
.  
VAL ID ITY  OF  THE  CERV ICAL  

VERTEBRAL  MATURAT ION METHOD 
FOR PRED ICT ION OF  MANDIBULAR 

GROWTH PEAK 

 

 

 

 

	  

 
Sophie Gray BDS (Otago) 

 
A thesis submitted for the degree of 

 
Doctor of Clinical Dentistry (Orthodontics) 

 
University of Otago 

Dunedin 
New Zealand 

 
2014 

 



 ii 

 
ABSTRACT 

 

BACKGROUND 

Determination of residual growth potential is an important part of treatment planning in 

dentofacial orthopaedics. Utilisation of periods of accelerated growth during treatment may help 

to enhance a patient’s dental and skeletal outcomes; and a variety of skeletal maturation methods 

have been proposed to date. Cervical vertebral maturation (CVM) has been popularised as a 

method of skeletal maturation as the cervical vertebrae (C2-C4) can be seen on routine lateral 

cephalograms taken for orthodontic treatment. Most of the currently accepted methods of CVM 

are qualitative and subjective. Hence, there is a need for a quantitative and non-subjective 

method for vertebral maturation assessments in the field of orthodontics. The aims of the present 

study were to: firstly, analyse the morphometric changes in C2-C4 with growth; and secondly, to 

test the validity of the assumptions underlying the CVM method, and its relationship to observed 
changes in mandibular length during growth. 

 

METHODS 

This study was a retrospective longitudinal study of a unique collection of radiographs from the 

Toronto-Burlington Growth Study, housed in the American Association of Orthodontists 

Foundation (AAOF) Craniofacial Growth Legacy Collection. Lateral cephalograms of 25 

participants from ages 10 to 16-years were downloaded and scaled according to the guidelines 

set by the AAOF curators. Sixty-three mandibular and cervical landmarks were identified and 

analysed to answer the following research questions: (1) Are the vertebral shape changes 

consistent with the stages described by the CVM method? (Baccetti et al., 2005); (2) How do the 

morphometric shapes of C2, C3 and C4 change with growth?; (3) Does the maximum change in 

mandibular length actually occur between the stages described as CS3 and CS4?; (4) At what 

chronological age does peak mandibular growth occur?; (5) How does mandibular length relate 

to gender, chronological age and cervical stage?; and (6) Can the mandibular growth peak be 

reliably predicted using a quantitative shape analysis?. Reproducibility was tested by repeating 

cervical staging after two weeks and landmark identification after four weeks. Point distribution 

methods were used to describe the morphometric templates of the vertebrae in relation to 

chronological age and timing of peak mandibular growth. Mixed model analysis was used to 

determine the relationship between mandibular length, sex, CVM stage and chronological age. 
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RESULTS 

High agreement was seen between repeated assessments, with low mean standard deviations 

calculated for the x- and y-coordinates in repeat landmarks (0.3mm and 0.4mm respectively). The 

reliability of CVM staging was high (84%). Weighted and unweighted kappa values were 0.89 and 

0.80 respectively. In all cases, the difference between two determinations was no more than one 
category.  

This study demonstrated:  

Firstly, that quantitative assessment of vertebral shapes are consistent with the qualitative 

descriptions used by the CVM methods except for the sequential appearance of concavity in the 
inferior border of C2 to C4.  

Secondly, morphometric changes of C2-C4 during growth were consistent with the CVM 

descriptions. However, morphometric templates of vertebral shapes were similar before and 

during mandibular growth peak; and changes were only detectable after the growth peak had 
passed. With chronological age, morphometric vertebral shape changes varied between sexes. 

Thirdly, mandibular length changes were not significantly associated with CVM stages after 

adjusting for chronological age. Mixed model analysis showed that mandibular length was found 

to relate most significantly to chronological age, and to a marginal extent to gender. Peak 

mandibular growth occurred at a mean age of 11.7 years in females (95% C.I = 11.1-12.3) and 
12.8 years in males (95% C.I = 12.1-13.5). 

 

CONCLUSIONS 

The present study used quantitative and morphometric assessments of vertebral shape to assess 

mandibular growth in relation to currently accepted CVM methods, sex and chronological age. 

Quantitative shape descriptions were consistent with qualitative CVM descriptions in most cases. 

However, morphometric changes of the second to fourth cervical vertebrae are poorly related to 

mandibular growth rate. Chronological age represents a better predictor of mandibular growth 
peak than cervical stage.  
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1. INTRODUCTION 

The importance of the determination of periods of accelerated growth to the timing of 

dentofacial orthopaedics has been well documented (Franchi et al., 2000; Baccetti et al., 2002; 

Proffit et al., 2006). However, individual variation in the timing of such periods, for instance the 

pubertal growth spurt, makes reliance on chronological age unreliable (Proffit et al., 2006). To 

date, parameters such as secondary sexual characteristics, skeletal ossification and dental 

development have been used as alternatives to chronological age. The usefulness of lateral 

cephalometric radiographs has been investigated in the evaluation of skeletal maturity based on 

shape and size changes of the cervical vertebrae (O’Reilly and Yanniello, 1988; Hassel and 

Farman, 1995; Franchi et al., 2000; Baccetti et al., 2005)  

However, there has been criticism over the reproducibility and qualitative nature of maturational 

assessments from current cervical maturation methods (Gabriel et al., 2009; Nestman et al., 

2011). Quantitative analytical methods are more useful, as they are accurate, allow numerical 
comparison between groups and do not rely on individual interpretation (Chen et al., 2008). 

The aim of this study was to analyze and quantitatively describe the morphometric changes in the 

outline of the second to fourth cervical vertebrae (C2-C4) as seen on lateral cephalograms. 

Furthermore, the assumptions of the cervical vertebral maturation method described by Baccetti 
et al. (2005) were tested in relation to changes in mandibular length during growth. 

Knowledge of skeletal age plays a key role in orthodontic treatment planning. For many 

orthodontic treatment options, timing treatment to utilise the pubertal growth spurt is 

recommended. Analysing the quantitative changes in shape of the cervical vertebrae is the first 

stage to a non-subjective prediction method for the onset of puberty. Skeletal age estimation is 

also important in forensic science, as ageing methods are used to determine the likely age of an 
individual when a body cannot be identified by any other means. 
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2. LITERATURE REVIEW 

2.1. CRANIOFACIAL GROWTH 

Development is a process that occurs through life, beginning with differentiation and ending with 

maturation (Carlson, 2002). Growth occurs once differentiation is complete; with cellular activity 

resulting in an increase in size the size and mass of tissues and organs (Meikle, 2002). Different 

parts of the body grow at different rates, thus resulting in proportional changes or differential 

growth. This is also true of changes in the craniofacial complex (Proffit et al., 2007). In the 

newborn the ratio of neurocranium to viscerocranium is about 7:1. The neurocranium reaches 

90% of its adult size by approximately five years of age, but the viscerocranium continues to grow 
until adulthood; this results in a final ratio of 2:1 or 3:1 (Freer and Ho, 2009). 

Bone forms via intramembranous or endochondral ossification. Membranous bones are found in 

the viscerocranium and vault of the neurocranium and do not require an intermediate stage of 

cartilage formation (Sperber et al., 2001). Endochondral bone formation depends on an 

intermediate cartilaginous structure, which is replaced by bone during growth (Sperber et al., 

2001). The cervical vertebrae are one of the many examples of bones that form by endochondral 
ossification (Hassel and Farman, 1995). 

During growth, a bone changes in a consistent way that can be evaluated radiographically. The 

timing of the changes varies between individuals, but the sequence of changes is similar from 

person to person (Tanner et al., 1965). No single measure of maturity reflects the overall 
development of a child (Marshall, 1974).  

 

2.2. AGE AND DEVELOPMENT 

Knowledge of the growth and development of children is an important part of orthodontic 

diagnosis and treatment planning. Three estimates of age are of importance in orthodontics: 

physiological, dental and chronological age (Freer and Ho, 2009). Biologic age, skeletal age, bone 

age and skeletal maturation are often used interchangeably to describe the growth of an 

individual. Age is a chronological term used to describe the length of time that has past since an 

object was made, whereas maturation refers to a change from an immature state to a mature 

stage (Stevenson, 2010). Skeletal maturation refers to the degree of ossification of a given bone. 

Growth velocity is characterised by a decrease in growth rate, beginning just before birth until 
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adulthood (Carlson, 2002). There is an acceleration of growth at puberty and the sequence of 

changes is consistent between people. However, there is considerable individual variation in the 

onset and duration of this growth spurt (Tanner et al., 1965, Bogin, 1999). It is important to note 

that there are small, but less significant increases in growth of the craniofacial structures after 

puberty (Ruf and Pancherz, 2006). This growth may contribute to orthodontic relapse and late 

dental crowding (Proffit et al., 2007). 

Accelerations in growth are important in orthodontic treatment planning as treatment results may 

be influenced by changes in growth rate (Demirjian and Goldstein, 1976; Carlson, 2002). Starting 

treatment at an appropriate time can enhance treatment effects in the correction of sagittal, 

vertical and transverse discrepancies (Franchi et al., 2008). If treatment is delayed too long, the 

opportunity to utilize the growth spurt may be missed (Proffit et al., 2007). In contrast, beginning 

growth modification treatment at a time of accelerated growth, a more favourable result may be 

achieved (Baccetti et al., 2005). Timing is also dependent on the desired treatment effect. For 

example, if the aim is to restrain maxillary growth, treatment may be best timed before the 

pubertal growth spurt; whereas, treatment aimed to enhance mandibular growth has greater 

effects when the adolescent growth spurt is included in the time of treatment (Baccetti et al., 

2005). As the pubertal growth spurt is associated with sexual maturation, it can also signal 
changes in social activities, and thus, a patient’s cooperation with treatment (Freer and Ho, 2009).  

Most studies published relate to a specific ethnic group and data, therefore, cannot be applied 

precisely to other populations. As with individuals, patterns of development are said to remain 

consistent between populations, but rates of development can vary significantly between regions 

(Blenkin and Evans, 2010). Various population groups have been studied, and attempts have been 

made to select ethnically homogenous groups to limit variation in results. Therefore, in a culturally 

diverse population group, such as Australia (or New Zealand), it is difficult to estimate growth 

changes. The pursuit of an ideal growth prediction method continues today. By determining 

maturation and growth stage, diagnosis can be improved, and the appropriate treatment initiated 
(Nestman et al., 2011; Roman et al., 2002). 

 

2.3. METHODS OF PHYSIOLOGICAL AGE ESTIMATION 

The various methods that have been developed to determine the skeletal age of an individual 

include: growth charts of height and weight; dental maturation; sexual maturation; hand-wrist 

radiographs; or cervical vertebral maturation (CVM). In orthodontics, combinations of these 

methods have been traditionally used to determine the stage an individual has reached in their 

development, and hence, to determine appropriate treatment timing for a patient. Female and 
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male physiological age standards are different. Females usually reach peak growth velocity at 

approximately 11-13 years; while males reach their peak at around 14-16 years of age (Proffit et 

al., 2007). Several methods for estimation of skeletal maturation will be considered briefly below. 
Hand-wrist age assessments and CVM will be discussed in more detail later in this review. 

 

2.3.1 HEIGHT AND WEIGHT 

Plotting height and weight against known population standards may be helpful in defining the peak 

growth velocity periods. The statural growth spurt generally precedes the facial growth spurt by 

about 6 to 12 months (Hunter 1966; Bambha, 1971; Hassel and Farman, 1995). Another group 

has found that peak height velocity occurs within one year of peak mandibular growth (Grave and 

Townsend, 2003). These findings may be useful for orthodontic purposes, but should be 

considered in combination with other physiologic age estimation methods (Freer and Ho, 2009). 

There is considerable individual variation in timing of growth spurts, however growth patterns 

tend to be similar when growth curves are superimposed at peak growth velocity (Tanner et al., 

1965).  

 

2.3.2 DENTAL MATURATION 

The relationship between dental and skeletal maturation remains an area of controversy. Dental 

maturation has been studied and ageing systems have been proposed by a number of researchers 

(Nolla, 1960; Haavikko, 1970; Demirjian and Goldstein, 1976; Willems et al., 2001). In 2006, 

Maber and co-workers (2006) compared the methods described by Demirjian, Haavikko, Nolla 

and Willems using developing teeth of 946 British Caucasian and Bagladeshi subjects. These 

authors showed that the most accurate method was that of Willems, which was an adapted 

version of the Demirjian method. The methods recommended by Demirjian were said to 

overestimate age slightly in the population studied, and those proposed by Haavikko and Nola 

were said to underestimate age. Despite this, Demirjian’s method remains one of the most 

popular methods for quantifying dental maturity in relation to chronological age (Liversidge, 2012) 

Originally developed for French-Canadian subjects, the method uses eight calcification stages for 

seven left permanent mandibular teeth (Chaillet et al., 2005), and is said to have greater accuracy 
when it is applied to 3.5-6.5 year-old children than older groups (Hagg and Matsson, 1985).  

When Demirjian’s standards were used on a British and Bangladeshi group in the United 

Kingdom, females were found to be dentally advanced by 0.51 ± 0.79 years and males were 
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dentally advanced by 0.73 ± 0.73 years (Liversidge et al., 1999). In a similar study of 3261 

Australian children of unknown racial background Demirjian’s standards were found to 

underestimate chronological age by 0.6 ± 1.8 years (Blenkin and Evans, 2010). Although these 

studies both showed statistically significant results, standard deviations were large. Thus, the 

clinical significance of such measurements must be questioned. One study in a New Zealand 

population used Demirjian’s staging to compare Maori, Pacific Island and European children to 

each other, and to the French-Canadian norms (Te Moananui et al., 2008). 1343 children were 

assessed and the researchers found that the Demirjian method consistently underestimated the 

chronological age of the children examined, with Pacific Island children being the most dentally 

advanced, followed by Maori children. Children of European origin had the slowest dental 
development.  

The Demirjian methods have also been applied simultaneously to multiple population groups. 

One study compared 9577 orthopantograms from eight countries to establish population specific 

values for dental age estimation (Chaillet et al., 2005). In general, Australia, France and Finland had 

the fastest dental maturation rates of the populations studied, and French-Canada and Korea had 

the slowest dental development. Despite this, the differences in the timing of tooth formation 

between these population groups were said to be minor (Liversidge et al., 2006). Dental maturity 

curves from different regions were also shown to be broadly similar to each other (Liversidge, 

2012). However, females were always advanced compared to males, with the most marked 
differences between 2 and 12 years of age (Chaillet et al., 2005). 

As well as ethnic and sex differences, dental anomalies may affect dental maturity, although this 

may not be to a clinically significant extent. A recent study of tooth development in patients with 

hypodontia found there was a mean delay in dental development of 1.5 ± 1.37 years in children 

with one or two missing teeth (Uslenghi et al., 2006).  

Three-dimensional assessments of dental maturity are also beginning to emerge. Computed 

tomography has recently been used to estimate age in forensic populations (Bassed and Hill, 

2011). This study assessed 164 individuals who died in the Victoria bush fires in Australia in 2009. 

Scans were viewed to assess the dentition for stages of dental development. Although successful 

in age estimation for forensic purposes, this method is not practical in the general orthodontic 
population due to increased radiation exposure. 

Several authors have related dental maturation of specific teeth to other skeletal maturation 

methods. Some found the best associations with completion of canine root formation (Chertkow 

and Fatti, 1979; Chertkow, 1980); others found a greater correlation between dental and skeletal 

maturation with the second premolar tooth (Krailassiri et al., 2002); while others still found 

associations with the second molar teeth (Uysal et al., 2004). Sex differences were also described 
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for dental maturation with males more advanced in tooth calcification than females at the same 

skeletal age (Krailassiri et al., 2002; Uysal et al., 2004). Dental age is thought to be more 

representative of chronological age than skeletal age, as it is less subject to environmental 

influences (Cardoso, 2007). In addition, dental tissues are ectodermally derived, whereas, the 

skeletal system is mesodermally derived. This also means that dental and skeletal maturation may 

be poorly correlated (Demirjian et al., 1985). Dental maturation methods cannot therefore be 

applied in all situations. For forensic purposes, dental maturation methods may provide good 

estimates of chronological age. However, for orthodontic growth modification, skeletal 
maturation becomes a more important predictor for future mandibular growth potential. 

 

2.3.3 SECONDARY SEX CHARACTERISTICS 

The appearance of secondary sexual characteristics can also be useful assessments of growth. 

Examples of these characteristics include: pubertal hair, facial hair, broken voice (in males), breasts 

and menarche (in females) (Proffit et al., 2007). These characteristics begin to appear at the start 

of the pubertal growth spurt, but some (such as menarche) indicate that the peak growth period 
has past (Proffit et al., 2007). 

In 1974, Marshall studied the relationships between skeletal maturation, somatic growth and 

sexual development in 170 subjects and showed that there was a positive relationship between 

chronological age and skeletal age on reaching each stage of puberty in both sexes. However, the 

maturation of the skeleton is independent of changes in the neuroendocrine system that lead to 

the development of secondary sex characteristics. Thus, the author concludes that, although 

some measures appear to be interrelated, there is no single measure of maturity that can reflect 
the overall development of a child (Marshall, 1974). 

 

2.3.4 HAND-WRIST MATURATION 

Skeletal ageing in orthodontics has historically relied primarily on hand-wrist radiographs. There 

are a large number of bones in the area that all have a predictable sequence of ossification (Proffit 

et al., 2007). The underlying principle is that the changes seen in the bones of the hand and wrist 

indicate more general skeletal changes (Fishman, 1982). No single view of a bone is a diagnostic 

feature, but when viewed as a group, assessments of skeletal maturity can be given (Proffit et al., 

2007). Radiographs of the hand and wrist can be compared with a radiographic atlas of the 

development of the hand and wrist (Greulich and Pyle, 1959). As an alternative, a score can be 
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assigned to individual bones in the hand using bone specific techniques (Fishman, 1982). From the 

summation of several scores, an overall maturity score can be found. Predictions of the onset of 

puberty allow a clinician to determine the appropriate timing for the initiation of orthodontic 

treatment (Suda et al., 2000). It has been shown that there is a close association between the 

maximum growth in body height and then the ossification of the ulnar and sesamoid bones of the 

thumb (Björk and Helm 1967). Some of the methods commonly used to assess hand-wrist 

maturation will be discussed briefly below (Greulich and Pyle, 1959; Fishman, 1982; Tanner et al., 
1975). 

 

2.3.4.1. THE GREULICH-PYLE METHOD 

In 1959, Greulich and Pyle published an atlas of skeletal maturity indicators for the hand and wrist 

(Greulich and Pyle, 1959). The data was from a study based in Ohio in the Unites States of 

America. 1000 children were included in the study between 1931 and 1942. The authors 

examined left hand-wrist radiographs from the subjects and chronological age groups of maturity 

indicators were developed. The resulting standards allowed maturity estimations for males from 0 

to 19 years of age, and for females from 0 to 18 years of age. Several limitations of this study 

have been identified: all the children in the study were “white” Americans, and all had above 

average educational and socio-economic status (Greulich and Pyle, 1959). It is thought that 

development may be affected by factors such as nutrition and socio-economic status; thus, the 

atlas described by the authors may not be applicable to other population groups (Proffit et al., 
2007). 

 

2.3.4.2. THE TANNER-WHITEHOUSE METHOD 

The Tanner-Whitehouse method is another method of using hand-wrist radiographs to assess 

skeletal maturation (Tanner et al., 1975). The sample was comprised of data collected from 3000 

British boys and girls in the 1950s. This method required assessment of 20 bones in the hand and 

wrist, and the sum of the scores assigned to each bone gave an overall maturity score, which was 
equivalent to a particular bone age. 

 

2.3.4.3. THE FISHMAN METHOD 

In 1982, Fishman developed a method of skeletal maturation estimation based on hand-wrist films 

(Fishman, 1982). The author used both cross-sectional and longitudinal samples to reduce secular 

error while still deriving information on absolute growth and growth velocity. The cross-sectional 
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sample was comprised of private practice patients undergoing orthodontic treatment at Fishman’s 

practice in Syracuse, New York and patients from the Eastman Dental Centre. A total cross-

sectional sample of 550 males and 550 females was used. The longitudinal sample was obtained 

from the years 1927 to 1967. The subjects were children in the Denver Child Research Council 

study. 164 males and 170 females were recorded at regular time intervals from birth until 25 

years of age. 

From this data, Fishman derived four stages of bone maturation, found at six different anatomic 

sites. The four ossification stages were: (1) epiphyseal widening; (2) ossification of the adductor 

sesamoid of the thumb; (3) the “capping” of selected epiphysis; and (4) the fusion of selected 

epiphysis and diaphysis. The anatomic sites were located on the thumb, third finger, fifth finger 

and radius (as can be seen in Figure 1) Eleven discrete skeletal maturational indicators (SMIs) 

were found to cover the entire adolescent development period. Results were stable, with only 

three deviations detected in all over 2000 observations in the study (Fishman, 1982). Fishman’s 
method is still a popular method for studying skeletal maturation. 

 

Figure 1: Sites of skeletal maturity indicators (Fishman, 1982) 

Hand-wrist radiographs are infrequently used in contemporary clinical practice, with other 

methods involving the cervical spine becoming increasingly popular. The main proposed 

disadvantage of maturation assessments using hand-wrist films in orthodontics is that they require 

a patient to undergo additional radiation exposure when the cervical spine is visible on lateral 

cephalograms taken routinely in orthodontic treatment planning (Grave and Townsend, 2003). 

However, the increase radiation with a hand-wrist exposure is an area of controversy. A recent 

study showed the effective radiation dose of a lateral cephalogram with no thyroid shield to be 

greater than the effective dose of a lateral cephalogram using a thyroid shield along with an 

additional hand-wrist radiograph (Patcas et al., 2013). In contrast, other authors state that the 

cervical vertebrae of interest can be seen when a thyroid shield is worn, so the effective dose can 
be minimised using a lateral cephalogram alone (Hassel and Farman, 1995). 
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2.3.5 DEVELOPMENT OF THE CERVICAL VERTEBRAE 

The upper cervical spine has a complicated embryonic origin (Ogden, 1984a) and the 

development of the cervical vertebrae will be considered in this section. Development of the 

cervical spine differs between individual vertebrae and commences during intrauterine life. The 

vertebral column originates from mesenchymal tissue derived from the sclerotome, which is part 

of the segmental mesodermal somites (Vastardis and Evans, 1996). Formation of the 

precartilagenous vertebral body occurs when cranial and caudal portions of scleroderm 
derivatives bind to each other (Vastardis and Evans, 1996).  

Towards the end of the embryonic period (weeks 7-8) the vertebrae begin to ossify. In general, 

each cartilaginous vertebra has three ossification centres: one in each side of the vertebral arch 

(which fuses in the cervical region within the first year of life); and one in the body of the 

vertebrae (which fuses with the arch at about 5-8 years of age). Until this time, bony parts are 

joined with hyaline cartilage (Vastardis and Evans, 1996). Five secondary ossification centres 

develop during puberty in the tips of the two transverse processes, in the spinous process and in 

the superior and inferior edge of the centrum (Vastardis and Evans, 1996). After completion of 

endochondral ossification, the growth of the vertebral body continues via periosteal apposition 
(Hassel and Farman, 1995). 

The atlas (C1) has a different ossification pattern from the other cervical vertebrae and at birth it 

is incompletely ossified. Ossification does not usually commence until after the first year of life, at 

which time the posterior elements begin to ossify, but the anterior portion remains unossified 

(Ogden, 1984a). There are three areas of ossification: two primary areas in the lateral masses; and 

one secondary area in the anterior arch (Vastardis and Evans, 1996). The posterior lateral masses 

unite to form the posterior arch between ages 3 and 4 years. The anterior arch unites with the 

posterior arch at around 6 years of age (Ogden, 1984a). For the rest of skeletal growth, 

remodelling occurs on the inner surface, with the greatest increase in deposition of bone on the 

external posterior surfaces. The diameter of the C1 canal is around 22mm (adult sized) by age 4 

to 5 (Ogden, 1984a).  

The development of the axis (C2) is complex. C2 has five primary ossification centres (Ogden, 

1984b): two in the posterior arch (which fuse between 3 and 4 years); two in the dens; and one 

in the body (which unite between 3 and 7 years). A cartilaginous region called the dentocentral 

synchrondrosis separates the dens ossification centres from the primary ossification centre of the 

vertebral centrum. This synchrondrosis contributes to the heights of the vertebral body and dens 

(Ogden, 1984b).  In addition, there are two secondary ossification centres that develop: one in 

the proximal / apical end of the dens (which forms at 2-6 years and fuses at 11-12 years) 

(Vastardis and Evans, 1996); and another at the epiphyseal plate (which forms at approximately 
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8-10 years of age) (Ogden, 1984b). Fusion of the ossiculum terminale with the rest of the dens 
occurs between ages 10 and 13. 

The third to seventh cervical vertebrae develop in similar ways. There are three primary centres 

of ossification located in the vertebral body and each lateral mass. The two secondary ossification 

centres are located in the spinous processes and body of the vertebrae. In the first year of life the 

lateral arches join. At around age 3 the union of the lateral arches and body of the vertebrae 

occurs (Moore et al., 1998). The pattern of vertical growth of C5-C6 is similar to that of thoracic 

vertebrae. There was little observable change in shape from 2 to 7 years. A slight concavity may 

develop in the posterior half and end surfaces of the vertebrae (Taylor, 1975). 

 

2.3.6 ANATOMY OF THE CERVICAL VERTEBRAE 

 

2.3.6.1. GROSS ANATOMY OF THE CERVICAL VERTEBRAE 

The vertebral column is the central axis around which the other bones of the bodies are 

arranged. There are thirty-three separate segments called vertebrae, and these are joined by a 

stable and flexible support structure (Kramer and Allan, 2005). The vertebral column consists of 

four parts, the cervical portion being the most superior. The cervical vertebrae are the smallest in 

the vertebral column and of the seven present, C3-C6 are considered typical of the cervical 

region (Liebgott, 2011). The first two, and to a certain extent the seventh, are atypical and have 

features that are unique (Marieb, 1995). Cervical vertebrae both resemble and differ from typical 

vertebrae. The general features of the cervical vertebrae are discussed below and can also be 
seen in Figure 2.  

All vertebrae with the exception of the atlas have a body, which provides support. The body of 

the atlas is lost early in embryonic development and becomes fused to the atlas (Liebgott, 2011). 

The body of a cervical vertebra is wider laterally than in the anteroposterior dimension and is 

usually smaller and more oval in shape than thoracic or lumbar vertebra. The body’s inferior 

surface is concave and the anterior rim projects downwards allowing for articulations between 

adjacent vertebrae (Kramer and Allan, 2005).  

A vertebral arch is fastened to the posterior part of the body and has two components: a pedicle 

and a lamina. Together the body and the vertebral arch form the vertebral foramen, which 

houses the spinal cord (Vastardis and Evans, 1996). Three processes attach to the vertebral arch: 

a spinous process and two transverse processes. These processes provide attachment for muscles 
of the back (Liebgott, 2011).  
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Located bilaterally between the pedicle and lamina on the superior and inferior surfaces are the 

articular processes. To allow articulation with adjacent vertebrae, these processes are covered 

with hyaline cartilage (Liebgott, 2011). The articular surfaces of the processes are positioned to 

allow for rotation, flexion and extension of the neck (Kramer and Allan, 2005). Vertebrae 

articulate with those adjacent to them through: synovial joints formed by the facets on the 

articular processes (zygoapophyseal joints); the cartilaginous joint of the intervertebral disc; and 
the fibrous attachments between the spinous processes and laminae (Vastardis and Evans, 1996).  

On the superior and inferior aspects of the pedicles the superior and inferior vertebral notches 

can be seen. The superior notch is wider and deeper than the inferior notch (Kramer and Allan, 

2005). Intervertebral foramina are formed by these notches, which transit the spinal nerves 
(Liebgott, 2011). 

In addition to the general features described above, cervical vertebrae have three typical qualities 

(Liebgott, 2011): (1) they have a transverse foramen that transmits the vertebral artery and vein; 

(2) the spinous process is bifid; and (3) the transverse process ends laterally as an anterior and 

posterior tubercle for attachment of cervical muscles. With the exception of C7, the bifid spinous 
processes are short. 

Atypical features are also present in the first, second and seventh cervical vertebrae. The atlas, 

which consists of a circular mass of bone with anterior and posterior arches and a lateral mass on 

each side, differs from other cervical vertebrae in several ways. The articulating facet is bean 

shaped to accommodate the occipital condyles of the skull. This joint is called the atlanto-occipital 

joint and it allows for nodding of the head (Kramer and Allan, 2005). There are also two grooves 

for vertebral arteries. The atlas has no body or anterior tubercule (Liebgott, 2011). There is a 

groove on the posterior part of the anterior arch, which articulates with the odontoid process of 

the second cervical vertebra. The atlas supports the skull as Atlas (in Greek mythology) 
supported the earth on his shoulders (Vastardis and Evans, 1996).  

The axis also differs from C3-C7, but is less specialised than the atlas. The body of C1 is fused to 

the body of the axis, forming the characteristic odontoid process, or dens (Liebgott, 2011). The 

odontoid process is small and rounded, sitting on the superior part of the axis. The dens presents 

articular surfaces to allow movement between the skull and vertebrae; as one moves against the 

other, shaking or rotation of the head becomes possible (Kramer and Allan, 2005). The 

transverse ligament of the atlas holds the dens in place and prevents horizontal displacement 

(Vastardis and Evans, 1996). Like the atlas, the axis has no anterior tubercule. The atlanto-occipital 

and atlanto-axial joints are synovial. No intervertebral discs are present (Vastardis and Evans, 
1996).  
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C7 is the last cervical vertebrae and is classified as such because it has a transverse foramen. It 

closely resembles the thoracic vertebrae below it, with a long slender spinous process. It also has 

no anterior tubercule (Liebgott, 2011). C7 has a heavier body and usually cannot be seen on a 
lateral cephalograms (Vastardis and Evans, 1996). 

 

Figure 2: Cranial and lateral views of a typical cervical vertebra (Hochman and Tuli, 2004) 

 

2.3.6.2. RADIOGRAPHIC ANATOMY OF THE CERVICAL VERTEBRAE 

The upper cervical vertebrae may be seen on lateral cephalometric radiographs. Knowledge of 

the anatomy of the radiographic appearance of the cervical spine is important not only for 

maturation staging, but also to aid in the early detection of cervical spine abnormalities that may 
not have yet become symptomatic (Hassel and Farman, 1995).  
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Radiographically, the cervical vertebrae have a gentle curvature, which is convex anteriorly. This 

convexity can be altered if the patient is not in their natural head position (Kantor and Norton, 

1987). The foramen magnum sits in line with the anterior margin of the odontoid process and 

the anterior and posterior margins of the vertebral bodies are parallel to each other. Between the 

vertebrae, radiolucencies can be seen that should be equal heights both anteriorly and 

posteriorly. These radiolucencies are intervertebral discs and are not visible on radiographs as 

they are composed of fibrocartilage (Kantor and Norton, 1987). The disc may be herniated if the 
radiographic space is narrowed or has different heights mesial to distal. 

As discussed above, the atlas has no body or spinous process. The axis can be identified 

radiographically by the distinctive upward projection, the odontoid process. This occupies the 

space where the body of the atlas would be, articulating with the atlas to provide a pivot for 

rotation of the skull (Kantor and Norton, 1987). There is a radiolucency at the base of the 

odontoid process in patients younger than 12 years as the dens does not fuse fully with the atlas 

until this time. This radiolucency should not be mistaken for a fracture (Kantor and Norton, 
1987). 

Like the rest of the skeleton, the cervical vertebrae undergo changes in morphology during 

normal growth and development. These changes can be seen on radiographic examination and 

the developmental stage of an individual can therefore be assessed in clinical practice. Typical 

anatomic features, as seen on lateral cephalograms, are shown in the following Figure 3. The 

maturation of the cervical vertebrae and how this relates to orthodontics and forensic science will 
be discussed in following sections. 

 

Figure 3: Typical appearance of cervical vertebrae on a lateral cephalogram 
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2.3.7 CERVICAL VERTEBRAL MATURATION METHODS 

It is well known that the size and shape of cervical vertebral bodies change during growth. These 

shape changes form the basis of the cervical vertebral maturation methods that have been used 

over the last half-century in the field of orthodontics (Mito et al., 2002). Despite controversy 

surrounding radiation dose, one of the main proposed advantages of the CVM methods is that 

they eliminate the need for an additional radiographic exposure (Hassel and Farman, 1995; Grave 
and Townsend, 2003; Patcas et al., 2013).  

Lamparski was the first to develop a cervical maturational staging system from lateral 

cephalograms (Lamparski, 1972). His thesis was never published. The only publication available 

from Lamparski’s research in the literature was an abstract of his work (Lamparski, 1975). The 

abstract detailed the sample studied and several important findings. Lateral cephalograms from 72 

female and 69 male Caucasians aged between 10 and 15 years were selected for use. 
Radiographs were arranged in sequence of maturity, and male and female films were separated.  

Lamparski described six standards corresponding to maturational stages for each sex. According 

to the researcher, no significant differences were found between cervical methods and hand-wrist 

assessments. The specific maturity indicators Lamparski considered to be valid were the 

development of concavities in the lower border of the vertebral bodies and an increased vertical 

height of the bodies. Ossification of the vertebral ring and the sagittal diameter of the vertebral 

canal and overall vertebrae were not regarded as usable features to describe maturity. Males and 

females followed the same sequence of maturity indicators, however the latter group reached 

each stage sooner than the former (Lamparski, 1975). Lamparski’s findings were significant in that 

cervical methods correlated well to hand-wrist maturation methods, although he did not 

correlate the cervical methods to changes in mandibular length. Nevertheless, CVM methods 

were deemed to be valid indicators of maturity. As a result of Lamparski’s research, the use of 
cervical vertebral maturation methods has continued to grow.  

A few years later, O’Reilly and Yanniello (1988) used Lamparski’s stages to investigate the 

relationship between the CVM and growth changes in the mandible in 13 Caucasian females, 

aged 9 to 15. The researchers found that stages one through to three generally occurred prior to 

peak velocity in mandibular growth, with stages two and three occurring in the year before peak. 

In most of the subjects, stages four through to six occurred after peak growth velocity of the 

mandible. This paper was the first to successfully relate cervical maturation to growth changes of 

the mandible during puberty. This is important, because in orthodontics the peak period of 
mandibular growth is often utilized for functional appliance treatment (Proffit et al., 2007).  
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Hassel and Farman (1995) expanded on Lamparski’s findings using three key areas of interest with 

regards to the maturation of the cervical vertebrae: (1) presence or absence of curvature in the 

inferior border of the vertebrae; (2) the shape of the vertebral bodies; and (3) the intervertebral 

spacing (Hassel and Farman, 1995). From the key areas of interest, six stages of vertebral 

maturation were described that were based on changes in morphology of the second, third and 

fourth vertebrae as seen on lateral cephalograms. These changes are summarized below and can 

be seen in Figure 4. Like Lamparski (1975), Hassel and Farman (1995) did not correlate cervical 
changes to hand-wrist maturation rather than mandibular length. 

 

2.3.7.1. CERVICAL VERTEBRAL MATURATION (AS DESCRIBED BY HASSEL AND 

FARMAN, 1995) 

 

STAGE 1 – INITIATION  

Inferior borders of C2, C3, and C4 are flat. The vertebrae are wedge-shaped, and the vertebral 

borders are tapered from posterior to anterior. Adolescent growth is just beginning and 80-100% 
of adolescent growth is still expected. 

STAGE 2 – ACCELERATION 

Concavities are developing in the inferior border of C2 and C3. The inferior border of C4 is still 

flat. The bodies of C3 and C4 are nearly rectangular in shape. Growth acceleration is beginning at 
this stage, with 65-85% of adolescent growth remaining. 

STAGE 3 – TRANSITION 

Distinct concavities can be seen in the inferior borders of C2 and C3 and a concavity is beginning 

to develop in the inferior border of C4. The bodies of C3 and C4 were rectangular in shape. 

Adolescent growth is still accelerating and 25-65% is still expected. 

STAGE 4 – DECELERATION  

Distinct concavities can be seen in the inferior borders of C2, C3, and C4 and the vertebral 

bodies of C3 and C4 are becoming squarer in shape. Growth is beginning to decelerate with only 
10-25% of adolescent growth still expected. 

STAGE 5 – MATURATION 

More accentuated concavities are seen in the lower borders of C2, C3, and C4. The bodies of 

C3 and C4 are square or nearly square in shape. Final vertebral maturation takes place during this 
stage with only 5-10% of adolescent growth remaining. 
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STAGE 6 – COMPLETION 

Deep concavities are seen in the inferior borders of C2, C3, and C4. The bodies of C3 and C4 

are square or rectangular in dimension, being higher vertically than horizontally. Growth is 
considered complete at this stage with no remaining adolescent growth expected. 

 

Figure 4: Cervical vertebral maturation (Hassel and Farman, 1995) 

 

In 2000, Franchi et al. published a modified cervical staging system, which assessed the shape 

changes in C2 to C6. The authors assessed mandibular growth in relation to cervical vertebral 

maturation and changes in body height. The greatest changes in body height were found to occur 

between cervical stage 3 (CS3) (when a concavity develops in the inferior border of the third 

vertebra) and cervical stage 4 (CS4) (when the bodies of all vertebrae become rectangular in 

shape, and a concavity develops in the inferior border of C4). This was true in both males and 

females, and also matched the greatest changes in mandibular measurements. Franchi and 

colleagues concluded that the cervical vertebral maturation methods were a valid assessment for 
evaluation of skeletal maturity and the onset of the pubertal peak in craniofacial growth. 

Several improvements were made following this initial staging system. In 2002, Baccetti and co-

workers modified the above method described by Franchi et al. (2000) to assess the changes in 

the cervical vertebrae of C2-C4 instead of C2-C6. This had the advantage of being able to assess 
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the changes in a single lateral cephalogram, even when a protective collar was worn. Five cervical 
stages were described (Baccetti et al., 2002).  

Another group of researchers aimed to establish an objective method for evaluating the skeletal 

maturation on lateral cephalograms (Mito et al., 2002). The authors developed a regression 

formula to obtain cervical vertebral bone age based on measurements of C3 and C4. The study 

was limited to a Japanese population and was found to not relate well to other population 

groups. For example, the results were valid for Brazilian females but not males (Caldas et al., 
2007). 

Roman et al. (2002) also studied skeletal maturation determined by cervical vertebral 

development. Three key changes were described as the cervical vertebrae grow: (1) as the 

vertebrae mature, height increases; (2) the shape of the vertebrae changes from wedge-shaped 

to rectangular horizontal, then square, then rectangular vertical; and (3) there is an increase in the 

concavity at the lower border of C2. The authors concluded that the most reliable parameter 
was the concavity in the inferior border of the second vertebra (Roman et al., 2002). 

Grave and Townsend (2003) assessed the application of the cervical maturation method 

described by Baccetti et al in 2002 on Australian Aboriginal children. The researchers studied 74 

children and reported that the peak growth velocity in stature generally occurred between stages 

two and three. Stage one occurred before peak growth and stages four and five occurred after 

peak statural growth. Peak statural growth was also found to coincide with peak mandibular 
growth in the majority of cases (Grave and Townsend, 2003). 

Following these studies, in 2005, Baccetti et al. further modified the CVM method for assessing 

the optimal treatment timing in orthodontics. Six stages of cervical development for C2-C4 were 

assessed using at least six consecutive cephalometric observations from 30 patients in the 

Michigan Growth Study who received no orthodontic treatment.  Two consecutive cephalograms 

were used from the interval of maximum mandibular growth, along with two consecutive 

radiographs from before and two from after this period. Cervical stages 1 (CS1) and 2 (CS2) 

were described pre-pubertal growth stages. Peak mandibular growth occurred between cervical 

stage 3 (CS3) and 4 (CS4). The sixth and final stage of cervical maturation (CS6) was said to 

occur at least two years after the peak growth period (Baccetti et al., 2005). These stages are 
summarized below and can be seen in Figure 5.  
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2.3.7.2. CERVICAL VERTEBRAL MATURATION (AS DESCRIBED BY BACCETTI ET AL., 

2005) 

 

CERVICAL STAGE 1 (CS1)  

The peak in mandibular growth will occur approximately two years after this stage. The lower 

borders of C2-C4 are flat. The bodies of C3 and C4 are trapezoid in shape (and the superior 
border is tapered posterior to anterior). 

CERVICAL STAGE 2 (CS2)  

The peak in mandibular growth will occur approximately one year after this stage. A concavity is 

present in the lower border of C2 in 80% of cases. The bodies of C3 and C4 are still trapezoid in 
shape. 

CERVICAL STAGE 3 (CS3)  

The peak in mandibular growth will occur during the year following this stage. The lower borders 

of C2 and C3 have concavities present. The bodies of C3 and C4 can be trapezoid or rectangular 
horizontal in shape. 

CERVICAL STAGE 4 (CS4)  

The peak in mandibular growth has occurred within 1-2 years before this stage. The lower 

borders of C2, C3, and C4 have concavities. The bodies of C3 and C4 are rectangular horizontal 
in shape. 

CERVICAL STAGE 5 (CS5)  

The peak in mandibular growth ended at least one year before this stage. The lower borders of 

C2, C3, and C4 still have concavities present. At least one of the bodies of C3 and C4 are 
squared in shape. If not squared, the other is at least rectangular horizontal in shape. 

CERVICAL STAGE 6 (CS6)  

The peak in mandibular growth ended at least two years before this stage. The lower borders of 

C2, C3, and C4 still have concavities present. The bodies of C3 and C4 are rectangular vertical in 

shape and the other vertebrae are at least square in shape. 
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Figure 5: Cervical vertebral maturation (Baccetti et al., 2005) 

 

 

2.3.8 ACCURACY AND LIMITATIONS OF THE CVM METHODS 

In the following paragraphs, the terms accuracy and validity describe the ability of a diagnostic test 

to measure what it claims. Whereas, reproducibility refers to how close measurements are to 

each other when repeated. Several researchers have argued for and against the cervical staging 

methods described by Hassel and Farman in 1995, Franchi et al. in 2000 and Baccetti and co-

workers in 2002 and 2005. The methods described by these authors have been applied to many 

different population groups, and some support the accuracy of the methods and others do not 

(Roman et al., 2002; García-Fernandez et al., 2008; Gabriel et al., 2009; Wong et al., 2009; Fudalej 
and Bollen 2010; Nestman et al., 2011). 

Garcia-Fernandez et al. (2008) applied Hassel and Farman’s methods to a Mexican population 

and supported it as a valid technique for skeletal age estimation. Roman and co-workers  (2002) 

agreed that the morphologic changes described in the cervical vertebrae were accurate when 

applied to a Spanish population. In addition, Wong and colleagues (2009) found the CVM 

methods to be a valid indicator for skeletal growth during the circumpubertal period in Chinese 

subjects. Fudalej and Bollen (2010) concluded that the CVM method was modestly effective in 
determining the amount of post-peak circumpubertal craniofacial growth in an American sample. 

Other authors were sceptical about the accuracy of the cervical staging methods currently 

available. Gabriel and co-workers (2009) criticised the reproducibility of the CVM staging 

methods described by Baccetti et al. in 2005. These researchers re-tested the validity of the CVM 

methods using private practice orthodontists. Unlike in previous studies, radiographs were not 
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pre-traced, instead the vertebrae C1-C4 were cropped and left in their radiographic form. Thirty 

individual and thirty pairs of cephalometric radiographs were staged, and the measurements 

repeated in a different order three weeks later. Gabriel et al. (2009) stated that orthodontists 

agreed with their own CVM staging only 62% of the time, three weeks later. When different 

examiners were compared, they agreed less than 50% of the time. The authors concluded that 

there was poor reproducibility with the CVM methods used, and the methods cannot be 
recommended for use as a strict clinical guide for orthodontic treatment timing. 

As a reply to this criticism, Baccetti and colleagues (2010) argued that there were flaws in the 

study design by Gabriel et al. (2009) saying that the examiners did not receive any information 

except a visual scale for staging of the cervical vertebrae, and that the researchers had 

misinterpreted their results. However, their methods were again criticized by Nestman and co-

workers (2011). In this study, ten orthodontists were trained in the CVM method and they 

evaluated the morphology of C2-C4 from thirty lateral cephalograms. The authors found there 

was high agreement between examiners for assessment of concavities in the lower border of C2, 

C3 and C4. However, they found poor agreement for assessment of the shape of the C3 and C4 

vertebral bodies. They concluded that due to the difficulty in classifying the shapes of C3 and C4 

as trapezoid, rectangular horizontal, square or rectangular vertical, the overall CVM staging 
method was not reproducible (Nestman et al., 2011). 

A recent study compared cervical vertebral maturation, hand-wrist maturation, stature and 

chronological age in the prediction of the onset and peak growth velocity of the mandible 

(Mellion et al., 2013). This group found that peak growth velocity of the mandible was best-

predicted using hand-wrist films or chronological age. Cervical vertebral maturation was found to 

be the worst predictor of peak growth velocity of the mandible. The onset of peak growth 

showed slightly different results, with stature being the best predictor, closely followed by 

chronological age. Overall, cervical vertebral and hand-wrist measures of skeletal age offered no 

marked advantage relative to chronological age in assessing or predicting the timing of facial 
growth. 

Likewise, there were similar findings in another cross-sectional study assessing the agreement of 

skeletal age assessment based on hand-wrist radiographs and quantitative assessments of cervical 

vertebral shape (Beit et al., 2013). The agreement between hand-wrist methods and calculated 

skeletal age based on cervical shape was substantially weaker than the agreement between hand-

wrist methods and chronological age. These authors concluded that quantitative assessments of 

cervical shape offer no advantage over chronological age in assessing skeletal age (Beit et al., 
2013).   
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Much of the criticism surrounding the CVM methods is due to the qualitative nature of the 

assessments. Qualitative staging of a patient’s skeletal maturity is subjective, and therefore not 

always reproducible (Nestman et al., 2011). Mito and colleagues (2002) stated that, to decrease 

the subjectivity in growth measurements, an automatic programme that quantitatively assesses 

growth must be developed. The following sections will discuss the possibilities for quantitative 

assessment of shape. 

 

2.4. QUANTITATIVE METHODS FOR ASSESSING SHAPE 

The analysis of shape is an essential part of much biological research. As previously described, 

shape is the outline of an object after removing the effects of translation, rotation and scale. 

Differences due to shape dissimilarity can be established by superimposing two shapes, after 

adjusting for size (Halazonetis, 2004). Quantitative methods for shape analysis include geometric 

morphometrics, which study variations in shape using outline or landmark analyses. These 

methods have the advantage of being accurate and non-subjective making them an ideal method 
of shape analysis (Chen et al., 2008). 

 

2.4.1 GEOMETRIC MORPHOMETRICS 

Morphometrics is the study of shape variation and its co-variation with other variables (Adams et 

al., 2004). Initially morphometrics measured variables such as length, width and height and applied 

multivariate statistical analyses to them. More recently, the geometry of a morphological structure 

has been captured and presented through a process called geometric morphometrics (Adams et 

al., 2004).  

Outline and landmark data has been used successfully in the application of geometric 

morphometrics. Outline methods digitize points along an outline and fit these points to a 

mathematical function. Outline methods were the first to be used (Adams et al., 2004). Landmark 

methods began with the collection of two or three-dimensional coordinates of points that could 

be defined biologically. Non-shape variation was then eliminated prior to analysis of the points. 

The variables then become shape variables and can be used to compare various samples in a 

graphical way (Adams et al., 2004). Both outline and landmark methods have their advantages 

and disadvantages. Outline methods capture the whole outline of an object, but do not allow for 

differences in the relative position of landmark points. In contrast, landmark analysis does not 



 22 

allow for complete capture of the shape of an object (Adams et al., 2004). Ideally, combinations 
of outline and landmark data should be used to geometrically assess an object’s shape. 

Several authors have used geometric morphometric methods in the orthodontic field. Halazonetis 

(2004) used morphometrics in cephalometric diagnosis. Chatzigianni and Halazonetis (2009) used 

the Procrustes analysis to assess cervical vertebral shape in a cross-sectional study in Greece. 

Ferrario and co-workers (1999) assessed three dimensional morphometric assessments of soft 

tissue changes after orthognathic surgery. Bernal (2007) assessed the size and shape of human 

molars with both traditional morphometric and geometric morphometric techniques on an 

Argentinian sample. 

One example of geometric morphometric assessments is the use of point distribution models. 
This will be discussed in the following section. 

 

2.4.2 POINT DISTRIBUTION MODELS 

Cootes and co-workers (1995) described the “Point distribution model” (PDM) as a type of 

active shape model. The authors explained that PDMs are derived to examine the statistics of 

labelled points or “landmarks”. The model gives the average positions of the points and has 

parameters to control the main modes of variation found in the training set. PDMs can be used 

for various medical applications as the models are non-rigid and can therefore show the shape of 
organs through time or between individuals (Cootes et al., 1995).  

Flexible models to aid image interpretation have been described in the literature (Scott, 1987; 

Kass et al., 1988; Lipson et al., 1990). Lipson et al. (1990) used “hand crafted” models to map 

elliptical models of vertebrae onto CT images. Kass and co-workers (1988) described “snakes”, as 

a type of active contour model that can be used to localize the edges of objects. Scott (1987) 

used Fourier series shape models to model shapes using a trigonometric function. The Procrustes 

analysis can be used to estimate the mean shape and covariances between the coordinates of 
landmark points, thus assessing the differences between sets of shapes (Cootes et al., 1995). 

Statistical models of shapes use sets of “landmark” points, which mark significant positions of an 

object. Cootes and colleagues (1995) believed that a new method should be developed that has 

specificity. In other words, the model can only deform in ways that are characteristic of the 

objects that they represent. To do this, specific patterns must be “learned” from training sets of 

the structures to be modelled (Cootes et al., 1995). The authors describe their method using 
shapes of circuit board resistors as an example. This will be described below. 
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2.4.2.1. POINT DISTRIBUTION MODELS (AS DESCRIBED BY COOTES ET AL., 1995) 

The following description is based on the methodology of Cootes et al. (1995), who employed 
PDM to describe circuit board resistors. 

Examples of resistor shapes from a training set are shown in Figure 6. In order to model a shape, 

points are placed around the boundary for each shape in the training set. The labelling of points is 

very important as each landmark represents a particular point in the objects boundary. Points are 

placed manually during the training phase and an automatic method is later developed to 
interpret images.  

 

Figure 6: Outlines of resistor shapes used for training sets in the PDM model (Cootes et al., 1995) 

 

Landmark points used for the resistor model are shown in Figure 7. These points can be reduced 

to three different types: 

-‐ Type 1: Points marking parts of the object with application-dependent significance, such 

as the sharp corners of a boundary. Points 0, 3, 5, 10, 12, 15 and so on are examples of 

Type 1 landmarks in the resistor model. 

-‐ Type 2: Points marking application-independent things, such as the highest point on an 

object or the extreme of a curvature. 

-‐ Type 3: Other points that are interpolated from points of Type 1 and 2. In other words, 

they are points at equal distances between Type 1 or 2 landmarks. Points 1, 2, 4, 6, 7, 8 

and so on are examples of Type 3 landmarks in the resistor model. 

Type 1 landmarks are preferable because they are easier to identify. Points of Type 2 and 3 

however, are almost always necessary to define the boundary of a shape in enough detail to be 
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useful. Equivalent landmark points from different shapes must be aligned to a set of axes in order 

to be compared. Rotating, scaling and translating the shapes so that they correspond as closely as 
possible, achieve this alignment.  

 

Figure 7: Thirty-two-point model for the boundary of a resistor (Cootes et al., 1995) 

 

An advantage of the PDM is that different weightings can be given to points that are more stable 

in the set. If a point tends to remain fixed, the sum of variances will be small, so a large weight can 

be given. Matching points with higher weights in different shapes is given priority. In contrast, 

shapes that move around a great deal in relation to other points within the shape are given a 
lower weighting.  

Once all the training sets have been aligned, the PDM can be used to capture the statistics of the 

set of shapes. A visual example in the resistor model is shown in Figure 8. Note that some of the 

points are clustered together, showing little variability over the training set. These are points with 

higher weightings. Others form more diffuse “clouds” which show greater variability and therefore 

are weighted lower. The solid line that has been overlaid through the landmark points shows the 
mean shape of the resistors. 

 
Figure 8: Scatter points from an aligned set of resistor shapes with mean shape overlaid (Cootes et al., 
1995) 

 

PDMs have also been used to described both man-made and biological objects (Cootes et al., 

1995). The same authors described the shape of heart chamber boundaries by asking 
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cardiologists to trace echocardiogram images. In this biological model, shape variation can arise 

between individuals, and because images were taken at different stages during the cardiac cycle 

(altering the size and shape of the heart chambers). This is significant because it shows that 

shapes can be compared between individuals, and at different times within an individual, for 
example during growth. 

Cootes and co-workers (1995) have several recommendations for effective use of the PDM. 

Landmark points must be placed on images as accurately as possible and over as wide a range as 

possible. Landmark points must always be charted in the same order, and should be aligned 

according to a set of axes, to ensure that they are being compared correctly:  

A PDM can also be used in a classifier. Given an example of a shape, an 

estimate can be made of how likely that example is to be a member of the class 

of shapes described by a model. If labelled points are placed on the example 

and the point is aligned with the mean shape, we can calculate the model 

parameters required to generate the example. The distributions of the 

parameters can be estimated from the training set, allowing probabilities to be 

assigned. Alternatively, classification of unknown objects in images can be made 

by training a model for each class to be considered. Given a new image, the 

active shape model technique is used to fit each model to the image data. The 

one which gives the best fit to the image is chosen as the result. 

(Cootes et al., 1995 p56) 

 

2.5. SUMMARY 

Some common methods for estimating the growth rate of an individual were discussed first in this 

literature appraisal. Following this, the development and radiographic anatomy of the cervical 

vertebrae were revised. Various cervical vertebral maturation methods were then described, along 

with some of their accuracies and limitations. It is surprising that current CVM methods are so 

widely accepted when no authors have attempted to make a morphological analysis of vertebral 

shape in a quantitative, longitudinal and non-subjective manner. Therefore, some quantitative 
methods for shape analysis were introduced.  
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3.CURRENT STUDY 

3.1 PURPOSE 

The primary aim of this study is to analyse the morphometric changes in the outline of the 

cervical vertebrae (C2-C4) occurring during growth between the ages of 10 and 16 years, as 

evaluated on longitudinal lateral cephalograms. In addition, the study will test the validity of the 

assumptions underlying the cervical vertebral maturation method, and its relationship to observed 

changes in mandibular length during growth. This research will be beneficial to orthodontists 

interested in the assessment of skeletal growth, as well as to forensic scientists focused on victim 
identification in cases of adolescents of unknown age. 

 

3.2 RESEARCH QUESTIONS 

There are six principal questions that this research intends to answer: 

1. Are vertebral shape changes with time consistent with the stages described by the 

cervical vertebral maturation method of Baccetti and co-workers (2005)? Related to this 

question are the following: Firstly, do the differences in height between the anterior and 

posterior borders of the bodies of C3 and C4 become progressively less with time (i.e. 

does the ratio of anterior to posterior border height increase over time)? Secondly, do 

C3 and C4 become progressively taller with time (i.e. does the ratio of anterior border 

height to upper border width increase with time)? Thirdly, do the lower borders of C2-

C4 become progressively more concave with time? Finally, does the concavity appear in 

C2 before C3, which in turn, appears before C4? 

2. How do the morphometric shapes of C2, C3 and C4 change with growth? 

3. Does the maximum change in mandibular length actually occur between the CVM stages 

described as CS3 and CS4? 

4. At what chronological age does peak mandibular growth occur? 

5. How does mandibular length relate to sex, chronological age and cervical stage?  

6. Can peak mandibular growth be reliably predicted using a quantitative analysis of 

vertebrae instead of a qualitative analysis? 
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3.3. ASSUMPTIONS 

The first assumption is that the samples on the American Association of Orthodontists 

Foundation (AAOF) website are random and drawn from the whole growth collection; and that 

the collection is in fact representative of the general population. The second assumption is that 

the subjects included in this sample were healthy, and did not have any medical conditions that 

would have affected their growth in any way.  

 

3.4. LIMITATIONS 

This research uses a historical sample of convenience. Thus, it may not be fully applicable to 

modern New Zealand children, as the study clearly cannot correct for the possible effect of 

secular trends. In addition, the predominant ancestral group of the study sample was Caucasoid 

drawn from North America, with participants tending to be from higher than average income 

families. When initial data collection was undertaken images from a total of 267 participants from 

global collections were available for download on the AAOF website. However, only 67 

participants were housed in the Toronto Burlington collection, resulting in a commensurately 
small sample size for the present study. 

 

3.5. ETHICAL APPROVAL 

Ethical approval for this study was not required as this was already gained for the individual 
growth studies included in the AAOF Craniofacial Growth Legacy Collection. 

 

3.6. MAORI CONSULTATION 

Maori consultation from the Ngai Tahu Research Consultation Committee was sought in April 
2012, and was granted in June 2012 (Appendix 1). 

 

3.7. STUDY DESIGN 

This study was a retrospective longitudinal study. 
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3.8. SAMPLE 

This study utilizes a convenience sample of a unique collection of lateral cephalograms housed in 

the AAOF Craniofacial Growth Legacy Collection. The assemblage consists of a database of nine 

of the eleven known collections of longitudinal craniofacial growth records in the United States 

and Canada. These have produced most of the longitudinal information available on craniofacial 

growth in contemporary literature, and the time this study was undertaken, 3950 images were 
available for research purposes. 

Participants in the current study were selected from the Toronto Burlington Growth Study 

subjects included in the AAOF legacy collection. This was to minimise variation between different 

growth studies. The original study group consisted of 1258 children who were predominantly of 

Caucasoid descent. Records were taken annually from age 3-20 years wherever possible. 167 

subjects from the study met the criteria for inclusion onto the AAOF collection; however, only 67 

participants were originally available for download. From these participants, 13 male and 12 

female subjects were used for this research as they had the required number of radiographs 

available for download (see inclusion criteria). All lateral cephalograms taken between the ages of 

10 and 16 years in these participants were acquired. The mean ANB angle for the subjects 

included was 3.9° (S.D = 1.9°). 

Age groups were delineated based on chronological age measured in years and months. Study 

participants were assigned to the nearest full year of chronological age, and in this sample 

radiographic images were collected from participants on the month of their birthday in most 

cases. If this was not possible, they were seen no more than 0.3 years before or after their 
birthday (Appendix 2). 

 

3.9. INCLUSION CRITERIA 

The following inclusion criteria were used: 

1. Participants met the inclusion criteria of the AAOF Legacy Collection. 

2. Radiographs were available for download from the AAOF collection; with at least five of 

six lateral cephalograms taken at ages 10, 11, 12, 13, 14, and 16 years.  

3. Lateral cephalograms must be of high quality (at least 600dpi). 

4. Cervical vertebrae C2-C4 and the mandible must be clearly visible.  
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3.10. EXCLUSION CRITERIA 

The following exclusion criteria were used: 

1. Fewer than five lateral cephalograms available between the ages of 10 and 16 years. 

2. Incomplete records with respect to dates of radiographic investigation, participant 

identification number, sex or date of birth. 

3. Radiographic images of poor diagnostic quality. 

4. Patients with known craniofacial (or other) conditions or syndromes. 

5. Patients treated orthodontically. 

 

3.11. METHODS 

3.11.1. DATA CAPTURE 

All lateral cephalogram radiographs for the specified age ranges were downloaded for each 

participant from the AAOF Craniofacial Growth Legacy Collection online using a File Transfer 

Protocol (FTP) server. The FTP server was installed on a Firefox web browser to gain access to 

the server. Each image was downloaded and saved with a unique number that was assigned using 

block randomisation. This was done to keep a subject’s images together, but to randomise the 

chronological age that the radiographs were taken. The unique number was listed along with the 

participant’s original study identification number, age at the time of image capture, and sex in 
order to enable merging of the data for statistical analysis. 

 

3.11.2. STORAGE OF DATA 

After download, images were stored on an external hard-drive unit and backed up on the 

principal investigator’s personal computer. In addition a back up of all information was available on 

the website ‘www.dropbox.com’ under a private folder shared between the investigators of the 

study. Access to the study images and data was only possible via a password known to the 

investigators. This ensured that study data were safely stored and not amenable to access or 

alteration by any third party.  

Once radiographs had been downloaded and stored on a computer, information about dental 

and skeletal maturation was collected and recorded. Data were stored in various spreadsheets in 

Microsoft Excel® for statistical analysis.  
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3.11.3. ANALYSIS OF DATA 

One principal investigator (SG) performed all of the data collection and initial analysis following 
training and calibration.  

 

3.11.3.1. QUALITATIVE EVALUATION OF SKELETAL MATURATION 

Images were viewed in the random order previously described to avoid bias during the cervical 

staging process. Qualitative visual analysis was conducted for each head-film to determine cervical 
vertebral maturation stage using the guidelines described by Baccetti et al. (2005). 

Two weeks later, the qualitative cervical staging process was repeated for all images. The second 

cervical stage was compared to the initial assessment of cervical stage. Where a discrepancy was 

noted between two assessments, images were assessed a third time so that agreement could be 
reached and a single cervical stage could be assigned. 

 

3.11.3.2. DIGITAL TRACING OF IMAGES FOR QUANTITATIVE EVALUATIONS 

All images were digitally traced using the computer programme MatLab® R21012a (copyright 

1984-2012, The MathWorks® Inc.). This programme allowed conversion of digital landmarks to 

coordinates so that morphometric shape analysis could be performed. A full list of landmark 
points was documented and used to trace each image in the same order (Appendix 3). 

In order to properly measure landmark locations or absolute distances between landmarks, the 

scale of the lateral cephalograms must be known. Hence images were scaled according to the 

recommendations of the AAOF. Each lateral cephalogram had four reference marks, or fiducials, 

embedded in the image (Figure 9). Fiducials have known coordinate values for each growth study 

(Table 1). Therefore they can be used to compute the scale of the digital image, even after it has 
been expanded or reduced on a computer.  
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Figure 9: Default fiducial locations according to the AAOF Legacy Collection. 
 

Table 1: Coordinates of fiducials in the Toronto-Burlington Growth Study 

F iduc ia l  X Coordinate (mm) Y Coordinate (mm) 

A 11.9 4.3 

B 11.1 279.6 

C 233.7 279.9 

D 234.9 4.5 

 

Figure 10 illustrates the 55 landmarks used to trace the outline of C2 to C4. For the third and 

fourth vertebra, twenty-four landmarks were identified on each film (points 29 to 52 and 5 to 28 

respectively). One point was placed on each of the four corners of the vertebra, and five equally 

spaced points were placed in between each corner along the x-axis for the superior and inferior 

borders, or y-axis for the anterior and posterior borders of body of the vertebra. For the second 

vertebra, seven landmarks were identified on each film (points 53 to 59). One point was placed 

on the inferior corners of the vertebra and five equally spaced points were placed on the x-axis 
for the inferior border of the body of the vertebra. 

 

B" C"

A" D"
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Figure 10: Example of the 55 landmarks to be used for digital tracing of C2-C4. Points 5-28 show the 
outline of C4, points 29-52 show the outline of C3, and points 53-59 show the inferior border of C2. 
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When identifying landmarks on the superior border, care was taken to trace the superior border 

of the body of the vertebra not the superior border of the lateral facet (onco-vertebral joint), 

which appears to project upwards from the body due to superimposition of structures when the 
bones are viewed in two-dimensions. 

Where a landmark was to be placed on the corner of a vertebra with a curvature present, two 

lines of best fit were taken along the adjacent edges, and the angle was bisected so the landmark 
was placed on the midpoint of the curvature. An example of this can be seen in Figure 11 below. 

 

Figure 11: Example of how a Landmark is identified if the corner of the vertebra is curved. A line of best 
fit is taken along the adjacent edges (in this case the superior and anterior borders), and the angle is 
bisected so a landmark can be placed at the mid-point of the curvature. 

 

As with the resistor model demonstrated by Cootes et al. (1995), landmarks on the superior and 

inferior corners of the vertebrae are examples of Type 1 points (Points 5, 6, 7, 8, 29, 30, 31, 32, 

53 and 54 in Figure 10). The five equally spaced points between corner points are examples of 

interpolated Type 3 points (points 9-28, 33-52 and 55-59 in Figure 10). Combinations of Type 1 

and 3 landmarks allowed definition of the boundary in enough detail to be useful. Corner 
landmarks were used to align the images for analysis. 

Four mandibular landmarks were initially identified to assess changes in mandibular length before 

deciding on the most reproducible way to assess mandibular length (Figure 12). Gnathion (Gn) 

identified the most anterior and inferior part of the chin. Gonion (Go) identified the most 

posterior and inferior part of the angle of the mandible. Condylion (Co) showed the most 

superior part of the head of the condyle. Articulare (Ar) shows the point of intersection between 

the zygomatic arch and the posterior border of the ramus. This landmark was added due to 
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reports of poor reproducibility of the point Co. The landmark Ar has been reported to be more 

reproducible than Co, however in treated patients Ar can be unreliable in estimating mandibular 

growth. As the sample in this study was untreated, Ar was deemed to be a suitable alternative as 
a superior-posterior mandibular landmark, if its reproducibility was shown to be higher than Co. 

 

Figure 12: Four mandibular landmarks were identified: Gn (the most anterior and inferior part of the 
chin); Go (the most posterior and inferior part of the angle of the mandible); Co (the most superior part 
of the head of the condyle); and Ar (the point of intersection between the zygomatic arch and the 
posterior border of the mandibular ramus).  

 

3.11.4. MEASUREMENT OF INTRA-OBSERVER ERROR 

In order to evaluate accuracy and reproducibility of the methods used during this research, one 

radiograph from each participant was randomly selected to assess reliability. This amounted to 

twenty-five images in total. All 63 landmarks were identified for each image along with the 

cervical stage. However, for the purpose of this study, only a set of representative points was 

analysed. The CVM staging was repeated after two weeks, and the other landmarks were 

repeated after four weeks. During both initial and repeat measurements the principal investigator 

(SG) was blind to the chronological age and gender of the participants. 
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Mandibular landmark reliability was determined using R2 values, standard deviations of the x- and 

y-coordinates and by visually assessing scatter plots of the distribution of landmark positions for all 
twenty-five repeated images. 

The reliability of cervical landmarks was determined using standard deviations of the x- and y-

coordinates for all points along the inferior border of C2. Only points from C2 were analysed as 
they were deemed to be a good representation of all vertebral landmarks. 

The reliability of the CVM scoring was determined using kappa statistics and the overall 
percentage of agreement. Both unweighted and weighted kappa values were calculated. 

 

3.11.5. STATISTICAL ANALYSIS 

The data were analysed with conventional descriptive statistics using Statistical Package for the 

Social Sciences (SPSS). With regard to levels of significance, p-values of less than 0.05 were 
considered statistically significant.  

Point distribution models were used to describe the average vertebral templates at different 

chronological ages and stages of mandibular growth. Analyses were carried out for males and 
females together and separately. 

 

3.11.5.1. QUANTITATIVE ASSESSMENT OF OVERALL VERTEBRAL SHAPE 

Overall vertebral shape of the third and fourth vertebrae was assessed using anterior to posterior 

height ratio and height to width ratio. To assess the overall shape of the third and fourth 

vertebrae, the vertical heights of the anterior and posterior borders were first established using 

corner points. The anterior border was defined using points 29 and 32 for C3 and 5 and 8 for 

C4. The posterior border was defined using points 30 and 31 for C3 and 6 and 7 for C4. 

Comparing the ratio between the heights of the anterior and posterior borders allowed the 

vertebra to be described as trapezoid or square/rectangular. The expected value of the ratio was 

less than 1.0 if the vertebra was trapezoid in shape, and 1.0 if the vertebra was 
square/rectangular. 

The height to width ratio was used to assess if the overall vertebral shape increased in height with 

time. The average height and width for C3 and C4 were used for this assessment. Again, height 

and width were described using corner points only. It was expected that the height to width ratio 
would increase with time as the vertebrae became taller. 
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Curvature of the inferior border of C2 – C4 was assessed from the landmarks on the inferior 

border of each vertebra. The points were modelled using a piecewise cubic spline. The maximum 

depth of the inferior border of C2 – C4 was used to determine concavity. To find the maximum 

depth, the concavity was calculated using all seven inferior border landmarks and again with the 

six most posterior landmarks. Whichever yielded the largest concavity was included for analysis. 

This was due to the observation that a reverse curvature was present between the two most 
anterior landmarks on some but not all of the images. 

 

3.11.5.2. MORPHOMETRIC VERTEBRAL SHAPE ANALYSIS 

As cervical stage was shown to poorly represent peak mandibular growth (see results section), it 

was decided to use chronological age and pre- and post-mandibular growth peak as clusters to 

establish the templates of vertebral shape. Data were assessed both separately and together for 

males and females. Clusters were made for chronological age: 10, 11, 12, 13, 14, 15 and 16 years. 

In addition, three further clusters were formed with regard to mandibular growth: before peak, 
during peak and after peak mandibular growth. 

Landmark points for each stage were then scaled and aligned using a Procrustes algorithm. 

Following this, a point distribution model was be used to determine the mean shape of all the 
vertebra included in a cluster.  

 

3.11.5.3. QUANTITATIVE ASSESSMENT OF MANDIBULAR LENGTH CHANGES 

The four mandibular landmarks used to describe mandibular length (Co, Ar, Go and Gn) were 

first compared using, standard deviations of the x- and y-coordinates and by visually assessing 

scatter plots of the distribution of landmark positions for the twenty five repeated images. Then 

linear regression models were used to determine the relationship between mandibular length and 

age. The overall amount of variance explained by the model (R2) was determined.  

From this information, the two landmarks that best described mandibular length were used for all 

further mandibular measurements. The maximum change in mandibular length was defined as the 
greatest increase in length of the mandible (mm) for a year-long time period.  

When images were clustered for morphometric shape analysis, the image closest to peak 

mandibular growth period was included in the “during peak” cluster. All images taken before this 
became the “before peak” cluster, and all images taken after this became the “after peak” cluster. 
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Once the age at mandibular growth peak for an individual was established, it was cross-matched 

with a qualitative assessment of cervical stage. Then, a linear univariate model was used to 
determine the percentage of cases that had peak mandibular growth in the year following CS3.  

Mandibular growth peak was also compared to chronological age, both together and with a 

gender split. A linear, univariate model was used to determine the mean and mode for peak 
mandibular growth. 

Mixed model analysis was used to compare the relationship between mandibular length, gender 

and cervical stage (CVS). The mixed model was run again also including chronological age as a 

covariate to determine the effect of CVM on mandibular growth after adjusting for chronological 
age. 
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4. RESULTS 

4.1. REPRODUCIBILITY 

Twenty-five randomly selected radiographs (one from each participant) were assessed for 

landmark reproducibility. A set of representative points were analysed to assess the variation of 

the mandibular landmarks and for the lower border of C2. Results for mandibular landmark 

reliability can be seen in section 6.1 (Choice of Mandibular Landmarks). Landmarks for the lower 

border of C2 can be seen in Table 2. The standard deviation for the x-axis was 0.3mm and for 

the y-axis was 0.4mm. This showed fairly high reproducibility between repeated measurements. 

Table 2: Standard deviations of the x- and y-axis for seven landmarks along the inferior border of C2. 

Thes is  landmark number X-axis S .D (mm) Y-axis S .D (mm) 

53 0.3 0.4 

54 0.3 0.4 

55 0.3 0.8 

56 0.2 0.3 

57 0.3 0.3 

58 0.2 0.4 

59 0.3 0.4 

 

The reproducibility of CVM scores was done using the same 25 radiographs. The overall 

percentage of agreement was 84%. The unweighted kappa value was 0.80 (C.I = 0.61 – 0.97); 

and the weighted kappa value was 0.89 (95% C.I – 0.78 – 0.99). In all cases, the difference 
between two determinations was no more than one category. 

 

4.2. QUALITATIVE ASSESSMENT OF CVM 

Cervical vertebral maturation stages are shown in chronological order for each participant’s head-

films in Appendix 4. As can be seen, some stages are repeated for up to three consecutive years, 

rather than there being an increase in one cervical stage for every chronological year. In general, 

however, there was a progressive increase of cervical stage with time. Descriptive statistical data 

of the mean age of cervical stages are shown in Table 3. Although a wide range exists, there is a 
general increase in the mean age as cervical stage increases. 
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Table 3: Mean age (years) at cervical vertebral stages and number of radiographs at each stage. 

Group n Mean S .D Min imum Maximum 

Stage 1 26 10.9 0.9 10.0 13.0 

Stage 2 43 11.4 1.3 10.0 14.0 

Stage 3 29 12.5 1.2 10.0 15.0 

Stage 4 27 14.0 1.1 12.0 16.0 

Stage 5 21 15.5 1.0 13.0 16.0 

Stage 6 2 16.0 0.0 16.0 16.0 

 

The distribution of the CVM stages according to chronological age is shown in Figure 13. It can be 

seen that in the first cervical stage (n=26), 21 radiographs were taken at age 10-11 years, and in 

the second stage most of the radiographs (n=35) were taken at age 10-13 years. In the third 

cervical stage, most of the films (n=17) were taken at age 12-13 years. In the fourth cervical 

stage, most of the films (n=20) were taken at age 13-14 years. Both the fifth and sixth cervical 

stage had most of the radiographs (n=16 and n=2 respectively) taken at age 16 years). This 

shows that there was a general increase in chronological age as cervical stage increased. The data 
used for this analysis were not ordered according to the longitudinal study design. 

 

Figure 13: Frequency of cervical vertebral maturation stage of individual radiographs by chronological 
age. 
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4.3. QUANTITATIVE ASSESSMENT OF OVERALL VERTEBRAL SHAPE 

The shape of C3, as represented by its anterior to posterior height ratio, varied significantly with 

age (F = 18.90, p < 0.000), showing a trend to increase over time i.e. the vertebra became less 

trapezoid with time (Figure 14). There was also a significant gender effect (F= 7.03, p = 0.014). 
As can be seen on the box and whisker plot, the ratio varies markedly across individuals. 

The anterior to posterior ratio of C4 varied significantly with age (F = 14.48, p < 0.000) (Figure 

15) However, in this case there was no significant gender effect (F = 1.16, p = 0.292). Figure 15 
shows there is a lot of variability between individuals. 

The height to width ratio of C3 varied significantly with age (F = 81.27, p < 0.000), showing a 

trend to increase over time i.e. the vertebra became taller with time (Figure 16). There was a 

significant gender effect (F = 11.67, p = 0.002). As can be seen on the box and whisker plot, 
there is high inter-individual variability. 

The height to width ratio of C4 varied significantly with age (F = 119.96, p < 0.000), showing a 

positive linear trend i.e. the vertebra became taller with time (Figure 17). However, there was no 

significant gender effect (F = 0.003, p = 0.953). As can be seen on the box and whisker plot, 
there is the least amount of inter-individual variability for cervical ratios. 

 
Figure 14: Ratio of anterior to posterior C3 according to chronological age. 
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Figure 15: Ratio of anterior to posterior C4 according to chronological age 
 

 
Figure 16: Ratio of height to width C3 according to chronological age. 
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Figure 17: Ratio of height to width C4 according to chronological age. 

 

 

4.4. CURVATURE OF INFERIOR BORDER OF C2 – C4 

The curvature of the inferior border of C2 increased significantly with age (F = 43.59, p < 0.000), 

showing a positive linear trend i.e. the concavity increased with time (Figure 18). However, there 

was no significant gender effect (F = 2.44, p = 0.152). There was no significant interaction 
between age and gender (F = 1.65, p = 0.152). 

The curvature of the inferior border of C3 increased significantly with age (F = 78.96, p < 0.000), 

showing a positive linear trend i.e. the concavity increased with time (Figure 19). However, there 

was no significant gender effect (F = 3.44, p = 0.076). There was a significant interaction between 
age and gender (F = 6.01, p = 0.000). 

The curvature of the inferior border of C4 increased significantly with age (F = 70.71, p < 0.000), 

showing a positive linear trend i.e. the concavity increased with time (Figure 20). However, there 

was no significant gender effect (F = 2.85, p = 0.105). There was a significant interaction between 
age and gender (F = 4.69, p = 0.001). 
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Figure 18: Maximum concavity in the inferior border of C2 with chronological age. Males and females are 
separated. Note that the profiles do not differ across gender. Error bars show +/- 1 S.D. 

 
Figure 19: Maximum concavity in the inferior border of C3 with chronological age. Males and females are 
separated. Note that the profiles differ across gender. Error bars show +/- 1 S.D. 
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Figure 20: Maximum concavity in the inferior border of C4 with chronological age. Males and females are 
separated. Note that the profiles differ across gender. Error bars show +/- 1 S.D. 

 

To assess whether there was a sequential appearance of concavity in C2 – C4, the curvature of 

the inferior borders of C2 – C4 were dichotomised using a cut-off of 1mm (Figure 21). This cut-

off was decided on the basis of the error study; and it was also considered as the minimum 

concavity that could be detected clinically. The appearance of concavity was influenced by gender 

(F = 8.04, p = 0.006), but there was no interaction between gender and vertebrae (F = 1.57, p = 
0.217). 

The concavity in C2 appeared before C3 (Mean difference = 1.7 years, P < 0.000). The 

appearance of concavity in C2 also occurred before C4 (Mean difference = 2.4 years, p<0.000). 

There was no significant difference in the appearance of concavity in C3 compared to C4 (Mean 

difference = 0.6 years, p = 0.137). 
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Figure 21: Appearance of a 1mm concavity in the inferior border of C2 – C4 according to chronological 
age in males and females combined. The concavity in C2 appears before the concavity in C3. The 
concavity in C2 also appears before C4. However, there is no statistically significant difference in the 
appearance of concavity in the inferior border of C3 and C4. 
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4.5. MORPHOMETRIC VERTEBRAL SHAPE ANALYSIS 

Morphometric assessment of vertebral shape was undertaken using point distribution models 

(Cootes et al., 1995). Template shapes were found for males and females separately and together 
for chronological age and pre-peak, post-peak and at mandibular growth peak.  

4.5.1. VERTEBRAL SHAPE ACCORDING TO MANDIBULAR GROWTH PEAK 

Figure 22 shows an example of the PDM model with individual landmarks. Different colours are 

used for the various landmarks, and the each individual can be seen within each cluster. The mean 

vertebral shape is shown using black circles joined by lines.  

Figure 23 shows the mean shape of C2 – C4 before mandibular growth peak, during peak and 

after peak for males and females combined, and separately. The changes from before peak to 

during peak are harder to identify than the differences once the mandibular growth peak has past.  

 

Figure 22: Example of how the PDM is used to find the template shape of the cervical vertebrae before 
peak, during mandibular growth peak and after peak for males and females combined. The different 
colours represent the different landmark points and the crosses represent an individual’s landmark point. 
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Figure 23: Template shape of the cervical vertebrae before peak, during mandibular growth peak and 
after growth peak for males and females, considered together and separately. Note that there is a slight 
increase in curvature of the lower border of C2 and C3 during mandibular growth peak and there are 
distinct concavities in all three inferior borders after mandibular growth peak. Also, the height to width 
and anterior to posterior ratios appear to increase during mandibular growth showing a tendency for the 
vertebrae to become taller and more square with time.  
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4.5.2. VERTEBRAL SHAPE ACCORDING TO CHRONOLOGICAL AGE 

The mean shape of C2 – C4 according to chronological age for males and females together and 

separately can be seen in figure 24. There is a progressive increase in concavity in the inferior 

borders of C2, C3 and C4 with time and the concavity seems to appear in C2 before C3 and C4. 
In addition, the height to width ratio of the vertebrae also seems to increase with time. 

 

 

Figure 24: Template shape of the cervical vertebrae before peak according to chronological age for 
males and females, considered together and separately. Note that there is a slight increase in curvature 
of the lower border C2, C3 and C4 with age. Also, the height to width and anterior to posterior ratios 
appear to increase with time showing a tendency for the vertebrae to become taller and more square 
with time.  
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4.6. QUANTITATIVE ASSESSMENT OF MANDIBULAR LENGTH CHANGES 

4.6.1. CHOICE OF MANDIBULAR LANDMARKS 

The standard deviations for the repeatability of the four mandibular landmarks (Ar, Co, Gn, Go) 

are shown in Table 4. Ar and Gn had the smallest standard deviations for both the x- and y-

coordinates. Ar had a standard deviation of 0.6mm for both the x- and y-coordinates and Gn had 

a standard deviation of 0.4mm for both x- and y-coordinates. Co (S.D(x) = 1.4mm and S.D(y) = 
2.1mm) and Go (S.D(x) = 1.1mm and S.D(y) = 1.6mm) were poorly reproducible.  

 
Table 4: Standard deviations for repeatability of the x- and y-coordinates of the four mandibular 
landmarks used to assess mandibular length. 

Landmark Points X-axis S .D (mm) Y-axis S .D (mm) 

Ar 0.6 0.6 

Co 1.4 2.1 

Gn 0.4 0.4 

Go 1.1 1.6 

 

Scatter-plots of the variation in mandibular landmark positions during repeated measurements 

can be seen in Figure 25. Ar and Gn less scattered, whereas there is much more variation in Co 

and Go. The envelopes of scattering were mostly random with the only exception being Gonion, 
which follows a more distinct pattern. 

Cephalometric measurements indicating mandibular length varied significantly with chronological 

age when linear regression analysis was undertaken. The amount of variance explained by age, 

however, was relatively small, ranging from 5 – 30% (Table 5). The variable that showed the 
highest proportion of variance explained by the model was Ar-Gn (R2 = 0.3).  

 
Table 5: Variance in landmark points used to describe mandibular length. 

Landmark Points Var iance (R2) 

Ar – Gn  0.30 

Go – Gn  0.11 

Co – Gn 0.10 

Co – Go 0.05 

Ar – Go 0.06 
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Figure 25: Variation in repeated mandibular landmark points. X- and y-coordinates are measured in millimetres. Note 

the least scatter in Gnathion and the most scatter in Condylion. Gonion’s envelope of scattering follows a distinct 

pattern, which corresponds to the anatomical features of the mandible when identifying this point. 
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Ar-Gn was chosen as the best descriptor for mandibular length (and therefore mandibular 

growth). This is because these landmarks had the highest R2 values, the lowest standard 
deviations and were the least scattered on the scatter plots. 

 

4.6.2. MANDIBULAR GROWTH PEAK BY CERVICAL STAGE 

One objective of this study was to find whether mandibular growth actually occurs in the year 

following CS3 (Table 6). However, in the year following CS3, peak mandibular growth only 

occurred in eight of the 25 participants (32%). In seven participants (28%) peak growth occurred 

following CS1, in five participants (20%) it occurred following CS2 and in five participants (20%) it 
occurred following CS4. 

Table 6: Growth peak by gender and cervical stage (parentheses contain raw percentages). 

Gender CS1 CS2 CS3 CS4 

Females 4 (33%) 2 (17%) 4 (33%) 2 (17%) 

Males 3 (23%) 3 (23%) 4 (31%) 3 (23%) 

Combined 7 (28%) 5 (20%) 8 (32%) 5 (20%) 

 
 

4.6.3. MANDIBULAR GROWTH PEAK BY CHRONOLOGICAL AGE 

Males and females were considered both together and separately when mandibular growth peak 

was assessed in relation to chronological age (Table 7). The frequency of peak mandibular growth 

was highly skewed and differed markedly between males and females. Peak mandibular growth 

occurred at a mean age of 11.7 years in females (95% C.I = 11.1-12.3) and 12.8 years in males 
(95% C.I = 12.1-13.5).  

 

Table 7: Growth peak by gender and chronological age (parentheses contain raw percentages). 

Gender 10 years 11 years 12 years 13 years 14 years 

Females 1 (8%) 5 (42%) 3 (25%) 2 (17%) 1 (8%) 

Males 1 (8%) 1 (8%) 2 (15%) 4 (31%) 5 (38%) 

Combined 2 (8%) 6 (24%) 5 (20%) 6 (24%) 6 (24%) 
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4.6.4. MANDIBULAR LENGTH VS GENDER AND CVS 

To determine the relationship between mandibular length (as represented by Ar-Gn), gender and 

CVS, analysis was made using a mixed model. Mandibular length represented the response 

variable and gender and CVS were entered as covariates. A term for subject was included as a 
random effect. An interaction term between CVS and gender were also entered.  

The results of this model suggest that mandibular length was associated with both CVS (F = 

63.62, p < 0.000) and gender (F = 6.49, p = 0.018). There was a significant interaction between 

CVS and gender for Ar-Gn (F = 5.29, p = 0.001), indicating that the effect of CVS on mandibular 
length was gender specific (Figure 26).  

 

 
Figure 26: Interaction between mandibular length and CVS and gender (estimated marginal means of Ar-
Gn). 
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4.6.5. MANDIBULAR LENGTH VS CHRONOLOGICAL AGE, GENDER AND CVS 

A mixed model was run again by entering age as a covariate and age x gender as an additional 

interaction term. The results of this model suggest that mandibular length was mostly associated 

with age (F = 33.92, p = 0.000) and to a marginal extent with gender (F = 4.26, p-value = 0.055). 

No significant association could be found with the cervical stage (F ratio = 1.71, p-value = 0.138) 

after adjusting for the other covariates. There was a significant interaction between age and 
gender for Ar-Gn (F = 14.72, p = 0.001) (Figure 27). 

 

 
Figure 27: Interaction between mandibular length and chronological age and gender (estimated marginal 
means of Ar-Gn). 
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5. DISCUSSION 

The determination of periods of accelerated growth remains an important part of orthodontic 

treatment planning. However, there is considerable individual variation in the timing of such 

periods. Several alternatives to chronological age have been proposed in the evaluation of skeletal 

maturity (Marshall, 1974; Demirjian and Goldstein, 1976; Fishman, 1982). CVM has gained 

increased popularity in recent times, due to the second to fourth cervical vertebrae being visible 

on routine lateral cephalograms taken for orthodontic treatment planning (Grave and Townsend, 

2003). Current CVM methods have been criticised for being subjective, qualitative and poorly 

reproducible (Gabriel et al., 2008; Nestman et al., 2011; Mellion et al., 2013). Therefore, a non-

subjective, quantitative method of determining cervical staging is needed to help aid orthodontic 

diagnosis and treatment planning. The aims of this research project were to describe the shape 

changes of C2 to C4 with growth, and to relate these changes to the currently accepted CVM 
method described by Baccetti and co-workers (2005). 

Generally speaking, the present study found that the overall shape changes of the vertebral 

bodies of C2, C3 and C4 were consistent with descriptions of shape in the literature, except for 

the sequential appearance of concavities in the inferior borders of C2-C4. Morphometric shape 

analysis was used to determine the average vertebral template in relation to mandibular growth 

peak and chronological age. Also, the relationship of mandibular growth peak to cervical stage, 
sex and chronological age was explored. 

Before a more in depth discussion of the findings of this project, several strengths and limitations 

of the present study must be outlined. Although previous researchers have quantitatively assessed 

the CVM methods, most have used cross sectional samples (Mito et al., 2002; Caldas et al, 2007). 

Other studies, though longitudinal, have been purely descriptive in nature (O’Reilly and Yaniello, 

1998; Franchi et al., 2000; Grave and Townsend, 2003; Baccetti et al., 2005). This study is unique 

in that it is both longitudinal and quantitative in nature. Longitudinal samples have the advantage 

that they follow the same individuals through time; thus, allowing the same group of individuals to 

be assessed in each age group, which minimises bias. Using primarily quantitative measurements in 

the present study has also removed some of the subjectivity from shape assessments, and has 

helped to confirm some of the qualitative shape descriptions previously published in the 

literature. Finally, to the best of our knowledge, this study is the first to use geometric 

morphometrics to assess cervical vertebral shape, making it an original area of research that was 
required in this field.  
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Several limitations to the present research also need to be considered. Firstly, a sample size of 25 

was used for this research, which is relatively small. However, this is not unique to this study. In 

fact, similar sample sizes have been reported in most other longitudinal growth studies assessing 

cervical vertebral maturation in orthodontics (O’Reilly and Yanniello, 1998; Franchi et al., 2000; 

Baccetti et al., 2005). When initial data collection for this research was undertaken, only 67 

participants were housed in the Toronto-Burlington growth collection, 25 of which met the 

inclusion criteria for our study. Since this time, the subjects included in the collection have 

increased to around 100. If the study had been undertaken at a later stage, or was repeated in 

the future, an increase in sample size would have been possible. Secondly, the present study 

utilises a historical sample of convenience. Hence, it may not be fully representative of New 

Zealand children today as secular trends and differences in ethnicity cannot be corrected for. 

Finally, it must be assumed that the sample included in the study was untreated orthodontically, 

healthy and not exposed to any environmental factors that may have altered growth of the 

mandible or cervical vertebrae in any way. Without full access to patient records, this cannot be 
known for certain. 

This research was undertaken with the goal of benefiting the orthodontic community by 

increasing our understanding of skeletal growth, aiding diagnosis and predicting likely treatment 

outcome. In addition, it was hoped that this project could assist forensic science in describing 
cervical vertebral shape in adolescents of unknown age. 

The following sections will address each of this study’s research questions, with the aim of 
comparing our results to those of other studies published in the literature. 

5.1. ARE VERTEBRAL SHAPE CHANGES CONSISTENT WITH THE CVM 

STAGES? (RESEARCH QUESTION 1): 

Four key changes in vertebral shape were described by Baccetti et al. (2005). These are as 

follows: 

o That the difference in height between the anterior and posterior borders of the body 

of C3 and C4 becomes progressively less with time, i.e. the ratio of anterior to 

posterior border height increases over time. 

o That C3 and C4 become progressively taller with time, i.e. the ratio of anterior 

border height to upper border width increases with time. 

o That the lower border of C3-C4 becomes progressively more concave with time. 

o That the concavity appears in C2 before C3, which in turn, appears before C4. 
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5.1.1. QUANTITATIVE ASSESSMENT OF OVERALL VERTEBRAL SHAPE 

In relation to quantitative assessments of overall vertebral shape, the anterior to posterior ratio of 

C3 to C4 (i.e. vertebral shape) was found to increase significantly with age in the present study. 

The expected value of the ratio was less than 1.0 if the vertebra was trapezoid in shape and 1.0 if 

the vertebra was square/rectangular. On average, the raw values of the anterior to posterior ratio 

for C3 and C4 in this study approached but did not reach 1.0. There was, however, a general 

increase in the ratio with time, showing that the vertebrae became less trapezoid and more 

square with time. These findings were statistically significant. There was considerable inter-

individual variation, as can be seen on the box-and-whisker plots in Figures 14 and 15. With 
regard to gender, there was a significant effect for C3 but not C4. 

A significant increase in height to width ratio of C3 and C4 (i.e. vertebral height) with positive 

linear trend was also shown with age. In other words, the vertebra became taller with time. As 

the ratio remained less than 1.0 in almost all cases, i.e. the height of the vertebrae did not exceed 

the width. Consequently, no rectangular vertical shaped vertebrae were seen. This may be due in 

part to the age range that was included in the current study. If an older sample was taken a ratio 

of greater than 1.0 may have been seen. Again, with regard to gender, there was a significant 
effect for C3 but not C4.  

There was a significant interaction between age and gender for all morphological features of C3 

and C4 except for the anterior to posterior ratio of C4. Thus, the way the vertebrae change in 
shape and height differs for males and females.  

Although the original landmark studies did not specifically assess the anterior to posterior and 

height to width ratios of C3 and C4; qualitative shape changes in C2-C4 have been reported on. 

Lamparski (1972) was the first to describe an increase in vertical height of the bodies of the 

vertebrae in the orthodontic field. Hassel and Farman (1995) described changes in the shape of 

C3 and C4 from wedge shaped to rectangular horizontal to square to rectangular vertical with 

age. Baccetti et al.’s (2005) description of vertebral shape was the same as Hassel and Farman 
(1995), and has been well described in previous sections of this thesis.  

In 2002, both Baccetti and co-workers and Roman and co-workers assessed the ratio of the 

anterior to posterior border of C3 and C4. Both groups found significant increases in anterior to 

posterior ratio with time. In other words, the vertebra become less trapezoid and more 

square/rectangular in shape with increasing age. In addition, Roman et al. (2002) described an 

increase in vertebral height relative to width with time, showing that the vertebrae become taller 
with increasing age. These findings are in agreement with the findings of the present study. 
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Another group quantitatively assessed the raw measurements, rather than ratios, for height and 

width of C2-C4 (Altan et al., 2012). This study was a longitudinal study of cephalograms of 

Turkish females. A general increase in vertebral width was found, with peak increases in width at 

around 11.5 years of age and termination increase in width at around 15 years of age. In addition, 

the vertebrae showed an increase in height with age, with peak increases at around age 13.5 

years and a deceleration from age 15.5 years. Height increments appeared to cease at around 

16.5 years of age (Altan et al., 2012). The increase in cervical vertebral height was found to be 

three times greater than the increase in vertebral width. Therefore, even though specific ratios 

were not found, this research is in agreement with the findings in the present study: that vertebral 
height increases more than width over time. 

There were two additional finding from the overall vertebral shape analysis in the present study. 

Firstly, the shape of C3 might be more sex dependent than the shape of C4. Secondly, the height 

to width ratios showed less individual variation than anterior to posterior height ratios. This 

implies an increase in vertebral height over time is a more consistent observation than a change in 
vertebral shape. 

 

5.1.2. CURVATURE OF THE INFERIOR BORDER OF C2 – C4 

A qualitative increase in curvature in the lower border of C2-C4 with increasing age has been 

described in the literature (Lamparski, 1972; Hassel and Farman, 1995; Roman et al., 2002; 

Baccetti et al., 2002; Baccetti et al., 2005). Quantitative assessments of curvature have also been 

made. One study described changes in the inferior border angles of C2-C4 in females from 8 to 

17 years of age (Altan et al., 2012). This group showed a general decrease in the inferior border 

angle of the vertebrae (an increase in concavity with time). Other authors also found an increase 
with time (Baccetti et al., 2002). 

The present study used second order polynomial functions to assess the overall curvature of the 

inferior border of the vertebral body. The maximum depth of the concavity was then calculated 

for C2-C4 on each radiograph. Our findings were similar to those of the above studies, 

confirming that C2, C3 and C4 all show a significant increase in concavity with time. There was 

no significant gender effect for any of the vertebrae. However, C3 and C4 showed a significant 

interaction between age and gender that C2 did not. This means that the changes in curvature 
with age were gender specific. 

The second observation in the literature with regard to concavity was that there was a sequential 

appearance of curvature from C2 to C3 to C4 as the skeleton matured (Baccetti et al., 2002; 
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Baccetti et al., 2005; Hassel and Farman, 1995). Using a cut-off of 1mm as a clinically significant 

measurement, the present study showed that the appearance of a concavity was affected by 

gender. The appearance of a concavity in C2 occurred before C3, and the concavity in C2 also 

appeared before C4. There was no significant difference in the appearance of concavity in C3 

compared to C4, however. This finding disagrees with other observations in the literature 

(Franchi et al., 2000; Baccetti et al., 2002; Baccetti et al., 2005). 

 

5.2. HOW DO THE MORPHOMETRIC SHAPES OF C2, C3 AND C4 

CHANGE WITH GROWTH? (RESEARCH QUESTION 2): 

Point distribution models have been shown to be a useful way of quantitatively describing shape 

for a variety of purposes (Scott, 1987; Kass et al., 1988; Lipson et al., 1990; Cootes et al., 1995). 

PDMs are a type of active shape model that derives the statistics of a set of labelled points or 

“landmarks”. After scaling and aligning all sets of data points, the average landmark position can be 
found using an assigned weighting. Then, the average shape of an object can be determined. 

In this study, images were clustered in two ways: first, according to mandibular growth peak, and 

second, according to chronological age.  

 

 

5.2.1. MORPHOMETRIC SHAPE CHANGES WITH CHRONOLOGICAL AGE 

A general trend could be seen in relation to the shape changes in C2, C3 and C4 in the present 

study. Increasing concavity of the inferior border of all three vertebrae could be seen with 

increasing age. Also the vertebrae appeared to get taller and less trapezoid in shape with time. 

The general shape changes were similar with males and females, however females appeared to be 

more advanced than males, reaching each stage earlier than their male counterparts.  

It is well accepted that females mature before males (Proffit et al., 2007). With regard to cervical 

vertebral maturation, females are said to reach each stage sooner than males (Grave and 

Townsend, 2003). Therefore, when considering vertebral shape in relation to chronological age, it 
would seem wise to separate males and females rather than considering them together.  

Morphometric assessment of cervical vertebral shape has been found to be lacking. Hence, the 

results of the present study cannot be compared to those of other studies.  



 59 

5.2.2. MORPHOMETRIC SHAPE CHANGES WITH MANDIBULAR GROWTH PEAK 

A consistent finding in this study when comparing cervical vertebral shape and mandibular growth 

peak was that it was easy to identify the difference between the morphometric vertebral 

templates before mandibular growth peak and after it. After peak, the vertebrae seemed to have 

much more pronounced curvatures present in C2, C3 and C4, and they were also distinctly 

squarer in shape (rather than trapezoid). It was harder to identify changes in the before-peak and 

during-peak clusters, with both groups consistently showing curvature in the inferior border of 

C2, but minimal curvature in C3 and C4. Also, C3 and C4 seemed to be trapezoid in shape in 

both groups. Thus, when this research is applied to orthodontic treatment planning, it would 

appear that it is only possible to identify an individual that has already undergone their mandibular 

growth peak or one that has not. It is not possible, using geometric morphometrics, to identify 

differences between an individual that is just approaching, or is currently undergoing peak 

mandibular growth. This finding makes the decision of when to initiate orthodontic growth 
modification a difficult one.  

Although growth velocity is greatest at puberty, there is still considerable skeletal growth 

occurring prior to the pubertal growth spurt (Tanner, 1981). There has also been one clinical 

study that has shown some growth modification effect when adult patients are treated with a 

fixed Herbst Class II corrector appliance (Ruf and Pancherz, 2006). Consequently, the ideal time 

to initiate growth modification treatment would appear to be immediately preceding the pubertal 

growth spurt. However, treatment prior to or after peak growth should not necessarily be ruled 
out if there is the potential for some clinical benefit to the patient. 

In the present study, there were no obvious differences in vertebral shape between males and 

females when individuals were clustered based on mandibular growth peak. In addition, the 

anatomy of the cervical spine shape has not been described as different between females and 

males. Hence, combined clusters for mandibular growth peak seems reasonable and also provides 

a simpler guide for clinicians to use to assess mandibular growth potential. Again, the results of 

the present study for this section cannot be compared to other research in the literature. This is 
due to a lack of morphometric vertebral shape assessment for mandibular growth peak. 

 

5.3. WHEN DOES THE MAXIMUM CHANGE IN MANDIBULAR LENGTH 

OCCUR? (RESEARCH QUESTIONS 3 AND 4): 

In order to assess maximum changes in mandibular length, landmarks that accurately describe 

mandibular length must first be established. The choice of mandibular landmarks is a controversial 
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topic and many different landmarks have been used to determine mandibular length in previous 

studies. Articulare, Pogonion and Gonion have been used to describe both vertical and horizontal 

components of mandibular length by a number of researchers (O’Reilly and Yanniello,1988; 

Grave and Townsend, 2003). Other groups have used Condylion and Gnathion to assess 

mandibular length (Franchi et al., 2000; Baccetti et al., 2002; Baccetti et al., 2005; Fudalej and 

Bollen, 2010). It would appear there is no single, ideal way to describe mandibular length on a 
lateral cephalogram.  

Consequently, for the present study, it was decided to choose mandibular landmarks based on 

the reproducibility of the points, and to a lesser degree on landmarks that described both some 

horizontal and vertical growth of the mandible. This study’s sample had the advantage that the 

subjects were untreated. Hence, Articulare could also be considered as a possible landmark; as 

the mandible was unlikely to have been postured in an artificial position at any time (this is often 
the case with growth modification treatment). 

Although it was used in previous literature, Condylion – Gnathion was deemed a poor choice of 

indicator for mandibular length in the present study. The reasons for this are two fold: firstly, the 

model explained only 10% of the variance for mandibular growth; and secondly, Co was both 

difficult to identify radiographically and was poorly reproducible. Poor reproducibility is shown by 
the large x-axis and y-axis standard deviations, and large envelopes of scatter on the scatter plots. 

Using Articulare – Gnathion to assess mandibular growth was considered a better choice as 30% 

of the variance for mandibular growth could be explained by the model. An R2 value of 0.3 was 

the highest of all possible combinations of landmarks to describe mandibular length. Ar was also 

much easier to identify radiographically than Co. Ar and Gn had the highest reproducibility, as 

seen by the low standard deviations of the x-and y-axis and the smallest envelopes of scatter on 

the scatter plots. In addition, Ar-Gn allowed for both horizontal and vertical growth changes of 

the mandible, with Ar being posterior and superior and Gn being anterior and inferior on the 
cephalograms.  

One limitation of Ar is that it is unaffected by the position of the mandibular condyle in the 

glenoid fossa. Therefore, it may not be suitable for assessing the efficacy of treatment associated 

with condylar displacement. It needs to be emphasised, however, that none of the participants in 
the current study underwent functional orthodontic treatment. 

Maximum change in mandibular length was therefore defined as the greatest increase in length 
(mm) in Ar-Gn for a year-long time period.  

One research question for this study was to assess if the maximum change in mandibular length 

actually occurred between the stages described by Baccetti et al. as CS3 and CS4. In this study, 
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mandibular length changes were not significantly associated with CVM stages after adjusting for 

chronological age. Maximum mandibular growth occurred following CS3 in only 32% of our 

participants when males and females were combined. Maximum growth was also seen following 

CS1, CS2 and CS4 in 28%, 20% and 20% of cases, respectively. This broad distribution of 
mandibular growth peak strongly disagreed with the findings of Baccetti et al. (2005). 

O’Reilly and Yanniello (1988) were the first group to assess whether peak mandibular growth 

could be related to Lamparski’s CVM stages. This group studied 13 female subjects from the 

Bolton-Broadbent Growth Study in Cleveland. Overall peak mandibular growth occurred after a 

concavity was seen in both C2 and C3 (the equivalent of CS3 in Baccetti and co-workers study 

(2005)). Similar results were found for corpus length and ramus height. Approximately one-

quarter of the subjects showed peak mandibular growth after stage 4 (O’Reilly and Yanniello, 

1988). Using the work of Baccetti et al. (2002), another group found that there was no set 

cervical stage that coincided with peak statural growth with only stage 1 occurring pre-peak in 

females, and stages 1 and 2 occurring pre-peak in males (Grave and Townsend, 2003). Peak 

mandibular growth was found to occur within one year of peak statural growth in most cases 

(Grave and Townsend, 2003). The above studies show that there is still considerable individual 

variation in the timing of peak mandibular growth in relation to cervical staging, which is in 
agreement with the present study. 

In contrast, another group suggests there is a more set time in which peak mandibular growth 

occurs (Franchi et al., 2000). Peak growth was found to occur in 87% of females and 100% of 

males between CS3 and CS4. However, Co-Gn was used to estimate mandibular length (Franchi 

et al., 2000). The poor reproducibility of Condylion in the present study leads to the suggestion 
that these results should be interpreted with caution. 

Even though several studies have found the reliability of the CVM methods to be high (Roman et 

al., 2002; Garcia-Fernandes et al., 2008; Wong et al., 2009), this is not confirmation that peak 

mandibular growth will occur at a particular cervical stage. Some authors have used CVM to 

predict peak mandibular growth, without actually measuring mandibular length (Altan et al., 2012). 

It is therefore important to assess the methodology of individual studies before following the 
recommendations they provide. 

As cervical stage was deemed to be a poor predictor of mandibular growth peak, chronological 

age was also assessed to see if it could more accurately predict when peak growth occurred. In 

this study, the frequency of peak mandibular growth was highly skewed and differed markedly 

between males and females. The mean age for peak growth in females was 11.75 years (95% C.I 

= 11.1-12.3), and in males it was approximately one year later at 12.85 years (95% C.I = 12.1-

13.5). The modal values were even more different with females showing the most common age 
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for peak growth to be 11 years, and males to be 14 years. There was still significant inter-
individual variation, however. 

 

5.4. HOW DOES MANDIBULAR LENGTH RELATE TO CHRONOLOGICAL 

AGE, GENDER AND CERVICAL STAGE? (RESEARCH QUESTION 5): 

In the present study, mixed models were used to determine the relationship between mandibular 

length, gender and CVS or chronological age. A mixed model was firstly run for mandibular 

length, gender and CVS. This model found that mandibular length was significantly associated with 

both gender and CVS. There was also an interaction between gender and CVS, suggesting that 

the effect of CVS on mandibular length was gender specific. Males appeared to have a more 

stepwise mandibular growth, whereas females may have a more linear growth pattern. A mixed 

model was then run again for mandibular length, gender, CVS and adding an additional term: 

chronological age. The model found that mandibular length was mostly associated with age and 

to a marginal extent with gender. No significant association could be found with cervical stage 

after adjusting for the other covariates. This means that overall, chronological age is a more 
accurate predictor of mandibular growth peak than CVS. 

Few studies have compared mandibular length to chronological age, gender and cervical stage. 

One study compared statural height, facial growth and mandibular length to hand-wrist 

maturation and CVM (Mellion et al., 2013). Chronological age was found to be a significantly 

better estimation for prediction and onset of peak mandibular growth than CVM (Mellion et al., 

2013). Another study by Beit and co-workers (2013) compared quantitative changes in cervical 

shape to chronological in the estimation of skeletal age, using hand-wrist radiographs as a gold 

standard. This group found that cervical shape offered no advantage over chronological age in 
assessing skeletal age, and thus in predicting the pubertal growth spurt (Beit et al., 2013). 

These findings are in agreement with those of the current study: that chronological age is a more 

accurate predictor of mandibular growth peak than CVM. Morphometric analysis of cervical 

shape, however, may provide more insight into whether an individual has passed their growth 

peak or not, without the subjectivity of assigning a cervical stage. Therefore, cervical shape may 
not be fully ruled out as a means of estimating the correct time to initiate orthodontic treatment.  
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5.5. CAN MANDIBULAR GROWTH PEAK BE RELIABLY PREDICTED USING 

A QUANTITATIVE ANALYSIS OF THE CERVICAL VERETBRAE? (RESEARCH 
QUESTION 6): 

The results of the present study showed that it is difficult to identify an individual that is close to 

approaching peak mandibular growth velocity, as the morphometric templates of vertebral shapes 

were similar before and during the growth peak. However, changes were detectable after growth 

peak. Hence, it may only be possible to predict when an individual has residual growth potential 

or is too late to benefit from growth modification treatment. As it was shown to relate more 

closely to peak mandibular growth, it advisable that chronological age be used as an alternative to 
cervical staging in dentofacial orthopaedics. 
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6.CONCLUSIONS 

Clinical decision-making in orthodontics depends largely on assessments of the likely growth 

potential in individual patients. Various treatment modalities are aimed at modifying periods of 

accelerated growth in an attempt to help correct dental and skeletal malocclusions. Cervical 

vertebral maturation is a widely used method to predict the onset of the adolescent growth 

spurt. However, current methods have been criticised due to their qualitative and subjective 
nature. 

This study aimed to confirm the widely accepted vertebral shape changes in a quantitative 

manner, using longitudinal records collected from the American Association of Orthodontists 

Craniofacial Growth Legacy Collection. Specifically, the present study compared the 

morphometric shape changes in the second to fourth cervical vertebrae with peak mandibular 
growth. It also related mandibular growth to cervical stage, sex and chronological age. 

Given the strengths and limitations of this study, the information may be used as a guide during 

orthodontic treatment planning. However, an increase in sample size is needed before the results 

of the present study can be applied in the field of forensics to help identify individuals of unknown 
age. 

This study has demonstrated:  

Firstly, that vertebral shape changes are consistent with the stages described by the CVM 

methods in most cases (Baccetti et al., 2005). Agreement was found for the following 
observations:  

1. That the difference in height between the anterior and posterior borders of C3 and C4 

becomes progressively less with time 

2. That C3 and C4 become progressively taller with time 

3. That the lower border of C3 and C4 become progressively more concave with time. 

However, there was not a sequential appearance of concavity in the inferior border of 
C3 and C4. 

Secondly, morphometric changes of C2-C4 during growth were consistent with the CVM 

descriptions. However, morphometric templates of vertebral shapes were similar before and 

during mandibular growth peak, and changes were only detectable after the growth peak had 

passed. Therefore it may be possible to predict when growth modification is likely to be 

ineffective, but not when it is likely to be most effective (when an individual is approaching peak 

mandibular growth velocity). This information may still be of use in improving treatment 
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outcomes in dentofacial orthopaedics. With chronological age, morphometric vertebral shape 
changes varied between sexes. Females appeared to be advanced compared to males. 

Thirdly, mandibular length changes were not significantly associated with CVM stages after 

adjusting for chronological age. Therefore, peak mandibular growth did not always occur between 

CS3 and CS4 as described by the CVM methods. Mixed model analysis showed that mandibular 

length was found to relate most significantly to chronological age, and to a marginal extent to 

gender. Peak mandibular growth occurred at a mean age of 11.7 years in females (95% C.I = 
11.1-12.3) and 12.8 years in males (95% C.I = 12.1-13.5).  

The present study tested the validity of the assumptions underlying currently accepted CVM 

methods. Quantitative shape descriptions were consistent with qualitative CVM descriptions all 

cases except the sequential appearance of concavity in C2 to C4. Morphometric assessments of 

vertebral shape were used to assess mandibular growth in relation to cervical stage, sex and 

chronological age. Shape changes of the second to fourth cervical vertebrae are poorly related to 

mandibular growth rate. Therefore, chronological age represents a better predictor of mandibular 
growth than cervical stage.  
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8. APPENDICES 

8.1.  MAORI CONSULTATION 

 

 



 75 

 

 

 

 

 



 76 

8.2.  AGE AT TIME OF RADIOGRAPHS 

 

Part ic ipant ID Gender Age (Years) Cerv ica l  Stage 

152 M 10 10 

152 M 11 11 

152 M 12 12 

152 M 13 13 

152 M 14 14 

152 M 16 16 

183 M 10 10.1 

183 M 11 11.1 

183 M 12 12 

183 M 13 13.1 

183 M 14 14 

183 M 16 16 

185 M 10 10.1 

185 M 11 11 

185 M 12 12.1 

185 M 13 13.1 

185 M 14 14.2 

185 M 16 15.11 

186 M 10 10 

186 M 11 11 

186 M 12 12 

186 M 13 13 

186 M 14 14 

186 M 16 16.1 

206 M 10 10 

206 M 11 11 

206 M 12 12 

206 M 13 13.1 

206 M 14 14 

206 M 16 15.11 

208 F 10 10 

208 F 11 11.1 
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208 F 12 12 

208 F 13 13.1 

208 F 14 14.2 

208 F 16 16 

230 F 10 10 

230 F 11 11 

230 F 12 12 

230 F 13 13 

230 F 14 14.1 

2502 F 10 10.1 

2502 F 11 11 

2502 F 12 12.1 

2502 F 13 13 

2502 F 14 14 

2574 M 10 10 

2574 M 11 11.1 

2574 M 12 12 

2574 M 14 14 

2574 M 16 16 

257 F 10 10 

257 F 11 11 

257 F 12 12 

257 F 13 13 

257 F 14 14 

257 F 16 16 

266 F 10 10.1 

266 F 11 11 

266 F 12 12 

266 F 13 13.1 

266 F 14 14.2 

266 F 16 15.11 

272 F 10 10 

272 F 11 11 

272 F 12 12 

272 F 13 13 

272 F 14 14 

272 F 16 16.1 
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289 M 10 10 

289 M 11 11 

289 M 12 12 

289 M 13 13 

289 M 14 14 

289 M 16 16 

295 M 10 10 

295 M 11 11 

295 M 12 12 

295 M 13 13 

295 M 14 14 

295 M 16 16 

352 M 10 10 

352 M 11 11 

352 M 12 12 

352 M 13 13.1 

352 M 14 14 

352 M 16 15.11 

416 F 10 10 

416 F 11 11.2 

416 F 12 12.1 

416 F 13 13 

416 F 14 14 

416 F 16 16.2 

421 F 10 10 

421 F 11 11.1 

421 F 12 12.1 

421 F 13 13.1 

421 F 14 14.2 

421 F 16 16.2 

482 F 10 10 

482 F 11 11 

482 F 12 12.1 

482 F 13 13.3 

482 F 14 14 

482 F 16 16 
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545 F 10 10 

545 F 11 11 

545 F 12 12 

545 F 13 13 

545 F 16 16 

637 M 10 10 

637 M 11 11 

637 M 12 12 

637 M 13 13 

637 M 14 14 

637 M 16 16.1 

706 M 10 10 

706 M 11 11 

706 M 12 12 

706 M 13 13 

706 M 14 13.11 

706 M 15 15.5 

706 M 16 16 

717 F 10 10 

717 F 11 11 

717 F 12 12 

717 F 13 13 

717 F 14 14 

717 F 16 16  

740 M 10 10 

740 M 11 11 

740 M 12 12 

740 M 13 13.1 

740 M 14 14.2 

740 M 16 16 .3 

855 F 10 10.1 

855 F 11 11.1 

855 F 12 12.1 

855 F 13 13 

855 F 14 14.2 

855 F 16 16  
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863 M 10 10 

863 M 11 11 

863 M 12 12 

863 M 13 13 

863 M 14 14 

863 M 15 15 

863 M 16 16 
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8.3. DEFINITION OF LANDMARK POINTS 

 
No. Abbreviation Definition 

1 D Fiducial point D as defined by the AAOF legacy collection 

X-coordinate 234.9mm. Y-coordinate 4.5mm.  

Used to scale linear measurements 

2 A Fiducial point A as defined by the AAOF legacy collection 

X-coordinate 11.9mm. Y-coordinate 4.3mm.  

Used to scale linear measurements 

3 B Fiducial point B as defined by the AAOF legacy collection 

X-coordinate 11.1mm. Y-coordinate 279.6mm.  

Used to scale linear measurements 

4 C Fiducial point C as defined by the AAOF legacy collection 

X-coordinate 233.7mm. Y-coordinate 279.9mm.  

Used to scale linear measurements 

5  The most inferior and anterior part of the outline of the body of C4 

6  The most inferior and posterior part of the outline of the body of C4 

7  The most superior and posterior part of the outline of the body of C4 

8  The most superior and anterior part of the outline of the body of C4 

Where the vertebra is curved, a line of best fit will be taken along 
adjacent edges, and the angle will be bisected so that the landmark is 
placed on the midpoint of the curvature 

9  1/6 of the distance between points 5 and 6 horizontally 

The inferior border of the body of C4 vertically 

10  1/3 of the distance between points 8 and 9 horizontally  

The inferior border of the body of C4 vertically 

11  1/2 of the distance between points 5 and 6 horizontally 

The inferior border of the body of C4 vertically 

12  2/3 of the distance between points 5 and 6 horizontally  

The inferior border of the body of C4 vertically 

13  5/6 of the distance between points 5 and 6 horizontally 

The inferior border of the body of C4 vertically 
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14  1/6 of the distance between points 6 and 7 vertically 

The posterior border of the body of C4 horizontally 

15  1/3 of the distance between points 6 and 7 vertically 

The posterior border of the body of C4 horizontally 

16  1/2 of the distance between points 6 and 7 vertically 

The posterior border of the body of C4 horizontally 

17  2/3 of the distance between points 6 and 7 vertically 

The posterior border of the body of C4 horizontally 

18  5/6 of the distance between points 6 and 7 vertically  

The posterior border of the body of C4 horizontally 

19  1/6 of the distance between points 7 and 8 horizontally 

The inferior border of the body of C4 vertically 

20  1/3 of the distance between points 7 and 8 horizontally 

The inferior border of the body of C4 vertically 

21  1/2 of the distance between points 7 and 8 horizontally 

The inferior border of the body of C4 vertically 

22  2/3 of the distance between points 7 and 8 horizontally 

The inferior border of the body of C4 vertically 

23  5/6 of the distance between points 7 and 8 horizontally 

The inferior border of the body of C4 vertically 

24  1/6 of the distance between points 8 and 5 vertically 

The posterior border of the body of C4 horizontally 

25  1/3 of the distance between points 8 and 5 vertically 

The posterior border of the body of C4 horizontally 

26  1/2 of the distance between points 8 and 5 vertically 

The posterior border of the body of C4 horizontally 

27  2/3 of the distance between points 8 and 5 vertically 

The posterior border of the body of C4 horizontally 

28  5/6 of the distance between points 8 and 5 vertically 

The posterior border of the body of C4 horizontally 

29  The most inferior and anterior part of the outline of the body of C3 
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30  The most inferior and posterior part of the outline of the body of C3 

31  The most superior and posterior part of the outline of the body of C3 

32  The most superior and anterior part of the outline of the body of C3 

Where the vertebra is curved, a line of best fit will be taken along 
adjacent edges, and the angle will be bisected so that the landmark is 
placed on the midpoint of the curvature 

33  1/6 of the distance between points 29 and 30 horizontally 

The inferior border of the body of C3 vertically 

34  1/3 of the distance between points 29 and 30 horizontally 

The inferior border of the body of C3 vertically 

35  1/2 of the distance between points 29 and 30 horizontally 

The inferior border of the body of C3 vertically 

36  2/3 of the distance between points 29 and 30 horizontally 

The inferior border of the body of C3 vertically 

37  5/6 of the distance between points 29 and 30 horizontally 

The inferior border of the body of C3 vertically 

38  1/6 of the distance between points 30 and 31 vertically 

The posterior border of the body of C3 horizontally 

39  1/3 of the distance between points 30 and 31 vertically 

The posterior border of the body of C3 horizontally 

40  1/2 of the distance between points 30 and 31 vertically 

The posterior border of the body of C3 horizontally 

41  2/3 of the distance between points 30 and 31 vertically 

The posterior border of the body of C3 horizontally 

42  5/6 of the distance between points 30 and 31 vertically 

The posterior border of the body of C3 horizontally 

43  1/6 of the distance between points 31 and 32 horizontally 

The inferior border of the body of C3 vertically 

44  1/3 of the distance between points 31 and 32 horizontally 

The inferior border of the body of C3 vertically 

45  1/2 of the distance between points 31 and 32 horizontally 
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The inferior border of the body of C4 vertically 

46  2/3 of the distance between points 31 and 32 horizontally 

The inferior border of the body of C3 vertically 

47  5/6 of the distance between points 31 and 32 horizontally 

The inferior border of the body of C3 vertically 

48  1/6 of the distance between points 32 and 29 vertically 

The posterior border of the body of C3 horizontally 

49  1/3 of the distance between points 32 and 29 vertically 

The posterior border of the body of C3 horizontally 

50  1/2 of the distance between points 32 and 29 vertically 

The posterior border of the body of C3 horizontally 

51  2/3 of the distance between points 32 and 29 vertically 

The posterior border of the body of C3 horizontally 

52  5/6 of the distance between points 32 and 29 vertically 

The posterior border of the body of C3 horizontally 

53  The most inferior and anterior part of the outline of the body of C2 

54  The most inferior and posterior part of the outline of the body of C2 

55  1/6 of the distance between points 53 and 54 horizontally 

The inferior border of the body of C2 vertically 

56  1/3 of the distance between points 53 and 54 horizontally 

The inferior border of the body of C2 vertically 

57  1/2 of the distance between points 53 and 54 horizontally 

The inferior border of the body of C2 vertically 

58  2/3 of the distance between points 53 and 54 horizontally 

The inferior border of the body of C2 vertically 

59  5/6 of the distance between points 53 and 54 horizontally 

The inferior border of the body of C2 vertically 

60 Gn Cephalometric point gnathion 

The most anterior and inferior part of the chin 

61 Go Cephalometric point gonion 

The most posterior and inferior part of the angle of the mandible 
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62 Co Cephalometric point condylion 

The most superior part of the head of the condyle 

63 Ar Cepalometric point articulare 

The point of intersection between the temporal bone and the dorsal 
contour of the articular process of the mandible  
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8.4. CERVICAL STAGE VERSUS CHRONOLOGICAL AGE 

 

Part ic ipant ID Gender Age (Years) Cerv ica l  Stage 

152 M 10 2 

152 M 11 2 

152 M 12 2 

152 M 13 3 

152 M 14 4 

152 M 16 5 

183 M 10 1 

183 M 11 1 

183 M 12 2 

183 M 13 3 

183 M 14 3 

183 M 16 5 

185 M 10 2 

185 M 11 2 

185 M 12 2 

185 M 13 3 

185 M 14 4 

185 M 16 5 

186 M 10 3 

186 M 11 3 

186 M 12 3 

186 M 13 4 

186 M 14 4 

186 M 16 5 

206 M 10 2 

206 M 11 2 

206 M 12 2 

206 M 13 4 

206 M 14 3 

206 M 16 5 

208 F 10 2 

208 F 11 1 
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208 F 12 4 

208 F 13 5 

208 F 14 5 

208 F 16 6 

230 F 10 2 

230 F 11 2 

230 F 12 3 

230 F 13 4 

230 F 14 5 

2502 F 10 2 

2502 F 11 1 

2502 F 12 2 

2502 F 13 3 

2502 F 14 4 

2574 M 10 2 

2574 M 11 1 

2574 M 12 2 

2574 M 14 3 

2574 M 16 4 

257 F 10 1 

257 F 11 1 

257 F 12 1 

257 F 13 4 

257 F 14 4 

257 F 16 5 

266 F 10 1 

266 F 11 2 

266 F 12 2 

266 F 13 2 

266 F 14 3 

266 F 16 4 

272 F 10 1 

272 F 11 2 

272 F 12 3 

272 F 13 3 

272 F 14 3 

272 F 16 4 
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289 M 10 1 

289 M 11 1 

289 M 12 2 

289 M 13 2 

289 M 14 2 

289 M 16 5 

295 M 10 1 

295 M 11 1 

295 M 12 1 

295 M 13 1 

295 M 14 2 

295 M 16 4 

352 M 10 2 

352 M 11 1 

352 M 12 2 

352 M 13 1 

352 M 14 2 

352 M 16 4 

416 F 10 2 

416 F 11 2 

416 F 12 3 

416 F 13 4 

416 F 14 4 

416 F 16 5 

421 F 10 3 

421 F 11 3 

421 F 12 3 

421 F 13 4 

421 F 14 4 

421 F 16 5 

482 F 10 2 

482 F 11 3 

482 F 12 3 

482 F 13 4 

482 F 14 5 

482 F 16 5 

545 F 10 2 
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545 F 11 2 

545 F 12 3 

545 F 13 3 

545 F 16 5 

637 M 10 1 

637 M 11 2 

637 M 12 3 

637 M 13 3 

637 M 14 4 

637 M 16 5 

706 M 10 1 

706 M 11 1 

706 M 12 3 

706 M 13 4 

706 M 14 4 

706 M 15 4 

706 M 16 5 

717 F 10 2 

717 F 11 3 

717 F 12 2 

717 F 13 4 

717 F 14 5 

717 F 16 6 

740 M 10 1 

740 M 11 2 

740 M 12 2 

740 M 13 2 

740 M 14 4 

740 M 16 5 

855 F 10 2 

855 F 11 1 

855 F 12 2 

855 F 13 3 

855 F 14 4 

855 F 16 5 

863 M 10 1 

863 M 11 1 
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863 M 12 1 

863 M 13 2 

863 M 14 2 

863 M 15 3 

863 M 16 5 
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8.5. COPYRIGHT PERMISSIONS 

 

 

 

Dear Sophie Gray, 
 
You are hereby granted permission to reprint Figure 1 from the following 
article for use in your thesis: 
 
LS Fishman,  Radiographic Evaluation of Skeletal Maturation. A Clinically 
Oriented Method Based on Hand-Wrist Films. Angle Orthod, 1982; 52: 88-
112. 
 
Please provide information citing the source of the publication in your paper. 
 
Sincerely, 
 
Steven J Lindauer, DMD, MDSc 
Editor, The Angle Orthodontist 
Norborne Muir Professor and Chair 
Department of Orthodontics 
School of Dentistry 
Virginia Commonwealth University 
 
 
On Fri, Feb 14, 2014 at 4:41 PM, Sophie Gray  <sophie@grayfamily.co.nz>  
wrote:  
Dear Professor Lindauer, 
 
Thank you for contacting Professor Farella in regards to my request to use an 
image from the Angle Orthodontist in my DClinDent thesis. I am interested in 
using figure 1 (sites of skeletal maturity indicators) from the following article: 
 
LS Fishman, 1982. Radiographic Evaluation of Skeletal Maturation. A 
Clinically Oriented Method Based on Hand-Wrist Films. 52 (2) p 88-112. 
 
Once completed, my thesis will be available in print and electronic form for 
public access via the University of Otago institutional repository. The image of 
interest will of course be fully and correctly referenced if your permission is 
granted to include it in my thesis. 
 
Thank you for your help with this and I look forward to your reply. 
 
Kind Regards, 
 
Sophie Gray 
Postgraduate Student 
DClinDent - Orthodontics 
University of Otago 
New Zealand!
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To:  Sophie Gray, University of Otago, New Zealand 
From:  Olivier Wenker, MD 
  CEO, Internet Scientific Publications LLC 
Date:   April 14th, 2014 
Re:  Use of Image 
 
 
Dear Sophie Gray, 
  
This is a permission statement for the use of Figure 1 from the following article: 
 
M Hochman, S Tuli. Cervical Spondylotic Myelopathy: A Review. The Internet Journal of Neurology. 2004 
Volume 4 Number 1. 
 
This statement includes the permission to use this image non-exclusively, for an indefinite 
period to include these materials in the digital copy of your thesis for the University of Otago, 
New Zealand.   
 
 
 
Sincerely yours, 
 

 
 
 
Olivier Wenker, MD, DEAA 
CEO, Internet Scientific Publications LLC 
Phone 832-443-1193 
wenker@ispub.com 



 93 

 

 

 

 

 



 94 

 

 

 

 

 

 

 

 

 

 

 


