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Aims: The objective of the present study was to assess the 
skeletal maturation by means of three-dimensional models 
of the cervical vertebrae generated through segmentation 
of the magnetic resonance (MR) images by using medical 
software. Methods: Twenty MR images of the skull of male 
and female individuals aged between 8 and 22 years old were 
selected. Assessment of the images was performed by using 
the ITK-SNAP software, consisting of three steps: 1) vertebral 
segmentation; 2) three-dimensional reconstruction; and 
3) classification of skeletal maturation. Two specialists 
in orthodontics and two specialists in dentomaxillofacial 
radiology assessed the images. Results: Analysis of 
reproducibility and repeatability were performed by using 
the RR method, with paired t-test also being applied to the 
repeatability factor together with Lin’s concordance coefficient. 
The significance level was set at 5%. It was found that there 
was no difference in the inter-rater reliability (P-value = 0.625), 
but without statistical repeatability. Conclusions: New tools, 
as 3D reconstruction software, enabled us to build an effective 
and friendly 3D-reconstruction system for classification of the 
skeletal maturation stages of cervical vertebrae. 
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Introduction

In medicine and dentistry it is fundamental to determine the growth process of an 
individual in order to know the related disorders in endocrinology and orthopaedics, 
as well as to assist in the diagnosis and planning of the orthodontic treatment1,2. This 
growth process has a great variability from individual to individual, being influenced 
by several factors3.

The term “skeletal maturation age” was introduced in order to analyse and differen-
tiate with greater accuracy the biological age, skeletal age and skeletal maturation 
found in the same individual4. There are different forms of estimating the matura-
tional process. However, despite the reliability of the different forms of assessment, 
the one regarding skeletal maturation is the most reliable and efficient, since the 
variations in the form and density of the bone allow to gauge the growth trajectory 
during development5.

The study of skeletal maturation is performed by means of radiographs, which serve 
to evaluate ossification centres based on the emergence or absence of certain struc-
tures and development of others6. With this aim in mind, radiographs of various parts 
of the human body are used, with hand and wrist bones being the most useful and rec-
ognised7-9. Despite being a simple and cheap method, there is a great inconvenience 
in using this method because of the extra ionising radiation to the patient10. 

Nowadays, there is an increasing tendency to use other structures to estimate 
the skeletal age, such as cervical vertebrae visualised on lateral teleradiographs. 
Studies by Franchi et al.11 and Baccetti et al.12 corroborate that this is an adequate 
method for assessing the skeletal maturation as they found a positive relationship 
between cervical vertebrae and mandibular growth during puberty. In this method-
ology, the stages representing different morphological characteristics of the cer-
vical vertebrae are defined, with each of these stages reflecting the progressive 
levels of skeletal maturation4. However, the method is considered subjective, since 
it is based on visual exams of the morphological changes in the cervical vertebrae. 
Additionally, the evaluator is required to have experience in order to establish a 
correct diagnosis13,14.

According to Mendelson and Rubin15, the advances in the computing field allows for 
the development of better software packages. Therefore, these software packages 
are of great value for radiological diagnosis16.

There are currently software packages enabling both visualisation and segmentation 
of images from magnetic resonance (MR) image and computed tomography (CT), 
including rendering and classification of 3D models17-21. This process provides import-
ant information both didactically and diagnostically, allowing better localisation of 
structures, surgical planning and exam analysis22.

There is no study in the literature showing assessment of cervical vertebrae by 
means of MR imaging. Therefore, we have proposed to develop and implement a 
semi-automatic methodology for assessing the skeletal maturation of cervical verte-
brae from MR images of the skull by using free software. 
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Material & Methods
This study was approved by the local Research Ethics Committee according to protocol 
number 999.190. The images were originally taken as part of previous MR images of the 
central nerve system and were obtained from the Laboratory of Neuroimaging of School 
of Medicine of University of Campinas (UNICAMP). There was no need to recruit further 
subjects for conduction of MR exam. Only images of subjects who had no disease which 
might result in oromaxillofacial changes were included for study. Twenty images of 
male and female individuals comprised the sample, which was divided into four groups 
of five subjects each: G1 (8-10 years old); G2 (12-14 years old); G3 (16-18 years old); and 
G4 (20-22 years old). The inclusion criteria were the following: MR images of the skull of 
individuals aged between 8 and 22 years old. On the other hand, the exclusion criteria 
were: history of facial injury due to accidents; previous orthodontic treatment; and any 
pathology making interpretation of the results difficult.

The MR images were obtained by using a 3-Tesla scanner (Phillips Achieva-Intera). 
The image acquisition parameters were: spin echo T1 weighted sagittal images (6-mm 
thickness, tip angle of 180o, TR = 430, TE = 12, 200x350 matrix, and FOV = 25x25 cm). 
These images were used to guide the acquisition plane for axial and coronal images. 

The MR images were acquired in ANALYZE format and then converted into DICOM 
format by using the MIPAV software (mipav.cit.nih.gov). The ITK-SNAP software 
(www.itksnap.org)23 was used to perform the image segmentation and to obtain 3D 
models. This software also allows for semi-automatic segmentation in which several 
colours can be chosen for the structures delineated. In the segmentation, the similar-
ity in the shades of gray among equal-density tissues allows to locate image edges 
and consequently the total mapping of the structure being studied24. 

For obtaining the 3D models from each MR image, 10 slices (84 to 94) were selected 
before thresholding of each image of the vertebrae (i.e. C2, C3, C4). After delineation, 
the vertebrae were filled with the selected colours. In the end of this process, the mod-
els were generated for analysis. 

The method used in this work was the interactive thresholding by manipulating the 
image histogram. This technique is based on determining two values termed minimum 
and maximum thresholds, which delineate in the histogram the region of interest (ROI) 
to be segmented. The segmentation was performed by grouping neighbour pixels with 
similar values at a tolerance level. Next, the segmented image is extracted from other 
surrounding structures, reconstructed and visualised three-dimensionally17,24. 

Our regions of interest were the cervical vertebrae C2, C3 and C4. The software threshold 
was used for segmentation of the images based on defining density intervals expressing, 
for example, only voxels which correspond to the desired cervical vertebra (Fig. 1a). For 
doing so, a detection algorithm is applied to each transversal slice to define each contour. 
After some tests with several detection algorithms, we found the most satisfactory one 
for the purposes of this study. Each object was assigned a label for identification. 

After mapping the vertebra, the 3D reconstruction of the object was performed (Fig. 1b). 
Image assessment was conducted by two orthodontists and two oral radiologists, pre-
viously calibrated, who used supporting material containing skeletal maturation stages 

http://www.itksnap.org
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and description of each stage as suggested by Hassel & Farman (1995). The evaluators 
analysed and evaluated the twenty 3D images and then answered a 3-item question-
naire on the method used. They re-evaluated the images after 1-week interval.

Exploratory analysis of the data was carried out based on resumed measurements 
(i.e. mean, standard deviation, minimum, median, maximum values) and graph con-
struction. Analysis of repeatability and reproducibility of the method was performed 
by using the RR method. For assessment of repeatability, the paired t-test for each 
evaluator and Li’s concordance coefficient were used at significance level of 5% by 
using the Minitab statistical software, version 16 R302.

Results
Table 1 shows the measurements of position and dispersion per evaluator and repe-
tition; the elaboration and conduction of the study on repeatability and reproducibility 
of the method. 

In the graph of variation components, the contribution percentage of the patients is 
higher than that of study, demonstrating that the largest part of the variation found 
in the study is due to differences between patients, but more than 30% (63.02) of the 
variation is due to measurement system (Fig. 2). 

Table 1. Measurements of position and dispersion of skeletal maturation per evaluator and repetition.

Evaluater Repetition N Mean SD Minimum Median Maximum

1 1 20 3.2 1.2 1.0 3.5 5.0

1 2 20 3.5 1.3 2.0 3.5 6.0

2 1 20 2.8 1.7 1.0 2.0 6.0

2 2 20 3.4 1.9 1.0 3.0 6.0

3 1 20 3.0 1.3 1.0 3.0 5.0

3 2 20 3.7 1.2 2.0 3.0 6.0

4 1 20 3.3 1.4 1.0 3.5 5.0

4 2 20 3.2 1.4 1.0 3.0 6.0

Figure 1. a) Segmentation of vertebra C3 by using the software ITK-SNAP; b) 3D model of vertebrae C2, 
C3 and C4 generated by segmentation.
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In the graph per patient, there are differences between patients as expected and 
shown by the non-linear straight line linking their mean values. In the graph per evalu-
ator, there is a small difference between the evaluators as also expected and shown 
by the almost non-linear straight line linking their mean values (Fig. 2). 

In the x-bar graph per evaluator, the majority of the points are within the limits, indi-
cating a variation in the measurement system. The graph evaluator*patient shows an 
interaction between these two variables (P-value = 0.017), indicating that there was 
a difference in the process of assessment made by each evaluator regarding each 
patient (Fig. 2).

It was found that there was no difference between the evaluators (P-value = 0.625), 
despite the poor repeatability. Paired t-test was performed for each evaluator in 
order to compare their answers between the repetitions. No statistically signif-
icant differences were found between the repetitions performed by evaluators 1 
(P-value = 0.110) and 4 (P-value = 0.847). There was found no statistically significant 
difference between the two repetitions performed by evaluator 2 (P-value = 0.077). 
On the other hand, a significant difference was observed between the repetitions 
performed by evaluator 3 (P-value = 0.004). The Lin’s concordance coefficient 
showed around a coefficient of 0.7.
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Figure 2. Study of repeatability and reproducibility of the method.
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Discussion
Hand-wrist radiograph has been used in the orthodontic practice for assessment of 
the ossification centres, as it is possible to find distinct modifications in each one 
during their development. These changes are used to inform the orthodontist about 
the period of skeletal maturation in which the patient is7-9. Fishman7 observed a syn-
chronism in the growth of several body structures, showing that the information on 
hand and wrist structures can be used for assessing the general growth of the body 
and face as well1,10,25.

Although the hand-wrist radiograph is consecrated in the orthodontic practice, there is 
currently a trend towards the use of alternative methods for determination of the growth 
spurt, such as the observation of cervical vertebrae6,8,26. According to  Hassel and Farman4, 
the cervical vertebrae are viewed on lateral teleradiographs comprising the routine doc-
umentation of patients who are submitted to orthodontic and/or functional orthopaedic 
treatment, which can reduce the amount of ionising radiation to the patient9,13.

The efficacy in using cervical vertebrae by means of lateral teleradiography was also 
evaluated by Wong et al.1, Kucukkles et al.6, Flores et al.8, Danaei et al.9, Caldas et al.13, 
Gandini et al.25 and Mahajan27, who concluded that this alternative method is a reliable 
parameter to assess the skeletal maturation as it helps to determine the best time to 
initiate the orthopaedic intervention in patients in the stage of craniofacial growth. The 
range of information provided by the assessment of cervical vertebrae can replace the 
traditional method based on hand-wrist radiographs, thus simplifying the orthodontic 
routines the patients face and preventing additional dose of ionising radiation to them.

Assessing the cervical vertebral maturation using MR images is suggested by the 
present study, since there is no work in the literature relating visualisation methods 
to interpretation of the skeletal maturation. We consider that our work is a pilot study 
because it addresses an innovative method in the dentistry field, favouring the patients 
as they are less exposed to ionising radiation. However, it is natural that many biases 
emerge during the development of a study method. 

According to the results found, it is suggested that the number of evaluators should 
be higher in further studies and that they should be rigorously trained, since it is known 
that assessment of 3D models requires a qualified evaluator. On the other hand, this 
method is easy and quick to understand and this has encouraged us to improve it in 
further studies. The fact that the evaluator can also manipulate the image of the ver-
tebrae by using software makes this method dynamic and non-static. 

The method of assessing the cervical vertebrae by means of magnetic resonance imag-
ing, as suggested in our study, has innovated the dental and medical scopes scientifi-
cally as the patient is less exposed to radiation. Demystifying the use of 3D image in the 
final diagnosis is part of our ongoing achievement for advance of imagenology. 

Conclusion
According to the methodology applied and the results obtained, one can conclude 
that there was no difference between the evaluators despite the poor repeatability. 
The method’s reproducibility depends on systematisation of the measurements, since 
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the assessment of 3D images requires well-trained evaluators. The skeletal matura-
tion stages of the cervical vertebrae followed the same pattern, suggesting that this 
proposed methodology deserves to be improved as no ionising radiation is involved. 
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