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fractal analysis

Objective: The purpose of this study was to determine whether the results
of fractal analysis can be used as criteria for midpalatal suture maturation
evaluation. Methods: The study included 131 subjects aged over 18 years of
age (range 18.1-53.4 years) who underwent cone-beam computed tomography.
Skeletonized images of the midpalatal suture were obtained via image
processing software and used to calculate fractal dimensions. Correlations
between maturation stage and fractal dimensions were calculated using
Spearman’s correlation coefficient. Optimal fractal dimension cut-off values
were determined using a receiver operating characteristic curve. Results:
The distribution of maturation stages of the midpalatal suture according to
the cervical vertebrae maturation index was highly variable, and there was a
strong negative correlation between maturation stage and fractal dimension
(-0.623, p < 0.001). Fractal dimension was a statistically significant indicator
of dichotomous results with regard to maturation stage (area under curve =
0.794, p < 0.001). A test in which fractal dimension was used to predict the
resulting variable that splits maturation stages into ABC and D or E yielded an
optimal fractal dimension cut-off value of 1.0235. Conclusions: There was a
strong negative correlation between fractal dimension and midpalatal suture
maturation. Fractal analysis is an objective quantitative method, and therefore
we suggest that it may be useful for the evaluation of midpalatal suture
maturation.
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INTRODUCTION

Orthopedic expansion of the palate was first described
approximately 150 years ago in a case review by Angell.'
It has also been reported that in growing children,
expansion of maxillary width can improve posterior cross
bite, increase nasal width, reduce nasal resistance, and
improve breathing.” However, there are many potential
pitfalls associated with rapid maxillary expansion (RME)
treatment in adults, due to closure of the midpalatal
suture and the strong buttress of the sphenoid,
zygomatic, and nasal bones and the nearby structures.’
Owing to these factors, RME treatment in adults can
induce bending of the alveolar bone, compression of
the periodontal ligament, resorption of the buccal root,
perforation of the buccal alveolar bone, severe pain,
periodontal side effects, and gingival recession of the
maxillary molar area.* Therefore, when non-surgical
expansion of the midpalatal suture is deemed impossible
in an adult, RME can be performed by surgical means
via osteotomy of the midpalatal suture and corticotomy
of the nearby skeletal structure.

In adults, surgically assisted rapid maxillary expansion
(SARME) has advantages such as improved nasal
breathing, aesthetic enhancement due to reduction of
the buccal corridor, and reducing the potential need
for extraction treatment.” However, it is also reportedly
associated with disadvantages including pressure-related
non-infectious frank necrosis (in approximately 1.8% of
cases),’ bleeding and infection during surgery, joint pain,
periodontal problems, recurrence,” and a requirement
for surgery with hospitalization. Another limitation of
SARME is that it generally cannot be performed when
the discrepancy in width requires an improvement of
more than 7 mm.’

Currently, if the midpalatal suture has already closed in
an adult, the only method of resolving the discrepancy
in width is SARME. However, if the degree of closure
of the midpalatal suture can be accurately determined,
the traditional RME method may be used for expansion
of the palate, even in aged patients. In general, the
midpalatal suture is known to start closing at the ages of
14-15 years in female subjects and 15-16 years in male
subjects,” and thereafter closure of the midpalatal suture
increases until the age of approximately 30 years in both
sexes. However, the timing and degree of maturation
vary substantially between individuals, and closure
usually begins posteriorly and progresses anteriorly. '
The rate of ossification throughout the suture area
is slow in all individuals, and the highest ossification
rate in the older age group was reportedly only 13.1%
with a 44-year-old male subject.”" A recent quantitative
study based on micro-computed tomography (micro-CT)
suggests that the degree of ossification or maturation

324

http://dx.doi.org/10.4041/kjod.2016.46.5.323

of the midpalatal suture may be extremely low, and that
the degree of interdigitation is independent of age."

Most reports on the degree of closure of the midpalatal
suture published to date are histological micro-CT
studies based on autopsies,”” but the methods used in
these studies cannot be clinically applied to patients
for diagnostic purposes. A recently developed method
involving descriptive evaluation of the midpalatal suture
via cone-beam computed tomography (CBCT) imaging
has been proposed,'* but that method entails potential
variability among observers with regard to selecting the
regions of interest (ROIs), and the quality of the images
utilized. Therefore, it is necessary to develop a CBCT-
based method incorporating more objectively selected
ROIls, in order to determine the degree of closure of the
midpalatal suture."

Studies of the shape of human cranial sutures suggest
that a suture can be seen as a fractal pattern with high
confidence.'® “Fractal”, a term first used by Kauffman'’
in the 1970s, includes the concepts “break” and
“fragment”. The first fractal analysis of cranial suture in
mammals was conducted in the 1980s.'® Subsequent
studies incorporating fractal analysis showed that fractal
dimensions are proportional to localized stress,' and
that more complex suture forms are associated with
a smaller distance between the two relevant bones.”
However, there have been no fractal studies on sutures
other than those investigating cranial sutures, and a
distinct lack of fractal studies using CBCT have been
reported.

The purpose of this study was to evaluate the correla-
tion between fractal dimension and maturation of the
midpalatal suture with CBCT data, and to determine
whether the results of fractal analysis may be used
as criteria to determine maturation stage in a clinical
setting.

MATERIALS AND METHODS

Selection of experimental groups

A selection of adult patients hospitalized at the
orthodontics department at Pusan National University
Dental Hospital in 2013 (144 in total, 72 men and 72
women) who underwent CBCT imaging (Zenith 3D;
Vatech Co., Gyeonggi-do, Korea) for diagnostic purposes
were enrolled in the study. Thirteen patients breached
the inclusion criteria (lesions, incisive canal cysts or
impacted teeth; congenital bone defects, cleft palate;
sinus pneumatization in the midpalatal area), resulting
in a final subject pool of 131 patients (69 men and
62 women) with a mean age of 24.1 + 5.9 years (male
subjects 23.1 + 5.8 years, female subjects 25.2 + 5.9
years) and an age range of 18.1-53.4 years. The cervical
vertebrae maturation (CVM) index distribution of the
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patients is shown in Table 1. This study was approved
by the institutional review board of Pusan National
University Dental Hospital (PNUDH-2014-018).

CBCT imaging

While undergoing CBCT, the patients stood in line with
the Frankfort horizontal plane, parallel to the ground
surface and in the maximum intercuspal position. The
CBCT settings used were: field of view 20 x 19 cm; tube
voltage 90 kVp; tube current 4.0 mA; scan time 24 s).
Using a CT analysis program (Ez3D 2009; Vatech Co.),
antero-posterior reference lines on the axial plane were
set to pass at the midpalatal suture, and a horizontal
reference line on the coronal plane was set to coincide
with the line connecting the center of the palate in the

Table 1. Demographics of the sample group

Sex CVMV CVM VI Total
Male 9 60 69
Female 12 50 62
Total 21 110 131

CVM, Cervical vertebrae maturation.

maxillary first molar area. A panoramic curve was then
configured for the antero-posterior connection on the
sagittal plane crossing the midpalatal suture. Thickness
was set to 0 mm to avoid surrounding structures (i.e.,
the vomer) being mistaken for a radiopaque region
of the midpalatal suture. A curve was then defined to
connect the vertical center of the bone constituting the
midpalatal part (Figure 1). All CBCT images were taken
under the same voltage and current conditions without
adjustment of the contrast or brightness, and then
captured under the same conditions (window level, 1,298
HU; width, 4,498 HU).

Classification of maturation stages of the midpalatal
suture

The maturation classification system suggested by
Angelieri et al.'"* was used, whereby 5 different types
of midpalatal sutural morphology are distinguished
based on intermaxillary bony line shapes. An example
of the images classified is shown in Figure 1D. Each
image was classified into stages A-E. These descriptive
stages of midpalatal suture maturation determined via
standardized CBCT cross-sectional images in the axial
plane were as follows: A, straight sutural line with

Figure 1. Cone-beam computed tomography (CBCT) imaging. A, Antero-posterior reference lines in the axial plane;
the line passing through the midpalatal suture. B, A horizontal reference line in the coronal plane; the line connecting
the center of the palate in the maxillary first molar area. C, Generation of a panoramic curve that connects the vertical
center points of the palate in the sagittal plane passing through the midpalatal suture. D, Palatal area after generating
the panoramic curve. A box indicates the region of interest (ROI). A narrow ROl was established from the rear of the
incisive canal to the front of the posterior nasal spine, in order to exclude parts other than the midpalatal suture.
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Figure 2. The fractal dimension calculation process. A, Image subtracted from the original image after performing
Gaussian blurring of the region of interest. B, Image skeletonized after creating a binary image. C, Fractal dimension

calculated via the box counting method.

little or no interdigitation; B, scalloped high-density
midpalatal suture line; C, two parallel, scalloped, high-
density midpalatal suture lines close to each other; D,
invisible suture line in palatine bone; and E, actual
suture is not visible in at least a portion of the maxilla.
The principal examiner, who was well trained in this
method, classified all images. This evaluation was
considered ‘ground truth’ rather than ‘gold standard’
Two days later, the same examiner reclassified 30
randomly selected images to evaluate intra-examiner
reliability. To evaluate inter-examiner reliability, two
other experienced orthodontists (each with over 1 year
of experience in interpreting CBCT scans for diagnostic
purposes) classified 30 randomly selected images under
the same conditions (same room lighting and computer
monitor).

Calculation of fractal dimension

ROIs were selected from images similar to that shown
in Figure 1D by cropping them. The cortical lining part
of the incisive canal was excluded from the ROl because
it increases the radiopaque region, which may affect
the calculation of fractal dimension. A narrow ROl was
set forth from the rear of the incisive canal to the front
of the posterior nasal spine to exclude parts other than
the midpalatal suture. An image-processing program
(Photoshop CS6 Extended; Adobe Systems, San Jose, CA,
USA) was used to process the images in accordance with
the method devised by White and Rudolph,” as follows:
A Gaussian filter (sigma = 35 pixels) was applied to each
RO1 to remove structures with small or intermediate
sizes and blurring was performed until only structures
with large differences in density remained. This blurred
image was subtracted from the original image. Image
J version 1.48 software (National Institute of Health,
Bethesda, MD, USA) was then used to create a binary
image. Erosion and dilation were performed once to
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reduce noise, and the image was skeletonized. Fractal
dimension was then obtained via the box-counting
function of Tmage J (Figure 2).

Statistical analysis

A weighted kappa coefficient was calculated to
evaluate inter- and intra-examiner reliability using
MedCalc version 12.3.0 (MedCalc Software, Oostende,
Belgium). Agreement was defined in accordance with
the scale described by Landis and Koch® (< 0, no
agreement; 0-0.20, slight agreement; 0.21-0.40, fair
agreement; 0.41-0.60, moderate agreement; 0.61-0.80,
substantial agreement; 0.81-1.00, almost perfect
agreement). All data are presented as mean + standard
deviation values. A Scheffe’s ANOVA test was performed
to compare fractal dimension at each maturation stage.
The correlation between maturation stage and fractal
dimension was estimated using Spearman’s correlation
coefficient. The optimal cut-off value of fractal
dimension was estimated by using a receiver operating
characteristic (ROC) curve. 1IBM SPSS Statistics version
21.0 software (IBM Co., Armonk, NY, USA) was used
for all statistical analyses, and p < 0.05 was considered
statistically significant.

RESULTS

The intra-examiner reliability analysis showed almost
perfect agreement for fractal dimension, with a weighted
kappa coefficient of 0.84 (95% confidence interval
[C1] 0.74-0.93). The inter-examiner reliability analysis
showed substantial agreement for fractal dimension,
with weighted kappa coefficients from 0.67 (95% CI
0.38-0.95) to 0.72 (95% C1 0.48-0.97). With regard to
the CVM index, the inter-examiner reliability analysis
demonstrated substantial agreement, with weighted
kappa coefficients from 0.69 (95% C1 0.53-0.86), and
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Table 2. Distribution of maturation stages and mean fractal dimensions

Maturation CVMV CVM VI Total
stage Male Female Male Female
B 1.186 +0.03 (2) 1.219+0.01 (2) 1.109 £ 0.09 (2) 1.207 £0.00 (1) 1.177 £ 0.06 (7)
ct 1.105 + 0.05 (5) 1.093 + 0.07 (4) 1.113 +0.07 (23) 1.073 + 0.08 (16) 1.097 + 0.07 (48)
D 0.965 +0.00 (1) 1.002 + 0.07 (3) 1.039 +0.12 (19) 1.028 +0.12 (17) 1.030 + 0.11 (40)
E' 0.944 +0.00 (1) 0.935 +0.08 (3) 0.942 + 0.08 (16) 0.957 +0.10 (16) 0.948 + 0.09 (36)
p-value 0.02* 0.01* 0.00* 0.01* 0.00*
Values are presented as mean fractal dimension + standard deviation (number of patients).
CVM, Cervical vertebrae maturation.
*p < 0.05; ""Scheffe’s post-hoc analysis grouping.
Table 3. Spearman's correlation coefficients for matura- 1.4
tion stage and fractal dimension 1.3 1
Male Female Total § 121 Q
(2]
Correlation coefficient -0.649 -0.569 -0.623 g 114 g 0
g |
p-value* <0.001 <0.001 <0.001 5 1.01
©
*Derived from Spearman’s correlation analysis. ] 0.9 3
L 0.8
0.7 1
the intra-examiner reliability demonstrated substantial 0.6 . . . .
A B C D E

agreement, with weighted kappa coefficients from 0.71
(95% C1 0.56-0.86).

The distribution of maturation stages of the midpalatal
suture according to the CVM index was variable (Table
2). There were no subjects with CVM 1-1V or maturation
stage A. Among the 21 subjects with CVM V, maturation
stages B-C, in which the midpalatal suture is not fused,
were found in 13 (61.9%; males 77.8%, females 50.0%).
Among the 110 subjects with CVM VI, maturation stages
B-C were found in 42 (38.2%; males 41.6%, females
34.0%). In total, maturation stages B-C were found in
55 of the 131 subjects (41.9%; males 32/69, 46.4%);
females 23/62, 37.1%). The Scheffe’s post-hoc analysis
shown in Table 2 was performed using total subjects,
due to the limited numbers of patients classified as CVM
V and CVM VL. There were differences in mean fractal
dimension between maturation stages B, C, D, and E.

A strong negative correlation was found between
maturation stage and fractal dimension (-0.623, p <
0.001; Table 3, Figure 3). The correlation coefficients for
males and females were -0.649 (p < 0.001) and -0.569 (p
< 0.001) respectively.

A ROC curve (Figure 4) was used to express the
boundary between maturation stages A-C and D or
E, for which fusion of the midpalatal suture could be
determined as a fractal dimension. Fractal dimension
was found to be a statistically significant indicator
that predicted dichotomous maturation stage results
(area under curve [AUC] = 0.794, p < 0.0001). At the
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Maturation stage

Figure 3. Scatter plot depicting maturation stage (x-axis)
and fractal dimension (y-axis).
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Figure 4. Receiver operating characteristic curve. When
the optimal fractal dimension cut-off value was 1.0235,
sensitivity, specificity, false positive rate, false negative
rate, positive predictability, and negative predictability were
64.9%), 86.6%, 35.1%, 13.4%), 80.3%, and 74.6% respectively.
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optimal fractal dimension cut-off value of 1.0235, a
test in which fractal dimension was used to predict
the variable that splits maturation stages into A-C
and D or E resulted in the following values: Sensitivity
64.9%, specificity 86.6%, false positive rate 35.1%, false
negative rate 13.4%, positive predictability 80.3%, and
negative predictability 74.6%.

DISCUSSION

The appropriate time for maxillary expansion has
been a matter of great controversy. Some authors have
suggested that surgery should be considered for patients
older than 14 years,” whereas others have argued that
surgery should only be considered for male patients
older than 25 years and female patients older than 20
years.”* Similarly, there are contrasting views on the
timing of fusion of the midpalatal suture. In our study,
the distribution of maturation stages indicated that the
midpalatal suture remained in a non-fused state in a
large proportion of adults. This implies that age should
not be the only factor used to determine whether
SARME can be performed, and that conventional RME
may be possible in adults. Indeed, in some studies RME
has been performed in adults.”**

The availability of a method to accurately evaluate
the midpalatal suture would facilitate the avoidance
of errors associated with uniformly using SARME
according to age. Currently, the objective indicators
to determine maturation stage are unclear. The CBCT-
based method proposed by Angelieri et al.'* is a
useful and simple method that may prove valuable for
clinical application. In our study, the reliability of this
method was sufficiently high to justify its use in clinics.
However, examiners required a lot of training to reach
an adequate level of proficiency. Therefore, we evaluated
whether a more objective and quantitative method
incorporating fractal analysis could provide diagnostic
criteria. As a strong negative correlation between fractal
dimension and maturation stage was established in our
study using fractal analysis, it may be a viable alternative
to the method suggested by Angelieri et al.'* Fractal
analysis has the advantage of being more objective
and quantitative than other methods. Our study used a
panoramic curve to obtain the image of the midpalatal
suture area, which can be easily applied to different
palatal planes.

The study by Angelieri et al."* divided maturation
stage dichotomously into A-C and D or E. These
authors suggested that this delineation represented the
boundary between the viability and non-viability of
conventional RME. Like wise, our study aimed to find a
fractal dimension value that would classify maturation
stage into A-C and D or E, and this was achieved by
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using a ROC curve (Figure 4). After drawing a curve with
the false positive rate (100% specificity) plotted on the
x-axis and the true positive rate (sensitivity) plotted on
the y-axis, the optimal cut-off value of these two axes
with a conflicting relationship (i.e., the value of fractal
dimension that maximizes sensitivity and specificity) was
found to be 1.0235. In this study, the AUC was 0.794 (p
< 0.0001). Since the AUC yielded a high value, it would
be reasonable to consider this value the boundary that
determines fusion of the midpalatal suture. Obviously,
there is a limit to using the absolute cut-off value
determined in our study. However, if criteria are provided
for a direct comparison of the fractal dimensions of
each individual, this value could become an extremely
simple and useful clinical indicator for evaluating the
possibility of maxillary expansion during the first clinical
examination.

Many studies are being conducted using fractal
analysis, and its usefulness in dental research has
been demonstrated.”® Based on the current study, we
suggest that fractal analysis could be used as a method
for evaluating the midpalatal suture. However, some
problems would need to be solved before it could be
used as a diagnostic method in the clinic.

First, according to a study by Lee et a there is an
association between fractal dimension and bone marrow
density. In relation to this, Majumdar et al.*® argued
that there is value in studying osteoporosis using fractal
dimension analysis. In other words, differences in fractal
dimension values reflect differences in bone density
among individuals, and it can be impractical to directly
compare this value between individuals. This notion is
supported by the fact that different studies on fractal
dimension in the normal maxillary interdental bone®
have yielded different normal values. Similarly, to make
the optimal cut-off value that determines fusion of the
midpalatal suture meaningful, the accuracy of using
fractal dimension in the clinic may be further increased
by using the ratio of the fractal dimension value of the
midpalatal suture to the value derived from a specific
reference point (i.e., specific cranial suture), instead of
directly comparing fractal dimension values between
individuals.

Second, the methods of determining fractal dimensions
are extremely diverse, for example simplified spatial
methods (such as the caliper method, tile counting
method, and pixel dilation method), general spatial
methods (such as the box counting method, intensity
variance method, Hurst method, variation method, and
blanket method), and spectral methods (such as spatial
and spectral methods and the power spectrum method)
have all been reported.”® Geraets and van der Stelt™
revealed that fractal dimensions reported in studies using
fractal analysis for bone diseases differ according to the

]‘,27
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methods used. As fractal dimensions can differ according
to the calculation methods used, it is necessary to unify
the methods used for clinical applications.

Third, errors may accumulate at each of the several
steps required to calculate fractal dimensions (from
configuration of ROl to image processing), which may
influence the final results. In addition to selecting
the optimal method to determine fractal dimensions,
accuracy may be improved further by devising a means
to reduce the number of steps involved in calculating
them.

Despite the inevitable problems associated with the
clinical application of fractal dimension, a signifi-
cant association between fractal dimension and the
maturation stage of the midpalatal suture was demon-
strated in our study. Therefore, as there are not enough
objective quantitative indicators to determine the
maturation stage of the midpalatal suture in the clinic,
our study is meaningful and constitutes a sufficiently
useful and valuable method, provided that the problems
mentioned above can be addressed. In the future, if it
is combined with histologic studies, it can be expected
to provide a basis for the development of methods
that can be more objectively applied to fractal analysis.
If the maturation stage of the midpalatal suture can
be determined before maxillary expansion in adults,
it would be useful for determining the indications for
non-surgical RME.

CONCLUSION

According to the distribution of maturation stages, the
proportion of non-fusion of the midpalatal suture is
higher in adults than is currently assumed. Therefore,
uniformly performing SARME according to age is not
appropriate. Based on the current study, we concluded
the following:

1. There is a strong correlation between fractal dimen-
sion and the maturation stage of the midpalatal
suture.

2. The optimal fractal dimension cut-off value can be
determined and utilized as a reference for the use of
non-surgical RME.

3. Fractal analysis is an objective and quantitative
method; therefore, it may be useful for the evaluation
of midpalatal suture maturation.
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