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Structured Abstract

Objectives — This study aimed to determine the viability of using axial
cervical vertebrae (ACV) as biological indicators of skeletal maturation
and to build models that estimate ossification level with improved explan-
atory power over models based only on chronological age.

Materials and Methods — The study population comprised 74 female and
47 male patients with available hand-wrist radiographs and cone-beam
computed tomography images. Generalized Procrustes analysis was used
to analyze the shape, size, and form of the ACV regions of interest. The vari-
abilities of these factors were analyzed by principal component analysis.
Skeletal maturation was then estimated using a multiple regression model.
Results — Separate models were developed for male and female partici-
pants. For the female estimation model, the adjusted R? explained 84.8%
of the variability of the Sempé maturation level (SML), representing a
7.9% increase in SML explanatory power over that using chronological
age alone (76.9%). For the male estimation model, the adjusted R? was
over 90%, representing a 1.7% increase relative to the reference model.
Conclusions — The simplest possible ACV morphometric information pro-
vided a statistically significant explanation of the portion of skeletal-matu-
ration variability not dependent on chronological age. These results verify
that ACV is a strong biological indicator of ossification status.

Key words: axial cervical vertebra maturation; geometric morphometrics;
principal component analysis; Procrustes analysis; Sempé maturation level

Introduction

The assessment of craniofacial growth and development is a
crucial component of orthodontic diagnosis, especially when
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considering growth modification and orthogna-
thic surgery as treatment options. For this rea-
sought valid
identifiers of somatic ossification status to sup-
port the assessment of mandibular skeletal-mat-
uration level. Previously determined identifiers
include chronological age, dental development,
sexual maturation, voice change, and body
height, and these identifiers have been used to
develop many maturation indices for determin-
ing treatment timing (1-4).

Unfortunately, while it is of the utmost clinical
convenience, chronological age alone is not a

son, many researchers have

reliable indicator of skeletal maturation. Among
other maturation indices, cervical vertebral mat-
uration (CVM) methods based on lateral cepha-
lometric films—such as those developed by
Todd and Pyle, Lamparski, and Hassel and Far-
man (5-7)—have proved effective for assessing
adolescent growth peaks of both body height
and mandibular size (8, 9). O'Reilly and Yanni-
ello (2) evaluated the relationship between CVM
and mandibular growth changes, and Franchi
et al. (8) confirmed the validity of six CVM
stages as biological indicators of both somatic
and mandibular skeletal maturation. However,
Gabriel et al. (10) raised concerns about the
poor reproducibility of CVM methods, noting
that the interobserver agreement was below 50%
and the intraobserver agreement was only
slightly better at 62%.

To improve CVM analysis and make it applica-
ble to more patients, Chen et al. (11) used fewer
vertebral bodies and more sensitive staging
parameters for quantitative CVM assessment. To
examine CVM in a more quantitative and statis-
tical-analytical regard, Chatzigianni and Halaz-
onetis (12) applied geometric morphometric
analysis to the evaluation of cervical vertebrae
shape. Statistical shape analysis involves the
geometric analysis of a set of shapes, through
which relevant statistics are measured to identify
similar geometric properties among different
groups. Important uses of shape analysis include
determination of distance between shapes, esti-
mation of average shapes from samples, and
estimation of shape variability among samples
(13). While these previous CVM studies have
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used the lateral aspect, in the present study we
investigated CVM from the axial aspect, examin-
ing the cervical vertebral structure. To this end,
we applied cone-beam computed tomography
(CBCT), which is a useful tool for investigating
axial cervical vertebrae (ACV) structure (14, 15).
We also utilized three-dimensional image analy-
sis software programs, which are useful shape-
analysis tools for extracting landmark coordi-
nates in a region of interest (ROI). To quantitate
growth status validated from hand-wrist radio-
graphs, we used the Sempé maturation level
(SML; 16), which we found to be highly corre-
lated with Fishman’s skeletal-maturation index
(FMI).

With these tools, here we investigated the via-
bility of using axial cervical vertebrae maturation
(ACVM) as a biological indicator of skeletal mat-
uration. We further aimed to simultaneously
build a model that best estimated ossification
level, with improved explanatory power over that
of a model based only on chronological age. The
ultimate goal of this study was to find statisti-
cally significant ROIs in ACV shapes, which
would improve prediction models using hand-
wrist radiographs when utilized in addition to
the reference chronological-age-based simple
linear model.

Materials and methods

The sample population comprised 74 female and
47 male patients who were 6-18 years of age
and had available hand-wrist radiographs
(PM2002CC; Plameca, Helsinki, Finland) and
CBCT images (Pax-zenith3D; Vatech, Seoul,
Korea). Exclusion criteria were cleft lip and/or
palate, trauma, or syndromes (Table 1). This
study was reviewed and approved by the Institu-
tional Review Board of Pusan National Univer-
sity Hospital (E-2011008).

All hand-wrist radiographs were evaluated by a
single investigator to determine the SML and
FMI (38). The FMI is more widely used by clini-
cians, and statistical analysis was performed to
confirm the correspondence between FMI and
SML. CBCT data were acquired on the same date



Table 1. Descriptive statistics of subjects

Sample size (gender/number) Female/74 Male/47
Chronological age

Mean 14.6 14.0
Max 18.0 18.0
75% quartile 16.6 16.5
Median 15.3 151
25% quartile 13.6 12.1
Min 55 59
Sempé maturation level (SML)

Mean 830.6 712.7
Max 948.0 928.0
75% quartile 909.0 894.0
Median 879.5 850.0
25% quartile 827.5 641.0
Min 202.0 131.0
Fishman'’s skeletal-maturation index (FMI)

Mean 9.4 7.4
Max 1 11
75% quartile 11 11
Median 11 10
25% quartile 10 4
Min 1 1

as the hand-wrist radiographs. CBCT was
performed with the subject in an upright posi-
tion for maximum intercuspation. The FH plane
was set parallel to the floor. The CBCT scanning
settings were as follows: field of view,
20 x 19 cm; tube voltage, 90 kVp; tube current,
4.0 mA; and scan time, 24 s. The CBCT data
were reconstructed with 3D imaging software
(OnDemand3D; Cybermed Co., Seoul, Korea).
CBCT data were used for axial CT image acquisi-
tion of ACV shapes. ACV images were obtained
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using 3D image software with a window width
of 4000 and window level of 1000.

Axial CT image acquisition protocol

We designed and tested an ACV image scanning
protocol for reproducible acquisition. This proto-
col used the atlas (C1) of each subject as a basis
and axis for axial image scanning (Fig. 1). Main-
taining the vertical axis, a band of image layers
was chosen for each cervical vertebra in the sag-
ittal view. For maximally distinguishable image
acquisition, C1 and the axis (C2) were assumed
to share the same vertical axis, and the third
(C3) and fourth (C4) cervical vertebrae were
assumed to share another axis. The procedure
was as follows (Fig. 2):

1. CI: A band of axial image layers was chosen
to maximize the band width within the pos-
terior arch, with neither the upper nor the
lower border of the band trespassing on
either the upper or lower cortical lamina in
the sagittal view;

2. C2: A band was chosen to encompass the
whole vertical span of the posterior arch;

3. In sagittal view, the origin was relocated to
the lowermost point of the posterior lamina
of the C4 body, followed by adjustment of the
vertical axis so as to pass through the upper-
most point of the posterior lamina of the C3
body farthest from the new origin;

4. C3 and C4: A band of axial image layers was
chosen within each C3 and C4 body, with the
width of each maximized so as to not trespass
on the lower border of the cortical lamina of
the body but to encompass the whole anterior
curvature of the corresponding body.

Fig. 1. Axial CT image acquisition protocol: setting of C1 origin. (A) Axes origin located at the most posterior point of the atlas
(C1) in sagittal view. (B) Most anterior and posterior points of C1 used as the anterior—posterior axis in axial view. (C) Vertical axis
adjusted to pass through the foramen magnum midpoint in coronal view.
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Fig. 2. Axial CT image acquisition protocol: chosen bands of C1-C4 axial image layers and axial cervical vertebrae (ACV) images.
(A, E) Band of C1 axial image layer and obtained maximum intensity projection (MIP) ACV image. (B, F) Band of C2 axial image
layer and obtained multiplanar reformation (MPR) ACV image. (C, G) Band of C3 axial image layer and obtained MPR ACV image.
(D, H) Band of C4 axial image layer and obtained MPR ACV image.

When a band was chosen for the correspond-
ing cervical vertebrae, an axial image was
acquired in the axial view. For improved distin-
guishability, maximum intensity projection
(MIP) images were acquired and used for C1
shape analysis, as were multiplanar reformation
(MPR) images for other vertebrae.

Generalized Procrustes analysis and principal component

analysis

In preparation for Generalized Procrustes analy-
sis (GPA), a set of landmarks was placed in each
ACV to generate potential ROIs. The landmarks
were chosen and subjected to coordinate extrac-
tion. The landmarks composing each ROI for
ACV1 to ACV4 are shown and defined in Fig. 3
and Table 2. Axial cervical vertebrae landmark
identification for each subject was performed by
a single investigator, after which each landmark
was electronically marked and its corresponding
x—y coordinates were extracted using DentPhoto-
Ceph (Akerrmedia, Tksan, South Korea). Statisti-
cal computation was performed using the

language R (Vienna, Austria), a widely used sta-
tistical program and open-source software.

For each subject, a full GPA was performed to
analyze the shapes and sizes of the ACV ROlIs,
and a partial GPA was applied to analyze the
forms (13, 17). Immediately thereafter, a princi-
pal component analysis (PCA) was performed to
analyze the variabilities of these factors among
the subjects (13). The PCA yielded two PCl
scores for each ROI, in both shape space and
form space, with centroid size as the size factor.
The shape and form PC1 scores summarized the
largest percentages of shape and form variability,
respectively, with the dimensions of such spaces
greatly reduced to 1 if only the first PC score
was used.

The meaningful ROIs of each ACV were
selected using multiple regression models to test
their viability as biological predictors of skeletal-
maturation level that improved the SML explan-
atory power of the simple chronological-age-
based regression model. In the final stage of
analysis, multiple regression models based on
such viable biological predictors were assessed

Fig. 3. Model regions of interest (mROIs) for each axial cervical vertebra (ACV) and their landmarks: atlas, C1 (A); axis, C2 (B);
third cervical vertebra, C3 (C); fourth cervical vertebra, C4 (D).
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Table 2. Landmark defined from model region of interest (mROI)

Yang et al. Axial cervical vertebra maturation method

Number in
mROI Landmarks Fig. 3
1st Axial cervical vertebra Vertebral foramen Most anterior point (1)
Most posterior point (2)
Most distant point, right and left (3) Rt. and Lt
Deepest point from odontoid process located anteriorly to (4) Rt. and Lt.

anterior 1/2 of odontoid process and where curvature of

articular surface begins, right and left

Farthest point away from line joining (3) and (4) and located  (5) Rt. and Lt.
between (3) and (4), right and left

2nd Axial cervical vertebra  Posterior arch triangle ~ Most posterior point in vertebral foramen (1)
Most distant point of the vertebral arch, right and left (2) Rt. and Lt.
3rd and 4th axial cervical Vertebral foramen Most posterior point of vertebral body (1)
vertebrae (ACV3, ACV4) Most posterior point of vertebral foramen (2)
Most distant point of vertebral foramen, right and left (3) Rt. and Lt.
Deepest possible point of anterior part of vertebral foramen (4) Rt. and Lt.
from line joining (1) and (3) located on posterior lamina of
vertebral body, right and left
Vertebral body Most anterior point of vertebral body (5)
Most distant point of vertebral body, right and left (6) Rt. and Lt.
Most posterior point of vertebral body (1)
Same points as in ACV4 (4), right and left (4) Rt. and Lt.

in terms of the statistical significance of their
estimates. Those models that attained the most
acceptable statistical significance of model struc-
ture and estimates were selected, with different
models chosen for the female and male subpop-
ulations.

Results

Pearson’s correlation coefficients were used to
demonstrate the correspondence between the
SML and FMI. For the female and male patients,
these values were 0.950 and 0.956, respectively,
suggesting a potentially strong commutability of
SML and FMI results. Shapiro-Wilk testing con-
firmed normal distributions of SML and FMI
within the sample (Tables 3 and 4). The intra-
and interobserver errors were evaluated using in-
traclass correlation coefficients (ICCs) and Co-
hen’s kappa index. The intra- and interobserver
reliabilities for SML and ROI landmarks were

very high according to the ICC (means of 0.993
and 0.990, respectively), and Cohen’s kappa
index for FMI also showed substantial agree-
ment (means of 0.805 and 0.779, respectively).
Based on the GPA and PCA results, PC1 scores
were used to construct a multiple regression
model for estimation of skeletal maturation. For
the female subpopulation, the form-space PCls
of ACV1, ACV2, and ACV3 improved the estima-

Table 3. Shapiro-Wilk normality test

Shapiro-Wilk W p-Value
Female
FMI 0.618 <0.001
SML 0.656 <0.001
Male
FMI 0.790 <0.001
SML 0.774 <0.001

FMI, Fishman'’s skeletal-maturation index; SML, Sempé matura-
tion level.
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Table 4. Correlation between Sempé maturation level
(SML) and Fishman’s skeletal-maturation index (FMI)

Female Male
Pearson’s R (95%) 0.950 0.956
Spearman’s correlation coefficient 0.792 0.897
Kendall’s t 0.692 0.785

Table 5. Model regions of interest (mROIs) for estimation
models and corresponding indicator spaces

mROI Indicator space
Female
ACV1 Vertebral foramen Form
ACV2 Posterior arch triangle Form
ACV3 Vertebral foramen Form
ACV4 n/a n/a
Male
ACV1 n/a n/a
ACV2 n/a n/a
ACV3 Vertebral body Size
ACV4 Vertebral foramen Size

ACV1, first axial cervical vertebra; ACV2, second axial cervical
vertebra; ACV3, third axial cervical vertebra; ACV4, fourth axial
cervical vertebra.

tion model relative to the SML simple regression
model based on only chronological age. In con-
trast, in the male subpopulation, only ROI size
was significant as a biological indicator. The
model ROI (mROI) landmarks are defined in
Table 5.

Following the selection of ACV1 vertebral fora-
men as the first mROI (mROI,), the ACV2 pos-
terior arch triangle and ACV3 vertebral foramen
were selected as mROI, and mROI3, respectively,
for the female estimation model. Only the first
PC scores of model ROIs were used as predictors
to maintain the simplicity of the prediction
model while still best representing essential
morphological information.

The SML estimation models for the female
and male subpopulations were each summarized
and compared with the reference model
(Table 6). In both models, no shape-related pre-
dictor was found to be statistically significant.
Rather, in each model, the improvement was
imparted by the size of each mROI, the ACV3
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vertebral body as mROI,, and the ACV4 vertebral
foramen as mROL.

In the female SML estimation model, R* was
used as a measure of the extent to which indi-
vidual variations are explained by chronological
age and the forms of the first-to-third ACVs.
There was an approximately 8% increase in pre-
dictive power compared with the reference
model using only chronological age. However,
there should be more emphasis on adjusted R°.
In the statistical perspective, a higher adjusted
R? confirms cross-validity of its corresponding
prediction model, demonstrating that the model
validity should hold for another sample drawn
from the same population. Accordingly, 7.9%
enhancement would still be expected to hold for
another sample from the same population
group. With respect to the adjusted R® of the
female model, whereas chronological age alone
could explain 76.9% of the SML variability, the
form-space PCls of mROI; to mROI; explained
84.8%, representing a 7.9% increase in the mod-
el’s explanatory power overall. For the male esti-
mation model, the adjusted R* was above 90%,
representing a 1.7% increase relative to the refer-
ence model. The 95% PI width average was
285.6 SML units for females and 331.4 SML units
for males, equivalent to 1.86 and 2.15 years in
chronological age, respectively.

In the female model, the forms of the ACV1
vertebral foramina, ACV2 posterior arch triangle,
and ACV3 vertebral foramen changed indepen-
dently as ossification proceeded. In the male
model, ACV3 and ACV4 were seemingly similar,
but changed independently over the course of
skeletal maturation. These results supported that
the extracted forms of ACVs in the female model
and their size in the male model were indepen-
dent of chronological age with respect to SML
variability. These estimation models enhanced
the predictive power compared with models
using chronological age alone. Another signifi-
cant aspect of these estimation models was the
absence of significant multicollinearity between
SML predictors in both the female and male
models, which was confirmed by multicollineari-
ty tests based on the variance inflation factor
(VIF) and the tolerance statistic.
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Discussion

Our results demonstrated that statistical shape
analysis could be used to find specific objects in
ACV images. The present study used full GPA and
partial GPA to analyze the shape, size, and form
of the ROIs of 74 female and 47 male patients.
Additionally, a PCA was performed to analyze the
between-subject variabilities of these factors.
Specifically, the variabilities of the shapes, sizes,
and forms were decomposed into orthogonal
components, with the first principal component
(PC1) explaining the highest variability.

The use of additional PC scores, including suc-
cessive PC2 scores, would enable the model to
contain more information on the shape and form
variability of the subject and could enhance the
R’ ofa multiple linear regression model. However,
to maintain acceptable simplicity in the present
prediction model, we used only PC1 scores of
shape and form spaces. Thus, in the process of
model selection, we chose only indicator variables
attaining strong statistical significance.

In the present study, we developed an ACVM
method to investigate a biological indicator of
skeletal maturation. Our analysis showed the
main features of the ACVM method to be the
following: 1) minimum subjectivity in ACV
image assessment; 2) minimum number of land-
marks used but with maximum distinctiveness;
3) valid prediction of skeletal-maturation level
using GPA; 4) identification of age-independent
biological indicators of skeletal maturation; and
5) identification of intra-independent biological
indicators of skeletal maturation. The first two
features were based on the methodology, while
the third was achieved by constructing a multi-
ple regression model of SML based on mROlIs.
The last two indicators—age independency and
intra-independency—were found among the pre-
dictor relationships and were identified while
verifying the nonexistence of multicollinearity
among the indicators in the model.

The age independency of predictors indicates
that the mROIs are independent from chrono-
logical age in explaining SML variability. When
using conventional lateral images of cervical
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vertebrae to extract morphometric information
that may reflect skeletal-maturation levels, it is
intrinsically difficult to obtain statistically signifi-
cant estimates. The lateral shapes endow vertical
dimensionality, which correlates with body
height and is thus positively related to chrono-
logical age. Therein, the problem of severe mul-
ticollinearity arises. But, the ACVM model is
unfettered from this issue and can thus improve
the reference model based on chronological age.
We demonstrated this through a series of tests
of tentative ROIs, after which the mROI selec-
tions were finalized and applied to the SML esti-
mation model as valid biological indicators.

Our results showed that among female
patients, the forms of the ACV1 vertebral fora-
men, ACV2 posterior arch, and ACV3 vertebral
foramen explained the skeletal-maturation level
almost independently. Regarding landmark loca-
tions and their spatial relationship, the ACV1
proximal curvature and size of the articular sur-
face are embedded in the ACV1 ROI form space.
Hence, its form-space PC score conveys infor-
mation on the form of articular surfaces that
adjust their forms to adapt to morphological
changes in the cranial base or any functional
demands in the region throughout skeletal mat-
uration. The ACV2 posterior arch reflects an
increased skeletal mass upon ossification in the
craniofacial area. Finally, the ACV3 vertebral
foramen provides information on latent factors
corresponding to the skeletal-maturation level,
other than those reflected in ACV1 and ACV2.

With each ACV almost independently repre-
senting SML variations, the portion of SML vari-
ation explained by each biological indicator can
be understood by the coefficient estimate. The
ACV1, ACV2, and ACV3 coefficient absolute val-
ues were 0.66, 1.67, and 1.45, respectively, sug-
gesting that the ACV2 posterior arch explains
more of the SML variation than ACV1 and ACV3.
In the male model, the mROI of ACV3 was
weighted with the coefficient estimate of 2.62,
which was approximately 2.7 times that of ACV4
(0.97). This implies that ACV3 predominates over
ACV4 in its influence on SML, even though
the ACV3 vertebral body and ACV4 vertebral



foramen independently explain male SML varia-
tion. The mROIs in these estimation models are
meaningful, as they substantiate skeletal matura-
tion by responding to it morphologically. The
findings of variation in the coefficient estimates
among the mROIs of each ACV confirm the dif-
fering responses of ACVs to skeletal maturation
in females and males.

In cervical vertebrae function, head-nodding
movement is performed predominantly through
flexion and extension at the atlanto—occipital
joint. The atlas articulates with the occipital con-
dyles, and its primary motions are flexion and
extension (18, 19). The weight of the head is
transferred to the cervical spine through the lat-
eral atlanto-axial articulations of the axis. The
superiorly directed odontoid process extending
from its body rests within a facet on the atlas
that is created by the anterior arch, allowing the
atlas and head to rotate from side to side as one
unit (19). At the C2-through-C3 junction, the
axis body acts as a ‘root’ within C3, securing the
upper cervical spine in the remaining cervical
column (18). The articulating surfaces of the
inferior and superior intervertebral joints are
similar to a saddle joint, maintaining anterior—
posterior and medially and laterally directed
concavities (20). These functional demands can
induce horizontal morphologic changes as skele-
tal maturation proceeds. This concept is sup-
ported by our present study, wherein axial
cervical vertebral morphology was utilized and
validated as a viable predictor of skeletal-matu-
ration status.

The final female and male SML estimation
models and their statistical significances indicate
that some latent factors that cause individual
discrepancies between somatic growth level and
chronological age are morphometrically reflected
in ACV and can be captured in the form of PC
scores through GPA and PCA. We observed that
female skeletal maturation involved more shape-
specific ossification, while SML variation in
males was indicated by ROI size rather than
shapes. Such dimorphism might reflect diver-
gence in the course of ossification between
females and males. A more explicit explanation
based on the anatomy or physiology of cervical
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vertebrae is beyond the scope of this study and
will require further analysis.

While most previous CVM studies have
approached the lateral aspect, here we focused
on the axial aspect. Although both aspects are
known to be associated with factors such as
craniofacial morphology and craniocervical pos-
ture (21-24), few studies have investigated axial
cervical vertebral structure or function. There-
fore, further related studies and three-dimen-
sional CVM, including both lateral and axial
aspects, are needed to improve the present
method of determining skeletal maturation. Fur-
thermore, as the present study was carried out
in a Korean population, additional studies
across different ethnicities should be per-
formed to create a further generalized estima-
tion model.

Conclusion

An ACVM method utilizing distinctive anatomi-
cal landmarks was confirmed to be useful in
explaining individual variability in skeletal matu-
ration. To maintain the objectivity of the axial
image acquisition protocol, GPA was used to
analyze the simple ACV shape and form rather
the full shape. Thus, the ACVM utilizes simple
ACV-extracted morphometric information to
construct a model to estimate skeletal-matura-
tion status. The simplest morphometric informa-
tion from ACV provides a statistically significant
explanation of the portion of skeletal-maturation
variability not dependent on chronological age.
Overall, the present results verify ACV as a bio-
logical indicator of ossification status and recon-
firm the value of ACV as one of few available
quantifiers of skeletal maturation.

Clinical relevance

We found that CBCT images were useful for
examining the ACV and their morphologic
changes. Our results demonstrated that the
ACVM method led to improved prediction of
skeletal maturation in a Korean population. This
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method represents a new way of utilizing readily
available CBCT images or medical CT scans

taken as part of a patient’s clinical evaluation,

thus enhancing the cost-effectiveness of CT
images. Furthermore, based on the high distinc-

tiveness of landmarks used in the present study,
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