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ABSTRACT 

 

Objective:  To investigate the relationship between maturation of spheno-occipital 

synchondrosis (SOS) with cervical vertebrae maturation (CVM), dental development 

of the mandibular canine (DI) and chronologic age.  

Materials and Methods: Seventy-seven subjects (42 females and 35 males) were 

randomly selected for each of six age groups from retrospective cone-beam computed 

tomograms: (1) 9 year old females, (2) 11-12 year old females, (3) 16-17 year old 

females, (4) 10-11 year old males, (5) 13-14 year old males and (6) 18-21 year old 

males.  Spearman correlation coefficients between SOS, CVM, DI, and age group, 

along with tabulations of stages of SOS, CVM and age were evaluated separately for 

gender.   

Results: SOS maturation was significantly correlated with CVM (0.831 [females] 

and 0.870 [males]) (p ≤ .001); and with chronologic age (0.830 [females] and 0.849 

[males]) (p ≤ .001).  A weaker correlation coefficient was found between SOS 

maturation and DI (0.734 [females] and 0.638 [males]) (p ≤ .001).  All males with 

fused SOS were in CVM stage 4 or later, while all females were in at least CVM 

stage 3.  No subjects with open SOS were in the oldest age group and no subjects 

with closed SOS were in the youngest age group. If the DI of a female or male were 

in stage E or F, the SOS would not have reached the complete union stage.  Subjects 

with a DI in stage G were found in both sexes to be in all three stages of SOS 

maturation.  SOS maturation showed substantial Inter-rater reliability (p≤ 0.001) of 
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0.757 (Cohen’s Kappa) and intra-rater reliability (p≤ 0.001) of 0.750 (Cohen’s 

Kappa). 

Conclusion: SOS stages are valid indicators of potential craniofacial growth and 

development and correlate with measures such as CVM.  

 

Key Words: Skeletal maturation; Spheno-occipital synchondrosis; Maturation 

indicators; Age determination; Growth prediction; Computed tomography, cone-

beam, x-ray  
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CHAPTER I 

INTRODUCTION AND REVIEW OF THE LITERATURE 

 

Introduction 

The timing and decisions about treatment modalities are critically dependent upon the 

accurate assessment of individual growth and development.  Predicting the optimal 

time to begin orthopaedic treatment may be discerned by several methods.  The 

accuracy of maturational indices is limited and has a large error of measurement.  For 

example, a female patient of 12 years old requiring headgear treatment may be 

delayed, or be ahead two years of the expected norm for her age and not yield 

expected outcomes (Fishman, 1979).  Knowing the age of fusion of the spheno-

occipital synchondrosis (SOS), the last synchondrosis in the cranial base to fuse, may 

alter when the timing of an orthopaedic treatment may be initiated.   

 

While not necessarily the standard of care at present, the advances in 

radiology have helped render cone beam computed tomography (CBCT) 

commonplace in orthodontics in certain regions of North America (Scarfe, Farman & 

Sukovic, 2006).  It has now become possible to discern anatomical structures, such as 

the SOS, and their development with increased clarity through images obtained using 

this technology.   
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The SOS has been investigated for its use as a maturation indicator (Bassed, Briggs & 

Drummer, 2010; Bassed, Briggs & Drummer 2011; Can, Ekizoglu, Hocaoglu, Inci, 

Sayin & Kaya, 2014; Franklin and Flavel, 2014).  However, a comprehensive review 

of the literature has revealed a void in the English literature relating the SOS, viewed 

with CBCT images, in concert with other common maturational indices.  Further, the 

reproducibility and reliability, using images obtained with decreased radiation, 

increased spatial and decreased contrast resolution with this technology, has not yet 

been reported (Angelopoulos, Scarfe & Farman, 2012). 

 

Review of the Literature 

Orthopaedic Treatment 

The term orthopaedics originates from the Greek words “orthos” (to straighten) and 

“paidion” (child) (British Columbia Orthopaedic Association, 

http://www.bcoa.ca/join-bcoa/history-of-the-coa-and-orthopaedics-in-canada/, 2014), 

and refers to the practice of manipulating growth to a desired outcome different than 

the one genetically programmed. Human societies have been using orthopaedic 

techniques to modify their bone formation for thousands of years.  For example, 

female ethnic minorities in Burma and South Africa wear neck rings that deform their 

clavicles and ribs to give an illusion of an esthetically appealing elongated neck 

(Walker, http://asiapacific.anu.edu.au/newmandala/2007/05/16/bound-by-tradition/, 

2007; Vukuzenzele, http://www.vukuzenzele.gov.za/2007/number14/art_12.htm, 

2007) and in China, foot binding is a technique girls use to prevent their feet from 

http://www.ncbi.nlm.nih.gov/pubmed?term=Farman%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=22365427
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further growth potentially originating as a sign of elegance and beauty (Vento, 

http://www.fordham.edu/halsall/women/vento.asp, 1998). 

 

In the specialty of orthodontics, orthopaedic treatment involves delivering 

distraction (applying tension across sutures/synchondroses to separate bony 

segments) and/or compressive forces changing natural growth of the facial complex.  

In 1902, Pierre Robin introduced functional jaw orthopaedics by creating a monobloc 

appliance to treat patients with retrognathic mandibles (Wahl, 2006c).  The monobloc 

appliance positions the mandible forward creating a distraction of the condyle of the 

mandible from the glenoid fossa of the temporomandibular joint. 

 

The other form of orthopaedic treatment involves compression. Gunnell, in 

1822, is credited with having invented the first headgear (Wahl, 2005).  This modality 

is used to restrain anterior and/or inferior growth of the nasomaxillary complex.  A 

headgear is an extra-oral appliance that applies compressive force through an extra-

oral spring-loaded strap around the back of the neck and/or occiput to a metallic 

facebow.  Contemporarily, the facebow is most commonly connected to slots in metal 

bands that are affixed to the maxillary molars.  The forces transmitted from the extra-

oral spring-loaded straps are transmitted to the maxillary molars.  The molars transmit 

this force across the area surrounding the tooth (the periodontal ligament) to the 

alveolar bone that supports the teeth within the bone.  The force is transmitted from 

the alveolar bone to the nasomaxillary complex and through to the nasomaxillary 

complex is distributed across the sutures connecting the maxilla to the base of the 
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skull restricting the innate direction of growth within the sutures.  These sutures 

include: zygomaticomaxillary, zygomaticotemporal, zygomaticofrontal, 

nasomaxillary, nasofrontal,  lacrimomaxillary, lacrimofrontal, sphenotemporal, 

sphenofrontal , occipitotemporal, the SOS and the pterygomaxillary junction (Henry, 

1973; Holberg, Holberg, Rudzki-Janson, 2008).   

 

Of those sites, there is particular interest in the SOS as, while it may not be the 

major such structure effected by orthopaedic treatment, it is the last to fuse and may 

provide valuable insight on treatment timing.  Contrastingly, Fudalej, Kokich and 

Leroux (2007) showed that there is continued growth of the nasomaxillary complex 

far beyond the accepted age of fusion of the SOS.  After the SOS has fused, any 

orthopaedic changes would be attributed to the numerous other sutures affected by the 

application of a headgear appliance or orthopaedic appliances that include a headgear, 

for example a Headgear Activator. 

 

Another orthopaedic technique that applies distraction forces to the SOS is 

rapid maxillary expansion (RME). RME is used in patients whose maxilla is deficient 

in transverse width.  RME delivers a separating force to orthodontic bands on the 

maxillary dentition. This force is delivered perpendicular to the midpalatal suture 

thereby separating nasomaxillary sutures from one another.  Responsively, bone is 

deposited between the separated bones and a widened maxilla results.  Rhesus 

monkeys were shown by Gardner and Kronman (1971) to have 0.5-1.0 mm opening 
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of the SOS when RME was used.  This amount of opening is pertinent only in 

showing that an opening of the SOS is required with this orthopaedic technique to be 

successful in achieving its goal of separating the maxillary bones.  This finding was 

corroborated by similar significant findings of the SOS opening with RME in young 

human subjects using computed tomography (CT) and cephalometrics respectively 

(Leonardi, Cutrera & Barbato, 2010; Silvestrini-Biavati, Angiero, Gambino & 

Ugolini, 2013).  Headgear treatment alone, or in combination with functional 

appliance treatment via headgear activators, and rapid maxillary expansion, continue 

to be orthopaedic treatments used today that require partially or completely open 

spheno-occipital synchondroses. 

 

Timing is of the essence 

Unlike orthopaedic treatment, orthognathic surgery is a technique requiring surgical 

osteotomies (intentional directional fractures and movements of bones) used to 

achieve desired repositioning of facial bones when the magnitude of the movement 

and/or amount of growth remaining is insufficient to achieve an ideal result 

otherwise.  One of the most significant ways it differs from orthopaedic treatment is 

that it requires that a patient receive a surgical procedure in the operating room.   

 

Proffit and White (1990) analyzed data collected from the National Centre for 

Health in the United States of America, published in the 1970s, to determine what 

percentage of patients were potential candidates for orthognathic surgery based on the 

severity of their malocclusion.  Patients with Class I skeletal relationships are those 
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with a normal antero-posterior relationship of their maxilla and mandible.  A Class II 

skeletal relationship is the diagnosis of a retruded mandible compared to the maxilla 

and a Class III malocclusion is found when the mandible is protruded relative to the 

maxilla.  While various norms exist, in America, 30% of the population has normal 

Class I occlusion, 50-55% have a Class I malocclusion, 15% have a Class II 

malocclusion and less than 1% have a Class III malocclusion (Proffit, 2007).  Proffit 

and White (1990), found that 5% of Class II, and 33% of Class III patients, were 

potential candidates for orthognathic surgery.  

 

 In growing patients who present borderline orthopaedic treatment / 

orthognathic surgery cases, knowing a patient’s maturation level can make the 

difference between planning extraction and/or orthognathic surgery versus an 

orthopaedic treatment (Smith, 1980). In those patients without early orthopaedic 

intervention, orthognathic surgery options are presented more frequently (Proffit, 

Phillips & Medland, 1992; Tulloch, Phillips, Proffit, 1998). 

 

 For example, Faltin, Faltin, Baccetti, Franchi, Ghiozzi and McNamara (2003) 

performed a controlled long-term study of Class II patients treated with the Bionator 

functional appliance (orthopedic treatment) followed by fixed orthodontics 

(orthodontic treatment). They followed an early treatment group, who completed their 

Bionator treatment prior to their peak in mandibular growth and a late treatment 

group, who began Bionator treatment before, and completed orthopaedic treatment 

after their peak.  They compared these groups with respective untreated Class II 

http://www-ncbi-nlm-nih-gov.proxy2.lib.umanitoba.ca/pubmed?term=Tulloch%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=1298780
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controls from the University of Michigan Elementary and Secondary School Growth 

Study who were matched for cervical vertebral maturation (CVM) at each stage of 

treatment and gender.  They found that when comparing the mandibular dimension on 

a cephalogram from condylion to pogonion, relative to their respective controls, from 

before Bionator treatment to a long-term observation time after completion of growth 

(unspecified), the early treatment group had increased that dimension 1.9 mm (not 

statistically significant) and 5.1 mm (statistically significant) in the late treatment 

group.  These findings support that a larger magnitude or orthopaedic treatment can 

be achieved if the therapeutic intervention is begun before, and completed after the 

patient’s peak in growth. 

 

Depending on the particular circumstance, orthodontic treatment is proceeded 

by, or delivered concurrently with orthopaedic treatment as one or two phases of 

treatment.  If orthopaedic treatment is delivered immediately preceding, or 

concurrently with, orthodontic treatment, it is considered one continuous phase of 

treatment.  Alternatively, if orthopaedic treatment is delivered and then followed by a 

substantial amount of time after its completion prior to orthodontic treatment 

commencing, it is considered two separate phases of treatment.  Tulloch Proffit and 

Phillips (2004) corroborated the results of Faltin, Faltin, Baccetti, Franchi, Ghiozzi 

and McNamara (2003), finding that initiating Class II orthopaedic treatment too early, 

followed by a second phase of orthodontic treatment is not as efficient as providing 

both treatments in a single phase during adolescence.  Specifically, they found no 

reduction in the need for extraction and/or orthognathic surgery if orthopaedic 
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treatment was initiated early. While early treatment does have advantages with 

respect to efficacy of treatment, disadvantages to beginning treatment too early 

include: requiring longer periods of patients compliance with retention (i.e. wearing 

their retainers), increasing total treatment time and decreased compliance in the 

orthodontic second phase of treatment, as well as the respective accompanying 

challenges (i.e. caries).  Therefore it is of the utmost importance that the orthodontist 

knows the skeletal maturation of their patients in order to maximize treatment 

effectiveness. 

 

The development of radiographs 

In 1895, Wilhelm Conrad Röntgen discovered x-radiation (Farman, 1995).  In 1931, 

the cephalometer was developed by Broadbent and Bolton to assess growth and 

developmental patterns in the craniofacial complex.  From then on, orthodontic 

diagnoses, without the new information a cephalogram provided, were considered 

incomplete (Wahl, 2006a).  This led to the development of the cephalometric analysis 

by Downs in 1970 (Wahl, 2006b).   

 

The field of head and neck radiography progressed substantially when 

Cormack and Hounsfield, in 1972 and, independently of one another, developed the 

computed tomography (CT) scanner (Cormack, 1980; Hounsfield, 1980).  This 

technology emits radiation levels higher than can be justified for routine orthodontic 

examination.  A lower radiation emitting technology was developed not long after in 
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the early 1970’s when a precursor of the current cone beam computed tomography 

(CBCT) scanner was developed (Angelopoulos, Scarfe & Farman, 2012).  

 

Following the historical progression of radiographic development in 

orthodontics, in 1995 the first CBCT scanner was used in Dentistry.  Within a few 

years, in 1999 in Europe, the first scanner became commercially available 

(Angelopoulos, Scarfe & Farman, 2012).   Currently, CBCT imagining, while not 

necessarily the standard of care at present, has become routine in certain regions 

particularly on the west coast of the United Sates of America (Scarfe, Farman & 

Sukovic, 2006). The prevalence of usage in Canada is unknown though the Canadian 

trend in this field is expected to be similar to that of the United States of America.  

The research presented here does not advocate obtaining a CBCT image for the 

purpose of assessing the maturation of the SOS.  However, if the image had already 

been obtained, one should not overlook observing the maturation of the SOS as it 

could provide valuable information about treatment options. 

 

Types of Biologic indicators 

The chronologic age at which sexual maturity is reached varies for females and males 

due to the different age of onset of puberty (Proffit, 2007).  The skeletal maturity of 

an individual can be assessed via several biological maturation indicators.  These 

include changes in body height, weight and body mass index (Hunter, 1966; Proffit, 

2007; Centers for Disease Control and Prevention, 

http://www.cdc.gov/growthcharts/clinical_charts.htm; 2009), and pubertal indicators 

http://www.ncbi.nlm.nih.gov/pubmed?term=Farman%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=22365427
http://www.ncbi.nlm.nih.gov/pubmed?term=Farman%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=22365427
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such as voice changes and menarche (Tanner, Whitehouse and Takaishi, 1966a; 

Tofani, 1972; Hägg and Taranger, 1980).  Radiographic indices are also used such as 

the development, emergence and eruption of the dentition (Nolla, 1960; Demirjian, 

Goldstein & Tanner, 1973; Coutinho, Buschang & Miranda, 1993), skeletal 

maturation of the hand and wrist (Greulich and Pyle 1950; Björk and Helm, 1967; 

Fishman, 1982); cervical vertebral maturation (Lamparski, 1972; Hassel and Farman, 

1995; Franchi, Baccetti & McNamara, 2000; Baccetti, Franchi & McNamara, 2005) 

and SOS maturation (Irwin, 1960; Powell and Brodie, 1963; Melsen, 1972). 

 

Plotting height changes on a stature-for-age chart 

Increase in a patient’s stature can be assessed to indicate mandibular skeletal maturity 

(Björk, 1963).  In order to do so, at least three consecutive measurements on 3- to 6- 

month intervals must be made to compare with a stature-for-age chart (Tanner, 

Whitehouse, Takaishi, 1966b; Lewis, Roche & Wagner, 1985; Franchi and Baccetti, 

2002). Similarly, for patients nearing their Peak Height Velocity (PHV), growth 

charts using weight-for age and BMI-for-age can be used as well (Centers for Disease 

Control and Prevention, http://www.cdc.gov/growthcharts/clinical_charts.htm; 2009).  

Growth rate can also be assessed with Wetzel grids that rely on consecutive measures 

of body size, body volume and physical energy expended (Wetzel, 1946). 

 

 The correlation between stature changes at puberty and that of the jaws has 

been established previously.  Cephalometric studies have shown a peak at puberty in 

mandibular growth (Björk, 1963; Hunter, 1966; Lewis, Roche & Wagner, 1985).  
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Statistically significant correlations have been established between statural peak 

growth velocity and the mandibular growth rate with “substantial” coefficients 

ranging between r=0.76 to r=0.79 (Hunter, 1966; Grave, 1973; Landis and Koch, 

1977).  The increase in mandibular dimensions and increase in stature (PHV) occur at 

the same time or slightly after one another, with mandibular dimensional increase 

generally preceding PHV  (Hunter 1966; Tofani 1972; Lewis; Roche & Wagner, 

1985).  Following PHV, there is a higher percentage of mandibular growth remaining 

than growth of the maxilla or anterior cranial base.  Vertically at that time, there is 

more growth to occur in the posterior facial height than the anterior facial height 

(Hunter, 1966) 

 

An advantage of this indicator is that the method does not expose the patient 

to potential harmful X-radiation (Franchi and Baccetti, 2002).  A disadvantage is that 

there may be a loss of valuable treatment time while waiting to obtain serial 

measures.  A second disadvantage is that sequential generations of humans are getting 

taller and reaching puberty sooner and the stature-for-age charts require updating 

every 10-15 years (Lavelle, 1972; Okasha, McCarron, McEwen & Smith, 2001).
 

 

Pubertal Development 

Signs of sexual maturation provide insight on a patient’s biologic development.  

Tofani (1972) found a significant positive relationship between menarche and the 

maximum growth increment in both corpus length and bigonial width. Hägg and 

Taranger (1980) found menarche and the PHV to have a moderate correlation (ρ 

http://www.ncbi.nlm.nih.gov/pubmed?term=McCarron%20P%5BAuthor%5D&cauthor=true&cauthor_uid=11201332
http://www.ncbi.nlm.nih.gov/pubmed?term=McEwen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11201332
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=11201332
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=0.77) and also found that changes in male voice and PHV have a moderate positive 

correlation (ρ=0.73).   

 

An advantage of these indicators is that they also do not require exposure to x-

radiation.  Unfortunately, these pubertal development indicators have been regarded 

by some authors as useless in orthopaedics as females always achieve menarche, and 

men 98% of the time achieve their adult voice, after PHV (Hägg and Taranger, 1980; 

Franchi and Baccetti, 2002). 

 

Dental Development Index 

Dental development can be used to assess mandibular skeletal maturity (Lewis and 

Garn, 1960; Björk and Helm, 1967; Hellman, 1923).  Studies have done this with 

different approaches quantifying emergence, eruption, crown and root development 

or using any combination of these methods (Nolla, 1960; Björk and Helm, 1967; 

Demirjian, Goldstein & Tanner, 1973; Hägg and Taranger, 1982; Coutinho, Buschang 

& Miranda, 1993; Proffit, 2007). 

 

Relationships between dental emergence and PHV have been reported to 

range from no correlation to a poor or weak correlation (ρ=0.01; to ρ =0.42) between 

dental emergence and PHV (Björk and Helm, 1967; Hägg and Taranger, 1982).  

Björk and Helm, (1967) found that in boys, eruption to the occlusal plane of second 

molars, and in girls of canines and premolars, may occur several years before or after 

the PHV. 
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Nolla (1960) described 10 stages of tooth development; Demirjian, Goldstein 

and Tanner (1973) built on that work describing the Demirjian Index (DI) of stage A 

(initial cusp tip appearance of premolars and molars without fusion between cusps) 

through stage H (apical end of the root canal is completely closed) of dental 

development.  Coutinho, Buschang and Miranda, (1993), recognizing the 

imperfection of this technique described that the dental calcification stages of the DI 

are easily recognized and readily available and are a good primary indicator of when 

further maturity indicators are merited. 

 

Initiation of the pubertal growth spurt has been correlated with canine 

development stage F (Demirjian, Goldstein & Tanner, 1973), and Coutinho, 

Buschang and Miranda, (1993) found dental development stage G of the canine to be 

0.4 years after PHV for girls, and 1.3 years for boys.  No study could to be identified 

in the English literature that assessed the relationship of dental development with 

mandibular growth. 

 

Of all the indicators, dental age (dental eruption and dental development) 

correlates least well with the other developmental indices.  Proffit (2007) considers 

dental age to not be an accurate predictor as it has a correlation of ρs =0.7 with 

chronologic age which provides an almost 50% chance of making an accurate 

prediction. 
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Hand-wrist radiograph Index 

The most widely used method of evaluating skeletal maturation is the hand-wrist 

method (Flores-Mir, Nebbe & Major, 2004).  Hellman (1928) was one of the first 

researchers to publish relationships of chronologic age and stature with the 

ossification and fusion stages of the hand. Greulich and Pyle (1950) created a 

radiographic atlas of skeletal development of the hand and wrist for various ages, 

where a patient’s hand-wrist radiograph was matched with a corresponding image 

with an associated in the Atlas.  

 

Based on 1000 hand-wrist radiographs of children, a 20-bone summative 

score of the short bones, carpal radius and ulna was subsequently developed that 

added the score from the percentage of total maturation of each bone to predict 

skeletal maturation scored out of 1000 that was used for many years (Tanner and 

Whitehouse, 1959; Tanner, Whitehouse and Healey, 1962). A simplified method was 

developed by Fishman (1982) that followed 11 stages of maturation measuring 

widening, capping and fusion of the phalanges and distal radial epiphysis and 

ossification of the adductor sesamoid of the thumb. 

 

Hassel and Farman (1995) found the transition from hand-wrist stage 6 to 

stage 7 to represent PHV.  Correlations of maximal growth velocity of the mandible 
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with hand wrist radiographs have also been reported.  Statistically significant 

correlations found between the onset of the fusion of the distal phalanges in the hand-

wrist radiograph with mandibular length, ramus height and body length were found to 

be r=0.53, r=0.60 and r=0.71 respectively (Tofani, 1972).  The correlation with 

mandibular length and ramus height is considered to be “moderate”, while the 

correlation with body length is regarded as “substantial” (Landis and Koch, 1977). 

 

While correlations do exist, a disadvantage of this index is that the patient 

needs to be exposed to supplemental X-radiation for a radiograph of their hand that’s 

sole use is to detect the maturational level. When not therapeutically administered, X-

radiation exposure predilects individuals to develop cancer (Dainiak, 1997).   

 

Cervical Vertebral Maturation (CVM) Index 

Cervical Verterbal Maturation (CVM) can also be used to assess mandibular skeletal 

maturity (Lamparski, 1972; O’Reilly and Yanniello, 1988).  This assessment does not 

require exposing the patient to additional radiation as the image of the cervical 

vertebrae is in the cephalometric radiograph that is a routinely obtained for 

orthodontic diagnosis (Franchi and Baccetti, 2002).  
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Lamparski (1972) developed a series of standards for assessing CVM and 

showed them to be as reliable and valid as the hand-wrist method for the assessment 

of skeletal age, and O’Reilly and Yanniello (1988) found that CVM stages are related 

to mandibular growth changes during puberty.  Reducing radiation exposure further, 

through allowing for the use of a thyroid protective collar, Hassel and Farman (1995) 

developed a CVM index using only the bodies of the second, third and fourth cervical 

vertebrae.  They found that the PHV to occur between stages 3 and 4 in their method.  

Franchi, Baccetti and McNamara (2000) enlarged on Lamparski’s (1972) 

classification of CVM stages and found a significant correlation of CVM with stature 

and mandibular length in a sample of boys and girls.  While they did not report 

correlation coefficient values, they did report that stages 2 and 3 were before PHV, 

that the peak occurred between stages 3 and 4 and that there was then decelerated 

between stages 4 and 5.   In their investigation, 100% of boys and 87% of girls 

underwent their PHV between stages 3 and 4, with the remaining 13% of girls 

peaking between stages 4 and 5.  

 

In 2002, and further in 2005, Baccetti, Franchi and McNamara modified their 

previous CVM classification.  Following the method of Hassel and Farman (1995), 

they provided a classification method which utilized only the second, third and fourth 

cervical vertebrae to decrease radiation exposure through allowing a thyroid collar to 

be used and still providing the necessary anatomy.  They also provided a description 

of each vertebrae’s geometry at each stage. 
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Sphenoid Synchondroses Formation and the Cranial Base 

The cranial base, from foramen magnum to foramen cecum, forms from cartilage 

continuous with the nasal capsule (Scott, 1958).  During the first half of fetal life 

ossification centres develop within that cartilage forming the basioccipital, 

basisphenoid and presphenoid bones (Ford, 1958).  The sphenoid and occipital bones 

are two of the bones that form the cranial base.  These two bones form from 25 

separate ossification centers, 19 of which are found in the sphenoid bone.  Through 

childhood and adolescence, the sphenoid bone consists of 12 synchondroses; most of 

which fuse by the age of 2 years old (Adem, Lafitte, Jarquin  Guillem & Chiras, 

1999).  After that time, the anterior and posterior cranial base lengths increase due to 

bony deposition, as well as growth at the spheno-ethmoidal and SOS (Graber, 

Vanarsdall & Vig, 2012).   

 

Ford (1958) described that each segment of the cranial base has an anterior-

posterior growth rate that follows either the general skeletal or neurologic growth 

rates.   He reported that while the portion from the anterior to posterior foramen 

magnum followed a neurologic growth rate, the segment of the cranial base from 

Sella Turcica to Basion followed a skeletal growth rate.  The cranial base in humans 

is more flexed than any animal (Scott, 1958).  In adult animals, after birth, flattening 

of the cranial angle occurs to nearly 180 degrees whereas in humans it decreases to 

133 degrees (Scott, 1958). In humans, it has been suggested that the centre of rotation 

of this cranial flexure is at the site of the SOS (Björk, 1955).  Scott (1958) on the 
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other hand has indicated that most of this flexure happens during fetal life in the 

cranial base anterior to the SOS.  

 

The cartilages of the synchondroses grow like an epiphyseal plate with the 

exception that it grows bipolar in nature (Thilander and Ingervall, 1973).   The 

cartilage has an area of immature proliferation (hyperplasia) in the centre, surrounded 

by maturing chondrocytes (hypertrophy) in either direction.  In the outer layers, these 

cells undergo endochondral replacement (Proffit, 2007).  The position of the maxilla 

depends on the growth of these two synchondroses (Singh, 2007). 

 

There may be a connection between the cranial base angle and the position of 

the mandible.  While some studies have reported little or no relationship, most studies 

show that individuals with larger cranial base angles, and/or larger anterior and 

posterior cranial base lengths, tend to be retrognathic, whereas those with the smaller 

lengths and angles tend to be prognathic.  Growth of the posterior cranial base (i.e. 

SOS) is directly positively related to inferior and posterior displacements of the 

glenoid fossa.  Consequently, cranial base growth variations can partially explain 

individual and population differences in antero-posterior skeletal relationships 

(Graber, Vanarsdall & Vig, 2012).  

 

Another sphenoidal synchondrosis, the spheno-ethmoidal synchondrosis fuses 

at 6-8 years of age (Ford, 1958; Scott, 1958; Melsen, 1974; Ohtsuki, Mukherjee, 

Lewis and Roche, 1982; Bishara, 2001; Mitchell, 2007; Graber, Vanarsdall & Vig, 
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2012).  As it loses its cartilaginous phenotype it functions as a suture at which time 

growth of the anterior cranial base is essentially complete (Graber, Vanarsdall & Vig, 

2012). 

 

Closure of the Spheno-occipital Synchondrosis (SOS): orthopaedic implication 

The SOS significantly contributes to craniofacial growth, but after 6 years of age its 

relative contribution is small (Bishara, 2001).   Its duration of activity is likely not of 

major significance in affecting the antero-posterior (AP) position of the maxilla 

(Long, 1971; Proffit, 2007).  While the majority of the anterior-posterior growth of 

the cranial base may be completed early, restraining forces applied to the maxilla and 

the underlying sutures and synchondrosis with a headgear attempt to impede the 

amount of growth expressed at that site (Proffit, 2007).   With closure of the SOS the 

magnitude of orthopedic modification possible may be reduced.  Equally, in order to 

gain boney expansion of the maxilla with RME it would be advantageous to do so 

prior to the closure of the SOS (Gardner and Kronman, 1971; Leonardi, Cutrera & 

Barbato, 2010; Silvestrini-Biavati, Angiero, Gambino & Ugolini, 2013). 

 

For some growth modification techniques, like headgear use, other indices of 

maturation are used to predict when it would be too late to affect the SOS.  Rather 

than through use of a distant maturation indicator, by observing the SOS directly, the 

patency of the synchondrosis may be assessed.  

 

 

http://www-ncbi-nlm-nih-gov.proxy2.lib.umanitoba.ca/pubmed?term=Leonardi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19852648
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Closure of the Spheno-occipital Synchondrosis (SOS): an index 

Several methods of investigating the SOS have been used in assessing the maturation 

of this structure.  These include conventional radiographic (i.e. laminagraphy), 

histologic, direct inspection of cadaveric samples, CT images and a combination of 

direct inspection with any of the other techniques.  Further, regions of the body grow 

at different rates - the SOS is closer in proximity to the facial complex than the 

cervical vertebrae or the hand-wrist.  To that end, the SOS, due to its proximity, 

would be expected to be more predictable at indicating facial growth potential than 

hand-wrist or cervical vertebral maturation indicators (Smith, 1980). 

 

Studies have described the pattern of fusion of the spheno-occipital 

synchondrosis along the midsagittal plane.  It fuses from the superior margin in an 

inferior direction until the inferior margin is fused (Irwin, 1960; Powell and Brodie, 

1963; Ingervall and Thilander, 1972).  Aside from this pattern observed in the 

midsagittal plane, there is no available information in the English literature 

concerning a possible three-dimensional pattern of fusion of this structure.  Further, it 

was not the intention of the present investigation to explore if a possible three-

dimensional pattern of fusion of the synchondrosis might exists. 

 

 In early radiographs it was hard to discern whether the SOS was open, 

partially closed or completely closed (Melsen, 1969).  The development of CBCT has 

allowed the possibility of more clearly distinguishing the closure of the SOS.  

Recently there have been several studies employing CT technology to determine the 
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age of fusion of the SOS (Bassed, Briggs & Drummer, 2010; Bassed, Briggs & 

Drummer 2011; Can, Ekizoglu, Hocaoglu, Inci, Sayin & Kaya, 2014; Franklin and 

Flavel, 2014).  Table 1 shows the findings and methods of the studies analyzing age 

of fusion of the SOS. 
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Table 1 Range of Time of Closure of the Spheno-occipital Synchondrosis (SOS) 

 Female Age 

(Yrs) 

Male Age 

(Yrs) 

Method 

Scott (1958) 17-20* Unknown 

Irwin (1960) 14-25* Radiographic 

Powell and Brodie (1963) 11-14 13-16 Radiographic 

Melsen (1972) 12-16 13-18 Histologic 

Thilander and Ingervall 

(1973) 

>16-17 >18-19 Histologic 

Williams, Bannister, Berry, 

Collins, Dyson & Dussek 

(1995) 

18-25* Unknown 

Okamoto, Ito, Tokiguchi, & 

Furusawa (1996) 

12-14 14* CT 

Sahni, Jit, Neelam & Suri 

(1998) 

13-17 15-19 Direct Inspection / CT 

Scheuer and Black (2000) 11-13 13-18 Unknown 

El-Sheikh and Ramadan 

(2006) 

11-16 12-18 CT 

Coqueugniot and Weaver 

(2007) 

13** 18** Direct Inspection 

Akhlaghi, Taghaddosinejad, 

Sheikhazadi, Valizadeh, 

Shojaei (2010) 

12** 15** Direct Inspection 

Shirley and Jantz (2011) 13-20 16-23 Direct Inspection 

Franklin and Flavel (2014) 11.8-25.6 13.4-25 CT 

* No sex differentiation was made 

** Maximum in range not available 

 

Partial fusion was reported in one investigation to first be seen in females of 

12 years old and in males of 13 years old (Sahni, Jit, Neelam & Suri, 1998).  Enlow, 
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(1996) while not mentioning his method of measurement, was of the opinion that 

there is a difference between the time the SOS became inactive (12-15 years old) and 

when it fused (20 years old). 

 

A possible source of the variation in the reported values may be due to the 

method in which studies report closure of the SOS.  While some studies rank the SOS 

as either open or closed, other studies have listed 5 stages of progressive closure 

(Irwin, 1960; Powell and Brodie, 1963; El-Sheikh and Ramadan, 2006).  Authors 

have also classified 5 stages of progressive closure and then reported values on the 

closure stage to include the final two stages without differentiating values between 

the fourth and fifth stages (Bassed, Briggs & Drummer, 2010).  Another possible 

reason for the variation in the age of fusion in females from 11-25 years old in 

females and 12-25 years old in males reported may be due to the different methods 

used.  Direct macroscopic, histologic, conventional radiograph and multi-slice CT 

(MSCT) all offer different abilities to detect a closed suture with varied sensitivities 

(Krishan and Kanchan, 2013).  A study by Madeline and Elster (1995) and one by 

Okamoto, Ito Tokiguchi and Furusawa, (1996) used MSCT and looked at SOS 

maturation in more than just the midsagittal plane. Madeline and Elster (1995) 

reported the first ossification of the SOS to occur in only the midline.  Okamoto, Ito, 

Tokiguchi and Furusawa, (1996) found that the initial ossification center of the SOS 

was found in all subjects in the midline and in some females they noticed additional 

symmetric parasagittal ossification centers. 
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SOS Relationship with Other Indicators 

Several investigations have analyzed the relationship between SOS fusion and 

chronologic age.  Spearman rank-ordered correlations ranged between ρs=0.63 and 

ρs=0.86 for males and ρs=0.62 and ρs=0.82 for females (Akhlaghi, Taghaddosinejad, 

Sheikhazadi, Valizadeh & Shojaei, 2010; Shirley and Jantz, 2011; Can, Ekizoglu, 

Hocaoglu, Inci, Sayin & Kaya, 2014; Franklin and Flavel, 2014).  These values are 

regarded as “substantial” to “almost perfect” (Landis and Koch, 1977).  Hence, a 

positive correlation between SOS fusion and chronologic age has been shown to exist 

when assessed with non-CBCT methods of analysis. 

 

 Contrastingly, Bassed, Briggs and Drummer (2011) used CT images and 

assessed with regression, dental maturation of the third molar, medial clavicular 

epiphysis maturation, SOS maturation and age. They used a five-stage maturation 

scale for the SOS.  The 95% confidence interval range for the beta value of the molar 

was 0.66-0.995 for males and 0.34-0.67 for females, the clavicle was 1.07-1.34 for 

males and 1.48-1.85 for females and the SOS was -0.026-0.51 for males and -0.28-

0.45 for females.  The SOS confidence interval beta value passing through zero 

indicates in both males and females that the SOS does not contribute to the model’s 

validity. Thus, using multiple regression analysis, they found that adding the SOS to 

the regression analysis provided no increase in predictive value of age and explained 

that this was likely due to the older age range of their sample.   
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No research to date in the English literature could be found which has 

reported on the relationship between SOS closure and dental development of the 

mandibular canine (DI) or between SOS and the CVM methods. 

 

Reproducibility 

An index cannot be relied upon if the same examiner measuring the same image at 

two different times scores it differently.  Likewise, the index would not be very useful 

if a second examiner measured the same image under the same conditions and was 

not able to score the maturation at the same stage as the first examiner (Franchi and 

Baccetti, 2002).   Intra-rater and inter-rater reliability is a measure of the amount of 

agreement between measurements between the same and different observers, 

respectively.  According to Landis and Koch (1977), the strength of agreement by 

Kappa values are considered: “almost perfect” if 0.81-1, “substantial” if 0.61-0.80, 

“moderate” if 0.41-0.60, “fair” if “0.21-0.40, “slight” if 0.20 and to have “no 

agreement” if less than 0 

 

Intra-rater reliability 

Dental maturation, as described by the Demirjian, Goldstein and Tanner (1973) 

method, has been reported to have an intra-rater reliability of 94-95% (Kumar, Singla, 

Sharma, Virdi, Anupam and Mittal, 2012; Perinetti, Contardo, Gabrieli, Baccetti & Di 

Lenarda, 2014).   Using Fishman’s (1982) method of evaluation (previously 

mentioned), hand-wrist radiographs have had reported intra-rater reliabilities between 

93-100% (Küçükkeleş, Acar, Biren and Arun, 1999; Hassel and Farman, 1995). 
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Intra-rater reliability has most commonly been reported for various CVM 

methods to range from 89-100% (Hassel and Farman, 1995; Küçükkeleş, Acar, Biren 

and Arun, 1999; Baccetti, & McNamara, 2005; Flores-Mir, Burgess, Champney, 

Jensen, Pitcher & Major, 2006; Kumar, Singla, Sharma, Virdi, Anupam and Mittal, 

2012; Perinetti, Contardo, Gabrieli, Baccetti & Di Lenarda, 2014).  Therefore, most 

studies find that it is an “almost perfect” test in its ability to be repeated within the 

same observer.  

 

One study differs notably from the majority of those reporting high intra-rater 

reliability.  Gabriel, Southard, Qian, Marshall, Franciscus and Southard (2009) 

trained 10 orthodontists, averaging almost 20 years experience each as orthodontists, 

briefly on how to perform accurate CVM analyses.  They found intra-rater reliability 

to be 62%. They attribute a possible cause for much higher reliability in other studies 

to the researchers themselves, being very well trained in these techniques, and being 

the same individuals scoring the images. 

 

Using MSCT imaging, intra-rater reliability of SOS maturation has been 

reported to be 91% (Bassed, Briggs & Drummer, 2010; Franklin and Flavel, 2014). 

 

 

 

 



 27 

Inter-rater reliability 

Inter-rater reliability for dental maturation has been reported at 84% (Kumar, Singla, 

Sharma, Virdi, Anupam and Mittal, 2012) and to range from 94-100% for hand-wrist 

maturation (Küçükkeleş, Acar, Biren and Arun, 1999; Hassel and Farman, 1995).  

 

Cervical vertebral maturation had a strong inter-rater reliability ranging from 

87-99% (Hassel and Farman, 1995; Küçükkeleş, Acar, Biren and Arun, 1999; Uysal, 

Ramoglu, Basciftci & Sari, 2006; Kumar, Singla, Sharma, Virdi, Anupam and Mittal, 

2012).  The study by Gabriel, Southard, Qian, Marshall, Franciscus and Southard 

(2009) described earlier reported inferior inter-rater reliability values (50%) than it 

did for intra-rater reliability (62%).  Therefore, there continues to be some speculation 

about the ability for those who are not experts to be able to use this measure reliably. 

 

 MSCT images of the SOS have been shown to have “substantial” to “almost 

perfect” inter-rater reliability at 78-87% showing that it can be relied on for its 

assessment to be reproducible (Bassed, Briggs & Drummer, 2010; Franklin and 

Flavel, 2014).  

 

In summary, the timing of delivering orthopaedic treatment is of the utmost 

importance, and the current indicators of when this optimal time would be are less 

than ideal.  Common radiologic methods such as CVM and DI have been used to 

predict when the optimal time of intervention is for a particular patient.  All of these 

methods have shortcomings.  Many orthopaedic treatment techniques apply forces to 
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the skull base.  These forces are not exclusively directed at the SOS, however the 

SOS is often one of the structures targeted.  Knowing the patency of the SOS is 

important since, if the SOS is fused, the effectiveness of the orthopedic treatment is 

decreased.  The timing of the fusion of the SOS has been studied with various 

techniques.  Compared to one another, the studies on the chronologic age at the time 

of fusion of this structure have reported a wide range of chronologic age in both 

females (11-25 years old) and males (12-25 years old).  This has been attributed to the 

difference in chronologic age at onset of puberty and the corresponding peak height 

velocity. While SOS maturation has been investigated with MSCT, it has not been 

investigated with CBCT used in dentistry (Bassed, Briggs & Drummer, 2010; Can, 

Ekizoglu, Hocaoglu, Inci, Sayin & Kaya, 2014; Franklin and Flavel, 2014).  CBCT 

offers better spatial resolution than MSCT and has the ability to show patency of the 

SOS at smaller voxel resolutions than that shown by MSCT studies which could 

falsely display a more mature SOS than truly exists (Angelopoulos, Scarfe & Farman, 

2012). The correlation of SOS with CVM has not been reported prior to this study.  

Further, intra-rater and inter-rater reliability for assessing the SOS with CBCT has not 

been previously reported. 
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CHAPTER II 

PURPOSE AND HYPOTHESIS 

 

Purpose 

The primary purpose of this study was to evaluate the validity of maturation of the 

spheno-occipital synchondrosis (SOS) as an indicator of skeletal age in the circum- 

pubertal growth spurt period of each sex by correlating it to cervical vertebral 

maturation and dental maturation of the mandibular canine.  The second purpose of 

this study was to describe in both sexes the range of chronologic age and cervical 

vertebral maturation stage for each level of spheno-occipital synchondrosis 

maturation.  The third purpose of this study was to assess the intra-observer and inter-

observer reproducibility of the observations for spheno-occipital synchondrosis, 

cervical vertebral and dental maturation stages using CBCT. 
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Study Hypothesis 

Hypothesis #1: 

Null: There is no statistically significant positive relationship between 

spheno-occipital synchondrosis maturation and chronologic age, dental maturation 

and cervical vertebral maturation stages for females or males. 

 

 Alternative: There is a statistically significant positive relationship between 

spheno-occipital synchondrosis maturation and chronologic age, dental maturation 

and cervical vertebral maturation stages for females or males. 
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CHAPTER III 

MATERIALS AND METHODOLOGY 

 

Ethics 

The study was approved by the University of Manitoba Bannatyne Human Research 

Ethics Board (BHREB) on February 16, 2013 (Ethics #: H2013:071) (Appendix 1). 

 

Sample Groups and Size 

The PHV has been reported to be consistent with the timing of pubertal growth spurt 

(Houston, 1980).  The pubertal growth spurt has been reported to occur at 12.0 years 

old in females and 14.0 years in males with a standard deviation of 1 year however 

these chronologic ages vary to some degree based on the source (Houston, 1980; 

Nakamoto, 2000).  Six groups were selected to represent both genders before, during 

and following their peak height velocities as follows: 

1) Females prior to their PHV, (<10 years old) 

2) Females during their PHV, (11-13 years old) 

3) Females following their PHV, (>14 years old) 

4) Males prior to their PHV, (<12 years old) 

5) Males during their PHV, (13-15 years old) 

6) Males following their PHV, (>16 years old) 
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A sample size of no less than 10 cases in each group was set as the criteria for this 

study.  This number is similar to that found in other high-impact refereed journal 

publications using cephalometric radiographs to assess cervical vertebral maturation 

(e.g. O’Reilly and Yanniello, 1988; Hassel and Farman, 1995; Franchi, Baccetti & 

McNamara, 2000; Baccetti, Franchi & McNamara, 2002; Baccetti, Franchi & 

McNamara, 2005) and using CBCT to assess the patency of the SOS (e.g. Leonardi, 

Cutrera  Barbato, 2010) with Spearman rank-ordered correlation and reliability 

testing with Cohen’s Kappa statistic. 

 

Collection of Subjects 

An Orthodontist (T.C.) (Edmonton, Alberta, Canada) who had been routinely 

obtaining CBCT images of his patients as part of his standard initial diagnostic 

records, made his previously collected database available for this retrospective cross-

sectional study.  The images available from the database were mostly obtained prior 

to the commencement of patient’s orthodontic treatment. However, many were 

obtained during the middle of orthodontic treatment and following the end of 

orthodontic and/or orthognathic surgical combined treatment.  It was not known how 

many patients may have been pretreatment, in the middle of treatment or had 

completed active orthodontic treatment.  These images were obtained using a cone 

beam computed tomography machine (iCAT Next Generation, Imaging Sciences 

International, Hatfield, PA).  The machine was set to record a voxel resolution of 0.3 

or 0.4 mm.  Each radiograph captured, comprised of either 328, 432, 440 or 576 basis 

images (x̄ =551; σ =60). 
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At this orthodontist’s practice, patients were assigned identification numbers 

based on when they were first seen by that orthodontic practice; there was no gender 

or age associated with this number assignment. A report of patients from a practice 

management software program (Dolphin Management, v.5.0, Dolphin Imaging and 

Management Solutions, Chatsworth, CA) was exported to a data analysis spreadsheet 

(Microsoft Excel, Microsoft Corp., Redmond, WA) and became the “master key” for 

blinding purposes.  Five specific data fields were exported to a spreadsheet including: 

1. Chart number 

2. Number of basis images 

3. Gender 

4. Date of birth  

5. Date of scan.  

 

The master key spreadsheet was opened and a column was created titled “age” in 

which the chronologic age of the patient at the time of the scan was calculated 

through subtracting the patient’s date of birth from their date of the scan.  For 

consistency, the subject’s age was calculated in whole years by always rounding 

down unless the date of the data acquisition was equivalent to their birthday, not a 

day earlier.  Another method to have calculated age would be to have rounded all 

those within six months of their next birthday up, and those within six months since 

their last birthday down.  The method ultimately used, of rounding all ages down, 

maintained the space of a year between groups. 
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Subjects were randomly identified to see if they were acceptable for use in this 

study.  This was done until all sample groups had at least 16 subjects collected into 

each of the six sample groups.  The goal of selecting 16 subjects in each group was 

done in order to ensure that there were extra subjects available after exclusion criteria 

would be applied and leave no group with less than 10 subjects.  If less than 10 

subjects remained in any particular sample group after exclusions, the master key list 

was revisited in order to identify more subjects and increase that sample group size to 

16 again. 

 

The identified images were opened in the proprietary acquisition software 

(iCATVision, v.1.9.3.14, Imaging Sciences International, Hatfield, PA) by selecting 

their chart number and assessing them for their suitability for this study.  This was 

done by launching the proprietary acquisition software, sorting the patient 

identification chronologically, scrolling the vertical scroll bar to find the 

identification number correlated to the identified image.  If the file type  "ct" was 

listed next to the date of the acquisition of the images, then the image was opened and 

assessed for exclusion criteria.  Definitions of landmarks used for exclusion, 

orientation and capture in this investigation are shown in Table 2. 
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Table 2 Topographic Points Used as Landmarks for Image Exclusion, Orientation 

and Capture (Athanasiou, 1995) 

Landmark Definition 

 

Anterior Nasal Spine 

 

The tip of the bony anterior nasal spine 

 

Nasion 

 

The most anterior point of the frontonasal suture in 

the median plane 

 

Orbitale The lowest point in the inferior margin of the orbit 

 

Porion The superior point of the external auditory meatus 

 

Posterior Nasal Spine The tip of the posterior spine of the palatine bone, at 

the junction of the hard and soft palates 

 

The exclusion criteria included:  

 Presence of orthodontic brackets, appearing radiopaque on the dentition 

 Subjects who had radiographic indications of having had orthognathic 

surgery, such as brass wires or metal plates  
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 Images that did not completely include: 

o Anterior Nasal Spine 

o The most antero-inferior point on the symphysis of the chin  

o Nasion 

o Porion 

o Posterior Nasal Spine 

o The body of the sphenoid bone 

o The entire spheno-occipital synchondrosis (SOS) 

o The entire bodies of the second, third and fourth cervical vertebrae 

 Obvious anomaly in the vertebral bodies of the second, third or fourth cervical 

vertebrae 

 At least one congenitally absent, or obviously ectopic, permanent mandibular 

canine 

 

These exclusions were necessary to ensure the scans would be able to be 

oriented and captured the essential anatomy for measurements.  Subjects with missing 

permanent teeth, other than mandibular canines, or those with heavily restored teeth 

were not excluded.  This was because agenesis and heavily restored teeth were not 

expected to interfere with growth and development.  Subjects were not excluded for 

having had completed orthodontic treatment alone.   It was not possible to obtain any 

record of the subject’s race.  Images were excluded for subjects displaying 

radiographic indications of having had orthognathic surgery, obvious anomalies 

in the second, third or fourth vertebral bodies and those displaying congenitally 



 37 

absent or obviously ectopic permanent mandibular canines were necessary.  The 

reason for these exclusions is that they all may represent subjects exhibiting 

growth and development that is out of the norm and there is potential that their 

maturational indicators do not represent the average population.  Subjects 

presenting with orthodontic brackets were also excluded from this study.  This 

was done to minimize the possibility of subjects who may have undergone any 

orthopaedic compressive or tensile forces on the SOS.  It is unknown if 

orthopaedic forces acting on the SOS alter its course or timing of fusion.  While 

such orthopaedic treatment may be initiated concurrently with fixed 

orthodontics, it often precedes it.  In this investigation it was not possible to 

discern if a subject had undergone any orthodontic or orthopaedic treatment. 

 

If a subject met the requirements, their corresponding image was compressed 

and exported.  This was done by selecting in the menu bar “Tools,” then sequentially, 

“Export DICOM” and “Original Study.”  The location to save the file was chosen to 

be on an external hard drive.  A detailed description of image acquisition in described 

in Appendix 2. 

 

Scoring Rubrics 

Melsen (1969) wrote that in early radiographs it was hard to discern which of the 

three-stages of maturation the SOS was in.  Irwin, (1960) using film-based 

tomography had suggested four stages of SOS maturation.  Several investigations 

have described five stages of SOS maturation using laminagraphy (Powell and 
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Brodie, 1963) and MSCT (Bassed, Briggs & Drummer, 2010; Can, Ekizoglu, 

Hocaoglu, Inci, Sayin & Kaya, 2014; Franklin and Flavel, 2014). It is unknown to the 

authors of this study, how Irwin (1960) or Powell and Brodie (1963) were able to 

accurately differentiate over 50 years ago, four or five stages of SOS respectively 

with what is now antiquated technology when it is relatively hard in select cases to 

discern three stages of SOS with current state-of-the-art technology (CBCT).  MSCT 

offers improved contrast resolution and is therefore likely advantageous at 

differentiating between 5 stages of maturation over CBCT.  However, CBCT allows 

one to be able to see smaller voxels of patency (spatial resolution) than with MSCT.  

Further the benefit of obtaining increased contrast resolution of images with MSCT 

does not outweigh the cost of the significant increased radiation exposure to the 

highly radiosensitive tissue of the head and neck region in highly sensitive subjects 

(growing patients) that this technology accompanies in comparison to CBCT. It was 

not possible to obtain retrospective images from MSCT for this study nor is it a 

common diagnostic technology used in orthodontics due to the increased radiation 

(Angelopoulos, Scarfe & Farman, 2012).   

 

Observing human autopsy material, Melsen (1972) described maturation of 

the SOS in three stages: open, closing or closed.  She further defined the classification 

of closing as occurring when the first osseous bridge between the occipital and 

sphenoid bones had been established. Sahni, Jit, Neelam and Suri (1998) described 

three stages of fusion using MSCT imaging of cadavers: unfused, partially fused and 

completely fused.  Coqueugniot and Weaver (2007), looking at skeletal remains, 
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without radiography, described three stages of maturation: open (no fusion), partial 

union (fusing) and complete union. Other CT studies of SOS maturation have 

analyzed three-dimensional slices of multiplanar MSCT images (Madeline and Elster, 

1995; Okamoto, Ito Tokiguchi & Furusawa, 1996).  While Okamoto, Ito Tokiguchi 

and Furusawa, (1996) found additional symmetric ossification centers parasagittaly in 

some of the females in their study, they found the first SOS ossification in all of their 

subjects in the midsagittal plane.  These findings supported Madeline and Elster 

(1995) who had earlier found the first ossification of the SOS to occur in the midline 

using three-dimensional slices of multiplanar MSCT imaging. Therefore, the 

midsagittal plane was chosen in the current investigation.  The three-stage index used 

by Melsen (1972) was selected at 1 voxel (0.3 or 0.4 mm) thick as it was already 

relatively hard in select cases to discern between SOS stages, and the authors did not 

want to introduce additional sources of error by subdividing the three-stages any 

further into a four or five stage index.  The present investigation used those 

descriptions as the basis for the rubric used in this radiographic investigation (Table 3 

and Figure 1). 
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Table 3 Spheno-occipital Synchondrosis (SOS) Rubric 

Open 

(no fusion) 

Openings at the 

superior and 

inferior margins 

no opaque margin is found on the superior or 

inferior exterior surface of the sphenoid 

crossing the synchondrosis 

Partial 

union 

(fusing) 

One, but not both 

margins are 

touching each 

other 

a continuous opaque margin is found on the 

superior or inferior exterior surface of the 

sphenoid crossing the synchondrosis 

Complete 

Union 

Both margins are 

touching each 

other 

continuous  opaque margins are found on the 

superior and inferior exterior surfaces of the 

sphenoid crossing the synchondrosis 

 

 
Figure 1 Portions of images of subjects demonstrating open (a), partial union (b) and 

complete union (c) of the spheno-occipital synchondrosis (SOS) 

   

(a) (b) (c) 
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There have not been any studies published which could be found in the 

English literature that assessed cervical vertebral maturation using computed 

tomography.  As such, the method described by Baccetti, Franchi and McNamara 

(2005) using lateral cephalometric radiographs was used here.  The observer began by 

assessing if a concavity was present at the inferior border of the second, third and 

fourth cervical vertebrae.  If the fourth cervical vertebra was found to have a 

concavity then the height to width ratio and morphology of the body of third and 

fourth cervical vertebrae was used to assess whether a vertebral body was horizontal, 

square or vertical.  A transparent ruler was available to be placed against the monitor 

as an aid in assessing borderline cases. The grading rubric described in Table 4 and 

shown in Figure 2 was used concurrently to yield an appropriate score. 
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Table 4 Cervical Vertebral Maturation (CVM) Rubric 

Stage 

Location of 

Observation 

C2 C3 C4 

1 

Inferior Border Flat 

 

Flat 

Wedged 

Flat 

Wedged Vertebral Body Shape 

2 

Inferior Border Concave 

 

Not Concave 

 Trapezoid 

Not Concave 

Trapezoid Vertebral Body Shape 

3 

Inferior Border Concave 

 

 

Concave 

Trapezoid or 

Horizontal 

Not Concave 

Trapezoid or 

Horizontal 

Vertebral Body Shape 

4 

Inferior Border Concave 

 

Concave 

Horizontal 

Concave 

 Horizontal Vertebral Body Shape 

5 

Inferior Border Concave 

 

 

Concave 

Square > 

Horizontal 

Concave 

Square > 

Horizontal 

Vertebral Body Shape 

6 

Inferior Border Concave 

 

 

Concave 

Square > Vertical 

Concave 

 Square > Vertical Vertebral Body Shape 
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Figure 2 Portions of images of subjects showing cervical vertebral maturation stages 

I to VI 

      

I II III IV V VI 

 

The method described by Coutinho, Buschang and Miranda, (1993) was used 

to evaluate the dental maturation of the mandibular canines (DI).  Where a difference 

existed between canine developmental stages, the more immature canine observation 

was recorded (Table 5 and Figure 3). 
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Table 5 Dental Index (DI) Rubric 

Stage Description 

E Crown and root both exist; crown is taller than the height of the root 

F 

Root is equal or taller than the root in height; an isosceles triangle found at 

inferior border 

G 

Root length is complete; the apex is still open; there is an increased periapical 

radiolucency in the apical region of the periodontal ligament 

H The root is fully formed and the apex is closed 

 

 

 

 

Figure 3 Portions of images of subjects demonstrating the dental index scale used of 

stages E to H of mandibular canines 

  

(E) (F) 

  

(G) (H) 
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Recording Observations 

Three separate spreadsheet files were created for each DI, CVM and SOS maturation 

stages, separate from the master key file, for recording the observations of the 

captured images.  This allowed for the observer to remain blind to the association of 

the patient identification with any chronologic age or gender of the subject.  The 

creation of three separate observational spreadsheets also removed the likelihood of 

the observer remembering the patient identification number and observations from 

one type of maturational analysis when they began the next type of maturational 

observations. 

 

Each of the observational spreadsheets were each created with two columns: 

Column A for the patient identification number and Column B for the observational 

stage to be recorded (Figure 4). When creating these observational spreadsheets, 

patient identification numbers were copied from the master key into Column A of 

each of these three spreadsheets. 
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Figure 4 Spheno-occipital synchondrosis (SOS) observation spreadsheet sample 

 

 

At the time of making the observations, the data analysis spreadsheet sample 

was opened and the image that corresponded with the patient identification number in 

the first column was opened.  When the observer decided on the appropriate stage the 

image was closed and the grade recorded in the spreadsheet accordingly.   

 

Unlike the intra-rater and inter-rater reliability for the CVM and DI that has 

been well documented in the literature (Hassel and Farman, 1995; Küçükkeleş, Acar, 

Biren and Arun, 1999; Baccetti, & McNamara, 2005; Flores-Mir, Burgess, 

Champney, Jensen, Pitcher & Major, 2006; Uysal, Ramoglu, Basciftci & Sari, 2006; 

Kumar, Singla, Sharma, Virdi, Anupam and Mittal, 2012; Perinetti, Contardo, 

Gabrieli, Baccetti & Di Lenarda, 2014), there is a void in SOS repeatability testing 

using CBCT.  Measures were taken three times for this maturational index as studies 
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have not reported previously on SOS maturation using CBCT and the most accurate 

observations of this index were desired, as was done in a study by Moshiri, Scarfe, 

Hilgers, Scheetz, Silveira and Farman (2007).  For initial measurements, the first 

observations for the spheno-occipital synchondrosis were made for each subject and 

then “hidden,” with that option in the spreadsheet and the measures were repeated 

again for each subject.  The second set of measurements where hidden and a third set 

of measurements were made.  Following the third set of measurements, all 

measurements were “unhidden” with that option in the spreadsheet and the average 

value was rounded to nearest stage, recorded and used for subsequent measurements.   

 

 Twelve months later, the first 28 patient identification numbers listed in the 

grading spreadsheets were selected for inter-rater and intra-rater reliability assessment 

for the CVM and Dental indices.  This provided repeat assessments of 36.4% of the 

total sample.  This amount is substantial and has been used in other research (Wong, 

Alkhal & Rabie, 2009).  The entire sample (n=77) was remeasured three times as was 

previously performed during the initial measurements. 

 

A second observer was given the following tools to make one independent 

observation of each image: 

1. Corresponding SOS, cervical vertebral and reconstructed panoramic virtual 

images in three virtual folders 

2. Three virtual scoring spreadsheets (Figure 4) 

3. A transparent ruler 
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4. Three sample virtual scoring images and three printed rubrics (Tables 3-5 and 

Figures 1-3)  

These repeat measurements were recorded and compared to the initial observers 

measures to determine inter-rater reliability. 

 

The pattern of fusion of the SOS is known to progress from the superior to the 

inferior surface (Irwin, 1960; Melsen, 1972; Scheuer and Black, 2000; Bassed, 

Briggs & Drummer, 2010).  Asides from this pattern, Okamoto, Ito Tokiguchi and 

Furusawa, (1996) noted that in addition to the midsagittal plane ossifying first in all 

patients, in some females, a parallel symmetric ossification center had been found 

parasagitally.  No other centers of initial ossification or patterns of SOS maturation 

could be found in the English literature.  Therefore, a review was made by the 

primary investigator of a subsample of 10 random subjects, in the partial fusion stage 

of SOS maturation, to assess if other ossification centers of the SOS, or a different 

pattern of ossification, could be noted.  Axial, coronal and sagittal slices were 

scanned through and observations recorded. 

 

Statistical Analysis 

The data collected in the spreadsheets was combined with the information from the 

master key pertaining to the age of each subject and their respective sample group. 

This information was imported into the SPSS statistical software (IBM SPSS 

Statistics, v. 20.0.0, IBM Corp., Armonk, NY). All tests were set at an á priori level 

of significance set at α ≤ 0.05. 
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Descriptive analyses were used to highlight the least mature cervical vertebral 

stage and age grouping found for each sex when the SOS was in the most mature 

stage.  The same was investigated for those found with open spheno-occipital 

synchondroses. 

 

Bivariate Spearman rank-order correlations were computed to assess any 

possible relationship between SOS maturation with CVM, chronologic age grouping 

and DI for each gender separately.  Bivariate correlations were made with one-tailed 

Spearman Rank Order correlation tests that were used for this study with data that fit 

more with non-parametric statistical analyses.  Correlations were calculated for 

groups 1-6 as well as for groups 2 and 5.  Groups 2 and 5 received further analysis in 

this study, as these are the two age groups where SOS maturation stages varied the 

most, and the correlations values were considered most clinically relevant. A one-

tailed test was selected, as a reasonable prediction of the resultant direction of 

correlation was expected and all tests were set at an á priori level of significance set 

at α ≤ 0.05. 

 

Measurements obtained from the second observer were compared to those 

from the first observer to assess the inter-rater reliability. Reliability was assessed for 

groups 1-6 and for groups 2 and 5.  Particular focus was placed on groups 2 and 5, as 

these two stages were believed to include the most difficult to discern SOS 

maturation stages and assessing the reliability of this group was expected to be yield 
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the most clinical relevancy.  Subjects that were selected randomly for remeasurement 

of groups 1-6 that were part of groups 2 and 5 were later used for the remeasurements 

of groups 2 and 5. combined  Due to the ordinal nature of the measured values, 

Cohen’s Kappa statistics were calculated to assess the level of repeatability of 

observations in this study. According to Dancey and Reidy (2004), the strength of 

correlation values are considered: “perfect” if 1, “strong” if 0.7-0.9, “moderate” if 

0.4-0.6, “weak” if “0.1-0.3 and to have “zero” correlation if 0 
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CHAPTER IV 

RESULTS 

 

Findings of the Sample 

The sample was stratified according to sex and age groupings as shown in Table 6, 

along with average age and sample sizes for each group.  Each group began with 16 

subjects identified.  When exclusion criteria were applied, groups 1, 2, 3 and 5 were 

reduced to the sample sizes in Table 6.  Groups 4 and 6 were reduced to 6 and 9 

subjects respectively.  Further subjects were sought for these two groups to raise the 

number of subjects in each group again to 16.  When the exclusion criteria were 

applied again to groups 4 and 6, the remaining sample sizes were above the minimum 

sample size of at least 10 and their resultant sizes are displays in Table 6.  Seventy-

seven subjects (42 females and 35 males) between the ages of 9 and 21 years old 

compromised the final total sample.   
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Table 6 Group Sample Size and Average Age 

Group Group Definition 

Average 

Age 

(Years) 

Sample Size  

(n) 

1 

Females prior to their PHV 

(<10 years old) 

9 11 

2 

Females during their PHV, 

(11-13 years old) 

12 15 

3 

Females after their PHV, 

(>14 years old) 

16 16 

4 

Males prior to their PHV, 

(<12 years old) 

10 10 

5 

Males during their PHV, 

(13-15 years old) 

14 13 

6 

Males after their PHV, 

(>16 years old) 

19 12 

 

 

The corresponding chronologic ages from the master key were copied into the 

SOS spreadsheet. The distribution for each stage of maturation of the SOS for both 

sexes at each age is presented in Table 7.  The oldest age where an open SOS was 

found was 12 years old in females, (1 subject) and 13 in males (1 subject).  The 

earliest SOS partial union was found in this sample at the age of 9 years old in 
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females (3 subjects) and 10 in males (2 subjects), whereas complete SOS union was 

found earlier in females (by 3 years).  In the present study, the earliest complete union 

of the SOS was found in 14 year old males and 11-year-old females.  No subjects 

with an open SOS were in the age groups representing being after their PHV. 

 

Table 7 Actual Number of Individuals in Each Range of Fusion for Females and 

Males, by Age 

 

 Females (n =42) Males (n = 35) 

Age Open 
Partial 

 Union 

Complete 

Union 
Open 

Partial 

 Union 

Complete 

 Union 

9 8 3 0 - - - 

10 - - - 4 2 0 

11 1 1 1 2 2 0 

12 1 6 5 - - - 

13 - - - 1 0 0 

14 - - - 0 9 3 

15 - - - - - - 

16 0 0 11 - - - 

17 0 0 5 - - - 

18 - - - 0 0 3 

19 - - - 0 0 4 

20 - - - 0 0 3 

21 - - - 0 0 2 

 

 

Table 8 shows the average, minimum and maximum CVM stage found for 

females and males in each stage of SOS maturation.  All females with fused SOS 

were in CVM stage 3 or later and in the age groups representing being in, or after, 

their PHV, while all males were in at least CVM stage 4 and in the age groups 

representing being in, or after, their PHV. 

 



 54 

 

 

Table 8 Average and Range of CVM and DI Stages for Females and Males with Respect to SOS Maturation Stages 

 

SOS 

Stage 
Sex 

Average 

CVM 

(Stage) 

Minimum 

CVM 

(stage) 

Maximum 

CVM 

(stage) 

Average 

Dental 

(stage) 

Minimum 

Dental 

(stage) 

Maximum 

Dental 

(stage) 

Open Female 2 1 4 F F G 

Partial 

Union 
Female 3 1 5 G F H 

Complete 

Union 
Female 5 3 6 H G H 

Open Male 2 1 5 F E H 

Partial 

Union 
Male 3 1 4 G F H 

Complete 

Union 
Male 6 4 6 H G H 
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The average, minimum and maximum range of DI stages for females and 

males and SOS maturation stages are shown in Table 8.  The average DI Stage form 

males and females with open, partial union and complete union of their SOS was 

stage F, G and H respectively.  With the exception of females in the open SOS stage, 

DI stage H was found in males and females in all stage of SOS.  This indicates that 

the DI stage varies heavily and may not be a useful indicator of SOS maturation for 

any one patient if the patient is in DI stage H. 

 

Correlations of Maturational Indices with SOS Maturation  

 The Spearman Rank-Ordered correlation between SOS maturation findings and each 

of CVM stages, chronologic age and DI, for both males and females, were assessed 

for groups 1-6 and groups 2 and 5.  For groups 1-6, the maturation of SOS was 

significantly correlated (one-tailed p ≤ 0.001) with CVM (0.831 [females] and 0.870 

[males]); and with Chronologic age (0.830 [females] and 0.849 [males]).  These 

correlation values demonstrate “almost perfect” positive relationship between both 

CVM stage and chronologic age with SOS in both sexes.  The maturation of SOS was 

also significantly correlated (one-tailed p ≤ 0.001) with DI (0.734 [females] and 0.638 

[males]).  The correlations values observed here demonstrate a strong positive 

relationship between DI and SOS maturation stages in both sexes.  For groups 2 and 

5, SOS was significantly correlated (one-tailed p ≤ 0.001) with CVM (0.612) in 

males, (one-tailed p≤ 0.005) with CVM in females (0.656) and (one-tailed p≤ 0.05) in 

males with chronologic age.  These correlations demonstrated “moderate” positive 
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relationships that were not as strong as the “almost perfect” relationships of their 

equivalents in groups 1-6.  Unlike the findings in groups 1-6, there were no 

statistically significant correlations (p ≤ 0.05) between SOS maturation stages in 

groups 2 and 5 with chronologic age in females (0.169), DI in males (-0.200) or DI in 

females (0.221). 

 

Analysis of Reliability of Measurements 

The intra-rater and inter-rater variability of repeated measurements was also assessed 

with Cohen’s Kappa statistic. A p value ≤0.05 indicates that the congruence between 

initial and remeasured values was statistically significant and due to more than that 

expected by chance alone (Karras, 1997).  Results are shown in Tables 9 and 10. 

 

 For groups 1-6, according to the Cohen’s Kappa statistic, “substantial” 

agreements for SOS maturation for both intra-rater and inter-rater reliability and for 

CVM only for intra-rater reliability were found here.  The Kappa values for inter-rater 

reliability of CVM and for both intra-rater and inter-rater reliability of DI are only 

“moderate.”  Cohen’s Kappa showed “substantial” agreement for intra-rater and inter-

rater reliability of SOS and intra-rater reliability.  They also show only “fair” and 

“moderate” reliability respectively for DI as intra-rater and inter rater repeat 

measures.  For inter-rater reliability, CVM was “moderate” when considered by 

Cohen’s Kappa statistic.  For groups 2 and 5 combined, the Cohen’s Kappa statistic 

also had “substantial” agreement for intra-rater and inter-rater reliability of SOS 

maturation and intra-rater reliability of CMV as was found in groups 1-6.  Groups 2 
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and 5 combined also had “moderate” agreement for inter-rater reliability of CVM and 

DI as was found in groups 1-6.  The largest difference for reliability between groups 

1-6 in comparison with groups 2 and 5 combined is that there was no statistically 

significant Cohen’s Kappa statistic for intra-rater reliability in groups 2 and 5 

combined of DI.  

 

 The subsample review of 10 random patients in the partial fusion state of 

SOS maturation did not result in any additional centers of ossification, apart from the 

midsagittal plane, being found.  The pattern of ossification was found to be from the 

superior to inferior margin of the SOS in the midsagittal plane for all (n=10) 

subsamples reviewed. 
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Table 9 Cohen’s Kappa Statistic for Intra-rater and Inter-rater Reliability for Groups 1-6. 

Values shown with significance at p ≤ .05 are bolded 

 

  Intra-rater Inter-rater 

Parameter 
Remeasured sample size 

(n)         (% of sample) 

Kappa 

Value 

Approx 

p 

Kappa 

Value 

Approx 

p 

SOS 77 100 .757 .000 .750 .000 

CVM 28 36.4 .646 .000 .471 .000 

DI 28 36.4 .411 .004 .492 .000 
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Table 10 Cohen’s Kappa Statistic for Intra-rater and Inter-rater Reliability for Groups 2 and 5 combined. 

Values shown with significance at p ≤ .05 are bolded 

 

  Intra-rater Inter-rater 

Parameter 
Remeasured sample size 

(n)         (% of sample) 

Kappa 

Value 

Approx 

p 

Kappa 

Value 

Approx 

p 

SOS 28 100 .610 .000 .623 .000 

CVM 13 46.4 .776 .000 .504 .000 

DI 13 46.4 .204 .340 .480 .021 
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CHAPTER V 

DISCUSSION 

 

Relationship of Chronologic age with SOS Fusion 

This study found a complete union of the SOS as early as 11 years old in females and 

14 years old in males that corresponded with the age groups representing being in 

their PHV.  For females, the present findings paralleled the results of the 

laminagraphy study of Powell and Brodie (1963) and a CT study by El-Sheikh and 

Ramadan (2006) who each found females with fused spheno-occipital synchondroses 

at 11 years old. 

 

 There is a large variation in the literature concerning chronologic age with 

respect to SOS fusion using numerous methodologies.  Different methodologies may 

be responsible for the variation in wide ranges of fusion reported.  As CBCT has not 

been used to report chronologic age of fusion of the SOS, the results of the current 

investigation are compared to other studies with their respective methodology 

indicated. The present findings of males first having complete union of their SOS at 

14 years old was older than findings of Powell and Brodie (1963) using laminagraphy 

or the histologic findings of Melsen (1972). It is also older than the CT findings of El-

Sheikh and Ramandan (2006).  While the difference between findings is one to two 
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years, this time difference can affect when treatment is delivered (i.e., before the peak 

of facial growth versus delivering after).  The findings of the present study are 

consistent with earlier findings using tomography (Irwin, 1960) and CT (Okamoto, 

Ito Tokiguchi & Furusawa, 1996; Franklin and Flavel, 2014).  The findings in the 

present study are earlier than the histologic findings of Thilander and Ingervall (1973) 

and the direct inspection studies of Sahni, Jit, Neelam and Suri (1998), Coqueugniot 

and Weaver (2007), Akhlaghi, Taghaddosinejad, Sheikhazadi, Valizadeh, Shojaei 

(2010) and Shirley and Jantz (2011).  The variation in findings may be due to various 

techniques used in measuring the SOS such as direct inspection, histologic, 

radiologic, advanced radiologic (Krishan and Kanchan, 2013). Krishan and Kanchan 

(2013) have suggested, without substantiation, that studies using radiologic methods 

may have better visualization than those using direct inspection of cadavers.  The 

various reported ages from the numerous study methodologies suggest chronologic 

age may not be a consistent indicator of SOS maturation for comparative purposes. 

 

No subjects with open SOS or partial union of the SOS were in the age groups 

representing being after their PHV and no subjects with complete union of the SOS 

were in the age groups representing being prior to their PHV.  It can therefore be 

interpreted from these findings that the age groups corresponding to pre-PHV and 

some patients in their PHV stage of growth, of either sex, would be likely to 

experience the desired effect of orthopaedic forces involving the SOS. 
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The results of a particular sample do not necessarily reflect the effect of a 

whole population.  A randomized clinical trial by Tulloch, Philips and Proffit (2004) 

found that early orthopaedic treatment provided prior to adolescence, followed by 

comprehensive orthodontics, is not more clinically successful than the same 

combined treatments provided during adolescence.  While this result is accurate for 

the population as a whole for the specific sample in their RCT, Tulloch, Philips and 

Proffit exemplify the considerable variation between individuals.  Prior to PHV, in 

the pre-pubertal growth spurt phase of growth and development, a juvenile 

acceleration spurt is known to occur, especially in females.  The juvenile acceleration 

spurt occurs one to two years prior to PHV and also accompanies a corresponding 

increase in jaw growth.  In males, if this spurt occurs, it is almost always less intense 

than their growth, in puberty.  In females however, it may equal or even exceed their 

growth occurring later in puberty (Proffit, 2007).  The complete union of the SOS 

observed in our female population, which is younger than in most previous studies, 

may be due to this early spurt.  Orthodontists should take into account that the SOS 

may close earlier than previously believed.  They must also be vigilant that growth 

manipulation may not consistently be as successful at some early ages as was 

previously believed. 

 

The maturation of SOS had a strong and statistically significant (p<0.001) 

correlation with age group (ρs=0.830 for females and ρs=0.849 for males) when 

analyzing groups 1-6.  The “strong” Spearman rank-ordered correlation coefficient 

found here for females, was similar to that reported by Franklin and Flavel (2014) and 



 63 

higher than the “moderate to strong” correlation coefficients found by other studies 

(Akhlaghi, Taghaddosinejad, Sheikhazadi, Valizadeh & Shojaei, 2010; Shirley and 

Jantz, 2011; Can, Ekizoglu, Hocaoglu, Inci, Sayin & Kaya, 2014).  For males, several 

studies found “strong” Spearman rank-ordered correlations (Akhlaghi, 

Taghaddosinejad, Sheikhazadi, Valizadeh & Shojaei, 2010; Shirley and Jantz, 2011; 

Can, Ekizoglu, Hocaoglu, Inci, Sayin & Kaya, 2014).  These values in males were 

lower than the “strong” correlation coefficients found by Franklin and Flavel (2014) 

that was similar to the rho value found in this investigation. When considering group 

5, males had a “moderate” correlation of chronologic age with SOS and group 2 did 

not have a statistically significant correlation.  Hence, these findings do not support 

relying on chronologic age to be a good predictor of SOS maturation for females in 

their PGS.  However, for the sample as a whole, the findings of this study support that 

when using CBCT, as in the current study, or multi-detector CT technology, 

chronologic age can be a good predictor of SOS maturation. 

 

Relationship of CVM to SOS Fusion 

As reported in Chapter II (Cervical Vertebral Maturation (CVM) Index), the CVM 

has been found to have a statistically significant positive correlation with both 

mandibular length and stature (Franchi, Baccetti & McNamara, 2000). Hassel and 

Farman (1995) found PHV to occur, between CVM stage 3 and 4, while Franchi, 

Baccetti, and McNamara (2000) found that 100% of boys and 87% of girls underwent 

their PHV between CVM stages 3 and 4, with the remaining 13% of girls peaking 

between stages 4 and 5.  In the current study, all females with complete union of their 
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spheno-occipital synchondroses were in at least CVM stage 3 while all males were in 

CVM stage 4 or later.  The average CVM stage found in subjects with complete union 

of the SOS was 5 for males and 6 for females.  This indicates that for the average 

patient, the SOS does not completely fuse until later than Franchi, Baccetti and 

McNamara report peak in statural height (2000) and mandibular growth (2005) to 

occur. The maturation of the SOS was significantly positively correlated (p ≤ .001) 

for groups 1-6, and (p ≤ .005) for groups 2 and 5, with CVM.  The Spearman rank-

ordered correlation coefficient was “strong” in females and males for groups 1-6 and 

“moderate’ for groups 2 and 5. Incorporating the findings in this study with those of 

Hassel and Farman (1995) and Franchi, Baccetti and McNamara (2000), if a clinician 

was to see that a patient had complete union of their SOS, they could assume that the 

patient was at least undergoing, or had passed their PHV. No research to date in the 

English literature could be found that has reported on the correlation between SOS 

maturation and cervical vertebral maturation. This “strong” correlation coefficient of 

SOS with CVM for groups 1-6 indicates that the CVM levels of maturation are 

accurate in their prediction of the maturation of the SOS. 

 

Relationship of DI to SOS Fusion 

The results of this study indicate that if the DI of a female or male were in stage E or 

F, the SOS would not have reached the complete union stage.  Subjects with a DI in 

stage G were found in both sexes to be in all three stages of SOS maturation.  

Coutinho, Buschang and Miranda, (1993) found stage G of the canine to be 0.4 years 

after PHV for females, and 1.3 years for males.  The results of this investigation do 



 65 

not find stage G to be reliable in indicating any stage of spheno-occipital 

synchondrosis maturation for either sex as those with mandibular canines in stage G 

of dental development were found in all six sample groups. 

 

The findings in this study are supported by Proffit (2007) who stated that of 

all the indicators, dental age (eruption and dental development) correlates least well 

with the other developmental indices and that dental age has a correlation of 0.7 with 

chronologic age.  In this study, a statistically significant (p ≤ .001) but weaker 

Spearman rank-ordered correlation coefficient was found between SOS maturation 

and DI in females and in males.  When considering groups 1-6, these values are 

considered to be of  “moderate to strong” correlative value.  No research to date could 

be found in the English literature that has reported specifically on the relationship 

between SOS maturation and DI.  No statistically significant correlation (p ≤ .05) was 

found between SOS maturation and DI when analyzing groups 2 or 5.  This may be 

attributed to a decreased sample size when analyzing each of those individual groups, 

difficulty in using this index with reconstructed panoramic radiographs or due to the 

lack of reliability to detect the DI maturation stages in the most critical age groups. 

 

Intra-rater reliability 

The present investigation found intra-rater reliability of the SOS maturation stages to 

be lower than that reported by two studies that used a similar approach, in that they 

used MSCT images, for their measurements (Bassed, Briggs & Drummer, 2010; 

Franklin and Flavel, 2014).  Both of those studies reported an “almost perfect” 
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Cohen’s Kappa coefficient value that was of higher value than the Cohen’s Kappa 

coefficient value found here.  As MSCT provides increased contrast resolution 

compared to CBCT, the lower values of Cohen’s Kappa coefficient found here, while 

still significant (p < 0.001) and of “substantial” value, may be less than MSCT due to 

the decreased contrast resolution of the CBCT images (Angelopoulos, Scarfe & 

Farman, 2012). 

 

The intra-rater reliability of CVM observations were found to have a 

“substantial” Cohen’s Kappa coefficient value, with statistical significance.  The 

Kappa coefficient found here was similar to that found by Gabriel, Southard, Qian, 

Marshall, Franciscus and Southard (2009).  However the Kappa coefficient value 

found here was lower than the “almost perfect” Kappa coefficient values reported by 

several authors (Hassel and Farman, 1995; Kumar, Singla, Sharma, Virdi, Anupam & 

Mittal, 2012; Perinetti, Contardo, Gabrieli, Baccetti & Di Lenarda, 2014).  Both the 

primary investigator and the other rater were orthodontic residents.  The present 

findings corroborate those of Gabriel, Southard, Qian, Marshall, Franciscus and 

Southard (2009) who attributed their lower values of their study compared to other 

studies due to the level of expertise of the observers; the same lack of expertise could 

have been a limiting factor.  

 

The intra-rater reliability (as measured by Cohen’s Kappa) of DI was the 

lowest of the three indices with a “moderate” value and statistical significance for 

groups 1-6.  The values found in this investigation were much lower than those 

http://www-ncbi-nlm-nih-gov.proxy2.lib.umanitoba.ca/pubmed?term=Baccetti%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21345927
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reported by a study looking at canines (Perinetti, Contardo, Gabrieli, Baccetti & Di 

Lenarda, 2014) and a study looking at second molar development (Kumar, Singla, 

Sharma, Virdi, Anupam & Mittal, 2012) that reported “almost perfect” intra-rater 

reliability.  The intra-rater reliability for groups 2 and 5 combined was not statistically 

significant.  This may be due to the lack of reliability to detect the DI maturation 

stages in the most critical age groups, the decreased sample size when analyzing each 

of those individual groups and/or the difficulty in using this index with reconstructed 

panoramic radiographs.  The intra-observer reproducibility of DI levels in this 

investigation were at best not optimal and decreases the value of this index at making 

meaningful predictions of PHV and correlations with other maturational indices.  This 

may be due to the use of panoramic image reconstruction from the CBCT image to 

assess canine discrepancy that was evaluated in other investigations using periapical 

radiograph technology. 

 

Inter-rater reliability 

Inter-rater reliability was tested using Cohen’s Kappa coefficient for all three indices 

of maturation.  Statistical significance, with a p value of less than 0.001, was found 

for all results in groups 1-6 and for both SOS and CVM in groups 2 and 5 combined.  

A p value of less than 0.05 was found for DI in groups 2 and 5 combined.  Two 

studies reported inter-rater reliability using MSCT technology (Bassed, Briggs & 

Drummer, 2010; Franklin and Flavel, 2014).  The current study found a “substantial” 

level of inter-rater reliability for SOS observations similar to that found by Briggs and 
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Drummer (2010), while Franklin and Flavel (2014) reported “almost perfect” inter-

rater reliability. 

 

The inter-rater reliability of CVM observations were found to have 

“moderate” levels similar again to the study by Gabriel, Southard, Qian, Marshall, 

Franciscus and Southard (2009).  The repeat measurements found here did not have 

the same reliability as studies reporting “almost perfect” agreement (Hassel and 

Farman, 1995; Baccetti, Franchi & McNamara, 2005). 

 

The DI in this study had “moderate” Cohen’s Kappa coefficient values for 

inter-rater reliability.  These were much lower than the value reported in the MSCT 

study of Kumar, Singla, Sharma, Virdi, Anupam and Mittal (2012) of mandibular 

second molars. 

 

Limitations and Future Studies 

This cross-sectional retrospective study was limited to the amount of information 

available.  It would have been advantageous to prospectively compare the change in 

stature, mandibular size, hand-wrist maturation, menarche and voice changes in 

comparison with SOS maturation.  This longitudinal study design would however 

require multiple exposures of patients to excess radiation in order to obtain 

prospective serial CBCT images and would likely not benefit the individual patient 

with regard to orthodontic treatment when the risk to benefit ratio were analyzed. 
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It may be of value to conduct a retrospective study to compare CBCT 

radiographic images to a sample of MSCT images to see if observations made with 

the different technologies are equivalent.  It would be advantageous to know the 

ethnicity of the subjects, as studies have identified differences between homogenous 

races (Okamoto, Ito, Tokiguchi, & Furusawa, 1996; Sahni, Jit, Neelam & Suri, 1998).  

A reasonable limitation to overcome in future studies would be to identify and 

exclude patients who had received orthopaedic treatment involving forces affecting 

the SOS, as it is imaginable that the forces applied to this structure may alter its 

progression of maturation. 

 

This study was not able to obtain records of mandibular length or stature for 

this sample. Indices, such as CVM were used as a proxy for their relation with these 

parameters.  Future studies assessing the relation between SOS maturation and 

mandibular length and stature would be advantageous.  

 

In considering the age ranges presented in this study it is important to recall 

that this study did not seek to classify the various stages of SOS maturation based on 

chronologic age, but rather on circum-pubertal growth spurt age groups.  Not every 

age in childhood and adolescence was represented in this study and it is possible that, 

based on earlier findings, the actual age of maturation could have been outside of the 

range of ages assessed.  In future studies it would be advantageous to obtain samples 

of every chronologic age.  Further, while the literature reports the pattern of fusion 

from superior to inferior in the midsagittal plane in all patients, and additionally in the 
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parasagittal planes in some females, (Okamoto, Ito Tokiguchi & Furusawa, 1996), no 

other pattern of fusion of the SOS has been reported.  It may be worthwhile to review 

CT images of the SOS in each plane to see if other patterns of fusion exist using 

higher contrast resolution multi-detector CT images.  In that type of an assessment a 

scale using multiple ossifications could be used.  In the proposed scale, having no 

ossified borders could be recorded as the first stage, 0-10 ossifications as a second 

stage, 11-20 ossifications as a third stage, etc..  Lastly, the sample size of the study 

was small and this could have affected the age ranges found for each group by not 

having enough samples to exclude outliers.  In particular, it may be advantageous to 

repeat this study looking solely at groups 2 and 5 as those are the ages when the most 

visibly unclear stages of SOS maturation may exist.  Our results from looking only at 

those two specific groups were limited by the sample size.  Larger sample size in 

groups 2 and 5 would be advantageous in future studies. 
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Null Hypothesis Revisited 

In regards to the null hypothesis the following observations are possible: 

Null hypothesis #1: There is a statistically significant positive relationship between 

spheno-occipital synchondrosis maturation and chronologic age, dental maturation 

and cervical vertebral maturation stages for females or males. Rejected 

Null hypothesis #1 was rejected because a statistically significant positive 

relationship was found for both males and females between the spheno-occipital 

synchondrosis and chronologic age, dental maturation and cervical vertebral 

maturation when Spearman rank-ordered correlation coefficients were assessed. 
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CHAPTER VI 

CONCLUSIONS 

 

Based on the results of this study on maturation stages, the following conclusions can 

be drawn: 

1. To avoid missing the window of opportunity for early maturing patients, it is 

prudent to commence orthopaedic forces prior to 11 years old in females and 

14 years old in males based on the results in Table 7. 

 

2. The stages of SOS maturation are valid indicators of the remaining growth 

potential in the skull base and correlate closely with CVM indicators.  

Orthodontists can be confident that growth modification timing aimed at SOS 

patency can be reliably predicted with CVM. 

 

3. The results of the intra-observer and inter-observer statistical tests indicate 

that a three-stage SOS maturation scale using CBCT is accurate and 

reproducible both within and between observers. 
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4. The dental maturation stages of the mandibular canine teeth show satisfactory 

diagnostic performance only for the identification of the pre-PHV growth 

phases, with no reliable indications for onset of the PHV.  

 

5. The clinical usefulness of the determination of dental maturity using DI of 

mandibular canines for the assessment of treatment timing for skeletal 

malocclusion would thus be limited at best.  
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Clinical Recommendations: 

1. Orthodontists can rely on CVM as a tool as it closely matches the SOS 

ossification. 

2. Orthodontists must be vigilant to start orthopaedic treatment before CVM 

stage 3 in girls and stage 4 in boys prior to potential early fusion of the SOS. 

3. In order to achieve a successful orthopaedic outcome, patient’s growth 

indication must be considered individually.  Waiting in general, to start 

orthopaedic treatment until the late mixed dentition stage may be too late to 

achieve a more successful outcome in select patients. 
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ABSTRACT  

 

Objective:  To investigate the relationship between maturation of the spheno-

occipital synchondrosis (SOS) with cervical vertebrae (CVM), dental development of 

the mandibular canine (DI), chronologic age and intra-rater / inter-rater reliability.  

Materials and Methods: Seventy-seven subjects (42 females and 35 males) were 

randomly selected into six age groups from retrospective cone-beam computed 

tomograms: (1) 9 year old females, (2) 11-12 year old females, (3) 16-17 year old 

females, (4) 10-11 year old males, (5) 13-14 year old males and (6) 18-21 year old 

males.  Spearman correlation coefficients between SOS, CVM, DI, and age group, 

along with tabulations of stages of SOS, CVM and age were evaluated separately for 

each gender.  

Results: SOS maturation was significantly and positively correlated with CVM and 

age group in both females and males (all r > 0.8).  A weaker significant correlation 

coefficient was found between SOS maturation and DI for both females and males (r  

> 0.6).  All males with fused SOS were in CVM stage 4 or later, while all females 

were in at least CVM stage 3.  No subjects with open SOS were in the post-pubertal 

growth spurt age group and no subjects with closed SOS were in the pre-pubertal 

growth spurt age group.  SOS maturation showed substantial and significant inter-

rater and intra-rater reliability (kappa > 0.7). 

Conclusion: SOS stages are reliable and valid indicators of potential craniofacial 

growth and development and correlate with measures such as CVM.  
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ARTICLE 

Introduction 

The timing and decisions about treatment modalities are critically dependent 

upon the accurate assessment of individual growth and development.  Predicting the 

optimal time to begin orthopedic treatment may be discerned by several imperfect 

methods.  The accuracy of maturational indices is limited and has a large error of 

measurement. A common method of assessing maturation involves the radiographic 

analysis of the cervical vertebrae (CVM).
1
  Strong relationships between CVM, 

changes in stature and growth spurts of the mandible have been reported.
2
  Dental 

age, however, has the weakest correlations with other developmental indices.
3
  

Advances in radiological technology have rendered cone beam computed tomography 

(CBCT) commonplace in orthodontics in certain regions of North America.
4
  It has 

now become possible to discern anatomical structures with increased clarity through 

images obtained using CBCT.   

Some orthopedic treatments such as rapid maxillary expansion and headgear 

treatment apply forces across the spheno-occipital synchondrosis (SOS).
5,6

  Knowing 

the age of fusion of the SOS, the last synchondrosis in the cranial base to fuse, may 

alter how the timing of an orthopedic treatment may be initiated.   The SOS, which is 

readily viewed with CBCT, has been investigated for its use as a maturation indicator 
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with direct inspection, histologic analysis and radiographic methods ranging from 

laminagraphy to multi-slice computed tomography.
7-10

  However, a comprehensive 

review of the literature has revealed a void in the English literature relating the SOS, 

viewed with CBCT images, with other common maturational indices such as CVM. 

For an index to be effective it must be accurate and reproducible.
1
  For example, 

CVM assessment is frequently reported to have an intra-rater reliability of at least a 

90%
11-13

 and an inter-rater reliability of more than 86%.
11,12

  The reproducibility of 

the SOS has been reported using multi-slice CT studies.
10,14

  The intra-rater reliability 

was found to be 91% and inter-rater reliability was 78-87%.
10,14

  There is a void in the 

literature concerning the intra-rater and inter-rater reliability of the SOS using CBCT 

technology that emits less-radiation and provides lower contrast resolution in 

comparison to the aforementioned technology. 

The aims of this study therefore were to: 1) investigate the relationships 

between SOS maturation with CVM, circum-pubertal growth spurt age groups and 

dental maturation of the mandibular canine (DI) in both genders; 2) describe in both 

genders the range of chronologic age and CVM stage for each level of SOS 

maturation; 3) evaluate intra-rater and inter-rater reliability of measuring a three-stage 

SOS maturation scale using images obtained with CBCT technology. 

 

Materials and Methods 

This retrospective cross-sectional study obtained ethics approval from the 

University Human Research Ethics Board.  Samples (n=77) were obtained from a 

private orthodontic practice and consisted of images collected from a CBCT machine 
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(iCAT Next Generation, Imaging Sciences International, Hatfield, PA) that obtained a 

voxel resolution of 0.3 or 0.4 mm with 328 to 576 basis images.  Subjects 

representing three circum-pubertal growth spurt developmental periods of both 

genders
15

 made up the six sample groups: 1) Females prior to their peak height 

velocity (PHV), (<10 years old) (n=11); 2); females during their PHV, (11-13 years 

old) (n=15); 3) females following their PHV, (>14 years old) (n=16); 4) males prior 

to their PHV, (<12 years old) (n=10); 5) Males during their PHV, (13-15 years old) 

(n=13); 6) males following their PHV, (>16 years old) (n=12).   

Subjects were excluded for being in fixed appliances, having had orthognathic 

surgery, congenitally absent or ectopic permanent mandibular canines, anomalies of 

the second, third or fourth cervical vertebra or not completely displaying the 

necessary images, (anterior and posterior nasal spines, the most anterior inferior point 

on the chin, nasion, porion, body of the sphenoid, entire SOS, second, third and fourth 

cervical vertebrae).  

Using Dolphin Imaging 3D, (v.11.5.04.34, Dolphin Imaging and Management 

Solutions, Chatsworth, CA) images were oriented to the Frankfort horizontal plane 

and rotated to have the midsagittal plane along the anterior and posterior nasal spine.  

A midsagittal slice, 1 voxel thick, was screen captured and a reconstructed panoramic 

radiograph was created with focal trough seeds placed at the apex of the mandibular 

canines and exported.  CVM stages were evaluated with the method described by 

Baccetti et al.
16

  The method described by Demirjian et al.,
17

 was used to evaluate the 

DI of the more immature mandibular canine.  A modification of the maturation index 

of Melsen
8
 was used for evaluation of the SOS.   
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Figure 1 shows the stages of maturation of the SOS used.  The SOS was 

considered open when both the superior and inferior margins of the synchondrosis 

were without a continuous opaque bridge from the sphenoid to the occipital bone.  

When only one of the superior or inferior borders across the SOS was continuously 

opaque, the stage was recorded as a partial union.  When there were continuous 

radiopaque margins across the superior and inferior margins of the SOS, a complete 

union stage was noted. 

The entire sample (n=77) was measured once for CVM and DI and three times 

for all SOS images.  The three SOS measurements were averaged to the nearest stage.  

The measurements of SOS, CVM, age group and DI were analyzed using statistical 

software (IBM SPSS Statistics, v. 20.0.0, IBM Corp., Armonk, NY). All tests were 

set at an á priori level of significance set at α ≤ 0.05.  A one-tailed Spearman rank-

ordered correlation test was used for each gender to determine the correlation 

between the SOS and each of CVM stage, age group and DI.  Twelve months after 

initial measurements, intra-rater and inter-rater reliability (Cohen’s Kappa) for 28 

random samples of CVM and DI as well as triplicate measurements of all SOS 

maturation images were recorded by two calibrated orthodontic residents using the 

initially captured and exported images. Intra- and inter-rater reliability was also 

assessed for those repeat measures made of samples in groups 2 and 5 combined. 

 

Results 

The range of stages for CVM and DI for each sample group are reported in 

Table 1, and the chronologic age distribution for each subject according to 
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chronologic age are shown in Table 2.  The oldest age where an open SOS was found 

was 12 years old in females, and 13 in males.  No subjects with an open SOS were in 

the post-PHV age group.  The earliest SOS partial union was found in this sample at 

the age of 9 years old in females and 10 in males, whereas complete SOS union was 

found earlier in females (by 1 year).  In the present study, the earliest complete union 

of the SOS was found in an 11 year old female and 14 year old males.  All females 

with fused SOS were in CVM stage 3 or later and in the pubertal growth spurt  (PGS) 

or post-PGS age group, while all males were in at least CVM stage 4 and in the PGS 

or post-PGS age group.  With the exception of females in the open SOS stage, DI 

stage H was found in males and females in all stages of SOS.   

Correlation coefficient for SOS maturation in females was found to be 0.831, 

0.830 and 0.734  (p<0.001) for groups 1-6 with respect to CVM, age and DI.  The 

only statistically significant correlation of SOS maturation in group 2 was found with 

CVM 0.656 (p<0.005).  For males, correlation coefficients of SOS maturation with 

CVM, age and DI for groups 1-6 were 0.870, 0.849 and 0.638 (p<0.001) respectively. 

For group 5, the SOS maturation had a correlation coefficient (p<0.05) of 0.612 and 

0.570 with respect to CVM and age.  Group 5 did not have a statistically significant 

correlation of SOS stages with DI.  Cohen’s Kappa coefficients (p<0.001) for intra-

rater reliability of 0.757, 0.646 and 0.411 for groups 1-6 and 0.610, 0.776 and no 

statistical significance for groups 5 and 6 combined were obtained for SOS, CVM and 

DI respectively. Cohen’s Kappa coefficients for inter-rater reliability of groups 1-6 

(p<0.001) were 0.750, 0.471 and 0.492.  The inter-rater reliability for groups 2 and 5 

combined were 0.623 (p<0.001), 0.504 (p<0.001) and 0.480 (p<0.05).  
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Discussion 

We used a three-stage index of SOS maturation as described by Melsen.
8
  A 

three-stage index was chosen as at 1 voxel thick it was already relatively hard in 

select cases to discern between three SOS stages and knowing subdivisions of these 

stages is not clinically relevant.   

We found a complete union of the SOS as early as 11 years old in females and 

14 years old in males that corresponded with the PGS age groups in this study.  For 

females, the present findings paralleled the results of the laminagraphy study of 

Powell and Brodie
7
 and a CT study by El-Sheikh and Ramadan

18
 who each found 

females with fused spheno-occipital synchondroses at 11 years old.  These findings 

were notably earlier than the histologic findings of more than 16 to 17 years old.
19

 

Our findings for males first having complete union of their SOS at 14 years, 

was later than studies using laminagraphy, histology and CT images where 12-13 

years olds with fused SOS were identified.
7,8,14,18

  This is consistent with a 

tomographic study
20

 and a CT study
21

 but earlier than the histologic findings and 

direct inspection studies
9,19

 who reported fusion from 15 to over 18 to 19 years in 

males.  The variations may be due to various techniques used in measuring SOS 

maturation.  The various reported ages from the numerous study methodologies 

suggest chronologic age may not be a consistent indicator of SOS maturation. 

Considering the age ranges presented in our study, it is important to note that 

our study did not seek to classify the various stages of SOS maturation based on 
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chronologic age, but rather on circum-PGS age groups.  Hence, not every single age 

in childhood and adolescence is represented in this study.   

No subjects with open SOS or partial union of the SOS were in the post-PGS 

age group and no subjects with complete union of the SOS were in the pre-PGS age 

group.  It can therefore be interpreted from these findings that pre-PGS and some 

PGS patients, of either gender, would be likely to benefit from orthopedic forces 

affecting the SOS. 

The results of a randomized clinical trial
22

 found that early orthopedic 

treatment provided prior to adolescence, followed by comprehensive orthodontics, is 

not more clinically successful than one stage of treatment provided during 

adolescence.  However, our study exemplifies the considerable variation within any 

given individual.  Prior the PHV, in the pre-PGS phase of growth and development, a 

juvenile acceleration spurt is known to occur, especially in females.
3
  The juvenile 

acceleration spurt occurs one to two years prior to PHV and also accompanies a 

corresponding increase in jaw growth.  In males, if this spurt occurs, it is almost 

always less intense than their growth in puberty.  In females however, it may equal or 

even exceed their growth, occurring later in puberty.
3
  The complete union of the SOS 

observed in our female population, which is younger than observed in most previous 

studies, may be due to this early spurt.  Orthodontists should take into account that 

the SOS may close earlier than previously believed and understand that growth 

manipulation may not consistently be as successful at earlier ages. 
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The maturation of SOS had a strong and statistically significant correlation 

(p<0.001) with age for groups 1-6 (ρs=0.830 for females and ρs=0.849 for males) and 

a moderate correlation (p<0.050) for group 5 alone (ρs=0.570).  Group 2 did not have 

a statistically significant (p<0.05) correlation of SOS maturation with age.  No 

research to date in the English literature has reported on the relationship between SOS 

and CVM. These strong relationships for groups 1-6 and moderate to strong 

relationships for groups 2 and 5 of SOS with CVM indicate that the CVM stages 

could be regarded as being accurate in predicting the levels of SOS fusion. 

The results of our study indicate that if the DI were in stage E or F, the SOS 

would not have reached the complete union stage.  Coutinho et al.,
23

 found stage G of 

the canine to be 0.4 years after PHV for females, and 1.3 years for males.  The results 

of this investigation did not find stage G to be reliable in indicating any stage of SOS 

maturation for either gender as those with mandibular canines in stage G of dental 

development were found in all six sample groups. 

The findings in this study are supported by Proffit
3
 who stated that of all the 

indicators, dental age (eruption and dental development) correlates least well with the 

other developmental indices and that dental age has a correlation of 0.7 with 

chronologic age.  In our study, a statistically significant (p<0.001) but weaker 

correlation coefficient was found between SOS maturation and DI in females 

(ρs=0.734) and in males (ρs=0.638) for groups 1-6. These values are considered to be 

of moderate to strong correlative value. No research in the English literature has 

reported on the relationship between SOS closure and the DI. 
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Intra-rater reliability 

The present investigation found intra-rater reliability of the SOS maturation 

stages to be lower than that reported by two studies that used a similar approach, in 

that they used CT images, for their measurements.
10,14

  The lower value of Cohen’s 

Kappa coefficient found here, while still significant (p<0.001) and a “substantial” 

value, may be lower due to the decreased resolution of the CBCT images obtained in 

this study, which provides decreased contrast resolution, compared to multi-slice CT.  

The intra-rater reliability of CVM was found to be similar to that found by Gabriel et 

al.,
24

 and weaker than reported by several authors.
11-13

  Gabriel et al.,
24

 suggested 

their values were likely lower than other studies due to the increased expertise of the 

observers in the studies they compared their results to.  Orthodontic residents 

obtained all measurements made in this study.  The intra-rater reliability of DI had the 

lowest reliability of the three indices.  The findings in this study were much lower 

than that reported by a study looking at canines and a study looking at second molar 

development.
12,13

  The intra-rater reproducibility of DI levels is at best not optimal 

and decreases the value of this index at making meaningful predictions. 

 

Inter-rater reliability 

Inter-rater reliability was tested using Cohen’s Kappa coefficient for all three 

indices of maturation and statistical significance was found for all results.  Two 

studies reported coefficient values of the SOS using multi-slice CT technology.
10,14

  

Bassed et al.,
 10

 reported similar agreement to the findings here that were much less 

reliable than the finding of Franklin and Flavel.
14

  The inter-rater reliability of CVM 
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was found here to be much lower than reliability of other studies
11,16

 but similar again 

to the study by Gabriel et al.
24

  The inter-rater reliability of DI in this study was much 

lower than that reported in a multi-slice CT study of mandibular second molars.
12

 

 

Conclusions 

1. To avoid missing the window of opportunity for orthopaedics in early 

maturing patients, it is prudent to commence orthopaedic forces prior to 11 

years in females and 14 years in males, based on SOS maturation. 

2. The stages of SOS maturation are valid indicators of the remaining growth 

potential and correlate closely with CVM indicators. 

3. Orthodontists can be confident that growth modification timing aimed at SOS 

patency can be reliably predicted with CVM. 

4. Intra-observer and inter-observer statistical tests indicate that a three-stage 

SOS maturation scale using CBCT is accurate and reproducible both within 

and between observers. 

5. The dental maturation stages of the mandibular canine teeth show satisfactory 

diagnostic performance only for identification of the pre-PHV, with no 

reliable indications for onset of the PHV.  

6. The clinical usefulness of the determination of dental maturity using DI of 

mandibular canines for the assessment of treatment timing for skeletal 

malocclusion is limited. 
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Table 1   Average and Range of CVM and DI Stages for Females and Males with Respect to SOS Maturation Stages 

SOS 

Stage 
Gender 

Average 

CVM 

(Stage) 

Minimum 

CVM 

(stage) 

Maximum 

CVM 

(stage) 

Average 

Dental 

(stage) 

Minimum 

Dental 

(stage) 

Maximum 

Dental 

(stage) 

Open Female 2 1 4 F F G 

Partial 

Union 
Female 3 1 5 G F H 

Complete 

Union 
Female 5 3 6 H G H 

Open Male 2 1 5 F E H 

Partial 

Union 
Male 3 1 4 G F H 

Complete 

Union 
Male 6 4 6 H G H 
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Table 2   Actual number of individuals in each range of fusion for females and males, 

by age 

 Females (n =42) Males (n = 35) 

Age Open 
Partial 

 Union 

Complete 

Union 
Open 

Partial 

 Union 

Complete 

 Union 

9 8 3 0 - - - 

10 - - - 4 2 0 

11 1 1 1 2 2 0 

12 1 6 5 - - - 

13 - - - 1 0 0 

14 - - - 0 9 3 

15 - - - - - - 

16 0 0 11 - - - 

17 0 0 5 - - - 

18 - - - 0 0 3 

19 - - - 0 0 4 

20 - - - 0 0 3 

21 - - - 0 0 2 

 

 

 

Figure 1   Portions of images of subjects demonstrating open (a), partial union (b) 

and complete union (c) of the spheno-occipital synchondrosis (SOS) 

   

(a) (b) (c) 
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APPENDICES 

Appendix 1: Approval of Protocol by University of Manitoba Health Research 

Ethics Board (HREB) 
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Appendix 2: Description of Image Acquisition. 

 

Collection of Images 

The external hard drive was connected to a computer that had a proprietary orthodontic 

analysis software program (Dolphin Imaging 3D, v.11.5.04.34, Dolphin Imaging and 

Management Solutions, Chatsworth, CA).  One examiner (R.H) performed all 

manipulations of the images in the collection of images.  Selected images were imported 

into Dolphin Imaging 3D, (Dolphin) with a new subject entry.  

 

The Dolphin program was opened, the “Patients button selected (Figure 5).  In the 

patient look up window that would then open the, “New Patient” button was chosen. and 

a menu would appear.  The, “New Patient From DICOM” option was selected from the 

menu.  A new window titled, “Open” popped-up where the desired DICOM file was 

selected and the, “Open” button selected.  A complete description of how the images 

were obtained can be found in Appendix 2.  
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Figure 5 Screen capture of Dolphin Imaging 3D demonstrating opening screen 

for uploading patient 

 

 

 

The “New Timepoint” window popped-up, the ”Initial” timepoint name was 

selected and the OK button selected (Figure 6a).  The Progress window popped-up while 

the progress window popped-up while the DICOM volumetric data uploaded (Figure 6b).  
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Figure 6 Screen capture of segment of Dolphin Imaging 3D display 

demonstrating creation of timepoint (a) and subsequent loading verification screen (b) 

 

 

(a) (b) 

 

 

 

Manipulation of reconstructed spheno-occipital synchondrosis (SOS) and cervical 

vertebral maturation (CVM) images 

When the image was uploaded, the 3D rendered image was displayed.  The “Orientation 

in 4-Equal Layout” view was selected.  To begin orienting the image, the horizontal 

crosshair in the sagittal window was moved to the palate.  The images in the sagittal and 

axial view windows were both rotated to ensure the horizontal and vertical crosshairs 

respectively went through both the subject’s anterior and posterior nasal spines to 

represent the midsagittal plane (Ericson and Myrberg, 1973) (Figure 7).   
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Figure 7 Screen capture of Dolphin Image 3D demonstrating 4-equal view display, 

crosshairs and orientation along the line from anterior to posterior nasal spines 

 

 

In the coronal slice window, the slice indicator scroll bar directly below that 

image was moved left and right to display the slice with the most: 

1. confluent auditory meati bilaterally such that minimal to no radiopacity lay 

within the meati 

2. superiorly lying external auditory meati 

 

The coronal slice’s horizontal crosshair was then raised so that it would pass through 

both porions bilaterally.  The coronal image was rotated to facilitate this (Figure 8). 
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Figure 8 Orientation along line from anterior to posterior nasal spines 

 

 

The coronal, sagittal and axial slices were set by adjusting their respective drop 

down lists below their images to display and image of 1 voxel thick.  The “Show/Hide 

Crosshairs on the Slice Views” button was selected to remove crosshairs.  The view was 

switched from the “4-Equal Layout” to fill the majority of the screen with the “Sagittal” 

view display. 

 

Bassed, Briggs and Drummer (2010) in their multi-slice CT study of SOS 

maturation suggested using slices of 1 mm in thickness to measure the SOS.  In that study 

the thinnest slices they were able to obtain with that technology would have been of 1 

mm in thickness.  Hence, the present study used the thinnest slices available with CBCT 

technology that was 1 voxel thick; in this study that was equivalent to 0.3 or 0.4 mm 

thick.  This maximized the present investigation’s usage of the advantage of the superior 

spatial resolution CBCT offers over MSCT.   Thicker slices average the 
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radiopacity/radiolucency of adjacent voxels.  If patency exists, it would be more 

advantageous to observe the radiolucency than observe an averaged radiopacity.  

Thickening the viewed slice from 1 voxel (0.3 or 0.4 mm) to 3 voxels (0.9 or 1.2 mm) 

thick results in slices similar to those of MSCT while lacking the superior contrast 

resolution MSCT offers. 

 

The brightness was adjusted by holding the depressed left mouse button while 

moving the mouse horizontally for contrast, left to decrease contrast and right to increase 

it.  The mouse, with the depressed left mouse button was moved vertically to adjust 

brightness, up to decrease brightness and down to increase it.  The mouse button was then 

released.  These parameters were adjusted to create the clearest image to the observer for 

the SOS and the cervical vertebrae. 

 

To change the magnification of the sagittal image, with the mouse pointer located 

anywhere in the image, the control key on the keypad was depressed and held as was the 

left mouse button.  The mouse was moved up and/or to the right to enlarge the image or 

down and/or to the left to decrease the enlargement.  The control key and mouse button 

were then released.   

 

To reframe the image, with the mouse pointer located anywhere in the sagittal 

image, the shift key was depressed as was the left mouse button.  As the mouse was 

moved the image would be reframed following the mouse pointer.  The shift key and 

mouse button were then released. 
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The SOS image was obtained by enlarging and centering an image as large as 

possible while allowing some clearance around the: 

 foramen magnum in the bottom left corner 

 nasion in the upper right corner of the display 

 

All images were obtained from Dolphin using a screen capture software (Snipping 

Tool in Microsoft Windows 7 Home Premium™ 64 bit, Microsoft Corp., Redmond, WA) 

with the Dolphin window maximized to fill the entire display screen. 

 

The SOS image was screen captured to include the entire displayed reconstructed 

image and saved in a folder titled SOS a JPEG image with the file name of the initial 

patient identification number (Figure 9). 

 

Figure 9 Screen capture of spheno-occipital synchondrosis (SOS) image saved 
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In order to obtain the desired image for the cervical vertebra, the image was 

magnified as large as possible and reframed to include at minimum some clearance 

around: 

 the most inferior aspect of the most inferiorly imaged cervical spine 

 the superior aspect of the first and second cervical spine’s bodies 

 the most posterior cervical spinous process and  

 some slight portion of the anterior laryngeal wall 

 

The cervical vertebral image was then also screen captured to include the entire 

displayed reconstructed image and saved in a folder titled CVM as a JPEG image with 

the file name of the initial patient identification number (Figure 10). 

 

Figure 10 Screen capture of cervical vertebral image 
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Manipulation of panoramic reconstructed for obtaining the dental development of 

the mandibular canine image 

In order to obtain a reconstructed panoramic image, the “Build X-Rays” button was 

selected (Figure 7).  A “Radiograph Reconstruction” window opened with an overlying, 

”Quick Solids Segmentation” window immediately opening-up over it.  The “Quick 

Solids Segmentation” windows comprised two smaller inset windows inside; a 

reconstructed external 3D frontal view of the soft tissue of the subject appeared in the 

inset window on the left, and of the hard tissue on the right (Figure 11).  Above each was 

a respective tissue segmentation scroll bar.  Each of the scroll bars increased the 

sensitivity of the rendered image as it was moved right and decreased the sensitivity as it 

was moved left.  The scroll bars were moved so that the sensitivity of the rendered image 

included a balance between minimal artefacts, (radiographic “noise”) without removing 

confluence in the surface appearance of the representative image of the skin or boney 

skeleton. The “OK” button at the bottom of that window was then selected. 
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Figure 11 Screen capture of “Quick Solids Segmentation” window 

 

 

After the OK button was selected in the, “Quick Solids Segmentation” window 

the, “Radiograph Reconstruction” window remained.  The view selected drop-down list 

at the top was set at the selection of, “Panoramic” (Figure 12).  The, “Uniform 

Thickness” option below the inset lower right axial view window was set at 12 mm.  The 

filters tab at the top of the reconstructed image was set at its default of the, “Dolphin 1” 

view.  The, “Dolphin 1 Level” drop-down list below the reconstructed image was also set 

at its default level of, “0.” 

 

In the inset collimation window in the top left corner was a 3D rendered view of 

the subjects’ right skeletal profile.  This image required mild rotation for orientation 

purposes.  By depressing the left mouse button, moving the mouse to rotate the image 
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and then releasing the mouse button the 3D rendered imaged oriented.  The rotations 

were done to overlap the posterior and inferior borders of the left and right mandibular 

rami and sigmoid notches such that none of the left ramus could be seen in this view. 

 

Two white horizontally positioned parallel crosshairs existed in the inset 

collimation window.  These two crosshairs were used to identify the desired upper and 

lower limits to be captured for the reconstruction.  The upper crosshair was set slightly 

above the temporomandibular joint.  The lower crosshair was set slightly below the 

lowest part of the chin anteriorly.  A third horizontally positioned crosshair, red in colour, 

was used to identify the desired focal trough.  This was set at the occlusal plane. 

 

In the lower left corner a smaller inset axial view display was found.  This image 

was magnified as needed and the same manner as was done in capturing the SOS and 

cervical vertebrae images described previously.   

 

Red focal trough seeds were sequentially placed in the axial window in the 

bottom right corner of the screen.  The first two seeds were placed: 

 slightly behind and laterally to the most posterior border of the left mandible 

 in the centre of the left first mandibular molar 

 

The focal trough crosshair in the collimation window was then moved inferiorly 

to overly the roots of the mandibular anterior teeth.  Three further focal trough seeds were 

placed: 
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 in the centre of the mandibular left canine 

 at the anterior cortical border of the alveolar bone between the mandibular central 

incisors 

 in the centre of the mandibular right canine 

 

The focal trough crosshair in the collimation window was then returned superiorly 

to overly the occlusal plane.  The remaining two focal trough seeds were placed: 

 in the centre of the right first mandibular molar 

 slightly behind and externally to the most posterior border of the right mandible 

 

At the placement of the last focal trough seed, the mouse was double clicked and 

the focal trough capture was completed.  For ideal image reconstruction in the lower 

anterior region, the seed between the mandibular central incisors was then moved to 

create a relatively straight line from one mandibular canine seed to the other.  This was 

done by depressing the left mouse on the midline scene, scrolling the mouse to the 

desired position, and releasing the mouse button. The, “Apply” button was selected 

below the axial image window and a Panoramic image was constructed.  The sharpen 

scroll bar was moved to the far right for sharpest image and the, “Apply” button was 

selected again (Figure 12). 
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Figure 12 Screen capture of the reconstruction window of Dolphin Imaging 3D 

displaying orientation, collimation, seed points, uniform thickness selection, 

sharpness adjustment and image reconstruction 

 

 

Brightness and contrast were adjusted for best contrast of apex of mandibular 

canines in the same fashion as was previously described for the image creation of the 

SOS and cervical vertebral images.  This image was not magnified. 

 

The right button on the mouse was clicked with the cursor anywhere in the 

reconstructed image.  The, “Export this image to file option” was selected and this image 

was saved as a 24-bit JPEG file with the name of the patient identification number in a 

folder named “Dental” (Figure 13). 
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Figure 13 Exported panoramic reconstruction 
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Appendix 3: Journal Article Submission Approval 
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