 

orthodontist would perform the treatment, using the Excel random file. 

Blinding 

 It was not possible to blind the patient nor the orthodontist. However, the CBCT data col-

lection and data analysis were blinded since the image exams were coded.  

Qualitative assessment of the patients’ breathing status 

A qualitative assessment was done using the NOSE questionnaire modified from The 

NOSE Scale 2003, American Academy of Otolaryngology-Head and Neck Surgery Foundation, 

validated in adult and children populations.142,143 The NOSE questionnaire comprises of 5 state-

ments regarding Nasal congestion or stuffiness, Nasal blockage or obstruction, Trouble breathing 

by the nose, Trouble sleeping, Unable to get enough air by nose during exercise or exertion. For 

each statement, a type Likert Scale consisting of five points ranging from 0 to 4 was used. The 

patients were instructed how to fill out the questionnaire and the importance of accurate answers. 

The question “Over the past month, how much of a problem were the following conditions for 

you?” was valid for the 5 statements. The five possible answers were: Not a problem, Very mild 

problem, Moderate problem, Fairly bad problem, Severe problem. The questionnaire was applied 

at T1, and T2.  

Statistical analysis 
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A pilot study tested the reliability of the evaluators using Intraclass correlations at IBM 

SPSS statistics 25 version. Repeated measures multivariate analysis of variance (MANOVA) and 

Bonferroni post-hoc tests were used to analyse the differences between the treatment groups at 

each time-point and each software. A paired-sample t-test was applied to verify whether or not the 

changes were statistically significant. All the statistical analysis was made at a 5% significance 

level (95% CI) using IBM SPSS statistics 25 version (SPSS Inc, Chicago, IL). Descriptive statistics 

were used to assess the Nose questionnaire scores. The results were organized in tables with the 

absolute frequency (n), and the relative frequency in percentage (proportion). ANOVA Test was 

applied to analyse NOSE data between groups. 

 

 

 

 

 

 

 

          Figure 4.2: RME Hyrax type banded on maxillary 4s and 6s 
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Figure 4.3: Damon System 
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Figure 4.4: Oropharyngeal volume at coronal, sagittal and axial views.  
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4.3   Results 

The 60 patients with unilateral or bilateral posterior crossbites received treatment at the 

Orthodontic clinics of the University of Alberta between 2011 and 2018; they were randomly allo-

cated in one of two groups, Group 1 treated with a Hyrax (n=29) and Group 2 treated with Damon 

approach (n=31). The percentage of patients per gender and the average age at time-points across 

groups are described in table 4.1. 

Treatment group Gender Average Age at T1 Average Age at T2

Hyrax 58% F and 41% M 13.24y 15.24y

Damon 67% F and 32% M 13.87y 15.97y

 

Table 4.1: Gender percentage and age average across Hyrax and Damon groups 

 

Our data have three factors: Time with two levels – T1, T2; Appliance with two levels – 

Hyrax and Damon; Software with two levels – Invivo and Dolphin. The dependent variables are 

the volume of the oropharyngeal airway in cc, and the MCA of the oropharyngeal airway in mm2 

considered continuous response variables. To determine whether the main effects and interaction 

effect are statistically significant, an overall test was performed as the first step. Since the overall 

test showed statistical significance in at least one factor, a parametric or non-parametric test was 

applied according to the analysis of the assumptions.  

The model assumptions were evaluated. According to the box plot, the groups are approx-

imately normally distributed (Figure 1). The Kolmogorov-Smirnov test showed some groups as 
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normally distributed (p > 0.05) and some groups as not normally distributed (p < 0.05). However, 

since visually the plots showed an approximated normality, the normality assumption was consid-

ered met. Moreover, the center limit theorem reinforced the normality in our study due to sample 

size >30. At a 5% significant level, the descriptive statistics showed that the overall mean oropha-

ryngeal volume was 12.27 cc at T1 and 14.10 cc at T2. The overall oropharyngeal MCA mean was 

123.86 mm2 at T1 and 141.54 mm2 at T2. The lowest mean oropharyngeal volume was at T1 in 

Hyrax group evaluated with Invivo software, 11.341 ± 4.98. The lowest was at T1 in Hyrax group 

analysed with Invivo, 108.61 ± 59.99.  

It is possible to affirm that the observations are independent, which means that the obser-

vations are not influenced by each other. On the homogeneity of variances for each combination 

of the groups of the three independent variables, the sphericity was not violated. For the factor 

Time, the sphericity test showed a p=0.454 for volume and p=0.604 for MCA. The F test results 

are: For Time/volume F (2, 116) = 6.332, p=0.02; for Time/minimal cross-sectional area F (2, 116) 

= 3.306, p=0.04. For time/appliance/volume F (2, 116) = 0.609, p=0.546, for time/appliance/MCA 

F (2, 116) = 1.223, p=0.298. For the time/software/volume interaction, F (2,116) = 0.850, p=0.430 

and time/software/MCA F (2, 116) = 0.242, p=0.785. 

            Since the assumptions were met, a parametric test was chosen. In this study, there are two 

dependent variable and three independent variables (factors). Therefore, the parametric test with 

post-hoc adjustment was applied. A pairwise comparison analysis was evaluated. At a 5% signifi-

cant level there is no evidence to suggest the treatments generate different results regarding volume 

(p=0.857) and MCA (p=0.997) when analysing all time-points together. The mean difference was 
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of -0.219 at 95%CI [-2.651, 2.212] for volume and 0.066 at 95% CI [-30.691, 30.823] for MCA 

(Table 4.2).  

Mean p-vale

Difference 

Lower Bound Upper Bound

Volume  HYRAX DAMON -0.219 0.857 -2.651 2.212

MCA*  HYRAX DAMON 0.066 0.997 -30.691 30.823

95% Confidence Interval for 

Difference

Table 4.2: Pairwise comparison between appliances. * MCA-Minimal Cross-sectional area 

While both groups combined, when comparing time-points, the results showed that there is 

evidence to support that the oropharyngeal volume (p=0.002), and the MCA (p=0.04) are different 

between time-points. The results of the pairwise comparison test are displayed in Table 4.3. In 

oropharyngeal volume the Hyrax group when evaluated with Dolphin software showed a signifi-

cant increase of T2 over T1 in oropharyngeal volume with p=0.005, with an average increase of 

2.23cc (18% increase). Oropharyngeal volume in Hyrax group evaluated with Invivo also showed 

statistically significant results in T2 over T1 with increases of 20% respectively (see table 4.3). 

Graphs in appendices 4.1 and 4.2 show the relations between appliances and oropharyngeal volume 

and MCA.  Regarding MCA, the Hyrax group measured with Dolphin showed statistically signif-

icant increased results in T2 over T1 ( 23% increase respectively). And MCA increase in the Hyrax 

group analysed with Invivo in T2 over T1 was seen (26%).  

The post-hoc power test showed a low power due to the large standard deviation and a 

relatively small sample size. 

Regarding the NOSE questionnaire, table 4.4 displays all the absolute frequency and the 

relative frequency of the results. Of the 60 patients, only 33 answered the NOSE questionnaire at 
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the two time-points (55%), Hyrax group (n=14) and Damon group (n=19).  Each question has rated 

from 0-4 according to the answers. The rate was multiplied by 5 to reach a grade from 0-100 from 

each patient.144 The severity of nasal obstruction is analysed according to the rate, Mild (5-25), 

Moderate (30-50), Severe (55-75) and Extreme (80-100) nasal obstruction.144 No statistically sig-

nificant results were found showing an improvement in patients’ nasal perceived obstruction be-

tween T1 and T2 (p>0.05, see Tables 4.5 and 4.6). 
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np mp modp bp sp np mp modp bp sp

NCT1H 4 8 2 0 0 28.60% 57.10% 14.30% 0.00% 0.00%

NBT1H 9 3 1 0 0 69.20% 23.10% 7.70% 0.00% 0.00%

TBT1H 8 5 1 0 0 57.10% 35.70% 7.10% 0.00% 0.00%

TST1H 10 2 2 0 0 71.40% 14.30% 14.30% 0.00% 0.00%

TET1H 10 3 0 1 0 71.40% 21.40% 0.00% 7.10% 0.00%

NCT2H 5 8 1 0 0 35.70% 57.10% 7.10% 0.00% 0.00%

NBT2H 9 5 0 0 0 64.30% 35.70% 0.00% 0.00% 0.00%

TBT2H 10 4 0 0 0 71.40% 28.60% 0.00% 0.00% 0.00%

TST2H 8 2 4 0 0 57.10% 14.30% 28.60% 0.00% 0.00%

TET2H 11 2 1 0 0 78.60% 14.30% 7.10% 0.00% 0.00%

NCT3H 6 5 3 0 0 42.90% 35.70% 21.40% 0.00% 0.00%

NBT3H 9 4 1 0 0 64.30% 28.60% 7.10% 0.00% 0.00%

TBT3H 9 3 2 0 0 64.30% 21.40% 14.30% 0.00% 0.00%

TST3H 13 0 1 0 0 92.90% 0.00% 7.10% 0.00% 0.00%

TET3H 9 5 0 0 0 64.30% 35.70% 0.00% 0.00% 0.00%

NCT1D 1 6 4 0 0 9.10% 54.50% 36.40% 0.00% 0.00%

NBT1D 6 3 1 1 0 54.50% 27.30% 9.10% 9.10% 0.00%

TBT1D 5 1 5 0 0 45.50% 9.10% 45.50% 0.00% 0.00%

TST1D 3 6 2 0 0 27.30% 54.50% 18.20% 0.00% 0.00%

TET1D 7 2 1 1 0 63.60% 18.20% 9.10% 9.10% 0.00%

NCT2D 4 6 0 1 0 36.40% 54.50% 0.00% 9.10% 0.00%

NBT2D 9 1 1 0 0 81.80% 9.10% 9.10% 0.00% 0.00%

TBT2D 7 4 0 0 0 63.60% 36.40% 0.00% 0.00% 0.00%

TST2D 9 1 1 0 0 81.80% 9.10% 9.10% 0.00% 0.00%

TET2D 7 2 2 0 0 63.60% 18.20% 18.20% 0.00% 0.00%

NCT3D 6 5 0 0 0 54.50% 45.50% 0.00% 0.00% 0.00%

NBT3D 9 2 0 0 0 81.80% 18.20% 0.00% 0.00% 0.00%

TBT3D 8 2 1 0 0 72.70% 18.20% 9.10% 0.00% 0.00%

TST3D 8 2 0 1 0 72.70% 18.20% 0.00% 9.10% 0.00%

TET3D 8 1 1 1 0 72.70% 9.10% 9.10% 9.10% 0.00%

ABSOLUT FREQUENCY
PERCENTAGE RELATIVE FREQUENCY

(proportion)

 

Table 4.4: Absolute and relative frequency of NOSE questionnaire. Abbreviations: NC-Nasal congestion or stuffiness, NB- Nasal 

blockage or obstruction, TB-Trouble breathing through my nose, TS-Trouble sleeping, TE-Unable to get enough air through my 

nose during exercise or exertion, T1, T2, T3, H=Hyrax, D=Damon 
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1 2 3 Total

N 19 19 19 57

Mean 23.4211 18.4211 16.5789 19.474

Std.Dev. 14.8186 16.8369 17.0825 16.2482

F=0.899

p=0.413

Time-points

 

Table 4.5: Summary of Data Damon - NOSE questionnaire 

 

1 2 3 Total

N 14 14 14 42

Mean 13.2143 11.4286 10.7143 11.786

Std.Dev. 13.673 10.9945 11.2416 11.7816

F=0.160

p=0.85

Time-points

 

Table 4.6: Summary of Data Hyrax - NOSE questionnaire 
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Treatment Software
Sample 

size

Pre-

expansion 

T1 Mean

(SD)

Pos-

expansion 

T2 Mean

(SD)

Pos-

retention T3

Mean (SD)

Damon Volume

(cc)
Dolphin 31

13.35 

(4.82)

13.69 

(4.98)

14.35 

(7.17)
0.34 0.695 1 0.311 0.67 0.512

Damon Volume

(cc)
Invivo 31

12.06 

(4.02)

13.47 

(5.22)

13.95 

(6.91)
1.41 0.076 1.89 0.067 0.48 0.53

Damon MCA

(mm
2
)

Dolphin 31
142.52 

(69.26)

139.84 

(66.18)

149.84 

(103.50)
(-)2.68 0.84 7.32 0.643 10.01 0.473

Damon MCA

(mm
2
)

Invivo 31
118.51 

(57.09)

133.95 

(68.59)

125.19 

(83.10)
15.44 0.22 6.68 0.626 (-)8.76 0.447

Hyrax Volume

(cc)
Dolphin 29

12.32 

(4.84)

14.61 

(5.79)

14.55 

(4.89)
2.3 0.004 2.23 0.005 (-)0.66 0.921

Hyrax Volume

(cc)
Invivo 29

11.34 

(4.98)

13.17 

(5.45)

13.58 

(4.64)
1.83 0.021 2.24 0.002 0.41 0.533

Hyrax MCA

(mm
2
)

Dolphin 29
124.93 

(67.72)

165.03 

(80.74)

154.69 

(73.23)
40.1 0.001 29.76 0.007   (-)10.35 0.298

Hyrax MCA

(mm
2
)

Invivo 29
108.61 

(59.99)

119.93 

(61.09)

137.02 

(67.84)
11.32 0.378 28.41 0.003 17.09 0.217

Change T3-T1                                                                 

Mean       p-

value

Change T2-T1                                                                 

Mean        p-

value

Change T3-T2                        

Mean      p-

value

 

Table 4.3: Oropharyngeal dimensional changes in T1, T2, T3 

 

4.4 – Discussion 

The umbrella review showed in chapter 2 of this thesis, demonstrated a disagreement be-

tween studies measuring oropharyngeal dimensional changes, some authors had found no evidence 

to support an increase in oropharynx after maxillary expansion but others showed the opposite. 

61,67,76–79,97 One of the possibilities to the disagreements is the difference in the airway anatomic 

boundaries that have been selected across studies, this difference may turn the comparisons across 

studies inaccurate.91 

 Our study showed a statistically significant increase in the oropharyngeal volume when T1 

(before treatment) was compared to T2 (after 6 months of treatment), and when T1 was compared 

to T3 (after completion of orthodontic treatment) in the Hyrax group analysed with both software. 

The results showed 18% increase in the oropharyngeal volume after expansion (T2-T1) and 20% 
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increase after the completion of treatment (T3-T1), in the Hyrax group in the Dolphin analysis. Our 

results also showed a statistically significant increase of 32% in the MCA in the Hyrax group when 

evaluated with Dolphin software between T1 and T2. Differently, from our results, Kavand et al 

evaluated the oropharyngeal volume after RME treatment with Hyrax and did not find a significant 

increase in oropharyngeal volume, most likely because their sample size was half of this present 

study, and the patient’s mean age was one year older than our sample.145 In addition, their anatomic 

boundaries were slightly different with the superior boundary being the PSN to the tip of C1 while 

in our case the superior boundary was the PSN to Basion, those difference could lead to different 

results and assumptions.145 Some studies have found increases in the oropharynx; Chang et al found 

changes in the oropharyngeal retropalatal plane, Iwasaki found an increase in the oropharyngeal 

retropalatal volume, while Ribeiro et al found increases in the oropharyngeal sagittal and axial 

areas.62,76,78  

According to proponents of Damon philosophy, considerable expansion can be achieved in 

the buccal segments, producing a broader arch form based on alveolar remodeling.68–70 However, 

no statistical differences in oropharyngeal volume and MCA between time-points was seen in the 

Damon group in our study. As far as we know, this is the first study evaluating upper airway di-

mensional changes in patients treated with Damon approach. Atik and Ciger investigated transverse 

dimensional changes and alterations in maxillary molar inclination comparing Damon System with 

conventional self-ligating brackets, but their results showed no differences between treatment 

types.68 Although they concluded that despite the absence of an active expansion appliance in the 

Damon group studied, an increase of the intermolar width similar to that in the conventional group 

using a quad-helix appliance emphasizes that the Damon system could expand the dental arch 
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without using an auxiliary expansion appliance before fixed appliance therapy.68 Shook et al 

showed that there were no differences in the inter-canine or inter-molar width between Damon 

System or in conventional brackets.137  

However, the measurement error needs to be accounted for the clinical significance, in a 

broad view, since the mean oropharyngeal volume gained in the Hyrax group measured with Dol-

phin was approximately 2.3 cc (an increase of 18%), 0.12 cc of measurement error would represent 

a variation from 2.18 cc to 2.42 cc in the results. The oropharyngeal volume increase in the Hyrax 

group analysed with Invivo was of 1.83 cc, taking into account the measurement error of 0.05 cc 

the variance would be from 1.78 cc to 1.88cc. The MCA increase seen in the Hyrax group measured 

with Dolphin was 40.1 mm2, considering a measurement error of 0.04 mm2 the increase could vary 

from 40.06 to 40.14 mm2. In spite of that, no MCA significant results were found in the Hyrax 

group when measured with Invivo between T1 and T2; but an MCA increase of 26% was seen 

between T1 and T3 and an increment of 20% in the volume between T1 and T3. A post-hoc power 

calculation showed a small power for the number of subjects allocated in each tested group when 

the standard deviation was found high and low differences were found between groups. It would 

be necessary to have had an increase in Damon group over Hyrax of about 30% to reach a power 

of 0.8. Instead, Damon showed results 20% smaller than Hyrax. 

One of the reasons for an increase in the oropharynx level after the maxillary expansion is 

the difference in tongue position. It was previously claimed that RME provides the tongue addi-

tional superior anterior space associated with a better resting position, which could reduce the 

chances of pharyngeal collapsibility increasing the pharyngeal space (Figure 4.5).76,82 The oropha-

ryngeal dimensional changes have been also related to mandibular or maxillary advancements on 
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patients class II and class III respectively.8 Farronato et al related changes in the lower jaw linked 

to maxillary expansion; moreover, they related the new position of the lower jaw to an increase in 

the oropharynx size and volume.146 The reasoning of these two ideas could possibly be an expla-

nation for the increase in the oropharyngeal volume encountered in our study.  

The normal growth obviously has a large influence on the dimensional changes. Since the 

mean average ages for T1 was 13 y, for T2 was 14 y and for T3 was 15 y, there was still normal 

growth between all time-points and in both treatment groups that could limit the implications of 

our findings as normal growth changes were not considered. Although in our study only Hyrax 

showed a statistically significant increase against Damon group which had subjects with similar 

age, therefore similar growth rates would be expected; this could be an indication of real oropha-

ryngeal dimensional increase after RME and not only related to normal growth. Moreover, when 

the Hyrax group is analysed, it seems that the growth peak represented by the Scammon curve did 

not influence greatly the results, likely because of the mean age of the subjects involved in this 

study was higher than the peak growth of the lymphoid tissues (13 y, 14 y, and 15 y respectively 

to T1, T2, T3). Though, more studies evaluating breathing capacity complementing this data would 

assure these hypotheses. Moreover, the clinical significance needs to be fully evaluated. 

Our study suggested that there were no changes when comparing right after 6 months (T2) 

and after the end of the treatment period in both groups (T3), Hyrax and Damon (p>0.05 between 

T2 and T3) when Dolphin was used to analyse the images. Lagravere et al found that there were 

better long-term stability changes after maxillary expansion in individuals in the pre-pubertal 

growth peak than in subjects skeletally more mature,147 however this comparison was not assessed 

in this study.  
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Regarding both software, this study showed they are statistically different, however, no 

gold standard software exists to permit analysis to know which is more reliable and accurate. Some 

authors have compared these two software with phantoms analysis using manual segmentation, but 

found high differences between them; even though Dolphin was one with the closest results to the 

manual segmentation. Weissheimer et al showed better matching results in Dolphin (1% error) than 

in Invivo (11% error) when compared to a known phantom volume39, and El and Palomo study 

demonstrated better correlation results when Dolphin was compared to a manual segmented tech-

nique than when Invivo results were correlated.41 

Our results on the NOSE questionnaire showed no statistically significant differences be-

tween time-points in both treatment groups. Likely because the group of patients at T1 were already 

characterized in the Mild Nasal Obstruction range. The results showed that the patients were at the 

Mild Nasal Obstruction range also at T2 and T3 in both treatment groups, suggesting no breathing 

functional changes. Although there was a decrease in the range in T2 and T3 when compared to T1 

in both treatments, there were no statistically significant different results. RME has been related to 

limited skeletal movement, undesirable tooth movement, root resorption and lack of firm anchor-

age to get long-term stability.80 Garret et al, Ghoneima et al, Kartalian et al have reported dental 

tipping, skeletal expansion, and alveolar bending after the use of RME, being the most part of the 

expansion due to dental tipping.46–48 In spite of the lack of statistical significance, the clinical sig-

nificance of maxillary expansion for breathing improvement should be further investigated.  

Limitations 
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The tongue position is a very important factor to consider when evaluating airway through 

imaging exams. The tongue movement while swallowing and breathing during acquisition could 

influence dramatically the airway lumen and as a consequence, the volumetric and MCA results in 

.91 On this regard, the faster the CBCT scan, the lesser the chance to incur the image on those 

tongue movements.91,120 To control this limitation, our intention was to produce a strict protocol 

for CBCT to minimize the chances of a different tongue and head positions between exams. An-

other point of discussion is the upright position usually used to undertake the CBCT examination. 

The upright position allows the position of the head at the natural head position which is the rec-

ommended for baseline assessment of upper airway morphology, although the supine position en-

dorses the airway morphology during sleep, where a collapse of the airway may happen.91 Also, 

inflammatory conditions and head posture can influence pharyngeal mucosa volume.45 Even with 

a strict protocol, we could perceive some cases with different tongue position between T1, T2, and 

T3, these events could be the cause for a less significant increase in the MCA. 

Regarding radiation exposure, the authors are aware of the approximate 150 µSV of effec-

tive radiation dose on each of the 3 CBCT scans and their relative the background radiation. The 

CBCT radiation effective dose seems to be at least 30% higher than a pan and ceph (26 µSV and 

12 µSV respectively) for each time-point in each patient. The patients included in this study are 

within the pubertal growth age, in which the radiation effective dose would be more detrimental 

due to the exponential cell growth. 
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              Figure 4.5. Changes in tongue position, after RME the tongue could assume a higher position enlarging the oropharynx volume.  
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Obesity is an important confounder to OSA and SBD, moreover, obesity can lead to OSA 

or even can lead to similar symptoms of OSA in children with normal weight due to the fat depo-

sition in the tongue, neck, and geniohyoid and genioglossus muscles.130 In our study we could not 

evaluate BMI to link this information to the increase or decrease upper airway dimension. 

The absence of a normal control group in our research did not allow the comparison of the 

growth changes in a similar age group when no appliance was in place permitting changes in the 

airways. We evaluated simply the oropharyngeal dimensions, studies on the changes in the phar-

yngeal morphology (shape) after maxillary expansion and the relation of it with breathing capacity 

could elucidate in a better way this relationship. 

4.4.1 Future Research 

 Future research should focus on airway function to correlate the dimensional changes to 

airflow and respiratory capacity function after maxillary expansion treatment. As well, the quali-

tative analysis with patient’s feedback by validated questionnaires could elucidate the patient’s 

breathing improvement after orthodontic therapy. 

4.5 Conclusion 

 Statistically significant differences in oropharyngeal volume measurements means within 

T1/T2 and T1/T3 were identified in the Hyrax group when evaluated with both software and in 

MCA when evaluated with Dolphin, although no differences for Damon System were found. How-

ever, the results found could have no clinical significance when the measurement errors are to be 

considered and the power effect of the sample was found to be low. NOSE questionnaire did not 
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suggest significant clinical differences in breathing function between time-points nor between 

treatments. Clinically, there is no minimum volume increase value established in the literature 

showing effectiveness in the improvement of patients’ breathing capacity, more studies are neces-

sary to correlate the volumetric findings to actual quantifiable improvements in breathing.  
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Chapter 5 – Overall conclusion 

A large number of studies have linked RME changes to an increase in the nasal breathing 

capacity, nasal volume and linear transversal enlargement.55,60–62,67,82,84 However, inconsistencies 

between studies’ results on nasopharyngeal and oropharyngeal volume and MCA changes after 

RME lead to uncertainties about the real effect of RME on these upper airway spaces. Therefore, 

more studies about the oropharyngeal changes related to RME were necessary to understand the 

real effects of RME in the cited region of the pharynx.  

A reliability test was performed to analyse reproducibility and the results showed an excel-

lent agreement inter examiners and intra examiners with all the results above 90%. Hence, answer-

ing our first hypothesis, the examiners were reliable, we accepted the null hypothesis. 

The analysis among the software Invivo and Dolphin showed statistically significant dif-

ferences between them. Although there are differences between both software, it was not possible 

to ascertain which one is more accurate using Bland Altman tests because there are no true values 

for the oropharyngeal volume and MCA to compare with the results obtained via the software. 

Therefore the second hypothesis was answered, rejecting the null hypothesis that the software has 

no statistically differences. 

Statistically significant differences in oropharyngeal volume means were found between 

T1/T2 and T1/T3 in the Hyrax group, rejecting the third null hypothesis. However, regarding clin-

ical significance, the power effect of the sample was found to be low which would require a larger 

sample to confirm the positive effect of Hyrax over the oropharynx. Although no statistically sig-

nificant differences were seen in the Damon approach, accepting the fourth null hypothesis.  
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Nonetheless statistically differences were found between both treatments when time points 

were evaluated separately, there were no differences in the overall means of the two treatments 

when all the values were analysed together, answering the fifth hypothesis. 

  NOSE questionnaire did not suggest significant clinical differences between time-points 

nor between treatments. Clinically, there is no minimum volume increase value established in the 

literature showing effectiveness in the improvement of patients’ breathing capacity, more studies 

are necessary to correlate the volumetric findings to actual quantifiable improvements in breathing. 

Moreover, although RME can influence the breathing capacity of patients with OSA, RME treat-

ment is an auxiliary method93 and should be used only when orthodontically indicated. 

To assure clinically significance is not an easy task, the results found in this work are meant 

to be analysed carefully. The clinical significance could be implied when the measurement errors 

are to be considered in the Hyrax group analysed with Dolphin showing an oropharyngeal volume 

increase between 2.18 to 2.42 cc and 1.78 to 1.88 cc in Invivo. However, the post-hoc power test 

calculation showed a low power in which would require a larger sample size to confirm the increase 

in a clinical significance manner.  

The variance among the software and the lack of a gold standard tool lead to uncertainties 

in regards to the results found in this research. Moreover, since there is no minimum volume in-

crease value established in the literature showing effectiveness in the improvement of patients’ 

breathing capacity, more studies are necessary to correlate the volumetric findings to actual quan-

tifiable improvements in breathing.  
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5.1 Limitation 

The stand position to perform the CBCT exam is a limitation which does not enable the 

analysis of the upper airway in a supine position simulating the same position while sleeping.8 

Also, the patient’s position and tongue movement are very important concerns to be considered 

when evaluating airway through image exams. The tongue movement related to swallowing and 

breathing can influence dramatically the airway lumen and as a consequence, the upper airway 

dimensions.91  

Software differences, especially in MCA, can be related to the possibility of the limitation 

for the area where the Dolphin will acquire for the MCA, however, Invivo does not enable the same 

kind of tool. With that, slightly sharp tips on the edges of the boundaries can give the wrong inter-

pretation from the software that there is located the MCA. Dolphin gives an easier and straightway 

to select the boundaries, whereas Invivo gives arrows that some times, even though clicking at the 

exact inferior border as described in previous chapters, the selection of the total volume does not 

comprehend the total portion required, and a second step is necessary to adequate the correct 

boundaries. 

5.2 Future research 

 Future research should focus on airway function to correlate the dimensional changes to 

airflow and respiratory capacity function after maxillary expansion treatment. As well, the quali-

tative analysis with patient’s feedback by validated questionnaires could elucidate the patient’s 

breathing improvement after orthodontic therapy. 
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APPENDIX 

   Appendix 2.1 – Databases and individualized truncations of words 

Database  

(Up to April 4, 2019) 

Key words & search truncation 

MedLine (N= 16)  

(Ovid)  

EMBASE (N= 24)  

(Ovid)  

http://ovidsp.tx.ovid.com 

 

(Palatal Expansion Technique OR ((maxil* or palat*) adj2 expan*).mp OR RME.mp. OR 

hyrax.mp OR damon.mp. OR exp rapid maxillary expansion OR rapid maxil* expans*.mp) 

AND ((Nasal Cavity OR Pharynx OR (airway* or nasal or oropharyngeal or oro-pharyn* or 

pharyn* or nose or nasopharyn* or naso-pharyn*).mp) AND SYSTEMATIC REVIEW.mp. 

or exp "Systematic Review" 

 

PubMed (N= 18) 

 

 

http://www.ncbi.nln.nih.gov/pubm

ed 

 

(((((((airway[All Fields] OR (upper airway[All Fields] OR upper airways[All Fields])) OR 

(nasal[All Fields]) OR nasalpharangyal[All Fields] OR nasalpharyngeal[All Fields] OR na-

salpharynx[All Fields] )) OR (pharyn[All Fields] ) OR (oropharyn[All Fields]) OR 

("nose"[MeSH Terms] OR "nose"[All Fields])) OR (nasal pharyngeal[All Fields] OR nasal 

pharynx[All Fields])) AND ((((("palate"[MeSH Terms] OR "palate"[All Fields] OR "pala-

tal"[All Fields]) AND expansion[All Fields]) OR (("maxilla"[MeSH Terms] OR "max-

illa"[All Fields]) AND expansion[All Fields])) OR (("maxilla"[MeSH Terms] OR "max-

illa"[All Fields]) AND expansion[All Fields])) OR ("palatal expansion technique"[MeSH 

Terms] OR ("palatal"[All Fields] AND "expansion"[All Fields] AND "technique"[All Fields]) 

OR "palatal expansion technique"[All Fields] OR ("maxillary"[All Fields] AND "expan-

sion"[All Fields]) OR "maxillary expansion"[All Fields])) OR (maxil[All Fields] OR 

maxil2[All Fields] OR maxila[All Fields]) OR (palat[All Fields] OR palata[All Fields] AND 

(expan[All Fields]) AND "humans"[MeSH Terms]))) AND systematic review 

Cochrane (N= 8) 

http://onlinelibrary.wiley.com.logi

n.ezproxy.library.ualberta.ca/coch

ranelibrary/search/advanced 

maxil* expansion or palat* expansion and airway* or upper airway or pharyn* 

 

 

 

 

 

http://ovidsp.tx.ovid.com/
http://www.ncbi.nln.nih.gov/pubmed
http://www.ncbi.nln.nih.gov/pubmed
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       Appendix 3.1: Graph MCA anlysed in both software 

 

          
         Appendix 3.2: Graph Volume analysed in both software 
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         Appendix 4.1: Oropharyngeal volume changes between time-points in Hyrax and Damon 

 

 

      Appendix 4.2: Oropharyngeal MCA changes between time-points 


