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Abstract 

 

Introduction: During adolescence, increasing interdigitation of the midpalatal suture 

increases resistance to rapid maxillary expansion (RME), which decreases its skeletal 

effect.  

Aim: To determine if a novel measure of midpalatal suture maturity, the midpalatal 

suture density (MPSD) ratio, can be used as a valid predictor of the skeletal response to 

RME. 

Materials and Methods: Pre-treatment measurements of the MPSD ratio, chronological 

age, cervical vertebral maturation (CVM) and a previously proposed midpalatal suture 

maturation classification system (MPSM) were obtained for 30 patients (age 12.9 +/- 2.1 

years) who underwent RME followed by comprehensive orthodontic treatment with fixed 

appliances. Measurements on cone-beam computed tomography scans were used to 

determine the proportion of prescribed expansion achieved at the greater palatine 

foramina (GPFp), the nasal cavity (NWp), and the infraorbital foramina (IOFp). 

Results: There was a statistically significant negative correlation between the MPSD ratio 

and both GPFp and IOFp (P<0.05). In contrast, chronological age, CVM and MPSM 

were not significantly correlated to the measures of skeletal expansion (P>0.05). 

Conclusions: The MPSD ratio has the potential to become a useful clinical predictor of 

skeletal response to RME.  Conversely, chronological age, CVM and MPSM are not 

useful diagnostic parameters to predict the skeletal effects of RME.  
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Introduction 

Rapid maxillary expansion (RME) is an orthodontic treatment procedure commonly used 

to correct skeletal transverse constrictions of the upper arch. The applications of RME 

treatment include widening of a narrow maxillary skeletal base to correct posterior 

crossbite, gaining arch length to alleviate dental crowding, and facilitating correction of 

Angle Class II or Class III malocclusions (1-4).  The heavy forces generated by the 

expander transmit through the teeth into the maxillary bones and are intended to cause 

opening of the midpalatal suture and separation of the hemimaxillae with subsequent 

bone deposition. These effects are considered skeletal expansion and, in most cases, are 

desired to be the sole effects of the force application. However, dental tipping and 

bending of the alveolar process, which are considered dentoalveolar expansion, occur as 

well, and have been reported to account for 39-49% and 6-13% of the total expansion, 

respectively (5-7).  Dentoalveolar expansion is typically unwanted as the dental tipping 

may lead to loss of bone and periodontal attachment level (8,9), fenestrations of the 

buccal cortex (10), and root resorption (11).  When RME is prescribed as part of 

orthodontic treatment, it is typically the goal to maximize skeletal expansion and to 

minimize dentoalveolar expansion.  Therefore, a reliable way to predict a patient’s 

skeletal and dentoalveolar response to RME prior to treatment has the potential of adding 

a new parameter for orthodontic treatment success. 

 

Understanding the midpalatal suture maturation process and its individual variability in 

timing is essential to predict the response to RME in an adolescent or young adult.  In the 

infantile period, the suture appears as a very broad and Y-shaped suture with the vomer 
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bone situated in the center (Figure 1) (12).  The juvenile period is characterized by a 

sinuous or “wavy” suture.  Then, in the adolescent period, the suture becomes 

progressively more interlocked or “closed” with increasing interdigitation (12). In 

adulthood, around the third decade of life, the suture eventually becomes obliterated or 

“fused” by calcified tissue (13,14).  Closure of the midpalatal and circummaxillary 

sutures is thought to be more important than fusion to the impedance of RME (15).   

 

 

Figure 1. Stages of midpalatal suture maturation in a frontal cross-section. The stages are (A) the 

infantile period, (B) the juvenile period, and (C) the adolescent period (from Melsen, 1975).  

 

Great variation exists among individuals with regard to the start and advancement of 

closure and fusion of the midpalatal suture.  There is also variation in these processes 

within the same suture (13,16).   As a consequence of the wide variation in timing, 

chronological age has been put into question as an indicator for the state of midpalatal 

suture maturation (17). 

 

Closure of the craniofacial sutures, especially the midpalatal suture, eventually makes 

skeletal expansion impossible by conventional RME, necessitating surgically-assisted 

maxillary expansion.  The surgical approach can either involve intraoperative widening 
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of the maxilla through a multisegment LeFort osteotomy or surgically-assisted rapid 

maxillary expansion (SARME) (10,18).  Both procedures are invasive, costly, and 

associated with surgical risks (10).   

 

To help with the important clinical decision of whether a transverse discrepancy can be 

corrected with conventional RME or if surgically-assisted expansion is necessary, 

indicators of midpalatal suture maturation have been proposed.  These indicators include 

sutural morphology as assessed on occlusal radiographs (17), skeletal maturity indicators 

(SMI) measured on a hand-wrist radiograph (19), cervical vertebral maturation (CVM) 

indicators on lateral cephalograms (20), and a recently suggested five-stage classification 

of midpalatal suture maturation (MPSM) (21).  SMI and CVM were both originally 

developed to predict timing of facial growth, not to directly measure facial skeletal 

maturity (22).  Although one study reported that SMI was related to midpalatal suture 

maturation, the clinical usefulness of this relationship has not been demonstrated (19).  

Furthermore, recent studies have suggested that SMI and CVM have no discernible 

advantage over chronological age in either assessing or predicting the timing of facial 

growth (23,24).  Finally, MPSM was proposed (21) but no studies have yet assessed its 

predictive abilities.  

 

In short, none of the previously reported measures have been validated to predict the 

amount of skeletal expansion achieved with RME therapy.  With the wide individual 

variability, predicting response would allow an adolescent with early-closure of the 

suture to avoid the potential negative side effects of attempting conventional RME. In a 

young adult with late-closure of the suture, SARME may be avoided in lieu of 
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conventional RME, which would prevent the added cost and risks of the surgical 

procedure. A predictor of the amount of skeletal response to RME would aid in clinic 

decisions on whether or not conventional RME therapy is an appropriate treatment. 

 

In the past decade, the use of cone-beam computed tomography (CBCT) in clinical 

practice has increased as a consequence of its diagnostic advantages over traditional 2-D 

imaging for orthodontic treatment planning (25,26).  With CBCT it is possible to 

visualize the midpalatal suture in vivo without any overlapping anatomical structures, 

which may allow the development of a qualitative or quantitative assessment of 

midpalatal suture maturation to assist with the clinic decision on whether conventional 

RME therapy or surgically-assisted maxillary expansion is a more appropriate treatment. 
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Review of the Literature 

Rapid maxillary expansion 

Therapeutic transverse maxillary expansion at the midpalatal suture was a concept first 

described in 1860 by Angell to correct a posterior crossbite caused by a maxillary 

transverse discrepancy (27).  The concept’s validity remained controversial for nearly a 

century, until Haas’ work in the 1960’s established the efficacy of RME leading to its 

adoption in routine orthodontic practice (28).  A posterior crossbite is a common 

malocclusion in children, occurring in approximately one in ten (29,30).  Although the 

term “posterior crossbite” describes a dental discrepancy, the condition is predominately 

based in an underlying transverse maxillary skeletal deficiency (5).  Therefore, the most 

common treatment of a posterior crossbite is RME, which provides transverse expansion 

in an attempt to correct the skeletal discrepancy.   

 

Since its inception, additional clinical uses have been described for RME, such as gaining 

arch length to alleviate dental crowding and facilitating correction of Angle Class II or 

Class III malocclusions (1,2,4). Some authors advocate to treat mild to moderate dental 

crowding with RME even in the absence of a transverse skeletal discrepancy (2,3). In this 

application, attaining additional maxillary arch perimeter is the desired effect.  Adkins et 

al. (31) reported an increase in arch length of 0.7 mm per mm of premolar expansion. 

Another proposed effect of RME is the sometimes seen spontaneous correction Angle 

Class II malocclusion. This is based on the so-called “foot-in-shoe” effect (1).  If the 

“shoe,” which represents the maxillary arch, is too narrow, the mandible or “foot” cannot 
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move forward into a normal relationship.  By widening the “shoe,” the “foot” can assume 

a normal position. Guest et al. (1) reported a 1.7 mm decrease in Class II molar 

relationship and 1 mm decrease in overjet in children treated with RME as compared to 

an untreated control group.  Finally, RME therapy has been suggested to facilitate 

protraction facemask therapy for the early correction of skeletal Class III malocclusions 

by freeing up the circummaxillary sutures (4). 

 

Anatomy and maturation of the midpalatal suture 

The midpalatal suture is the midline suture of the hard palate.  Dorsal to the incisive 

canal, the midpalatal suture is the connection between the palatine processes of the 

bilateral maxillary bones (Figure 2) (32).  The most posterior portion of the hard palate 

consists of the horizontal plates of the palatine bones, whose connection forms the 

posterior portion of the midpalatal suture (32). Where the maxillary and palatine bones 

meet, there is an interpalatine suture, which runs perpendicular to the midpalatal suture.   

 

Figure 2. Anatomy of the hard palate. This figure shows the bones that form the midpalatal 

suture, which is the target of RME (From Norton, 2007).  



7 
 

 

The maturation of the midpalatal suture has been studied cross-sectionally with histologic 

and micro-computed tomography studies of autopsy samples (12,13,33).  On the basis of 

observations on histological samples from 60 subjects, Melsen (12) described a three-

stage maturation process.  The first stage is the infantile period, in which the suture is 

very broad and Y-shaped, with the vomerine bone lodged in a groove between two 

maxillary bones. In the second stage, the juvenile period, bony spicules begin to form on 

both margins of the suture which causes a “wavy” appearance.  In the final stage, the 

adolescent period, the bony spicules become increasingly interdigitated, giving the suture 

a more tortous course leading to an interlocked or “closed” appearance. Transverse 

growth of the bony spicules, the “closure” process, is typically completed around age 16 

years in females and age 18 years in males. 

 

In early adulthood, the midpalatal suture begins to fuse by obliteration of the connective 

tissue connections with calcified tissue (13).  Intermembranous ossification occurs in 

specific areas with trans-suturally arranged tendon tissue (33).  The fusion process begins 

in the posterior portion of the suture, then progresses to the anterior portion, and typically 

takes place in the third decade of life with the greatest activity between ages 20 and 25 

years (13).  Great variations exist among individuals with regard to the start of 

obliteration as well as the rate of advancement with age.  Variation in timing of 

obliteration also exists between different parts of the same suture (13,16). 
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Effects of rapid maxillary expansion 

Prior to the introduction of CBCT into orthodontics (34), the effects of RME were 

assessed on dental casts and 2-D radiographs, which made it hard to separate 

dentoalveolar from skeletal treatment effects.  There are numerous problems with 

viewing a 3-D structure in only two dimensions, such as superimposition of bilateral 

anatomical structures and magnification of areas closer to the X-ray source (35). 

Superimposition and magnification of boney structures do not allow for accurate 

identification of dentoskeletal markers (7).  Because of their 3-D nature, CBCT images 

allow for repeatable landmark identification for measurements without superimposition 

or magnification (36,37).  Linear, angular, and surface change CBCT measurements 

allow for the separation of dentoalveolar from skeletal effects. With the relatively recent 

advent of CBCT, there have been a number of studies analyzing the 3-D effects of RME 

treatment with CBCT (5-7,38-45).   

 

For instance, Garret et al. (5) used CBCT to study the short-term effects of RME in an 

adolescent population with an average age of 13.8 years.  The authors reported that 

skeletal expansion at the hard palate accounted for 38-55% of the total expansion, which 

is similar to the 12.6-52.8% reported in other CBCT studies (6,7,40,42,46).  In general, 

skeletal expansion was greater in the premolar region (55%) than the molar region (38%); 

and these findings were corroborated by other studies, which showed a greater skeletal 

effect in the anterior region than in the posterior region (42,47).  Alveolar bending 

accounted for an additional 6-13% of the total expansion (5), which increased from 

anterior to posterior.  The remaining 39-49% of expansion is caused mainly by tipping of 
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the anchor teeth, which has been reported to range from 3.4 degrees to 9.2 degrees (47).   

Dental tipping, as well, tends to increase from the anterior to the posterior (5).   

 

In the vertical dimension, the skeletal response to RME treatment has been described to 

be pyramidal, with decreasing skeletal expansion more superiorly (7,44). This pyramidal 

expansion appears to be more accentuated with increasing age, as more parallel 

expansion was found in younger patients and increasingly more pyramidal expansion was 

found in older patients (43). These findings have been attributed to increasing 

interdigitation of the circummaxillary sutures (43). 

 

The circummaxillary sutures, which include the zygomaticofrontal, frontomaxillary, 

zygomaticotemportal, nasomaxillary, frontonasal, and internasal sutures, have also been 

shown to be affected by RME.  Leonardi et al. (44) reported small transverse changes at 

each of these sutures, which range from 0.30 to 0.45 mm.  The sutures directly 

articulating with the maxilla showed greater opening than sutures farther away.  

 

In addition to the effects on the sutures, there are also some adverse effects of RME that 

must be considered.  One of these adverse effects is root resorption of the posterior 

anchor teeth. In a CBCT study on the root volume of 25 patients before and after RME, 

Baysal el al. (11) reported a mean volume loss between 5.77 and 13.70% for all posterior 

teeth. Another adverse effect of RME is attachment loss post-expansion in skeletally 

mature patients.  Northway et al. (8) evaluated the differences in treatment effects 

between 22 adults treated with two variations of SARME and 15 adults treated non-

surgically with a Haas expander.  The treatment effects were assessed both immediately 
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post-RME and at post-treatment follow-up, which was on average 2.4 to 11.8 years into 

retention depending on the group.  The non-surgical group exhibited premolar crown 

lengthening caused by attachment loss of 0.7 mm immediately and 1.2 mm at post-

treatment follow-up, which was significantly greater than the 0.0 mm and 0.5 mm 

measured in the SARME group.  Similarly, the non-surgical group exhibited molar crown 

lengthening of 0.8 mm immediately and 1.3 mm at post-treatment follow-up; again, these 

values were significantly greater than the 0.2 mm and 0.6 mm measured in the SARME 

group.   

 

Methods to assess and classify skeletal maturity 

Skeletal maturation from adolescence into young adulthood involves progressive closure 

of the midpalatal and circummaxillary sutures, which causes increasing impedance to 

RME and eventual failure to separate the hemimaxillae.  Therefore, a personalized 

assessment of a patient’s stage of skeletal maturation would be an important predictor of 

RME success.  It has been suggested that an individual’s chronological age or dental age 

does not necessarily correlate well with the stage in skeletal development, the so-called 

“skeletal age” (48,49).  Skeletally, an individual may be delayed or advanced by varying 

magnitudes from their chronological age (48).  Additionally, chronological age in young 

adulthood is not a reliable indicator for real morphological midpalatal maturation (17).  

Skeletal maturity has been reported to correlate with facial growth velocity and is 

therefore considered a reliable predictor of growth (49).  By assessing the skeletal 

maturity relative to the onset of peak growth velocity, orthodontic treatment can be 
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titrated to take advantage of the growth spurt.  For RME, a skeletal maturity assessment 

could help predict the amount of skeletal effect.  

 

In orthodontics, two main clinical tools are utilized for assessing skeletal maturity; a 

skeletal maturity assessment made on hand-wrist radiographs and CVM assessed on 

lateral cephalogram.  A hand-wrist radiograph can be used to assess skeletal maturity by 

a couple of different methods.  With the first method, each bone is compared to an atlas 

of typical or average hand-wrist radiograph plates (50,51), the average value of all the 

bones will determine the “skeletal age.”  Sometimes this method is simplified to find the 

best fitting plate to the hand-wrist radiograph (49).  The second method uses specific 

indicators to relate skeletal maturation to peak pubertal growth (52).  Some commonly 

used indicators are the calcification of the sesamoid, state of calcification of the hook of 

the hamate, and the staging of the middle phalanges of the third finger (49). Hand-wrist 

skeletal maturation assessment has been reported to correlate with overall facial vertical 

and horizontal growth as well as maxillary and mandibular growth (49).  Although 

Revelo et al. (19) described a positive correlation between maturation development and 

midpalatal suture fusion determined on occlusal radiographs, the clinical usefulness of 

this relationship has not been demonstrated. 

 

The assessment of CVM is another method used to determine growth status and some 

authors consider it just as accurate as skeletal maturity assessments on hand-wrist 

radiographs (53). CVM involves classifying the shape of cervical vertebrae in one of six 

stages (53).  In nearly 95% of North-American subjects, the growth interval between 

stage 3 and stage 4 in CVM coincides with the pubertal peak in both mandibular growth 
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and body height (53).  Reproducibility of identification of CVM stages has been reported 

to be as high as 98.6% (53), but recent studies have reported only 50% interexaminer and 

62% intraexaminer agreement (54,55).  The classification of vertebral shape has been 

reported to be unreliable (55). Recently, Mellion et al. (23) and Chatzigianni et al. (24) 

have suggested that CVM and hand-wrist measures of skeletal age have no discernible 

advantage over chronological age, in either assessing or predicting the timing of facial 

growth.  

 

Besides the use of skeletal maturity indicators, it has been suggested to evaluate the 

degree of midpalatal suture maturation prior to RME on occlusal radiographs (17).  

However, the radiographic morphology of the midpalatal suture has been shown to not 

relate accurately to the real sutural morphology.  Radiographic interpretation is frequently 

complicated by a compact vomer or structures of the external nose overlying the 

midpalatal area.  The problem is often compounded by the fact that a visible suture on an 

occlusal radiograph corresponds histologically to a predominantly straight running 

oronasal suture, not necessarily to lack of fusion of the midpalatal suture (17).   
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Cone-beam computed tomography 

Cone-beam computed tomography systems offer many benefits over medical CT for 

orthodontic treatment and planning.  These benefits include a lower radiation dose to the 

patient, shorter acquisition times for the resolution desired in orthodontics, and 

significantly lower cost than medical CT (25,26).  The limitations associated with CBCT 

scanners are increased scatter radiation, the limited dynamic range of X-ray area 

detectors, and beam hardening artifacts (56).   

 

In medical CTs, the attenuation coefficients are standardized to Hounsfield units, which 

means that a grayscale value from a scan on one machine can be directly compared with a 

grayscale value from a scan on a different machine.  There is no such standardization in 

reconstructed gray density values from scans derived from CBCT machines.  However, 

Cassetta et al. (56) reported that a linear relationship exists between CBCT reconstructed 

grayscale density values and attenuation coefficients.  Therefore, a conversion ratio can 

be developed utilizing a material with known attenuation coefficient to convert CBCT 

gray density values to absolute values. 

 

When assessing treatment effects using CBCT images to obtain quantitative data, linear 

measurements are frequently made. Compared to digital calipers, linear measurements 

made on CBCT images have a mean reported error of 0.07 to 0.27 mm (36,37).  Voxel 

size, type of image detector, scan time, reconstruction time, radiation dose, and head 

positon are all factors that may influence linear CBCT measurements (36). The intra- and 

interobserver reliability of 3-D landmark identification using CBCT has been reported to 
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be excellent (57) and, overall, studies support the accuracy and reproducibility of linear 

measurements on CBCT scans (36,37).  As CBCT is accurate and reliable in measuring 

treatment effects, it may also be useful at quantifying calcification and, therefore, 

maturation of the midpalatal suture. 
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Aims  

The aim of this project was to test whether a novel midpalatal suture maturation measure, 

the midpalatal suture density (MPSD) ratio, made on a pretreatment CBCT image can be 

used as a valid predictor of the amount of skeletal response to RME treatment.  More 

specifically, the aims were: 

 

1. To determine if the MPSD ratio is correlated with the amount of skeletal 

response achieved with RME treatment.   

 

2. To compare the correlation of the amount of skeletal response to RME 

treatment with MPSD ratio to chronological age, CVM, and MPSM to 

determine the relative clinical usefulness of each potential predictor.  

 

Hypotheses 

The following null hypotheses were tested: 

 

1. The MPSD ratio does not correlate with the amount of skeletal response to 

RME treatment.  

 

2. There is no difference in the clinical usefulness of MPSD ratio, 

chronological age, CVM, or MPSM as a predictor of the amount of 

skeletal response to RME treatment.    
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Materials and Methods 

Subjects and treatment protocol 

The study protocol including the use of existing CBCT scans was approved by the 

Institutional Review Board at the University of Minnesota (Study Number 1402M48043).  

Included in the study were thirty patients treated with RME using a Hyrax appliance as a 

part of comprehensive orthodontic treatment at the University of Minnesota School of 

Dentistry.  Patients were excluded if they had a history of periodontal disease, previous 

orthodontic treatment, congenital malformations, or a time period of greater than six 

months between the pretreatment CBCT scan and the beginning of treatment.  Treatments 

were carried out by 25 orthodontic residents.  
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Descriptive information was collected from each patient’s record including sex, expander 

design, age at the beginning of RME (in months), amount of prescribed activation (mm),  

expander retention time after activation (in weeks), and total treatment time (in months). 

The distribution of the 30 subjects into the subcategories of sex and expander design are 

shown in Table 1.  Mean values, median values, standard deviations and ranges of the 

population continuous variables collected are shown in Table 2.   

 

Table 1. Descriptive statistics of categorical population variables.  

Variable Category Occurrence Percentage 

Sex                                    Male 13 43.3 

Female 17  56.7 

Expander design                     4-banded Hyrax 19  63.3 

2-banded Hyrax 10  33.3 

Bonded 1 3.3 

 

Table 2. Descriptive statistics of continuous population variables. 

 Mean +/- SD Median Range 

Age at RME (yrs) 12.88 +/- 2.13 13.40 7.90-16.60 

Amount of RME activation  (mm)     8.62 +/- 2.20 8.63 3.25-13.00 

Expander retention time (wks)             14.97 +/- 14.08 11.50 2.00-77.00 

Total treatment time  (mos)              28.73 +/- 9.37 28.00 12.00-49.00 
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The three Hyrax appliance designs used in this study were a 4-banded expander with the 

first premolars and first molars banded, a 2-banded expander with the first molars 

banded, or a bonded expander (Figure 3).  In each design, force was dissipated over the 

first premolars, the second premolars, and the first molars.  The treatment protocol 

included activation of the expander once daily, which with the typical expansion screw 

equals a quarter millimeter, until adequate overcorrection was achieved as determined by 

the treating clinician’s clinical judgment.  After completion of activation, the expander 

was kept passively in place for an average of 15 weeks.  After the retention period, the 

expander was removed and preadjusted edgewise appliances were placed to complete 

comprehensive orthodontic treatment. 

 

 

Figure 3. Typical Hyrax expander designs used for RME in this study.  (A) 4-banded expander, 

(B) 2-banded expander, and (C) bonded expander.   

 

 

  

A C B 
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Image acquisition 

An i-CAT Next Generation CBCT scanner (Imaging Sciences International, Hatfield, 

PA) was used to obtain full field-of-view scans (17 x 23 cm) before (T1) and after (T2) 

comprehensive orthodontic treatment. The scans were performed at 120 kV and 18.54 

mAs, with a pulsed scan time of 8.9 seconds.  The data of each scan was reconstructed 

with a voxel size of 0.30 mm3.   

 

Data collection 

All measurements were performed by a single examiner.  CBCT images obtained at T1 

and T2 were assigned random numerical identifiers, which blinded the examiner to 

subject and time point. Linear measurements were made to the nearest 0.1 mm.  All 

measurements were repeated by the same examiner after a 6-week washout period for 10 

randomly chosen subjects to assess repeatability.   
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Measurements were performed on digital imaging and communications in medicine 

(DICOM) images using Dolphin Imaging (version 11.7, Dolphin Imaging & Management 

Solutions, Chatsworth, CA).  The DICOM image was first oriented from a translucent 

lateral view to achieve superimposition of the inferior orbital rim and the zygomatic 

process of the maxilla (Figure 4). The right and left lateral views were then oriented to 

make Frankfort Horizontal, which is a reference plane defined by the upper rim of the 

external auditory meatus (porion) and the inferior border of the orbital rims (orbitale), 

parallel to the floor (Figure 4).  

 

 
 
Figure 4. Orientation of the 3-D reconstructions in Dolphin Imaging software.  A translucent 

view was used to superimpose the orbital rims and the zygomatic processes of the maxilla (A). 

The left (B) and right (C) lateral views were oriented to make Frankfort Horizontal parallel to the 

floor. 

A 

B C 
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To quantify the skeletal effects of RME, the distance was measured between bilateral 

skeletal structures on slices from T1 and T2 CBCT images.  The distance between the 

greater palatine foramina (GPFd) was measured between the lateral margins of the 

foramina on an axial slice through the center of the hard palate (Figure 5).  The maximum 

width of the nasal cavity (NWd) was measured on a coronal slice through the center of 

the incisive foramen (Figure 5).  The distance between the infraorbital foramina (IOFd) 

was measured between the lateral margins of the foramina on an axial slice (Figure 5). 

 

 

Figure 5. Linear skeletal measurements.  Distances were measured between (A) the lateral 

margins of the greater palatine foramina (GPFd), (B) the lateral walls of the nasal cavity (NWd), 

and (C) the lateral margins of the infraorbital foramina (IOFd).  

A 

B C 
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To account for the individualized amount of expansion, each distance was converted to a 

proportion of the prescribed expansion by dividing the difference in distances between T1 

and T2 by the amount of prescribed activation of the expander (Table 3).   

 

Table 3. Definition of the skeletal effect measures. 

Measurement of skeletal effect Definition 

Greater palatine foramina proportion (GPFp) ∆GPFd (mm)

prescribed expander activation (mm)
 

Nasal cavity width proportion (NWp) ∆NWd (mm)

prescribed expander activation (mm)
 

Infraorbital foramina proportion (IOFp) ∆IOFd (mm)

prescribed expander activation (mm)
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For the MSPD ratio, the measurements were made in Invivo5 (version 5.5.2, Anatomage 

Dental, San Jose, CA).  The T1 DICOM images were oriented to the palatal plane in 

sagittal view and frontal view to yield an axial slice through the center and parallel-to the 

hard palate (Figure 6).   

 

 

 

 
Figure 6. Orientation of the 3-D reconstructions in Invivo5 software.   The volume was oriented 

to the hard palate from the sagittal view (A) and the frontal view (B) to yield a central slice (C) 

which was used for measurements. 

 

Each voxel of a CBCT image is assigned a gray density value by the Invivo5 software on 

an arbitrary scale, specific to the machine and exposure settings.  On 0.3 mm thickness 

CBCT slices, average gray density values were measured for defined regions of the 

A B 

C 
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suture (GDs), soft palate (GDsp) and palatal process of the maxilla (GDppm) (Figure 7).  

GDs was always measured on the most central axial slice through the hard palate. 

 

Figure 7. Average gray density value measurement regions. (A) The suture region (GDs) is a 6 

mm wide rectangle centered on the midpalatal suture from the distal aspect of the incisive 

foramen to distal of the first molar crown. (B) The palatal process of the maxilla region (GDppm) 

is a cortical portion of the palatal process of the maxilla (4 x 4 mm). (C) The soft palate region 

(GDsp) is a representative portion of the soft palate (4 x 4 mm).  

 

These average gray density value measurements were used to calculate the MPSD ratio 

by the equation defined below: 

𝑀𝑃𝑆𝐷 𝑟𝑎𝑡𝑖𝑜 =
𝐺𝐷𝑠 − 𝐺𝐷𝑠𝑝

𝐺𝐷𝑝𝑝𝑚 − 𝐺𝐷𝑠𝑝
 

This ratio ranges from 0 to 1, with lower values indicating that the suture region is less 

calcified and closer in density to the soft palate.  Conversely, values close to 1 indicate 

that the suture region is more highly calcified and closer in density to the palatal process 

of the maxilla.  

A B 

C 
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Cervical vertebral maturation was evaluated according to the method described by 

Franchi et al. (53) on a cephalometric radiograph extracted from the T1 DICOM image. 

In brief, the shape of the bodies and curvature of the inferior borders of C2-C4 are used to 

classify the subject in one of six stages of skeletal maturation (Figure 8).  Midpalatal 

suture maturation was recorded at T1 according to the protocol described by Angelieri et 

al. (21). For this classification, the presence of high-density lines throughout the length of 

the suture, scalloping of the suture and fusion of the palatine portion of the midpalatal 

suture are assessed on a central axial slice through the hard palate to classify the subject 

in one of five maturational stages (Figure 9). 

 

Figure 8. Stages of the cervical vertebral maturation classification (from Baccetti et al. 2002). 

 

Figure 9. Stages of the midpalatal suture maturation classification (from Angelieri et al. 2013).  
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Statistical analysis 

The distributions of the categorical variables were described by the number and 

percentage of subjects in each category.  Mean values, median values, standard 

deviations, and ranges were calculated for each continuous variable.  Linear regression 

analysis was used to determine the correlations between the independent variables 

(chronological age, CVM, MPSM, and MPSD) and dependent variables (GPFp, NWp, 

and IOFp).  The P-value of the slope was used to determine whether a correlation existed.  

Linear regressions with adjustments for potentially confounding variables were also 

conducted to assess if they affected the P-value.  The potentially confounding variables 

that were tested were sex, expander design, age at the beginning of RME (in months), 

retention time (in weeks), and total treatment time (in months).  Pearson’s correlation 

coefficients and coefficients of determination were calculated for each relationship.  

Intraexaminer reliability was assessed using intraclass correlation coefficients and Bland-

Altman plots (58) for the linear and gray density measurements to better visualize error.  

Statistical analyses were performed using SAS 9.4 for Windows (SAS Institute Inc., 

Cary, NC, USA).  P-values of less than 0.05 were considered statistically significant.    
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Results 

The distribution of CVM and MPSM classifications are shown in Table 4.  Mean values, 

median values, standard deviations, and ranges of the continuous independent and 

dependent variables measured are shown in Table 5.   

Table 4. Descriptive statistics of categorical independent variables. 

Variable Category Occurrence Percentage 

Skeletal maturity (CVM)                Stage 1 4 13.3 

Stage 2 4  13.3 

Stage 3 4 13.3 

Stage 4 8  26.7 

Stage 5 6  20.0 

Stage 6 4  13.3 

Midpalatal suture maturation (MPSM) Stage A 3  10.0 

Stage B 9  30.0 

Stage C 7  23.3 

Stage D 5  16.7 

Stage E 6  20.0 

 

Table 5. Descriptive statistics of continuous independent and dependent variables. 

 Mean +/- SD Median Range 

MPSD ratio                                  0.54 +/- 0.14 0.56  0.28-0.80 

GPFp         0.18 +/- 0.10 0.18  0.00-0.36 

NWp                      0.18 +/- 0.13 0.16 -0.03-0.40 

IOFp          0.25 +/- 0.13 0.27  0.00-0.55 

 

Intraclass correlation coefficients (ICC) were >0.95 for all measurements indicating 

excellent intraexaminer reliability.  The linear measurements (GPFd, NWd, and IOFd) 

had a mean ICC of 0.988.  Gray density value measurements (GDs , GDppm , GDsp) had a 

mean ICC of 0.998.  CVM and MPSM had ICCs of 0.985 and 0.977, respectively.  

Bland-Altman comparison of linear measurements assessed at two different time points 

yielded a mean difference of 0.02 mm with limits of agreement of -0.79 and 0.84 mm at 



28 
 

95% confidence (Figure 10).  Bland-Altman comparison of gray density value 

measurements assessed at two different time points produced a mean difference of -4.2 

with limits of agreement of -76.3 and 67.9 at 95% confidence (Figure 11). 

 
 

Figure 10. Bland-Altman plot of agreement of linear measurements. Data points represent the 

differences between the original measurements and the repeat measurements. 

 
 

Figure 11. Bland-Altman plot of agreement of gray density measurements. Data points represent 

the differences between the original measurements and the repeat measurements. 
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A scatter plot matrix of the proportional skeletal effect measures (GPFp, NWp, and 

IOFp) versus MPSD ratio, chronological age, CVM, and MPSM is presented in Figure 

12.  Best fit lines are shown on each plot along with Pearson’s correlation coefficients.  

There was a very strong negative linear correlation (r= -0.79) between the MPSD ratio 

and GPFp. There was a fair degree of negative linear correlation (r= -0.36) between the 

MPSD ratio and both NWp and IOFp.  Chronological age, CVM, and MPSM had absent 

to weak linear correlations to all skeletal effect measures (-0.25<r<0). 

 

Figure 12. Correlations between the skeletal effect measures and midpalatal suture density ratio, 

chronological age, cervical vertebral maturation, and midpalatal suture maturation.
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The coefficients of determination (R2) for each correlation are presented in Table 6.  

While 62% of the variation in GPFp is explained by the MPSD ratio, only 13% of the 

variation of both NWp and IOFp are explained by the MPSD ratio. 

 

Table 6. Coefficients of determination. 

 MPSD ratio Age CVM MPSM 

GPFp 0.6204 0.0048 0.0000 0.0002 

NWp 0.1303 0.0174 0.0013 0.0069 

IOFp 0.1330 0.0010 0.0488 0.0002 

 

For each relationship, the null hypothesis that there was no relationship (slope=β1=0) 

between variables was tested.  The P-values for these tests are shown in Table 7.  For the 

relationships between the MPSD ratio and both GPFp and IOFp, there were statistically 

significant negative correlations (P <0.0001 and P= 0.0475, respectively). Therefore, the 

null hypotheses for these variables were rejected.  The null hypotheses were not rejected 

for the remaining relationships.  Linear associations with adjustments for potentially 

confounding variables (sex, expander design, age at the beginning of RME, retention 

time, and total treatment time) did not significantly influence the P-value of any 

association tested.   

 

Table 7. P-values for the statistical test of linear relationship. 

 MPSD ratio Age CVM MPSM 

GPFp <0.0001 0.7153 0.9886 0.9413 

NWp 0.0500 0.4865 0.8526 0.6631 

IOFp 0.0475 0.8671 0.2407 0.9361 

 

The statistically significant negative linear association between GPFp and MPSD ratio 

that can be represented by the following least squares linear regression equation: 

GPFp= - 0.60 * MPSD ratio + 0.50  
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Discussion 

Skeletal maturation from adolescence into young adulthood involves progressive closure 

of the midpalatal suture, which causes increasing impedance and decreasing skeletal 

response to RME, and eventual failure to separate the hemimaxillae.  Therefore, a 

personalized assessment of a patient’s stage of skeletal maturation in the area of interest 

would be an important predictor of RME success. This study determined if a novel 

measurement of midpalatal suture maturation, the midpalatal suture density (MPSD) 

ratio, is a valid predictor of the amount of skeletal response to RME treatment. In contrast 

to chronological age, CVM and MPSM, the MPSD ratio was found to have a significant 

correlation with measures of skeletal response to RME treatment. 

 

A retrospective experimental design was chosen to ensure there was no exposure of 

patients to radiation solely for the purposes of the study.  As a consequence of the 

retrospective nature of this study, there were a couple of limitations.  First, the amount of 

expander activation was tailored to the individual patient and, therefore, not standardized.  

Ideally, each patient would have had the same amount of expansion because the 

proportion of dentoalveolar to skeletal effects may vary at different magnitudes of RME 

activation.  While standardizing the amount of activation was not deemed realistic to 

correct each patient’s unique clinical presentation, the amount of expander activation was 

accounted for by reporting the skeletal effect measures as proportions.  The activation 

protocol was also standardized for all subjects.  Second, the true amount of activation was 

not recorded, only the amount of expansion prescribed.  This adds patient compliance as 

a potential confounding factor.   
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Cone-beam computed tomography scans were used to determine the MPSD ratio as a 

measure of midpalatal suture maturation.  In the infantile period, the suture is a broad gap 

between the two maxillary bones, which consists of mainly connective tissue. As this 

tissue is not calcified and, therefore, radiolucent, the MPSD ratio would be close to zero 

because the suture area would be equivalent in grayscale value to the tissue of the soft 

palate.  As maturation progresses into the juvenile stage, bony spicules begin to form on 

the margins of the suture, making the suture area a mixture of non-calcified connective 

tissue and calcified bone.  As a consequence, the MPSD ratio increases throughout this 

process because of the addition of radio-opaque bone.  In the adolescent period, the bony 

spicules become increasingly interdigitated resulting in a MPSD ratio near 1, which 

signifies that the suture area has similar calcification to cortical bone.   

 

It is not possible to directly compare the gray density value from one CBCT scan to 

another (61).  In contrast to medical CTs, where -1000 Hounsfield units is always air and 

0 Hounsfield units is always water, attenuation coefficients in CBCT images are not 

standardized.  Between CBCT scanners, the dynamic contrast and with it the gray density 

values are influenced by technical factors such as X-ray beam hardening, scatter 

radiation, and projection data discontinuity related effect (61).  However, in reconstructed 

CBCT images a linear relationship exists between gray density values and the true 

attenuation coefficients according to Cassetta et al. (56).  This linear relationship can be 

represented by the following equation: 

𝐴𝐶𝑥 = 𝑚𝑚𝑐 ∗ 𝐺𝐷𝑥 + 𝑏𝑚𝑐 
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The slope (mmc) and y-intercept (bmc) of this linear relationship are specific to the 

machine and conditions in which the scan was exposed.  The attenuation coefficient, 

reported in Hounsfield units, is represented by ACx.  The measured gray density value is 

represented by GDx.  Solving the above equation for the gray density value, GDx, yields: 

𝐺𝐷𝑥 =
𝐴𝐶𝑥 − 𝑏𝑚𝑐

𝑚𝑚𝑐
 

If this is plugged into the MPSD ratio for each of the measured gray density values, the 

result is that all the parameters affected by machine and conditions, mmc and bmc, cancel 

out and all that is left is the ratio of attenuation coefficients: 

𝑀𝑃𝑆𝐷 𝑟𝑎𝑡𝑖𝑜 =
𝐺𝐷𝑠 − 𝐺𝐷𝑠𝑝

𝐺𝐷𝑝𝑝𝑚 − 𝐺𝐷𝑠𝑝
=

𝐴𝐶𝑠𝑝 − 𝑏𝑚𝑐

𝑚𝑚𝑐
−

𝐴𝐶𝑠𝑝 − 𝑏𝑚𝑐

𝑚𝑚𝑐

𝐴𝐶𝑝𝑝𝑚 − 𝑏𝑚𝑐

𝑚𝑚𝑐
−

𝐴𝐶𝑠𝑝 − 𝑏𝑚𝑐

𝑚𝑚𝑐

=

1
𝑚𝑚𝑐

(𝐴𝐶𝑠 − 𝑏𝑚𝑐 − 𝐴𝐶𝑠𝑝 + 𝑏𝑚𝑐)

1
𝑚𝑚𝑐

(𝐴𝐶𝑝𝑝𝑚 − 𝑏𝑚𝑐 − 𝐴𝐶𝑠𝑝 + 𝑏𝑚𝑐)
=

𝐴𝐶𝑠 − 𝐴𝐶𝑠𝑝

𝐴𝐶𝑝𝑝𝑚 − 𝐴𝐶𝑠𝑝
 

It follows from this that the MPSD ratio is equivalent to a ratio of absolute values, 

allowing it to be compared between different scanners and scanning conditions. 

 

It has been suggested that the maturation of the circummaxillary sutures may be as 

important as the maturation of the midpalatal suture in decreasing the skeletal response to 

RME (13).  Although the MPSD ratio is a measure of the calcification and, therefore, 

maturation of the midpalatal suture, it may reflect the maturation of the nearby 

circummaxillary sutures, too.  It is reasonable to believe that the maturation processes of 

the midpalatal and circummaxillary sutures parallel one another.   
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The results of this study corroborate the suggestion by others that closure of the 

midpalatal suture is more important than fusion to the reduction of the skeletal effects of 

RME (15,17).  Increased interdigitation at the midpalatal suture, signified by an increase 

in MPSD ratio, was associated with decreased skeletal effects of RME.  This relationship 

was characterized by a statistically significant negative correlation (r= -0.7877, 

P<0.0001).  In the age group studied (7.9 to 16.6 years), this effect must be attributed to 

closure of the midpalatal suture because fusion does not begin until third decade of life 

according to Persson and Thilander (33) or even as late as 30-35 years old according to 

Cohen (14).  For this reason, it can be assumed that fusion did not account for the 

decreased skeletal response.   

 

This study did not show the pyramidal skeletal response in the maxilla to RME that has 

been reported by others (7,43,44).  The most superior measurement, IOFp, achieved a 

larger mean proportion of prescribed expansion than the more inferior measurements 

GPFp and NWp.  The different expansion pattern seen in the present study is likely due 

to the time-point at which effects were measured.  The present study measured the long-

term skeletal effects of RME, at an average of 28.7 months after initiation of expansion. 

In contrast, other studies assessed the immediate skeletal effects of RME, with the 

endpoints either being immediately after the active phase of RME (7,44) or upon 

expander removal (43) which were approximately three weeks or six months later, 

respectively.  It can be argued that for both clinicians and patients the long-term effects of 

RME as assessed in this study are more relevant than the immediate effects.  However, 

the long-term effects are also more affected by growth and remodeling of the jaws.  It 
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must be assumed that growth and remodeling of the nasomaxillary complex occurred in 

this study population during the 28.7 month treatment period.  During nasomaxillary 

growth as described by Enlow and Hans (62), the maxilla is displaced anteriorly and 

inferiorly with bone deposition occurring at the circummaxillary sutures.  Remodeling 

occurs at the same time with active resorption on the surface of the maxilla, including the 

orbital rims and infraorbital foramina.  The net effect of the displacement and remodeling 

is an anterior, inferior, and lateral movement of the infraorbital foramina.  This process 

may account for the greater increase in width noted at the infraorbital foramina.  

Remodeling also occurs on the inside of the nasal cavity, which may contribute to the 

increase in nasal width noted.  The greater palatine foramina are on the hard palate, 

where there is inferior movement relative to the body of the maxilla due to resorption at 

the superior surface and apposition on the inferior surface of the hard palate.  This 

process occurs mostly in the vertical dimension and, therefore, has no marked transverse 

component at the level of the hard palate, where GPFp was measured.  

 

The proportion of skeletal expansion achieved at the hard palate in this study was on the 

low-end of values reported elsewhere (7,40,42,46).  In this study, skeletal expansion at 

the level of the palate, estimated by GPFp, accounted for an average of 18% of the 

prescribed expansion.  In contrast, Ballanti et al. (40) reported in a CBCT study on the 

short-term effects of RME that opening of the midpalatal suture was 26.6% and 12.6% of 

the total expansion at the midpoint between the anterior and posterior nasal spines and the 

posterior nasal spine, respectively.  Using a similar approach, Podesser et al. (42) 

reported opening of the midpalatal suture as 22.9% of the total expansion on a coronal 
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section through the maxillary first molar. In a prospective study comparing the immediate 

effects of Haas and Hyrax expanders, Weissheimer et al. (7) reported the mean opening 

of the posterior suture as 36% of the total screw activation. Christie et al. (46) found the 

greatest opening of the midpalatal suture, 52.8% of total expansion, at the maxillary first 

molar immediately after expansion with a bonded expander.  In comparison to these 

studies, the 18% found in the present study appears to be on the low-end for posterior 

palatal expansion.  However, it must be understood that it is virtually impossible to 

directly compare the values as different landmarks were used in each study and each 

population study had a different age distribution.  Even more importantly, the values 

reported elsewhere were immediate RME effects while this study assessed long-term 

effects.  It is reasonable to believe that at a long-term follow-up, each of the populations 

studied elsewhere may exhibit a decrease in skeletal effect at or even below the 18% 

found in the present study. 

 

The midpalatal suture density ratio has a couple of potentially valuable clinical 

applications.  The first application of the MPSD ratio is to determine whether a patient 

can successfully undergo conventional RME or if surgically-assisted maxillary expansion 

is indicated in patients where the RME response was previously unpredictable, such as 

late adolescents and young adults.  This parameter could improve the accuracy of clinical 

judgment to avoid the negative side-effects of either conventional RME in skeletal 

maturity or surgically-assisted maxillary expansion when it is unnecessary.  The second 

application of the MPSD ratio is to estimate the proportion of skeletal effects prior to 

expansion.  To get adequate skeletal correction, patients with a lower proportion of 
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skeletal effects will need more expansion.  These patients will exhibit more dental tipping 

of the anchor teeth that will need to be uprighted and, therefore, constricted in pre-

adjusted edgewise appliance treatment.  Conversely, patients with a higher portion of 

skeletal effects to RME will need less expansion to achieve the same skeletal correction. 

The anchor teeth would expand more parallel and can be maintained close to their 

immediate post-expansion position.  These potential applications of the MPSD ratio make 

it a powerful clinical diagnostic parameter that will help tailor RME treatment to the 

individual for precise and efficient treatment while minimizing unwanted effects.  

 

In addition to determining the predictive value of the MPSD ratio, other potential 

predictors of skeletal response to RME treatment described in the literature such as age, 

CVM, and MPSM were assessed in this study to determine the relative clinical usefulness 

of each measure.  Chronologic age did not show a significant correlation with any of the 

measures of skeletal response to RME treatment.  These findings corroborate the 

assumption that chronological age is not well associated with midpalatal suture 

maturation.  Consequently, chronological age cannot be considered a clinically useful 

indicator of skeletal response to RME.  In a histological study, Persson and Thilander 

(13) studied palatal suture closure in human samples from 15 to 35 years old.  The 

authors reported large variations in the degree of closure of the midpalatal suture among 

subjects of the same age group. This finding was mirrored in this study in which similar 

aged patients exhibited a wide range of skeletal response to RME treatment.   

 

Cervical vertebral maturation similarly did not show a significant correlation with any of 

the measures of skeletal response to RME treatment used in the present study.  This 
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contrasts with suggestions that RME treatment prior to the peak in skeletal growth, as 

assessed by the CVM method, is able to induce more pronounced transverse skeletal 

changes.  Baccetti et al. (20) split forty-two patients treated by RME with a Haas type 

expander into an early treatment group, characterized by CVM stages 1-3, and late 

treatment group, characterized by CVM stages 4-6.  Skeletal effect measures, measured 

on posterioanterior cephalograms, were reported to be statistically significantly larger in 

maxillary and lateronasal widths in the early treatment group at long-term follow-up.  

While there were methodological differences in how and when the skeletal effects of 

RME were measured, this study does not show an association between CVM and the 

magnitude of transverse skeletal effects.   

 

Finally, MPSM did not show a significant correlation with any of the measures of 

skeletal response to RME treatment. This study does not support the application of 

MPSM, proposed by Angelieri et al. (21), as a clinically useful parameter for the 

individualized assessment of midpalatal suture morphology prior to RME treatment. 

Angelieri et al. (21) studied CBCT images of 140 subjects, between 5.6 and 58.4 years 

old, to develop a five-stage classification of midpalatal suture development based on the 

presence of high-density lines throughout the suture, scalloping of the suture and fusion 

of the palatine portion of the suture.  This method of classification by visual assessment 

of sutural morphology on CBCT was found to be reliable but it was not significantly 

associated with measures of skeletal response to RME.  The results of the present study 

suggest that there is no correlation between chronological age, CVM or MPSM with any 
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measure of skeletal effect to RME and, therefore, none of these potential predictors are 

clinically useful parameters for orthodontic diagnosis and treatment planning.   

 

Future studies should continue to investigate the clinical utility of the MPSD ratio.  A 

similar study with an additional immediate post-expansion time point would allow 

quantification of relapse and dentoalveolar effects of RME treatment and direct 

comparison to other studies that focused on short-term responses.  Once these effects are 

quantified, correlations can be used to determine whether the MPSD ratio is associated 

with the amount of relapse and dentoalveolar effects of RME. To maximize the clinical 

utility of the MPSD ratio, a study can be designed to assess if the rate of adverse effects 

with RME are correlated with the MPSD ratio.  Moreover, guidelines could be developed 

to recommend at what value of MPSD ratio the risks outweigh the benefits of RME.  The 

development of treatment guidelines based on skeletal response and adverse effects to 

RME would help make the MPSD a useful orthodontic diagnostic parameter. 
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Conclusions 

1. The MPSD ratio, a novel measure of midpalatal suture maturation, has a 

significant negative correlation with the amount of long-term maxillary skeletal 

expansion achieved from RME at the level of the palate.   

2. The amount of long-term skeletal response to RME can be estimated on a 

pretreatment CBCT image by the following equation: GPFp= - 0.60 * MPSD ratio 

+ 0.50 (R2= 0.62) 

3. The MPSD ratio has the potential to become a useful clinical predictor of skeletal 

response to RME, which may aid in clinical decisions on whether or not 

conventional RME therapy will be a successful treatment. Additionally, the 

MPSD ratio was found to be a more useful parameter than chronological age, 

CVM or MPSM, which all had no significant correlation to the amount of long-

term skeletal expansion.  
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