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ABSTRACT 
 

Three Dimensional Analyses of the Effects of Rapid Maxillary Expansion Using 
Either the Hyrax, Haas or SARPE Approaches 

 

PURPOSE:  

To quantify and understand the immediate and subsequent skeletal and dental 
effects of rapid maxillary expansion (RME) with either the Hyrax or Haas appliances or 
Surgically Assisted Rapid Palatal Expansion (SARPE) evaluated by cone beam 
computed tomography (CBCT). 

 

METHODS:   

Twenty-three patients (11 Hyrax, 7 Haas, 5 SARPE) were recruited for this study. 
Patient age was 11-16 years old for the appliance categories and 16-20 years old for the 
SARPE.  Three CBCT scans were taken at specific time points: prior to expansion, 
immediately following active expansion, and 6 months post-expansion.  As a 
continuation from a previous study, an additional fourth scan was taken 12 months later 
for the Hyrax group. Multiplanar slices were used to measure: linear transverse 
dimensions, inclinations of the teeth, and the palatal sutural split.   

 

RESULTS:   

Analysis confirmed RME increased all transverse dimensions of the maxilla 
except the external nasal floor.  Rapid maxillary expansion also produced differences in 
the amount of expansion decreasing in magnitude from anterior to posterior.  RME led to 
buccal tipping of posterior teeth in all groups with SARPE having the least amount of 
tipping. High rates of incidences of bone liabilities were observed in all groups with 
Hyrax>SARPE>Haas. 

 

CONCLUSION:    

 Rapid maxillary expansion significantly increased transverse dimensions of the 
maxilla, decreasing in magnitude from anterior to posterior and inferior to superior.  
Minimal amounts of relapse were observed in all groups due to retention of the 
expansion with fixed appliances during healing. High rates of incidences of bone 
liabilities were observed in all groups in both pre-treatment as well as post-treatment 
images. Repair of bone liabilities were observed in all groups. 
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Introduction 
 
Purpose 

The purpose of this prospective study was to understand the immediate 

and subsequent skeletal and dental effects of rapid maxillary expansion (RME) 

using either the Haas appliance, Hyrax appliance, or Surgical Assisted Rapid 

Palatal Expansion (SARPE) on the maxillary complex and quantification using 

three-dimensional conebeam computed tomography (CBCT).   

 

Specific Aims 

• Examine the skeletal changes at various transverse levels of the maxilla  

• To measure the changes in angulation of the maxillary teeth 

• To measure the changes of the supporting buccal and lingual alveolar 

plates 

• To describe the changes in the palatal suture 

 

Time points 

– Before rapid maxillary expansion  

–  Immediately after active expansion 

–  6-months post active expansion 

– 18-months post active expansion (for Hyrax only) 
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Hypotheses 

The null hypotheses are: 

• There will be no change in the transverse dimensions of the maxilla 

• There will be no change in the angulation of the maxillary teeth following 

the active phase of expansion 

• There will be no change in the angulation of the maxillary teeth after 6 

months retention of RME when compared to the initial scans 

• There will be no change in the angulation of the maxillary teeth treated 

with Hyrax appliance after 18 months retention of RME when compared to 

the initial scans 

• There will be no structural changes in the midpalatal suture 

 

Premise 

     Rapid maxillary expansion is frequently used to correct maxillary width 

deficiency or posterior crossbite, to increase arch perimeter and alleviate dental 

crowding, to correct sagittal discrepancies, and to improve nasal breathing. 1-8   

Many orthodontists choose to use RME over extractions in patients with normally 

shaped arch forms in order to relieve arch length discrepancy. This may be a 

result of the treatment planning fashion toward nonextraction treatments and 

broader, more esthetic smiles. 9,10 

The effects of RME have been extensively studied since it was first 

reported in 1860.1  Although clinicians concur with the clinical applications of 

RME, numerous disagreements exist regarding the effects of the procedure.   
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The introduction of three-dimensional imaging has provided a tool to gain 

additional information regarding the effects of RME.  This study examined the 

three-dimensional effects of RME on the dental and skeletal components of the 

maxilla.   

 

Skeletal Effects of Rapid Maxillary Expansion 

Rapid maxillary expansion occurs when the forces applied to the teeth and 

alveolar processes exceed the limits of orthodontic tooth movement.  This 

constant applied pressure acts as an orthopedic force which opens the 

midpalatal suture.11 The typical sequence of events: activation of the appliance 

causes immediate compression of the periodontal ligament, followed by bending 

of the alveolar process, and tipping of the anchor teeth, resulting in a distraction 

force on the midpalatal suture. 4  

The force levels distributed to the maxillary complex as a result of RME can 

vary greatly.  In a classic study by Chaconas,12 a single activation of a Haas or 

Hyrax appliance produces 3-10 lbs of force with a rapid initial decay followed by 

slower decay curve. 

Examination of the midpalatal suture bone quality during RME has shown that 

as expansion forces accumulate during the first month of treatment, the mineral 

content within the suture decreases.11  Following active expansion, the mineral 

content within the suture increases rapidly in the first month following expansion 

and returns to its initial level within three months.12   
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Research has also shown that amount of separation of the palate varies in 

non-parallel fashion for both the vertical and horizontal planes.  Wertz10 showed 

that greater expansion was noted in the anterior portion than the posterior.  In the 

superior-inferior direction, more expansion was seen at the level of the dentition 

in comparison to the skeletal components of the maxilla and nasal floor.  

Additional skeletal changes occur for the position of the maxilla, alveolar 

processes, and mandible as a result of RME.  The maxilla is displaced in a 

downward and forward direction.4,13 The amount and degree of movement is 

related to its original position. The permanency of the change may not be 

significant; fifty percent of the cases returned to the original position in the post-

expansion period.4,6,13,14  Alveolar changes have also been reported.  Lateral 

bending of the processes which have been noted by multiple authors. 4,6,7,11,13-16   

Relapse of lateral bending is believed to be due to residual forces remaining after 

initial expansion.16  A repositioning of the mandible also occurs as the mandible 

rotates in a down and backward movement due to the change in the position of 

the maxilla, extrusion of maxillary teeth, and bending of the alveolus. 4,6,11,13-16   

 

Dental Effects of Rapid Maxillary Expansion 

 The effects of RME are the most profound at the level of the dentition. 

Since the Hyrax and Haas appliances are both anchored to the dentition, the 

applied forces will act primarily on the dentition until a sufficient threshold is 

surpassed for orthopedic expansion to occur. With RME, there is transient 
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diastema formation, angular and translatory movement of the teeth, and an 

increase in total arch perimeter of the maxilla. 

 Diastema formation is a key clinical sign that the mid-palatal suture has 

been split. The size of diastema formation varies but Haas estimated the 

diastema width to be half the amount of screw activation of the appliance4, while 

Lagravere reported an average width of 2.98-mm17.  Several authors have 

postulated hypotheses on the transient nature of the diastema with mesial tipping 

of the incisors for space closure.  Haas postulated that the “circumoral 

musculature” was both responsible for the closure of the diastema and a 

decrease of the post-expansion arch perimeter, but had no clinical evidence.4,6  

Wertz suggests that the diastema closure is due to the elastic recoil of the 

transeptal fibers and that unaided return of the proximal contact with uprighting of 

the central incisors can be expected within 4 months.10,13 

Tooth movement during RME occurs from tipping/flaring of the teeth 

and/or bodily translation of the teeth through alveolar bone towards the buccal 

surfaces of the maxilla.  An ideal orthopedic correction would include minimum 

dental tipping and maximum bodily translation of the dentition and the basal bone 

of the maxilla. 

A review of the literature finds great variation in the amount of maxillary 

molar angulation with changes reported in the range 1º to 24º depending on the 

study design and treatment protocol.4,6,18  One meta- analysis reported an overall 

average of 3º of tipping of all the posterior teeth and stated that this change is not 

clinically significant.17  
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As for the transverse changes observed in these studies, results vary 

depending on the report and the amount of expansion desired.  However, several 

meta-analyses show that the intermolar width increases from 6.0 to 6.75-mm and 

that the intercanine width increases 5.0-5.3 mm.  In addition, the maxillary molars 

extrude 0.5-mm, and the overjet increases an average of 1.3-mm.17  

Powerful lateral forces are generated during RME treatment and exerted 

against the tooth roots, periodontal membrane, and marginal alveolar bone. 

Iatrogenic damage such as dehiscence of the buccal plate or buccal root 

resorption of anchor teeth has been reported but significance remains 

inconclusive. 

Greenbaum19 compared the periodontal effects of RME with varying 

appliance designs versus controls, and concluded that there was no significant 

difference among the groups.  On the contrary, Garib et al.20 found reduced 

buccal plate thickness of the anchor teeth ranging from 0.6-0.9 mm.  Most 

significantly, however, was that the Hyrax treatment group had a number of 

anchor teeth with dehiscence of the buccal plate.18,20  Additionally, Barber21 and 

Lanford22 reported marked buccal root resorption of anchor teeth, while the non-

anchor teeth were unaffected.  Fortunately, significant root repair post-expansion 

was reported on most of the teeth. 21,22 

Expansion of the maxilla also increases the total arch perimeter available 

for the dentition. In a recent study by Geran,23 an average of 4-mm increase in 

arch perimeter was reported in patients who underwent RME.  Another author, 

Adkins,2 reported that changes in premolar width are highly predictive of changes 
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in arch perimeter.  It has been stated that the average increase in arch perimeter 

is equal to seventy percent of the transverse expansion at the premolars. 

 

Timing of Treatment 

The major resistance to expansion in the maxilla results from sutural 

resistance associated with increased maturity. Therefore, as a child ages, more 

forces are required, resulting in less skeletal expansion and more dental 

tipping.10   Krebs24 demonstrated this phenomenon in a study using metal 

markers during orthopedic transverse maxillary expansion in children and 

adolescents.  The children had 50% skeletal expansion and 50% dental tipping, 

whereas the adolescents had 35% skeletal expansion and 65% dental tipping. 

There is general consensus that growth in the median suture of the 

maxilla ceases at an average age of 16 years in females and 18 years in males 

with much individual variation.11,24-28  Examples of such variation were 

demonstrated using autopsy material where fused sutures in 15 year old 

cadavers were found while there were unfused sutures in 25-year old cadavers.29  

To induce maximal skeletal changes, RME should be performed prior to 

the peak growth velocity.30   The average peak growth velocity occurs at 6-11 

years in females and 7-11 years in males.26  

An additional factor to consider in RME is the reduced ability for bone 

regeneration within the sutures in older patients.31 This further suggests that 

earlier expansion is advantageous. 
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Rapid maxillary expansion can be achieved in older patients, however, the 

orthopedic changes are relatively small.  In addition, the tendency towards 

relapse is 50% greater in older patients.10 

  After sutural closure, orthopedic maxillary expansion is unsuccessful 

because the expansion is composed primarily of alveolar or dental tipping, with 

little or no skeletal expansion. This can lead to many problems in adults, 

including excessive resistance for activation of the appliance, pain upon 

activation, pressure necrosis of the palatal tissue under the appliance, tipping 

and extrusion of maxillary teeth, bending of the alveolar bone, uncontrolled 

relapse following orthodontic appliance removal, and periodontal complications.32 

Periodontal complications occur when the maxillary teeth tip through the 

buccal cortical bone, resulting in cortical thinning, dehiscence, and/or fenestration 

of the maxillary teeth.  If gingival inflammation is present, the patient is 

predisposed to gingival recession and dental instability.  In contrast, if the 

transverse maxillary deficiency is less than 5-mm of the total maxillomandibular 

discrepancy, sufficient buccal bone is generally present to allow for some dental 

tipping.32 

 

The Haas Appliance 

Since Angell introduced his first appliance, there have been many efforts 

to modify and improve RME.  Haas first introduced his appliance in 1958.14  It is a 

fixed appliance with bands on the first premolars and molars, connected to a 

jackscrew at the center of the appliance with acrylic palatal flanges.  Haas4 
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stated that the tissue-borne Haas appliance applies more parallel expansion 

force to the alveolar ridges resulting in more skeletal expansion than dental 

flaring. 

The potential for tissue irritation is great with this appliance as the acrylic 

palatal pads increase the risk of palatal tissue impingement and food can 

become entrapped beneath these flanges.9 

 

The Hyrax Appliance 

An alternative appliance was developed ten years later in 1968 by William 

Biederman.33  It was first called the Biederman or Hygienic appliance due to its 

all wire frame soldered to seamless bands.  This hygienic ra

 

pid expander (Hyrax) 

decreased irritation to the palatal mucosa while at the same time making it easier 

to fabricate and minimized the effects on speech.  

Surgically-Assisted Rapid Palatal Expansion (SARPE) 

 Surgically-Assisted Rapid Palatal Expansion utilizes selective 

dentoalveolar osteotomies to section the cortical bone and reduce the resistance 

to orthodontic movement of the midpalatal suture and to resect the areas of 

resistance to lateral expansion in the midface. 

 

Indications: 

There is a lack of consensus among orthodontists and surgeons about the 

clinical indications for SARPE. Although maxillary expansion might be required 
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for many patients, the following indications for SARPE have been reported in the 

literature; all applying to a skeletally mature patient with a constricted maxillary 

arch: 

1. To increase maxillary arch perimeter, to correct posterior crossbite when 

no additional surgical jaw movements are planned. 

2. To widen the maxillary arch as a preliminary procedure, even if further 

orthognathic surgery is planned. This is to avoid increased risks, inaccuracy, 

and instability associated with segmental maxillary osteotomy. 

3. To provide space for a crowded maxillary dentition when extractions are 

not indicated. 

4. To widen maxillary hypoplasia associated with clefts of the palate. 

5. To reduce wide black buccal corridors when smiling. 

6. To overcome the resistance of the sutures when non-surgically assisted 

orthopedic maxillary expansion has failed. 

 

Age as criterion: 

The patient’s age has been considered by most authors and clinicians as 

the fundamental basis for distinguishing the use of orthopedic maxillary 

expansion vs. SARPE to treat maxillary transverse discrepancy. However, 

conflicting views regarding when orthopedic maxillary expansion is successful 

and when to request surgical assistance for treating maxillary transverse 

discrepancy are found in the literature. Epker and Wolford34 recommended 

surgical assistance for maxillary expansion in patients over 16 years of age.  
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Timms and Vero35 used 25 years as the upper limit for recommending orthopedic 

maxillary expansion. Mossaz et al.36 arbitrarily recommended “after the second 

decade of life” for surgical assistance of maxillary expansion. Mommaerts37 

stated that orthopedic maxillary expansion is indicated for patients younger than 

12 years, and, for those over 14 years, corticotomies are essential to release the 

areas of resistance to expansion. Alpern and Yurosko38 suggested that gender 

should also be considered as a selection criterion. According to them, men over 

the age of 25 and women over 20 require surgical assistance for expansion.  

Further confusion is added by several case reports in which orthopedic 

maxillary expansion has been shown to be successful in much older adults.38-40 

These authors suggested that, although an orthopedic effect was not observed, 

slow expansion results in a combination of membranous warping and some 

sutural stretching to provide the desired end result. They also suggested that 

slow expansion might not be as kind to the gingival tissues, but it is clinically 

adequate and stable.41 The method of assessment of these studies ranged from 

clinical observation, model analysis, and computed tomography (CT). 

Determination of skeletal age is an important parameter for case 

selection.28  It is possible that chronologically advanced patients in case reports 

whose orthopedic maxillary expansion was successful were skeletally immature. 

The reverse can also be true in chronologically younger patients with advanced 

skeletal maturity whose orthopedic maxillary expansion might be unsuccessful. 
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Amount of expansion: 

Betts et al.42,43 and others44 have recommended that the amount of 

desired expansion is an important factor in case selection for maxillary expansion 

in adults. In general, an orthodontist can camouflage transverse 

maxillomandibular discrepancies less than 5 mm with orthopedic or orthodontic 

forces alone42,43. 

When the maxillary transverse discrepancy is greater than 5-mm, surgical 

assistance is indicated42,43. Although both SARPE and segmental osteotomy are 

used for surgically assisted maxillary expansion, segmental osteotomy is 

reported to be unstable, especially when more than 8-mm expansion is desired.45 

It is also essential to evaluate the buccolingual inclination of the teeth prior to 

expansion because it may either mask or aggravate the discrepancy at the apical 

bases. 

 

Surgical technique:   

The surgical technique for SARPE involving a midpalatal split was 

described in 1938.46  In the first half of the 20th century, there was no significant 

evolution of surgical techniques for orthognathic surgery or SARPE. The 

improved management of infections allowed for increased surgical correction of 

skeletal deformities in the second half of the century as well as the biological and 

physiological understanding of orthognathic procedures (i.e. LeFort I perfusion 

studies by Bell51). In 1959, Kole47 advocated the use of selective dentoalveolar 

osteotomies to section the cortical bone and reduce the resistance to orthodontic 
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movement. Converse and Horowitz48 advocated the use of both labial and palatal 

cortical osteotomies for expansion in 1969. A LeFort I type of osteotomy with a 

segmental split of the maxilla and the placement of a triangular unicortical iliac 

graft for correction of maxillary constriction was presented by Steinhauser49 in 

1972. 

 Many surgical procedures have been designed to resect the areas of 

resistance to lateral expansion in the midface. The areas of resistance have been 

classified as anterior support (piriform aperture pillars), lateral support (zygomatic 

buttresses), posterior support (pterygoid junctions), and median support 

(midpalatal synostosed suture).  

Initial reports described the midpalatal suture as the area of greatest 

resistance to maxillary expansion.28,29,35  However, later reports highlighted the 

zygomatic buttress and the pterygomaxillary junction as critical areas of 

resistance.50-52 Kennedy et al.52 studied the effects of selected maxillary 

osteotomies as an adjunct to orthopedic maxillary expansion in mature rhesus 

monkeys. They evaluated the influence of lateral maxillary and pterygomaxillary 

osteotomies with and without palatal osteotomy vs. unoperated controls or 

palatal osteotomy alone and found significant differences. They concluded that 

reducing or eliminating the resistance to lateral movement by osteotomy allows 

for movement of the basal bone of the maxilla.  

Timms and Vero35 and Timms53 suggested that there are 3 stages of 

surgical assistance for maxillary expansion based on the patient’s age. Stage 1 

(median osteotomy) is performed for patients aged 25 years or older, or younger 
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if RME was tried and failed. Stage 2 (median and lateral osteotomies) is reserved 

for those aged 30 years and older, and stage 3 (median, lateral maxillary and 

anterior maxillary osteotomies) is for patients aged 40 years and older.  

Betts and Ziccardi43 recommended a total bilateral maxillary osteotomy 

from the pyriform aperture to the pterygomaxillary fissure along with a midpalatal 

split from the anterior to the posterior nasal spines. They recommended 

sectioning all articulations and areas of resistance—anterior, lateral, posterior—

and median support of the maxillary arch. According to them, the osteotomy 

should be created parallel to the occlusal plane with a step at the maxillary 

buttress. An ostectomy in this region prevents interferences to expansion from 

the buttress. The osteotomy should be placed approximately 4- to 5-mm above 

the apices of the maxillary teeth. They also recommended releases from the 

nasal septum and the pterygoid plates.  Lehman et al.,54 however, did not 

recommend a palatal split.  According to them, the removal of the resistance from 

the zygomatic buttress is sufficient to remove resistance to expansion. This 

conservative technique was also suggested by other authors.55,56  Bays and 

Greco57 and Northway and Meade41 recommended that no attempt should be 

made to separate the maxilla from the pterygoid plates to avoid invasion into the 

pterygomaxillary junction. According to them, such a separation requires extreme 

force and usually causes the plates to fracture.  Pogrel et al.58 recommended 

only a midpalatal cut in addition to the transection of the lateral support. Most 

surgeons recommend a soft-tissue incision that exposes the bone for a direct cut 

with a bur, an osteotome, or a reciprocating saw. Occasionally, the midline split 
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can be made by an osteotome between the central incisors without a soft-tissue 

incision.57 Instead of the single midline split of the maxilla, some authors 

described two paramedian palatal osteotomies from the posterior nasal spine to 

a point just posterior to the incisive canal.59  

Variations in surgical technique have also been recommended based on 

the patient’s age, presence of palatal torus, missing teeth, presence of or 

tendency toward an anterior open bite, need for a secondary LeFort osteotomy, 

extremely tapered arch form, and the requirement for only unilateral maxillary 

expansion.42,43  Recently, endoscopically assisted SARPE and LeFort I 

osteotomy techniques have also been presented to reduce morbidity, especially 

in growing patients.60 

From a recent review of the literature,61 it is apparent that there is no 

consensus about either the extent or the procedure for SARPE. There are also 

no conclusive means to determine the areas of resistance to lateral maxillary 

expansion or ascertain an individualization of the surgical cuts. The extent of 

surgery ideally should depend on the areas of resistance with some 

individualization.  

 

Assessment of Rapid Maxillary Expansion 

 Cephalometric analysis is widely used in orthodontics and has been the 

standard of imaging for treatment planning and analyzing treatment results.  This 

method provides a static visualization of both the hard and soft tissues of the 

head and neck and permits measurements to be performed.  Advantages of 
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using a full head lateral radiograph for measurements include low cost, low 

radiation, and are easily accessible.  However, there are fundamental problems.   

It is difficult to standardize patient positioning, technique, and magnification.  In 

addition, a differential projection enlargement results from the distances among 

the x-ray source, the subject, and the film.  This inaccuracy is due to several 

factors.  First, there is generalized enlargement of the image as a whole, varying 

from 10-15%.62  One side of the patient is closer to the x-ray beam resulting in 

the side closest to the source being magnified to a greater degree.63  Finally, a 

radiograph is a two-dimensional representation of a three-dimensional object, 

which means anatomical structures overlap and measurements are not 

anatomically accurate.64   

 When examining the nasomaxillary complex on a cephalometric 

radiograph, qualitative information and basic measurements can be obtained.  

However, transverse measurements and form can be altered by something as 

simple as the head posture of the patient.  Since the images are magnified and 

distorted with respect to the original form, it is logical to assume that the 

measurements obtained from these images will be inaccurate.  Adams64 stated 

that these discrepancies imply that the measurements taken from a 

cephalometric radiograph do not represent anatomically accurate data and 

anatomical relationships.  

 Magnetic resonance imaging (MRI) provides a radiation-free means of 

imaging the nasomaxillary complex.  It facilitates a clear visualization of both the 

hard and soft tissues, but the added expense, limited availability, and limitations 
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with metallic appliances make it difficult to use for the purpose of this 

investigation.   

 Traditional computed tomography (CT) is similar to MRI in that it provides 

a three-dimensional visualization of skeletal structures.  However, soft tissue 

structures, such as the soft palate, are difficult to differentiate on CT.  The high 

radiation and cost associated with spiral and helical CT scans also make them 

less desirable.  Medical CT scans can then be used to obtain qualitative 

observations and quantitative measurements.65 

 Cone beam computed tomography (CBCT) has offered many solutions to 

the shortcomings of traditional CT.  The cone shaped beam allows for shorter 

imaging times and lower radiation exposure.66  Scan times average 10 seconds 

using the Hitachi CB MercuRay™ CBCT scanner (Hitachi Medical Corporation, 

Tokyo, Japan) decreasing the likelihood of distortion and the radiation exposure 

similar to the range of a standard dental radiograph series.66-68  The spatial 

resolution is equivalent to the resolution of a standard spiral CT but at a 

significantly lower radiation dosage. The effective dose of a CBCT is 50-400 μSv 

(depending on machine and operating parameters) versus a spiral CT at 

approximately 2000 μSv.69 

 The Hitachi CB MercuRay™ CBCT scanner used in this study is a 12-bit 

grey scale system that provides greater contrast and resolution compared to 

other 8-bit CBCT machines.  The 9 inch field of view offered by the Hitachi CB 

MercuRay™ CBCT scanner allows for increased focus on the nasomaxillary 
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complex.  The upright scanning position of this machine is also an advantage in 

that it allows for the patient to be in their natural head position.   

 

Reliability of Measurements 

 The accuracy of measurements obtained from computed tomographic 

images have been investigated by several authors.  Cavalcanti65 concluded that 

the measurements were very accurate when compared to physical 

measurements of dry skulls.  He reported measurement error ranging from 0.45-

1.44%.  Kobayashi et al. completed a similar study and found a measurement 

error of 1.4% and concluded that this was within a clinically tolerable range.  

Stratemann70 used a CBCT machine and reported highly accurate 

measurements in all dimensions ranging from 0.09-0.30%.  These studies have 

confirmed that the measurements obtained from reconstructed CBCT images are 

anatomically accurate.   
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 Until recently, rapid maxillary expansion has been analyzed using two-

dimensional cephalograms and/or study models.  Measurements were made 

using dental and bony landmarks, and each author developed their own 

analyses.  Haas created one of the first analyses based on 45 patients with 

maxillary or nasal deficiency.4  Using serial PA cephalograms superimposed on 

each other, parallel vertical tangents were constructed to the greatest convexity 

on the lateral walls of the nasal aperture, second or third molars, and the central 

incisors.  Linear measurements were then taken across each between each pair 

of tangents (Figure 1). 

 

Figure 1: Serial PA cephalograms superimposition demonstrating maxillary expansion4 
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A common method used to measure maxillary expansion came from the 

work of Baccetti and McNamara30.  This analysis identifies skeletal and dental 

landmarks on PA cephalograms.  Following landmark identification, linear 

measurements are taken by connecting the bilateral landmarks (Figures 2,3).   

 

Figure 2: Cephalometric landmarks used by Baccetti and McNamara30 
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Figure 3: Dental measurements on posteroanterior film used by Baccetti and McNamara30 
 
 
Unfortunately, this analysis only measures the two dimensional changes, and 

results can be skewed by the magnification, superimposition of overlying 

structures, and head posture of the patient in the cephalostat.  

  Later work by the Geran et al.23 added measurements taken on dental 

casts to the original methods by Baccetti and McNamara. They used the casts to 

measure dental changes in arch width, arch depth, molar angulation, and arch 

perimeter (Figure 4). 

 

Figure 4: Cast Measurements used by Geran23 
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The addition of dental measurements to RME analysis was very important 

to the understanding of rapid maxillary expansion because the appliance is 

anchored to the dentition. Traditional radiographic evidence of the dental effects 

of RME is difficult to measure due to the superimposition of other structures on 

the dentition. However, this cast analysis method is not without its 

disadvantages. Defining the true angulation of the teeth is difficult without 

complete visualization of the roots of the teeth. Additionally, the measurements 

from the casts may be distorted depending on the materials and method used to 

construct the models.   

To eliminate the disadvantages mentioned above, Garib et al. used three 

dimensional imaging with a spiral CT system to analyze the effects of RME.18,20  

With this method, distortion and superimposition of  landmarks was eliminated.  

They used coronal slices of the maxilla to measure the transverse changes at 

different levels of the maxilla (Figure 5).  

 

Figure 5: Transverse measurements of the maxilla used by Garib et al.18,20  
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Garib also measured the changes in inclination of the dentition by drawing 

a line through the palatal cusp tip and root apex, and one line perpendicular to 

the lower border of the CT image (Figure 6).18,20   

 

 

Figure 6: Determination of tooth inclination18,20   
  

This method allows for complete visualization of the crown and root of the 

tooth, thereby decreasing the likelihood of error in determining root angulation.  

However, constructing the line from cusp tip to root apex may be difficult to 

repeat consistently due to changes in the position of the teeth from the time point 

one to time point two.   The same is true for the construction of the perpendicular 

line. This is due to the fact that all three planes of the scan can be manipulated 

using the CT software making the perpendicular line arbitrary. 
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Materials & Methods 
 
Patient Selection 

This study was a prospective longitudinal study approved by the University of 

California, San Francisco Committee on Human Research (# H893-23246). 

Twenty-three patients (10 Male, 13 Female) were recruited from the UCSF 

Orthodontic Clinic based on the following selection criteria: 

Inclusion Criteria: 

1. Skeletal transverse discrepancy with need for rapid maxillary expansion 

(RME) judged by an experienced orthodontist 

2. Need for treatment with full fixed appliances (FFA) during the 6 month 

retention period 

3. All ages in which rapid maxillary expansion was feasible as judged 

clinically using radiographs and medical history 

4. Complete set of images at desired time points  

5. Informed consent obtained 

 

Exclusion Criteria: 

1. Patients with craniofacial anomalies that could alter the effects of RME 

2. Orthodontic appliances present prior to the start of treatment with RME 

3. Lack of compliance in obtaining the required images and/or expansion 

protocol 
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Enrollment in the study was open for 24 months from August 2006 to 

August 2008.  Three different groups requiring maxillary expansion were being 

evaluated: 1) patients receiving the Haas appliance, 2) patients receiving the 

Hyrax appliance, and 3) those requiring surgically assisted rapid palatal 

expansion (SARPE) utilizing Hyrax to generate the expansion. Seven patients 

were recruited for the study and enrolled into the Haas, and an additional five 

patients were enrolled into the SARPE group.  Eleven patients came from the 

continuation of the longitudinal study by Miller et al. evaluating the Hyrax 

appliance.71  Two of the patients in the SARPE had missing initial post-expansion 

timepoints (T1) and were included in the study.  A summary of patients involved 

in the study can be found in Tables 1-3.  

 
 
 

     Table 1:  Data on patient age and gender of Hyrax group 
Patient # Gender Age at time of 1st 

imaging (years) 
1 Female 12.6 
2 Male 16.3 
3 Male 15.2 
4 Male 14.7 
5 Male 16.4 
6 Female 14.1 
7 Female 14.6 
8 Female 15.5 
9 Male 13.4 
10 Male 16.1 
11 Male 14.6 
 4 Female : 7 Male Mean 14.8  
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     Table 2:  Data on patient age and gender of Haas appliance group 

Patient # Gender Age at time of 1st 
imaging (years) 

1 Female 10.8 
2 Female 12.2 
3 Female 12.2 
4 Male 12.7 
5 Female 11.8 
6 Female 12.9 
7 Female 11.9 
 6 Female : 1 Male Mean 12.1  

 
 
 
 
 
 

     Table 3:  Data on patient age and gender of SARPE group 
Patient # Gender Age at time of 1st 

imaging (years) 
1 Female 20.6 
2 Male 17.4 
3 Female 17 
4 Male 17.9 
5 Female 14 
 3 female :2 male Mean 17.4 
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Expanders 
 

Patients treated with a tissue–borne rapid expander were categorized into the 

Haas group.  The Haas appliance is designed as a fixed maxillary expander that 

uses acrylic pads and heavy lingual wires to apply pressure to both the teeth and 

the palatal tissue during expansion (Figure 7).    The expander consisted of an 8-

, 11-, or 13-mm Dentaurum expansion screw (Dentaurum, Ispringen, Germany) 

with four 0.051-in stainless steel arms soldered to bands on the first maxillary 

premolars and first molars.  The lingual wires, 0.036-in stainless steel, are 

soldered to bands on the first bicuspids and the first molars, and extended 

towards the palatal vault where they were embedded in the acrylic pads.  

 

 

Figure 7: Haas expander on demonstration model 
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Patients treated with a tooth–borne hygienic rapid expander were 

categorized into either the Hyrax or SARPE groups.   The expander consisted 

of an 8-, 11-, or 13-mm Dentaurum expansion screw (Dentaurum, Ispringen, 

Germany) with four 0.051-in stainless steel arms soldered to bands on the 

first maxillary premolars and first molars.  A 0.036-in stainless steel 

supporting wire was placed lingual to dentition and bands to increase rigidity 

of the appliance and extend the force of the expander to the canines and 

second molars if they were present (Figure 8).  

 

Figure 8: Hyrax expander in a 15.2 year old male patient 
 

The Haas or Hyrax expander were each activated one quarter turn of the 

expansion screw (0.2mm) at the time of delivery, followed by one quarter turn 

each day.  Activation continued until the transverse discrepancy was 

overcorrected such that the palatal cusps of the upper molars were in edge-to-

edge contact with the buccal cusps of the mandibular teeth.  The jackscrew was 
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immobilized at this stage, and the RPE was kept in place for at least 3 more 

months. Upon completion of the active expansion phase of treatment, each 

patient was treated with full fixed orthodontic appliances.  If the expander was 

removed prior to the completion of the 6-month retention phase, expansion was 

retained with an upper lingual arch or transpalatal arch (Tables 4-6) 

 

                Table 4: Expansion duration and retention method of Hyrax group 
Patient # Duration of 

Expansion 
(days) 

Method of 
Retention 

1 72 Hyrax 
2 25 TPA 
3 50 TPA 
4 44 Hyrax 
5 31 Lingual Arch 
6 40 TPA 
7 42 TPA 
8 33 Hyrax 
9 55 Hyrax 
10 58 TPA 
11 55 TPA 
 Mean 45.9 +/- 

13.7 
4 Hyrax : 6 TPA : 

1 Lingual Arch 
 

     Table 5: Expansion duration and retention method of Haas group 
Patient # Duration of 

Expansion 
(days) 

Method of 
Retention 

1  42 Haas 
2 14 Haas 
3 25 Haas 
4 34 Haas 
5 58 Haas 
6 90 Haas 
7 25 Haas 
 Mean 41.1 +/- 

25.8 
7 Haas 
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   Table 6: Expansion duration and retention method of SARPE group 
Patient # Duration of 

Expansion 
(days) 

Method of 
Retention 

1 48 Hyrax 
2 33 Hyrax 
3 36 Hyrax 
4 62 TPA 
5 5 Lingual Arch 
  Mean 36.8+/- 21.1 3 Hyrax: 1 TPA:1 

Lingual Arch  
 

Cone beam Computed Tomography 

Cone beam computed tomography (CBCT) scans were taken at the UCSF 

Division of Orthodontics 3-D Craniofacial Imaging Center using the Hitachi CB 

MercuRay (Hitachi Medical Corporation, Tokyo, Japan) cone-beam CT scanner.  

All scans except four were taken by the same technician using the 9-inch field of 

view at the manufacturer’s recommended settings of 15-mA and 120-kVp.  

Patients were positioned with their head stabilized in the headrest to prevent 

unwanted movement during the 10-second scan, with teeth together in centric 

occlusion, and the Frankfort Horizontal plane parallel to the floor.  Patients were 

instructed to sit still, breathe through their nose, and place their tongue on the 

roof of the mouth.   

 Each patient was scanned at three different time points: T0, T1, T2 and an 

additional time point T3 for the Hyrax group.  The first image (T0) was obtained 

prior to the delivery of the expander (variation of time between initial records to 

the day of delivery of the appliance was 51 +/- 61 days, range 0-201) which 

represented the subject’s baseline condition prior to expansion.  The second 

image(T1) was taken at the completion of the active expansion as stated above 
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(variation of time between post expansion and second scan was 33.5 +/- 23 

days, range 0-76).  This stage represented the dental and orthopedic changes as 

an immediate result of the active expansion without relapse or alignment with 

fixed appliances.  The third image (T2) was taken six months after completion of 

active expansion (mean 6 months +/- 1.5, range 4-10 months).  This time point 

was chosen because Bishara11 stated that the majority of the healing of the 

suture has occurred within three months of the last activation.  Isaacson also 

showed that the forces that cause lateral bending of the alveolus are completely 

dissipated within 5-6 weeks of expansion.11,15  Most importantly, this 6 month 

time frame allowed for the full-fixed appliances placed in the post-expansion 

period to have an effect on the dentition.  The Hyrax group has an additional time 

point (T3) image taken twelve months after T2 (mean 10.8 months +/- 2.5, range 

4-12 months) which represents 18 months after completion of active expansion.  

 

Image Analysis 

To date, a number of methods exist for studying the effects of rapid maxillary 

expansion.3,14,18,20,30,72  However, there is no consensus on a single approach in 

the literature.  Furthermore, little work has been done using distortion-free three-

dimensional images to quantify the skeletal and dental effects of RME.  We 

chose to create an analysis based on the studies by Garib et al.18,20  Our analysis 

measured similar changes of RME with the consistent landmark identification 

using the CBWorks 3.0 software (CyberMed, Seoul, Korea) to generate two- and 

three- dimensional images.  
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Scan Assignment and Head Orientation 

  Each of the scans were randomly assigned a number and loaded into a 

database such that each scan was analyzed without the operator identifying the 

patient or time point.  Each scan was realigned for head orientation using the 3D 

Reconstruction mode of CBWorks 3.0 software. The criteria used for orientation 

was based on each of the planar views; coronal orientation based on the palatal 

vault being parallel to the horizontal and equal emergence of condyles, sagittal 

orientation based on Frankfort horizontal being parallel to the horizontal, and 

axial orientation based on midline passing through anterior nasal spine and 

cervical vertebrae (Figure 9).  

 

Figure 9: Screen capture of CBWorks 3.0 alignment procedure 
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Determining the amount of skeletal and dental expansion 

Two-dimensional coronal images were created perpendicular to the 

midsagittal plane in order to measure the amount of skeletal and dental 

expansion.  This was done in the MPR mode of the CBWorks 3.0 software that 

allows a view of the area of interest in any vantage point including the coronal, 

sagittal, and axial planes.  A coronal section through the three dimensional 

midpoint of the right dentition was created at each level; first molar, second 

premolar, and first premolar to measure horizontal distances between 

contralateral equivalents (Table 7).  For example, a coronal section through the 

three-dimensional midpoint of the right first premolar was created (Figure 10).  

 

Table 7:  Linear measures used to determine the amount of skeletal and dental 
expansion 
Linear Measures Description  
Nasal Floor (NF) Maxillary width tangent to the nasal floor at the most 

inferior level 
Hard Palate 
External (HPe) 

Maxillary width from the external points of the buccal 
plate at the level  tangent to the hard palate  

Internal hard Palate 
(HPi) 

Maxillary width from the internal points of the hard palate  

Cementoenamel 
Junction  
Exterior (CEJe) 

Width of the dental arch at the level of the buccal CEJ of 
the right premolar/molar to the buccal CEJ of the left 
premolar/molar 

Cementoenamel 
Junction 
Interior (CEJi) 

Width of the dental arch at the level of the lingual CEJ of 
the right premolar/molar to the lingual CEJ of the left 
premolar/molar 

Buccal Cusp Tip 
(Cb) 

Dental arch width at the level of the buccal cusp tips 

Lingual Cusp Tip 
(Cl) 

Dental arch width at the level of the lingual cusp tips 
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Figure 10:  Transverse Measurements: Top: external 

measurements    Bottom: Internal measurements.  

 

Similar measurements were then taken using coronal sections through the 

three-dimensional midpoint of the second premolar and first molar, respectively, 

for each of the time points.  The values in millimeters (mm) were entered into 

Excel software (Microsoft, Redmond, WA).  The data was then analyzed 

statistically using SPSS 17.0 Statistical Software (SPSS, Chicago, IL).  Changes 

in measurements between the timepoints were analyzed using a mixed models 

effects regression with a level of significance of p<0.05. 

 

 

HPe 

NFe 

CEJe 

Cb 

NFi 

HPi 

CEJi 

Cl 
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Determination of changes in axial inclinations of the teeth 

Similar two-dimensional coronal sections described above were used to 

measure the axial inclinations of the premolars and first molar.  Each slice was 

printed and assigned a random number. The scans were analyzed in numerical 

order in order to blind the operator from the subject’s identity. The inclination of 

each tooth with respect to the midline structures was measured by hand using 

acetate paper and pencil.  

First, the orbits, zygomas, maxilla, and nasal structures were traced in 

order to facilitate superimposition of later time points. Second, a horizontal axis of 

each section was established by construction of a line tangent to the right and left 

superior orbital rim of each patient. When the superior orbital rim was not 

included in the nine-inch scan, a line tangent to crista galli was used.  Third, a 

best fit midsagittal line was constructed perpendicular to the horizontal axis 

through crista galli and the nasal septum.  The axis of each tooth was 

established by creating a line perpendicular to the occlusal surface of each tooth.  

The relationship of each tooth to the midsagittal line was measured in degrees (◦) 

using a cephalometric protractor and entered in an Excel spreadsheet (Microsoft 

Corporation, Redman, WA). 

All of the timepoints were measured in the same manner.  Statistical 

analysis was done using mixed models effects regression in a similar manner as 

stated above (Figure 11). 
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Figure 11:   Individual tracings of   (A) 1st premolar, (B) 2nd 

premolar, and (C) 1st molar in the coronal view showing how lines 

were drawn to determine angles 

 

 

 

 

 

(A) (B) 

(C) 
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Determination of Patency of Midpalatal Suture 

Qualitative evaluation of the changes in the midpalatal suture was 

completed by segmenting the three-dimensional image of the maxilla using the 

sculpting function of the CBWorks 3.0 software for each time point. The orbits, 

mandibular structures, and scatter radiation were removed one slice at a time to 

allow clear visualization of the palate and maxillary teeth (Figure 12).  

 

 
Figure 12:    Qualitative evaluation of patency of the midpalatal suture from 

segmented volumetric images using CBWorks software from a Hitachi 

MercuRay CBCT scan. (A.) Maxilla pre-treatment(T0) (B). Maxilla post-

expansion using Hyrax appliance(T1) (C). Maxilla 6-months post-expansion 

following Hyrax treatment(T2) 

      

     Although qualitative evaluation of the suture provides great information, it 

was also necessary to attempt to quantify the changes in the suture as well. Two-

dimensional coronal slices through the three-dimensional center of the premolars 

and molars were created using the CBWorks 3.0 software.  Using the histogram 

tool in the MPR mode, a line was drawn through the middle of the palate from left 

A.                                      B.                                             C. 
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to right.  A histogram of the Hounsfield Units (HU) within the suture was then 

generated (Figure 13).   

 

 

 

 
Figure 13:  Histogram of 15.2 year old male patient depicting a single line 

axis through the palate when visualized in the coronal slice view 

 

Determination of Buccal Bone Thickness 

 Buccal bone thickness was determined using two-dimensional coronal 

slices through the three-dimensional center of the premolars and molars created 
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using the CBWorks 3.0 software.  Using the pixel value table tool in the MPR 

mode, a specific region of interest can be evaluated based on its Hounsfield 

Units (HU) (Figure 14).  The presence of either bone dehiscence or fenestration 

was grouped together in the category of bone liability. Bone liability is defined as 

any buccal cortical bone thickness adjacent to either premolars or molars which 

consists of either two or less voxels of appropriate bone density. 

 

 

Figure 14. Pixel value table of maxillary left molar when visualized in the 

coronal slice view.  Note the higher CT numbers in the enamel and much 

lower numbers in the surrounding soft tissue. 
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Intra-rater Variability 

 Intra-operator variability was assessed by creating new coronal sections of 

each timepoint from three subjects randomly selected using the CB Works 3.0 

software.  Once complete, each of the images was measured in the same 

manner as mentioned above to determine the amount of transverse expansion, 

change in inclination of the teeth, midpalatal suture, and surrounding structures.  

This procedure was repeated a total of four times for five subjects, each 2-weeks 

apart.  The variability for each of the measurements was quantified using a one-

way analysis of variance. 

 

Statistical Analysis 

Intermediate and final transverse measurements of the maxilla were 

compared to the original controls using paired, two-tailed t-tests.  This 

comparison determined if there were significant changes in the dimensions of the 

maxilla as a result of RME.   

The changes in transverse dimensions at various coronal landmarks (i.e., 1st 

premolar, 2nd premolar, and 1st molar) were compared with each other to 

determine if there were any statistical differences between the results using the 

Kruskal-Wallis univariate analysis. 

Relationships of the teeth to the mid-sagittal line were compared to the 

original control record using paired, two-tailed t-tests.  These statistics were used 

to determine if there was any difference in the change in angulations resulting 

from RME.  Kruskal-Wallis univariate analysis was then used to compare the 
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changes in axial inclination between the individual teeth (i.e., abutment vs. non-

abutment teeth). 

 

Results 

Intra-rater Reliability 

     The reliability of all of the landmarks were acceptable with a strength of 

agreement of “substantial” except for the internal nasal floor landmarks which 

was considered “poor” (Table 8). 

 

Table 8. Intra-rater reliability using one-way analysis of variance 
Variable Concordance Correlation 

Coefficient (ρc) 
External Nasal Floor (NFe) 0.983 

Internal Nasal Floor (NFi) 0.491 

External Palate (Palate e) 0.994 

Internal Palate (Palate i) 0.974 

External Cementoenamel Junction 

(CEJe) 

.0.963 

Internal Cementoenamel Junction 

(CEJi) 

0.989 

Buccal Cusp (Cuspb) 0.973 

Lingual Cusp (Cuspl) 0.994 

Constructed Bisecting Angles 0.969 

Concordance Correlation Coefficient Key: 
(<.90)   Poor 
(0.90–0.95) Moderate 
(0.95–0.99) Substantial 
(>0.99)  Almost perfect 
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Comparing maxillary transverse dimensions at different time points 

To increase sampling sizes, the data gathered from all subjects at their 

respective time points was grouped together for further comparison (t-test 

p>0.05). Determination of statistical differences in the amount of skeletal and 

dental expansion was not made between the sex or age due to low power of 

study.  The poor inter-rater reliability with respect to the internal nasal floor 

measurements was factored into consideration when evaluating changes among 

the time points. 

  
Hyrax Appliance  
  
 The overall trend observed in the evaluation of the transverse 

measurements reveals a steady increase in length from initial (T0), immediate 

expansion (T1), and to six months post expansion (T2) with a decrease observed 

in the final eighteen months post expansion period (T3). The transverse 

measurement means for all of the landmarks and dentition evaluated are 

presented in Figure 15. 

 



43 
 

Hyrax Transverse Measurements Means Over Time
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During the initial expansion period from T0-T1, an increase in the 

transverse dimension was observed in all of the landmarks with the exception of 

the nasal floor measurements (Table 9).  Variable levels of significant and non-

significant increases in measurements were observed in the palatal landmarks.  

Both of the CEJ and cusp landmarks had significant increases in length ranging 

from 4.9 - 7.7-mm (P<0.004).  

 The six months post expansion comparison to immediate expansion, T2-

T1, revealed no significant differences with variable mean range of -2 to +2.26 

mm (Table 9). The decrease in nasal floor external measurement of 2-mm had a 

tendency towards significance at P<0.0512. 

 Comparison of the initial time point to six and eighteen months post 

expansion periods (T2-T0 and T3-T0) revealed similar trends (Table 9).  There 

were no significant differences observed in the nasal floor landmarks while a 

Figure 15: Hyrax Transverse Measurements Over Time 
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variable level of significance and non-significance occurred at the palatal 

landmarks.  A consistent level of significance was present at the CEJ and cusp 

landmarks ranging from increases of 2.8 - 7.28-mm and P<0.0421. 

 Between the six and eighteen month post expansion time period (T3-T2), 

most of the transverse measurements decreased (Table 9). A significant 

decrease was observed in all of the CEJ internal and cusp landmarks as well as 

CEJ external of the 1st Molar with range of 1.7 to 4.42-mm and P<0.0334. 

 
Table 9: Change in maxillary transverse dimensions and p-values for Hyrax appliance 

T1-T0     1st Premolar      2nd Premolar      1st Molar  
Landmark 
 

Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External -0.83 0.4929 -1.32 0.5774 2.38 0.0014* 
Nasal Floor Internal 1.35 0.0945 1.69 0.0348* -0.48 0.6780 
Palate External 2.69 0.0199* 0.45 0.7105 1.69 0.0016* 
Palate Internal 1.15 0.2212 3.63 0.0009* 2.02 0.3144 
CEJ External 5.22 0.0139* 5.82 0.0016* 5.81 <.0001* 
CEJ Internal 4.91 0.0291* 5.65 0.0006* 6.55 <.0001* 
Buccal Cusp 7.54 0.0036* 7.76 0.0020* 6.73 <.0001* 
Lingual Cusp 6.65 0.0027* 7.00 0.0021* 7.68 <.0001* 

T2-T1     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External -0.10 0.9522 0.14 0.9632 -2.00 0.0512 
Nasal Floor Internal 0.26 0.7775 -0.46 0.5490 0.40 0.4684 
Palate External 0.32 0.7408 0.38 0.8186 -0.58 0.1140 
Palate Internal 0.58 0.5963 -1.39 0.3995 -0.33 0.8674 
CEJ External 2.26 0.0848 0.18 0.8782 0.49 0.3624 
CEJ Internal 1.27 0.4239 0.53 0.5622 0.10 0.8804 
Buccal Cusp 1.06 0.4305 0.39 0.8073 -0.18 0.7686 
Lingual Cusp 1.46 0.2959 0.69 0.6288 -0.43 0.6398 
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T2-T0     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External -0.52 0.7526 -0.52 0.7526 0.38 0.6414 
Nasal Floor Internal 1.60 0.1248 1.60 0.1248 -0.08 0.9506 
Palate External 2.69 0.0028* 2.69 0.0028* 1.11 0.0421* 
Palate Internal 1.79 0.0389* 1.79 0.0389* 1.69 0.1438 
CEJ External 6.03 <.0001* 6.03 <.0001* 6.30 <.0001* 
CEJ Internal 6.00 0.0003* 6.00 0.0003* 6.65 <.0001* 
Buccal Cusp 7.28 0.0003* 7.28 0.0003* 6.55 <.0001* 
Lingual Cusp 7.14 <.0001* 7.14 <.0001* 7.25 <.0001* 

T3-T2     1st Premolar      2nd Premolar      1st Molar  
Landmark 
 

Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 1.51 0.2057 1.51 0.2057 0.21 0.5990 
Nasal Floor Internal -1.59 0.1211 -1.59 0.1211 0.27 0.6538 
Palate External 0.41 0.4893 0.41 0.4893 -0.48 0.1233 
Palate Internal -0.24 0.7492 -0.24 0.7492 0.70 0.3948 
CEJ External -1.31 0.1420 -1.31 0.1420 -2.35 0.0065* 
CEJ Internal -1.70 0.0294* -1.70 0.0294* -3.01 0.0028* 
Buccal Cusp -1.73 0.0334* -1.73 0.0334* -3.39 0.0047* 
Lingual Cusp -2.56 0.0080* -2.56 0.0080* -4.42 0.0025* 

T3-T0     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 0.99 0.3325 0.05 0.9812 0.59 0.4269 
Nasal Floor Internal 0.01 0.9920 1.31 0.0564 0.19 0.8532 
Palate External 3.10 0.0015* 1.30 0.2939 0.63 0.1722 
Palate Internal 1.55 0.2066 2.98 0.0037* 2.39 0.0352* 
CEJ External 4.78 0.0008* 4.84 <.0001* 3.95 <.0001* 
CEJ Internal 4.23 0.0020* 4.15 <.0001* 3.64 0.0003* 
Buccal Cusp 6.46 0.0004* 5.39 0.0004* 3.15 0.0039* 
Lingual Cusp 4.89 0.0009* 3.91 0.0283* 2.84 0.0041* 
*Designates statistical significance at p<0.05 
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Haas Appliance 

 The overall trend observed in the evaluation of the transverse 

measurements reveals an increase in length from initial (T0) to immediate 

expansion (T1) and a decrease in the six months post expansion period (T2). 

The transverse measurement means for all of the landmarks and dentition 

evaluated are presented in Figure 16. 

 

Haas Transverse Measurement Means Over Time

0

10

20

30

40

50

60

70

N
fe N
fi

Pa
la

te
e

Pa
la

te
i

C
EJ

e
C

EJ
i

C
us

p 
B

C
us

p 
L

N
fe N
fi

Pa
la

te
e

Pa
la

te
i

C
EJ

e
C

EJ
i

C
us

p 
B

C
us

p 
L

N
fe N
fi

Pa
la

te
e

Pa
la

te
i

C
EJ

e
C

EJ
i

C
us

p 
B

C
us

p 
L

1st Pm  2nd Pm  1st Molar

m
m

TO   Initial
T1   Expansion
T2  6 Months Post

 

 

 

During the initial expansion period from T0-T1, an increase in the 

transverse dimension was observed in all of the landmarks with the exception of 

the nasal floor external of both second premolar and the first molar and palate 

external of second premolar (Table 10).  Variable levels of significant and non-

significant increases in measurements were observed in the remaining palatal 

Figure 16: Haas Transverse Measurement Means Over Time 
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landmarks ranging from 1.4 - 4.05-mm.  Both of the CEJ and cusp landmarks 

had significant increases in length ranging from 4.67 -7.41-mm and P<0.0405.  

The six months post expansion comparison to immediate expansion, T2-

T1, revealed no significant differences with the exception of CEJ external of the 

second premolar with a reduction of 1.32 mm and p< 0.0076 (Table 10). Varying 

level of increase or decrease in measurements were observed in the nasal floor 

and palatal landmarks while the CEJ and cusp landmarks featured consistent 

reduction in transverse lengths.  

Comparison of the initial time point to six months post expansion, T2-T0, 

and initial to immediate expansion, T1-T0, revealed similar significant trends 

(Table 10).  An increase in the transverse dimension was observed in all of the 

landmarks with the exception of the nasal floor external of both the second 

premolar and the first molar with a non-significant mean reduction range of 1.23 -

1.99-mm.  Variable levels of significant and non-significant increases in 

measurements were observed in the remaining palatal landmarks ranging from 

0.33 - 0.53-mm. With the exception of the CEJ landmarks of the second 

premolar, the remaining CEJ and cusp landmarks had significant increases in 

length ranging from 4.47 - 5.80-mm and P<0.034. 
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Table 10: Change in maxillary transverse dimensions and p-values for Haas appliance 

T1-T0     1st Premolar      2nd Premolar      1st Molar  
Landmark 
 

Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 2.36 0.1808 -3.45 0.5529 -0.69 0.7915 
Nasal Floor Internal 2.69 0.0100* 2.07 0.2442 2.31 0.0076* 
Palate External 2.66 0.0131* -0.55 0.9046 1.40 0.3577 
Palate Internal 2.57 0.1761 4.05 0.0267* 2.43 0.4141 
CEJ External 5.52 <.0001* 4.97 0.0223* 4.69 0.0002* 
CEJ Internal 5.24 0.0032* 4.67 0.0405* 5.60 <.0001* 
Buccal Cusp 7.07 0.0011* 6.97 0.0237* 7.09 <.0001* 
Lingual Cusp 7.22 0.0021* 7.10 0.0279* 7.41 0.0004* 

T2-T1     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 0.13 0.9457 0.29 0.8896 -1.30 0.1137 
Nasal Floor Internal -0.61 0.4553 0.07 0.8999 0.47 0.5817 
Palate External 0.79 0.4947 -0.06 0.9600 -0.57 0.1952 
Palate Internal 2.96 0.2682 0.23 0.7028 2.96 0.2561 
CEJ External -0.47 0.4928 -1.32 0.0076* -0.10 0.9299 
CEJ Internal -0.07 0.9477 -0.66 0.1521 -1.17 0.2487 
Buccal Cusp -0.66 0.4215 -1.35 0.2382 -1.44 0.1566 
Lingual Cusp -1.07 0.1882 -1.33 0.2163 -2.34 0.0926 

T2-T0     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 2.49 0.2662 -1.23 0.7078 -1.99 0.5095 
Nasal Floor Internal 2.07 0.0137* 2.78 0.0912 2.79 0.0374* 
Palate External 3.44 0.0367* 0.33 0.9203 0.83 0.6413 
Palate Internal 5.53 0.0653 4.25 0.0475* 5.39 0.0044* 
CEJ External 6.23 0.0146* 3.77 0.0533 4.70 0.0037* 
CEJ Internal 5.27 0.0015* 3.60 0.1074 4.55 0.0003* 
Buccal Cusp 5.80 0.0012* 4.47 0.0037* 5.64 0.0006* 
Lingual Cusp 5.70 0.0005* 4.50 0.0012* 5.07 0.0034* 
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SARPE 

 
 The overall trend observed in the evaluation of the transverse 

measurements reveals an increase in length from initial (T0) to immediate 

expansion (T1) and variability in the six months post expansion period (T2). The 

transverse measurement means for all of the landmarks and dentition evaluated 

are presented in Figure 17. 

 

 

SARPE Transverse Measurements Over Time
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During the initial expansion period from T0-T1, an increase in the 

transverse dimension was observed in all of the landmarks with the exception of 

the nasal floor external of the second premolar and the nasal floor internal of the 

first premolar (Table 11).  Variable levels of significant and non-significant 

Figure 17: SARPE Transverse Measurements Over Time 
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increases in measurements were observed in the remaining palatal landmarks 

ranging from 0.37-4.93 mm.  With the exception of the CEJ internal of second 

premolar, the remaining CEJ and cusp landmarks had significant increases in 

length ranging from 8.57 - 13.4-mm and P<0.0318.  

 The six months post-expansion comparison to immediate 

expansion, T2-T1, revealed only two significant differences: nasal floor external 

at second premolar and CEJ external on first premolar (Table 11).  Varying levels 

of both increasing and decreasing transverse dimensions were observed in the 

remaining landmarks ranging from -2.07 to +1.1-mm.  

Comparison of the initial time point to six months post expansion, T2-T0, 

revealed significant differences below the nasal floor landmarks (Table 11). 

Consistent significant increases were observed in the palatal internal, both CEJ, 

and both cusp landmarks with the exception of CEJ external of the first premolar 

with a range of 4.7 to 11.48-mm.  
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Table 11: Change in maxillary transverse dimensions and p-values for SARPE 
T1-T0     1st Premolar      2nd Premolar      1st Molar  

Landmark 
 

Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 1.93 0.5710 -9.60 0.5016 2.03 0.0729 
Nasal Floor Internal -1.13 0.8248 2.37 0.3630 1.23 0.3491 
Palate External 4.67 0.0955 0.37 0.8804 0.83 0.6011 
Palate Internal 2.70 0.4465 4.93 0.0380* 4.10 0.1415 
CEJ External 10.00 0.0318* 8.57 0.0181* 8.77 0.0182* 
CEJ Internal 9.63 0.0178* 9.05 0.0943 9.13 0.0063* 
Buccal Cusp 12.50 0.0042* 11.90 0.0151* 11.30 0.0197* 
Lingual Cusp 11.30 0.0088* 10.83 0.0263* 13.40 0.0073* 

T2-T1     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 0.53 0.6590 0.13 0.8997 -0.67 0.0814 
Nasal Floor Internal 1.03 0.5749 -1.37 0.0360* -0.53 0.3909 
Palate External 0.73 0.4039 0.63 0.1562 0.17 0.6242 
Palate Internal 3.17 0.3782 0.00 1.0000 0.90 0.1750 
CEJ External -2.90 0.0438* -0.80 0.6507 0.50 0.5310 
CEJ Internal -0.23 0.9244 0.40 0.6697 -0.13 0.7735 
Buccal Cusp -1.77 0.3648 -1.07 0.3181 0.47 0.6407 
Lingual Cusp -2.07 0.4142 1.10 0.4718 -1.20 0.3140 

T2-T0     1st Premolar      2nd Premolar      1st Molar  
Landmark Mean 

Change 
(mm) 

p-value Mean 
Change 

(mm) 

p-value Mean 
Change 

(mm) 

p-value 

Nasal Floor External 2.10 0.4927 -7.45 0.4179 -1.76 0.6432 
Nasal Floor Internal 0.38 0.8817 1.63 0.3331 1.68 0.1770 
Palate External 5.74 0.0115* 1.10 0.4692 0.18 0.9124 
Palate Internal 6.84 0.0045* 5.28 0.0136* 4.70 0.0166* 
CEJ External 6.25 0.1158 7.70 0.0053* 9.12 0.0006* 
CEJ Internal 8.78 0.0127* 8.97 0.0175* 9.48 <.0001* 
Buccal Cusp 9.65 0.0100* 10.55 0.0012* 11.12 0.0004* 
Lingual Cusp 8.80 0.0131* 11.35 0.0012* 11.48 0.0006* 



52 
 

Between Group Comparisons 

Inter-class comparisons were also performed to determine whether any 

significant differences existed amongst the groups based on both landmarks and 

tooth specificity (Tables 12-14).   

Comparisons of initial transverse measurements, T0, found a significant 

difference of the first premolar at the site of nasal floor internal (p<0.045), no 

significant differences at the second premolar, and significance at the first molar 

with the CEJ external (P<0.024), buccal cusp (P<0.032), and lingual cusp 

(P<0.023). 

Evaluation of the expansion time point, T1, found no significant differences 

for the first premolar, a single significance for the second premolar at hard palate 

internal, and significance on the first molar was observed again at both the CEJ 

external (P<0.02) and buccal cusp (P<0.031) landmarks. 

Comparison of the six-month post expansion time point, T2, found 

significance for the first premolar at hard palate internal (P<0.02). The second 

premolar also had significance at the hard palate internal (P<0.006), buccal cusp 

(P<0.021) and lingual cusp (P<0.034).  Significance for the hard palate internal 

was additionally found at the first molar (P<0.04). Both CEJ measurements 

(P<0.041) were also found to be significant at the first molar. 
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Table 12: Inter-Class comparison of transverse measurements of the 1st Premolar  
 T0  T1     T2  

Nasal Floor 
External 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 34.45 0.7892 33.62 0.1637 34.16 0.4863 
Haas 35.31  37.67  37.80  
SARPE 35.78  37.87  37.88  
Nasal Floor 
Internal 
 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 13.61 0.0448* 14.95 0.2796 15.27 0.6000 
Haas 14.80  17.49  16.87  
SARPE 17.26  16.20  17.64  

Hard Palate 
External 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 39.39 0.1764 42.08 0.7522 42.06 0.8215 
Haas 37.39  40.04  40.83  
SARPE 35.30  39.73  41.04  

Hard Palate 
Internal 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 9.73 0.3251 10.87 0.3136 12.06 0.0167* 
Haas 9.86  12.43  15.39  

SARPE 14.04  17.07  20.88  
CEJ External Mean (°) p-value Mean (°) p-value Mean (°) p-value 
Hyrax 40.59 0.9852 45.54 0.1839 47.13 0.2283 
Haas 40.05  45.24  47.10  
SARPE 40.03  49.43  44.07  
CEJ Internal Mean (°) p-value Mean (°) p-value Mean (°) p-value 
Hyrax 25.21 0.3412 31.11 0.8112 32.25 0.5338 
Haas 25.53  30.43  31.21  
SARPE 22.68  32.43  30.88  
Buccal Cusp 
 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 38.19 0.3243 45.86 0.8114 46.96 0.0873 
Haas 38.00  44.77  44.11  
SARPE 34.63  46.47  44.22  
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Lingual Cusp 
 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 27.55 0.5053 34.20 0.9136 35.71 0.1435 
Haas 27.03  34.14  33.07  
SARPE 24.38  35.57  33.48  

*Designates statistical significance at p<0.05 

 
 
 
 

Table 13: Inter-Class comparison of transverse measurements of the 2nd Premolar  
 T0  T1     T2  

Nasal Floor 
External 

Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 54.36 0.4504 53.05 0.9970 53.18 0.9700 
Haas 48.70  52.64  52.93  
SARPE 60.58  50.70  53.13  
Nasal Floor 
Internal 
 

Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 17.00 0.6984 18.69 0.3644 18.23 0.4780 
Haas 18.48  19.53  19.60  
SARPE 18.65  20.20  20.28  

Hard Palate 
External 

Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 50.38 0.2665 50.83 0.8790 51.21 0.9212 
Haas 44.95  50.19  50.13  
SARPE 50.45  48.63  51.55  

Hard Palate 
Internal 

Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 13.36 0.0844 16.99 0.0435* 15.60 0.0053* 
Haas 14.70  18.89  19.11  

SARPE 17.85  21.73  23.13  
CEJ External Mean (°) p-

value 
Mean (°) p-value Mean (°) p-value 

Hyrax 45.65 0.3390 51.46 0.6309 51.65 0.3917 
Haas 44.10  49.10  49.06  
SARPE 42.18  50.30  49.88  
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CEJ Internal Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 30.34 0.4162 35.98 0.7577 36.51 0.6156 
Haas 30.00  34.60  35.55  
SARPE 27.63  36.07  36.48  
Buccal Cusp 
 

Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 44.00 0.3944 52.16 0.5521 52.73 0.0212* 
Haas 43.30  49.85  48.80  
SARPE 40.95  53.10  51.50  
Lingual Cusp 
 

Mean (°) p-
value 

Mean (°) p-value Mean (°) p-value 

Hyrax 33.52 0.4369 40.52 0.5526 41.41 0.0330* 
Haas 32.73  39.08  38.10  
SARPE 29.85  41.07  41.20  

*Designates statistical significance at p<0.05 

 
 
 

Table 14: Inter-Class comparison of transverse measurements of the 1st Molar  
 T0  T1     T2  

Nasal Floor 
External 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 65.25 0.2831 67.64 0.0917 65.64 0.0743 
Haas 63.34  62.66  61.36  
SARPE 61.26  62.60  59.50  
Nasal Floor 
Internal 
 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 19.25 0.7421 18.76 0.6341 19.16 0.7010 
Haas 18.17  20.49  20.96  
SARPE 19.12  20.50  20.80  

Hard Palate 
External 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 62.31 0.0980 64.00 0.0671 63.42 0.0747 
Haas 58.31  59.71  59.14  
SARPE 57.94  59.40  58.12  
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Hard Palate 
Internal 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 15.89 0.5938 17.91 0.0586 17.58 0.0397* 
Haas 17.81  20.24  23.20  

SARPE 17.66  22.80  22.73  
CEJ External Mean (°) p-value Mean (°) p-value Mean (°) p-value 
Hyrax 52.73 0.0231* 58.54 0.0195* 59.03 0.0409* 
Haas 49.56  54.24  54.02  
SARPE 48.18  58.23  57.30  
CEJ Internal Mean (°) p-value Mean (°) p-value Mean (°) p-value 
Hyrax 32.29 0.1155 38.84 0.1133 38.94 0.0259* 
Haas 30.89  36.49  35.58  
SARPE 29.28  39.47  38.76  
Buccal Cusp 
 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 52.31 0.0316* 59.04 0.0306* 58.85 0.0661 
Haas 49.41  56.50  55.06  
SARPE 47.14  59.97  58.26  
Lingual Cusp 
 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 38.62 0.0220* 46.30 0.1554 45.87 0.0538 
Haas 36.71  44.13  41.79  
SARPE 33.20  47.83  44.68  

*Designates statistical significance at p<0.05 

 
 
Mean Differences Amongst the Groups 
 

Transverse dimensional mean differences were also calculated based on 

group and tooth specificity (Graphs 4-6). Comparison of the initial time period 

and expansion, T1-T0, shows that the general trend is for comparable minimal 

amounts of transverse differences in the nasal floor and hard palate landmarks; 

both of the CEJ and cusp landmarks show progressively larger increases in 
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transverse lengths. The Hyrax and Haas groups have very similar means while 

the SARPE has the largest increase in expansion (Figure 18).  

 

 
 

T1-T0 Transverse Measurement Differences
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The time period between six months post expansion and expansion, T2-

T1, revealed differing amounts of reduction in transverse dimensions amongst 

the various groups represented by the negative values on Figure 19.  While 

insignificant amongst themselves, the amount of relapse between the groups 

was significant. The Hyrax group had the least amount of relapse and even 

manifested slight amounts of increase in expansion during the six months post-

expansion period. The Haas and SARPE groups were observed to have more 

occurrences of relapse. 

Figure 18: T1-T0 Transverse Measurement Differences 
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T2-T1 Transverse Measurement Differences
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Overall differences observed between the initial and six months post-

expansion time point, T2-T0, revealed that the SARPE group had the greatest 

amount of expansion (Figure 20). Due to greater relapse of the Haas group, 

greater expansion was effectively achieved by the Hyrax group. 

T2-T0 Transverse Measurement Differences
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Figure 19: T2-T1 Transverse Measurement Differences 

Figure 20: T2-T0 Transverse Measurement Differences 
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Graphs demonstrating transverse dimensional changes as a continuum 

during the observational period from initial to either six or eighteen months post-

expansion are presented with both landmark and tooth specificity (Figure 21, 

composite graph).  
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Nasal Floor External Landmark at 2nd Premolar Changes By Group 
Over Time
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Nasal Floor External Landmark at 1st Molar Changes By Group 
Over Time
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Nasal Floor Internal Landmark at 1st Premolar Changes By Group 
Over Time
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Nasal Floor Internal Landmark at 2nd Premolar Changes By Group 
Over Time
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Nasal Floor Internal Landmark at 1st Molar Changes By Group 
Over Time
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Hard Palate External Landmark at 1st Premolar Changes By Group 
Over Time
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Hard Palate External Landmark at 2nd Premolar Changes By 
Group Over Time
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Hard Palate External Landmark at 1st Molar Changes By Group 
Over Time
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Hard Palate Internal Landmark at 1st Premolar Changes By Group 
Over Time
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Hard Palate Internal Landmark at 2nd Premolar Changes By Group 
Over Time
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Hard Palate Internal Landmark at 1st Molar Changes By Group 
Over Time
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CEJ External Landmark at 1st Premolar Changes By Group Over 
Time
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CEJ External Landmark at 2nd Premolar Changes By Group Over 
Time
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CEJ External Landmark at 1st Molar Changes By Group Over Time
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CEJ Internal Landmark at 1st Premolar Changes By Group Over 
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CEJ Internal Landmark at 2nd Premolar Changes By Group Over 
Time
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CEJ Internal Landmark at 1st Molar Changes By Group Over Time
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Buccal Cusp Landmark at 1st Premolar Changes By Group Over 
Time
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Buccal Cusp Landmark at 2nd Premolar Changes By Group Over 
Time
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Buccal Cusp Landmark at 1st Molar Changes By Group Over Time
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Lingual Cusp Landmark at 1st Premolar Changes By Group Over 
Time
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Lingual Cusp Landmark at 2nd Premolar Changes By Group Over 
Time
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Lingual Cusp Landmark at 1st Molar Changes By Group Over Time
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Figure 21:  Changes in length of multiple measures in the coronal plane at 

successive time points compared among the three methods. 
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Comparison of axial inclinations of the teeth 

 Within Group Comparisons Over Time: 

Rapid maxillary expansion using either the Hyrax or Haas appliances or 

SARPE led to buccal tipping of the posterior teeth.  The greatest degree of 

significance of buccal tipping occurred immediately upon expansion from T0 to 

T1 (Table 15).  The only significant change in axial inclination between 

immediate post-expansion and six-month post-expansion time points, T1-T2, 

occurred in the first molars expanded using the Haas appliance (mean=6.97°, 

P<0.012).  A significant amount of increase in buccal axial inclination measured 

from six months post expansion to initial, T2-T0, occurred in the second 

premolars treated using the Hyrax appliance (mean=11.98°, P<0.015). 

SARPE had the least amount of significant buccal tipping with only the 

right second premolar exhibiting significance (mean=11°, P=0.034) and tendency 

towards significance on the left second premolar (mean=15°, P=0.067).  If 

differences were further subdivided between right and left sides, the right 

dentition had more significance in angular change (Table 15). The non-abutment 

second premolars were consistently tipped more than both the first premolars 

and the first molars immediately upon expansion from T0 to T1 (Table 15).   
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Table 15: Intra-Class comparison of axial inclination of the teeth  
 T0-T1  T1-T2     T0-T2  

Hyrax Mean 
Change (°) 

p-value Mean 
Change 

(°) 

p-value Mean 
Change 

(°) 

p-value 

1st Premolar R 6.50 0.0765 -1.05 0.7030 5.40 0.0594 
1st Premolar L 4.20 0.1707 -3.50 0.1902 1.00 0.6166 
2nd Premolar R 12.82 0.0037* 1.50 0.5972 14.32 0.0143* 
2nd Premolar L 11.23 0.0002* -1.59 0.5428 9.64 0.0072* 
1st Molar R 3.45 0.0111* -2.45 0.1501 1.00 0.5796 
1st Molar L 4.86 0.0282* -0.91 0.6882 3.95 0.1443 

Haas Mean 
Change (°) 

p-value Mean 
Change 

(°) 

p-value Mean 
Change 

(°) 

p-value 

1st Premolar R 6.43 0.0487* -4.93 0.0769 1.50 0.5427 
1st Premolar L -0.75 0.7893 -3.90 0.2039 -2.08 0.3186 
2nd Premolar R 8.13 0.0461* -1.50 0.6823 3.00 0.4058 
2nd Premolar L -1.17 0.9098 -0.83 0.7638 1.63 0.6221 
1st Molar R 4.50 0.0317* -9.00 0.0115* -4.50 0.1283 
1st Molar L 3.36 0.0204* -4.93 0.0016* -1.57 0.2637 

SARPE Mean 
Change (°) 

p-value Mean 
Change 

(°) 

p-value Mean 
Change 

(°) 

p-value 

1st Premolar R 3.00 0.1885 -0.17 0.9261 0.00 1.0000 
1st Premolar L 3.67 0.0927 1.33 0.7418 4.00 0.1866 
2nd Premolar R 11.00 0.0340* -3.67 0.2667 4.75 0.1645 
2nd Premolar L 15.17 0.0673 -4.00 0.1946 6.88 0.3249 
1st Molar R 6.83 0.2332 -2.67 0.5596 3.50 0.2073 
1st Molar L 7.17 0.3064 -2.67 0.7545 0.90 0.8043 
*Designates statistical significance at p<0.05 
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Between Group Comparisons Over Time: 

 Inter-group comparisons were also made at the level of each tooth at the 

initial, immediately following expansion, and six months post expansion 

timepoints (Table 16). Significance was found at the initial timepoint for the left 

first molar (P=0.0051) while all other inter-group comparions were not significant. 

Mean values are reported with a directional component as well; (-) negative sign 

indicates lingual axial inclination while no sign indicates buccal axial inclination. 

 
 

Table 16: Inter-Class comparison of axial inclination of the teeth  
 T0  T1     T2  

1st Premolar 
Right 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax -6.09 0.8137 0.41 0.2713 -0.30 0.1824 
Haas -6.86  -0.43  -5.36  
SARPE -8.10  -9.00  -8.10  
1st Premolar 
Left 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax -6.65 0.4990 -2.45 0.5537 -6.61 0.6684 
Haas -1.86  -1.25  -5.00  
SARPE -9.00  -9.33  0.20  

2nd 
Premolar 
Right 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax -3.23 0.9789 9.59 0.1743 11.09 0.0608 
Haas -2.50  2.57  1.07  
SARPE -0.75  11.00  4.00  

2nd 
Premolar 
Left 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax -2.14 0.7442 9.09 0.4740 7.50 0.5609 
Haas 1.63  8.00  5.71  

SARPE -1.38  13.67  5.50  
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1st Molar 
Right 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 11.82 0.2179 15.27 0.3828 12.82 0.6381 
Haas 15.64  20.14  11.14  
SARPE 11.90  20.33  15.40  
1st Molar 
Left 

Mean (°) p-value Mean (°) p-value Mean (°) p-value 

Hyrax 8.50 0.0051* 13.36 0.2259 12.45 0.4513 
Haas 15.36  18.71  13.79  
SARPE 8.90  15.33  9.80  
*Designates statistical significance at p<0.05 
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Graphic Representation of Group Comparisons Over Time: 

 Graphs of the mean degrees for each of the teeth over the initial, 

immediately following expansion, and six months post expansion timepoints are 

included for visual comparisons (Figure 22). The general trend is buccal tipping 

immediately during the expansion phase, T1-T0, with a decrease of the buccal 

inclination over the six months post expansion period, T2-T1, and the overall 

inclination of the tooth remains in the buccal direction in comparison to initial 

status, T2-T0. 
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B. 

1st Premolar Left Mean Degrees by Group
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C. 

2nd Premolar Right Mean Degrees By Group
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D. 

2nd Premolar Left Mean Degrees By Group
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F. 

1st Molar Left Mean Degrees By Group
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 Figure 22:  Changes in the angle of teeth for successive time points 

comparing among the three groups of patients treated by Hyrax, Hass, or 

SARPE, and showing the first premolar (A, B), second premolar (C,D), and first 

molar (E,F). 

 

Patency of the midpalatal suture and effects on buccal plate 

 Patency evaluation was evaluated using both qualitative and quantitative 

approaches.  Visual evaluation of the changes in the midpalatal suture was 

completed by segmenting the three-dimensional image of the maxilla using the 

sculpting function for each time point.  Quantifiable changes were evaluated by 

using the histogram tool representing a line drawn through the middle of the 

palate from left to right.  There was a 91.1% concordance level between the two 

methods (71/78 sutural evaluations); in four of the seven cases that differed, the 
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visual sculpting method appeared to have sutural opening while the histogram 

yielded sutural closure. 

The midpalatal suture had split to varying degrees in twenty-one of the 

twenty-three subjects. One subject in the Hyrax group (14y7m male, 44 days of 

active expansion) failed to separate at the suture while one subject of the SARPE 

group could not be evaluated due to differences between the visual sculpting 

(initial and final images open) and histogram methods (initial and final images 

closed).  Of the remaining twenty-one subjects, all had visible clefting in the 

segmented sections immediately following active expansion.  At the six-month 

follow up, all of the patients had bone fill in the area of the split with a large range 

of CT units which suggests the presence of soft tissue and bone.   
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Buccal Bone Presence Upon Rapid Maxillary Expansion 

 To determine the effects of RME on the buccal plates of the maxilla, bone 

liabilities (either two or less voxels of appropriate bone density) were determined 

using the pixel value table and evaluated based on its CT units of attenuation 

coefficients.  The Haas group had the least amount of bone liability with an 

incidence rate of 23.8% (10/42).  The SARPE (39.3%, 11/28) and Hyrax groups 

(47%, 31/66) had much higher incidence percentages (Figure 23). Comparison to 

the original study71 was also performed on the same mutual subjects in the study; 

56.1% (37/66).  
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Figure 23: Comparison of Bone Liabilities By Group 



81 
 

Further analysis revealed that five subjects had initial bone liabilities prior 

to expansion ( 2 hyrax, 1 Haas, 1SARPE). Comparison of the bone liabilities with 

exclusion of those with initial bone liabilities yielded the following incidence 

percentages: hyrax 40.9 % (27/66), Haas 19% (8/42), and SARPE 25% (7/28) 

(Figure 24). 
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More bone liabilities were observed on the abutment teeth of the 

appliances than on the second premolars. The first premolar had the highest 

number of occurrences at thirty-two and twice as much as the first molars at 

sixteen. Only four occurrences of bone liability were observed on the second 

premolars (Table 17). 

 

  

Figure 24: Comparison of Bone Liabilites Corrected for Initial Status 
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                             Bone Liability Occurrence by Tooth Categories 
      1st Pm      2nd Pm       1st Molar       total 
Hyrax 18 4 9 31 
Haas 8 0 2 10 
SARPE 6 0 5 11 
total 32 4 16 52 
     

  

The one subject that did fail to separate the midpalatal suture during 

expansion did exhibit bone liabilities on both of the 1st premolars but not on either 

of the 1st molars.  Improvement in the occurrence of bone liabilities was observed 

in 34.6% (18/52) of the tooth categories at the six-month or eighteen-month 

follow up time point (Table 18).  

 

 

                                 Bone Liability Improvement by Tooth Categories 
        1st Pm        2nd Pm        1st Molar        total 
Hyrax 6 3 6 15 
Haas 2 0 0 2 
SARPE 1 0 0 1 
total 9 3 6 18 

 
 
Discussion 

 The results of the original study71 in evaluating the effects of rapid 

maxillary expansion on the supporting periodontal structures were very 

remarkable and set the foundation for the current study.  Other studies11,12,16,19,20 

have touched on the issue of dehiscence and grossly underestimated the effects 

when compared to the dehiscence and fenestration rates observed in both the 

original and current study.  

Table 17: Bone Liability Occurrence by Tooth Categories 

Table 18: Bone Liability Improvement by Tooth Categories 
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The CBCT technology allowed for the ability to analyze the data in several 

different forms to confirm the observed results.  With the exception of one 

subject, all of the mid-palatal sutures were confirmed to have separated.  With 

regard to the remaining regions of resistance, the SARPE group included 

consideration of the circum-maxillary sutures. Yet, a high degree of bone liability 

was observed in this group as well. Fortunately, more than a third of the sites 

exhibiting dehiscence or fenestrations showed improvement and resolution of 

these iatrogenic insults at the six and/or eighteen month post expansion 

observations. 

Another important result was the minimal amount of relapse in the 

expansion after six months post expansion while using fixed appliances 

concurrently.  The clinical implications of such results could change the current 

protocols on rapid maxillary expansion.  For example, overcorrection can 

exacerbate buccal bone liability, and is unnecessary if fixed appliances are 

utilized to maintain expansion during healing to minimize relapse potential. 

 

Overall Expansion 

The results indicate that rapid maxillary expansion was consistently 

effective at increasing transverse dimensions in all of the areas measured except 

the nasal floor landmarks; this finding is similar to previous 

studies.2,14,17,23,30,31,33,73-75  The exception of the nasal floor external landmark is 

most likely explained by the poor intra-rater reliability in identification of this 

landmark. It was difficult to consistently make the same measurement of the 
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external nasal floor due to the convexity of the landmark and variable densities of 

the region.  This landmark should not be considered a reliable marker. 

 

Pattern of Expansion 

 The pattern of skeletal and dental expansion varied by appliance design 

and surgical procedure employed. Previous studies.2,6,10,11,13,15,24 have 

demonstrated that the amount of expansion decreases from the anterior to the 

posterior and from inferior to superior regions of the maxilla.  All of the groups 

evaluated had similar trends in the vertical dimension with greater expansion 

occurring at the inferior level rather than the more superior regions of the maxilla.  

This suggests that the least amount of resistance to expansion is at the level of 

the dentition, an intermediate level of resistance exists at the palate, and the 

most resistance exists at the nasal structures. 

Differences occurred in the sagittal dimension, although only the Haas 

group supported the prevailing literature; greater expansion in the anterior than 

posterior which suggests that the anterior dentition provides the least resistance 

to expansion while the skeletal structures of the maxilla in the nasal regions 

provide the greatest resistance. The Hyrax group had an equal number of 

landmarks exhibiting either greater or lesser amounts of expansion in the sagittal 

dimension, while the SARPE group had more posterior expansion than that 

achieved in the anterior regions.   

The current analysis of the Hyrax group differed from the original study71 

which found greater expansion was found in the anterior than posterior regions.  
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Possible explanations for this include fewer recruitment of subjects into the 

current study and bilateral midpoint determinations. The current study evaluated 

only eleven of the original fourteen subjects and the smaller sampling size could 

have skewed the population sufficiently to introduce enough variation to creat the 

ambiguous sagittal analysis.  The second consideration is the inability to 

construct bilateral midpoint sections (referenced later in the study design 

limitations).  As a result of not being able to create the same planar images, 

direct comparisons between the absolute transverse measurements of the 

original71 and current study were negated. 

 

Relapse 

Like the original study,71 the current study included the use of full fixed 

appliances between the immediate post-expansion time-point and the six-month 

follow-up.  Using this protocol allowed us to observe the true clinical changes to 

the dentition and periodontal structures following expansion protocols commonly 

used in private practice orthodontic offices.  Similar to the original study, the six-

month follow-up data revealed different results than observed in previous studies.  

Most studies show statistically significant relapse of the transverse dimensions 

and inclination of the dentition.11 With the exception of the nasal floor landmarks, 

the only statistically significant differences observed were at the level of the CEJ 

external on the first premolars expanded with SARPE and the second premolars 

treated with Haas appliances. The remaining transverse dimensions revealed 

insignificant changes during the six month post expansion time period.  The fixed 
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appliances used between T1-T2 likely maintained the expansion and, in some 

instances, increased the transverse dimensions. As a trend however, more 

relapse was observed in the Haas and SARPE groups as compared with the 

Hyrax group, and no particular differences were observed amongst the dentition, 

themselves. 

 

Angulation 

Expansion of the maxilla also elicited statistically significant changes in the 

angulation of the posterior teeth.  This suggests that significant increases in 

transverse dimension are largely due to tipping and subsequent uprighting of the 

roots of the dentition.  The results were similar to those seen in the study by 

Garib18 in that the abutment teeth tipped less than the non-abutment second 

premolars.  The rigid Hyrax appliance was affixed to the first premolars and first 

molars, and these rigid attachments resisted large changes in dental angulation. 

This setup led to greater translation of the supporting teeth through the buccal 

bone.  Unlike the abutment teeth, the second premolars were tipped buccally as 

a result of the simple force applied at substantial distances from the center of 

resistance, which created a rotational moment leading to increases in buccal 

angulation.  

 

Bone Liability 

 Based on the impressive incidence of bone dehiscence or fenestration 

observed in the original study71(49% overall, 56% in mutually evaluated patients 
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from current study), bone liability re-evaluation was of the utmost importance to 

the study design.  An improved component of the CBWorks 3.0 software was a 

pixel value table application which allowed for regional evaluation of structures 

based on its CT units.  The Haas group had the least amount of bone liability with 

an incidence rate of 23.8% (10/42).  The SARPE (39.3%, 11/28) and Hyrax 

groups (47%, 31/66) had much higher incidence percentages. A 9% reduction in 

incidence (56% versus 47%) of the hyrax subjects was observed in comparison 

of the original and the current studies. The reduction in percentage was due to 

the greater precision of the pixel value table analysis as compared to qualitative 

means of image visualization; the latter technique being so prone to distortion via 

thresholding variations.   

 A similar trend of bone liability incidence was observed among the 

subjects after the exclusion of those subjects whose initial status, prior to having 

orthodontics performed, was observed to have the presence of dehiscence or 

fenestrations( 22%, 5/23); the following incidence percentages were observed 

with Hyrax 40.9 % (27/66), Haas 19% (8/42), and SARPE 25% (7/28).  

 More bone liabilities were observed on the abutment teeth of the 

appliances (first premolars, first molars) than on the second premolars. The first 

premolar had the highest number of occurrences at 32 and twice as much as the 

first molars at 16. The greater incidence at the first premolar is most likely due to 

the relative anatomical constriction as compared with the molars; equal amounts 

of expansion in the first premolars as compared to the molars, will cause greater 

distortion in the alveolus. The greater surface area of the first molar also 
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facilitates improved force distribution which results in greater force reduction as 

compared to the smaller first premolar. Another consideration is that the anterior 

dentition provide the least resistance to expansion while the skeletal structures of 

the maxilla in the nasal regions provide greater resistance, in general, to 

expansion.  The reduced incidence observed for the non-abutment second 

premolars is the result of not having direct force application control as a 

consequence of banding of the abutment dentition. 

Another interesting observation was the resolution of over one third of the 

sites exhibiting the presence of bone liabilities that was observed at the six-

month or eighteen-month follow up time points. This data suggests that the 

periosteum and/ or buccal cortical bone structures have regenerative capacities. 

 

Study Limitations 

 Sample Size 

The sample size of twenty-three was a substantially larger sample size 

than used in similar three dimensional studies.32,35  Unfortunately, once subjects 

were divided into their respective subcategories of eleven Hyrax, seven Haas, 

and five SARPE (two of which had incomplete data sets), the power of the 

statistical analysis was greatly reduced in revealing significant differences when 

they exist.   

Subject Age and Sex  

The ages of the subjects varied greatly from 10.8 to 16.4 years for the 

non-surgical groups and some might argue that the cohort was older than ideal 
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for rapid maxillary expansion.  Note that  the majority of the patients at the 

University of California, San Francisco Orthodontic Clinic are in their permanent 

dentition at the time of the first clinical exam, limiting us to this age range. 

There were great differences in ages between the groups as well. The 

Hyrax group (mean age of 14.8 years, range of 12.6-16.4 years) was much older 

than the Haas group (mean age of 12.1 years, range of 10.8-12.7 years). The 

age discrepancy between the non-surgical groups may have been mitigated by 

the sexual differences amongst them (Hyrax ratio of female to male was 4:7 

while Haas was 6:1).  Based on skeletal maturation norms76, the sexual majority  

of males in the Hyrax group with the mean age of 14.8 years would be more 

comparable to the female predominance of the Haas Group with the mean age of 

12.1 years. 

The SARPE group (mean age of 17.4 years, range of 14.0-20.6 years) 

was much older than the other groups. This was due to the criteria for selection 

of the surgical procedure; the amount of expansion required, and the ability to 

open the palatal suture which is negatively correlated with increasing age. 

 

Occlusal Plane as Reference 

The dentition was used as one of the orientation planes prior to 

segmentation and data gathering. The teeth changed position throughout 

treatment with the Hyrax appliance and full fixed appliances, possibly altering the 

occlusal plane used for orientation.  However, the changes seen in the 

orientation of the occlusal plane, if any, were thought to be minimal from T0 to T1 
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due to the rigid nature of the Hyrax appliance limiting second and third order 

movements.  The changes seen from immediate post-expansion to the six-month 

follow-up were also minimal, but quite valuable in understanding the full spectrum 

of changes from such treatment.  

 

Software 

This study was performed as a continuation of a previous project.71 While 

comparisons were made to the previous project, absolute differences were not 

possible at the time due to software constraints. The original study was evaluated 

using Accurex 2.1 software (CyberMed Inc., Seoul, Korea) while the current 

study used CBWorks 3.0 software (CBWorks, Seoul, Korea), and several 

important differences exist between them even though both are from the same 

software company.   

The Accurex software had a greater ability to manipulate coronal images 

in the construction of three-dimensional midpoints bilaterally (i.e., right molar 

midpoint to left molar midpoint) among the dentitions evaluated.  CBWorks has 

the limitation of only allowing for selection of one of the three-dimensional 

midpoints and then arbitrarily constructing a coronal slice at that point on the 

contralateral tooth being evaluated (i.e.,  right molar midpoint to left molar).   

One of the more interesting aspects of the original study was examining 

the effects of RME on supporting periodontal structures.  Several features of the 

CBWorks software were critical in this evaluation. Similar to the original study’s 

evaluation of mid-palatal suture, patency could be evaluated in both a qualitative 
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and quantitative manners from segmented volumetric images. The improvement 

that the CBWorks software has in quantitative assessment is that histograms can 

be generated as overlays atop the coronal images to assist with identification of 

regions with varying densities such as soft tissue, enamel, and medullary bone 

(Figure 13). 

Bone liability determination was greatly enhanced using the CBworks pixel 

value table tool (Figure 14). Quantitative assessment based on the Hounsfield 

Units, rather than qualitative visualization, was now possible in analysis of bone 

fenestrations and dehiscences. 

 

Alignment 

The greatest challenge encountered with this study’s design was 

determination of initial head orientation of subjects.  Several different methods 

were evaluated via pilot studies to determine which method would be the most 

reliable for allowing superimpositions of coronal images. The criteria finally 

chosen for orientation was based on each of the planar views; coronal orientation 

based on palatal vault being parallel to the horizontal and equal emergence of 

condyles; sagittal orientation based on Frankfort horizontal being parallel to the 

horizontal; and axial orientation based on midline passing through anterior nasal 

spine and cervical vertebrae (Figure 9).  Other methods evaluated for 

consideration for coronal orientation were use of cristi galli or nasal septum 

parallel to the vertical plane, and for the sagittal orientation, palatal plane parallel 

to the horizontal, or sella-nasion line parallel to the horizontal plane.  The method 
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chosen was superior to the latter options mentioned but still did not provide 

sufficient enough repeatability to allow for actual superimpositions of coronal 

images.   

 

Directions for future study 

 Considering the limitations encountered during the current study, the 

validation of results could be greatly enhanced by increasing the subject pool, 

improving alignment, and including bone-borne expanders for comparison.  
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Conclusions 

• RME significantly increased all transverse dimensions of the maxilla 

except for the nasal floor landmarks 

• Magnitude of RME decreased from inferior to superior regions of the 

maxilla 

•  RME led to buccal tipping of the posterior teeth in all groups with SARPE 

having the least amount of tipping 

• RME produced splitting of the mid-palatal suture in all of the groups 

• Minimal amounts of relapse were observed in all groups due to retention 

of the expansion with fixed appliances during healing 

• High rate of incidence of dehiscence or fenestration observed in 

pretreatment initial evaluations of all groups 

• High rates of incidences of dehiscence or fenestration were observed in all 

groups with Hyrax> SARPE> Haas 

• Repair of dehiscence or fenestration was observed in all groups over the 

post surgical or post treatment time 

     

 

 

 

 

 

 



94 
 

REFERENCES 
 
1. Angell E. Treatment of irregularities of the permanent or adult teeth. Dental 

Cosmos 1860;1:540-544. 

2. Adkins R. Arch perimeter changes on rapid palatal expansion. Am J Orthod 

Dentofacial Orthop 1990;97:194-199. 

3. Geran R, McNamara,J. A prospective long-term study on the effects of rapid 

maxillary expansion in the early mixed dentition. Am J Orthod Dentofacial Orthop 

2006;129:631-640. 

4. Haas A. Rapid expansion of the maxillary dental arch and nasal cavity by 

opening the midpalatal suture. Angle Orthod 1961;31:73-90. 

5. Graber T. Current Orthodontic Concepts and Techniques.: WB Saunders; 

2005. 

6. Haas A. The treatment of maxillary deficiency by opening the midpalatal 

suture. Angle Orthod 1965;35:200-217. 

7. Haas A. Just the beginning of dentofacial orthopedics. Angle Orthod 

1970;57:219-255. 

8. Hershey S, Stewart W. Changes in nasal airway resistance associated with 

rapid maxillary expansion. Am J Orthod 1976;61:38-44. 

9. Haas A. Long-term posttreatment evaluation of rapid palatal expansion. Angle 

Orthod 1980;57:219-255. 

10. Wertz R. Skeletal and dental changes accompanying rapid midpalatal suture 

opening. Am J Orthod 1970;58:41-66. 



95 
 

11. Bishara S, Staley RN. Maxillary expansion: clinical implications. Am J Orthod 

Dentofacial Orthop 1987;91:3-14. 

12. Chaconas S, Caputo AA. Observation of orthopedic force distribution 

produced by maxillary orthodontic appliances. Am J Orthod 1982;82:492-501. 

13. Wertz R, Dreskin M. Midpalatal suture opening: A normative study. Am J 

Orthod Dentofacial Orthop 1977;71:367-381. 

14. Haas A. Gross reactions to the widening of the maxillary dental arch of the 

pig by splitting the hard palate. Am J Orthod Dentofacial Orthop 1959;45:868. 

15. Isaacson R. Some effects of rapid maxillary expansion in cleft lip and palate 

patients. Angle Orthod 1964;34:143-154. 

16. Davis W, Kronman JH. Anatomical changes induced by splitting of the 

midpalatal suture. Angle Orthod 1969;39:126-132. 

17. Manuel L. Meta-analysis of immediate changes with rapid maxillary 

expansion treatment. J Am Dent Assoc 2006;137:44-53. 

18. Garib D, Henriques JF. Rapid maxillary expansion--tooth tissue-borne versus 

tooth-borne expanders: a computed tomography evaluation of dentoskeletal 

effects. Angle Orthod 2005;75:548-557. 

19. Greenbaum K, Zachrisson BU. The effect of palatal expansion therapy on the 

periodontal supporting tissues. Am J Orthod 1982;81:12-21. 

20. Garib D, Henriques JF. Periodontal effects of rapid maxillary expansion with 

tooth-tissue-borne and tooth-borne expanders: a computed tomography 

evaluation. Am J Orthod Dentofacial Orthop 2006;129:749-758. 



96 
 

21. Barber A, Sims MR. Rapid maxillary expansion and external root resorption 

in man: a scanning electron microscope study. Am J Orthod 1981;79:630-652. 

22. Lanford S. Rapid maxillary expansion and external root resorption in man: A 

scanning electron microscope study. Am J Orthod 1982;81:108-115. 

23. Geran R, Baccetti,T. A prospective long-term study on the effects of rapid 

maxillary expansion in the early mixed dentition. Am J Orthod Dentofacial Orthop 

2006;129:631-640. 

24. Krebs A. Midpalatal suture expansion studies by the implant method over a 

seven-year period. Rep Congr Eur Orthod Soc 1964;40:132-142. 

25. Bjork A, Skieller,V. Growth of the maxilla in three dimensions as revealed 

radiographically by the implant method. Br J Orthod 1977;4:53-64. 

26. Snodell S, Nanda,RS. A longitudinal cephalometric study of transverse and 

vertical craniofacial growth. Am J Orthod Dentofacial Orthop 1993;104:471-483. 

27. Korn E, Baumrind,S. Transverse development of the human jaws between 

the ages of 8.5 and 15.5 years, studied longitudinally with use of implants. J Dent 

Res 1990;69:1298-1306. 

28. Melsen B. Palatal growth studied on autopsy material. A histological 

microradiographic study. Am J Orthod 1975;68:42-54. 

29. Persson M. Palatal suture closure in man from 15 to 35 years of age. Am J 

Orthod 1977;72:42-52. 

30. Baccetti T. Treatment timing for rapid maxillary expansion. Angle Orthod 

2001;71:343-350. 



97 
 

31. Kanekawa M. Age-related changes on bone regeneration in mid-palatal 

suture during maxillary expansion in the rat. Am J Orthod 1998;114:646-653. 

32. Moss J. Rapid expansion of maxillary arch: Part 1 and 2. J Pract Ortho 

1966:215-223. 

33. Biederman W. A hygienic appliance for rapid expansion. J Clinical Orthod 

1968;2:67-70. 

34. Epker B. Transverse maxillary deficiency dentofacial deformities:integrated 

orthodontic and surgical correction 1980. 

35. Timms D. Relationship of rapid maxillary expansion to surgery with special 

reference to midpalatal synostosis. Br J Oral  Surg 1981;19:180-196. 

36. Mossaz C. Unilateral and bilateral corticotomies for correction of maxillary 

transverse discrepancies. Eur J Orthod 1992;14:110-116. 

37. Mommaerts M. Transpalatal distraction as a method of maxillary expansion. 

Br J Oral Maxillo Surg 1999;37:268-272. 

38. Alpern M. Rapid palatal expansion in adults with or without surgery. Angle 

Orthod 1987;57:245-263. 

39. Capelozza F. Non-surgically assisted rapid palatal expansion in adults. Int J 

Adult Ortho Orthognath Surg 1996;11:57-66. 

40. Inoue N. Radiographic observation of rapid expansion of human maxilla 

1970:249-261. 

41. Northway W. Surgically assisted maxillary expansion: a comparison of 

technique, response, and stability. Angle Orthod 1997;67:309-320. 



98 
 

42. Betts N. Diagnosis and treatment of transverse maxillary deficiency. Int J 

Adult Ortho Orthognath Surg 1995;10:75-96. 

43. Betts N. Surgically assisted maxillary expansion 2000:211-231. 

44. Silverstein K. Surgically-assisted rapid palatal expansion for management of 

transverse deficiency. J Oral Maxillofac Surg 1997;55:725-727. 

45. Woods M. surgically-assisted maxillary expansion. Aust Dent J 1997;42:38-

42. 

46. Brown G. Surgery of oral and facial diseases and malformations:  their 

diagnosis and treatment including plastic reconstruction 1938. 

47. Kole H. Surgical operations on the alveolar ridge to correct occlusal 

abnormalities. oral Surg Oral Med Oral Pathol 1959;12:515-529. 

48. Converse, Horowitz J. Surgical-orthodontic approach to the treatment of 

dentofacial deformities. Am J Orthod 1969;55:217-243. 

49. Steinhauser E. Midline splitting of the maxilla for correction of malocclusion. J 

Oral Surg 1972;30:413-422. 

50. Lines P. Adult rapid maxillary expansion with corticotomy. Am J Ortho 

1975;67:44-56. 

51. Bell W. Surgical-orthodontic correction of horizontal maxillary deficiency. J 

Oral  Surg 1979;37:897-902. 

52. Kennedy J. osteotomy as adjunct to rapid maxillary expansion. Am J Orthod 

1976;70:123-137. 

53. Timms D. Rapid maxillary expansion 1981. 



99 
 

54. Lehman J. Surgical orthodontic correction of transverse maxillary deficiency: 

a simplified approach. Plast Reconstr Surg 1984;73:62-68. 

55. Glassman A. Conservative surgical orthodontic adult rapid palatal 

expansion:sixteen cases. Am J Orthod 1984:207-213. 

56. Schimming R. Surgical and orthodontic rapid palatal expansion in adults 

using Glassman's technique: a retrospective study. Br J Oral Maxillofac Surg 

2000:66-69. 

57. Bays R. Surgically assisted rapid palatal expansion: an outpatient technique 

with long-term stability. J Oral Maxillofac Surg 1992:110-115. 

58. Pogrel M. Surgically assisted rapid maxillary expansion in adults. Int J Adult 

Ortho Orthognath Surg 1992:37-41. 

59. Koudstaal M. Surgically-assisted rapid maxillary expansion: a review of 

literature. Int J Adult Ortho Orthognath Surg 2005;34:709-714. 

60. Morselli P. Surgical maxillary expansion: a new minimally invasive technique. 

J Craniomaxillofac Surg 1997;25:80-84. 

61. Suri L. Surgically assisted rapid palatal expansion: a literature review. Am J 

Orthod Dentofacial Orthop 2008;133:290-302. 

62. Binder R. The geometry of cephalometrics. J Clin Orthod1979;13:258-263. 

63. Eliasson S, Welander,U. The cephalographic projection. Part I: General 

considerations. Dentomaxillofac Radiol 1982;11:117-122. 

64. Adams G, Gansky,SA. Comparison between traditional 2-dimensional 

cephalometry and a 3-dimensional approach on human dry skulls. Am J Orthod 

Dentofacial Orthop 2004;126:397-409. 



100 
 

65. Cavalcanti M, Haller,JW. Three-dimensional computed tomography landmark 

measurement in craniofacial surgical planning: experimental validation in vitro. J 

Oral Maxillofac Surg 1999;57:690-694. 

66. Mah J, Danforth,RA. Radiation absorbed in maxillofacial imaging with a new 

dental computed tomography device. Oral Surg Oral Med Oral Pathol Oral Radiol 

Endod 2003;96:508-513. 

67. Ludlow J, Brooks,SL. Dosimetry of two extraoral direct digital imaging 

devices: NewTom cone beam Ct and Orthophos Plus DS panoramic unit. 

Dentomaxillofac Radiol 2003;32:229-234. 

68. Mah J, Hatcher,D. Current status and future needs in craniofacial imaging. 

Orthod Craniofac Res 2003;6:Suppl 1:10-16; discussion 179-182. 

69. Danforth R, Mah,J. 3-D volume imaging for dentistry: a new dimension. J 

Calif Dent Assoc 2003;31:817-823. 

70. Stratemann S. 3D Craniofacial Imaging: Airway and Craniofacial Morphology 

Orthodontics.: University of California, San Francisco; 2005:Masters Thesis. 

71. Miller N. Three Dimensional Analyses of the Effects of Rapid Maxillary 

Expansion Orthodontics. San Francisco: Univ California at San Francisco; 2006: 

Masters Thesis. 

72. Asanza S, Cisneros,GJ. Comparison of Hyrax and bonded expansion 

appliances. Angle Orthod 1997;67:15-22. 

73. Keith A, Campion,G. A contribution to the mechanism of growth in the human 

face. Dental Rec 1922;42:61. 



101 
 

74. Skieller V. Expansion of the midpalatal suture by removable palates, 

analysed by the implant method. Rep Congr Eur Orthod Soc 1964;40:143-158. 

75. Oliveira N, Da Silveira,AC. Three-dimensional assessment of morphologic 

changes of the maxilla: a comparison of 2 kinds of palatal expanders. Am J 

Orthod Dentofacial Orthop 2004;126:354-362. 

76. Bjork A. Facial growth in man, studied with the aid of metallic implants. Acta 

Odontol Scand 1955;13:9-34. 

 

 



UCSF Library Release 

Publishing Agnement 

It is th(l policy o/the Vniv(lrsity to (lncourag(l thfJ distribution 0/all thtlses, dissertations, and 

manuscripts. Copies ofal/ UCSF theses, dissertations, and manuscripts will be rout(ld to th(l 

library via the Graduate Diviston_ The library wtll mab all theses, dtss(lrtaffons. and 

manuscripts accessib/fJ to the public and will preserve these to th(l best oftheir abilities, in 

PfJrpetliity. 


Pl~'lSe sign the/oUowing statement: 

I htlr(lby grant pumiss;on to thtl GraduatfJ Division o/thfJ University o/California, San 

Francisco to release copies o/my thests, dtssfJrtation,or manuscript to the Campus Library to 

providfJ access andprfJservation, in wholfJ or in pari, in PfJrpfJtuity. 


Author Signature Date 

rwyllie
Typewritten Text
102


	1st part.pdf
	ABSTRACT

	FINAL thesis CORRECTED FOR UCSF.pdf
	Introduction
	Purpose


	release.pdf



