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Featured Application: Fractal dimension (FD) may be useful in the diagnosis of
mandibular condylar hyperplasia in patients with mandibular asymmetry as a rapid,
simple and inexpensive technique for the identification of the condyle with active
condylar hyperplasia.

Abstract: Unilateral condylar hyperplasia (UCH) is one of the causes of facial asymmetry,
and it is characterized by increased growth in one of the mandibular condyles. In UCH,
it is important to determine whether the metabolic activity of the hyperplastic condyle is
still active. Fractal dimension (FD) analysis could be a non-invasive method to identify
active metabolic activity. The aim of this study is to compare the FD of the hyperplastic
condyle with the contralateral one in patients with facial asymmetry and positive bone
scintigraphy and to compare the FD of the right and left condyles in symmetrical patients.
A cross-sectional retrospective study of fifteen patients with facial asymmetry and positive
bone scintigraphy and fifteen symmetrical patients was conducted. Clinical data and
scintigraphy results were collected from medical records, and CBCT scans were used
for the application of FD by pre-processing the images according to White and Rudolph
and using Image]® (1.54p) software and the box-counting method. Wilcoxon’s t test was
used to analyze the differences in FD between the hyperplastic and contralateral condyles
in patients with UCH and between the right and left condyles in symmetrical patients.
A p-value of <0.05 was considered statistically significant. The FD of the hyperplastic
condyles was significantly higher than the contralateral one in the axial and coronal plane
(p = 0.001). The analysis of FD of the mandibular condyle can be a useful non-invasive
method to identify active UCH in patients with facial asymmetry.

Keywords: facial asymmetry; unilateral condylar hyperplasia; bone scintigraphy; SPECT;
CBCT; fractal dimension

1. Introduction

Facial asymmetry is defined as the presence of a clinically significant variation in
the size, shape and position of bilateral structures on opposite sides of the mid-sagittal
plane (MSP) of the craniofacial complex [1]. Facial asymmetry, in particular mandibular
asymmetry, has been related to morphological and functional changes in the temporo-
mandibular joint (TM]J) [2], especially dimensional [1], volume [3] and condylar position
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asymmetry [3,4] but also with the position and morphology of the mandibular fossa [5],
unilateral disc displacement [6,7] and joint hypermobility [8,9].

In the same way, condylar growth alterations, such as condylar hyperplasia, which
is characterized by an increased metabolic activity of one of the two condyles, can lead to
asymmetrical mandibular development and therefore to facial asymmetry [10-12]. Unilat-
eral condylar hyperplasia most frequently occurs in patients aged between 11 and 30 years,
mainly affecting females [13], without a predominance for the left or the right side. Despite
being described many years ago, the etiopathogenesis still remains unclear; in the litera-
ture, various theories have been suggested, which include, trauma, hormonal imbalance,
infection, arthrosis, vascular disorders and a genetic role [14].

Common features include enlargement of the mandibular condyle and condylar neck
and excessive growth of the mandibular body [15]. Additionally, condylar hyperplasia has
been described as self-limiting, meaning that its progression can occur at any time [16].
Moreover, it can be active, which means it is characterized by un ongoing growth, or
unactive, in which growth has stopped [17].

One of the most challenging features of unilateral condylar hyperplasia is identifying
whether the abnormal growth of the condyle is still active [18]. In fact, therapeutic options
for patients with active condylar hyperplasia are different from the ones that can be applied
to patients with asymmetrical mandible but without active condylar growth [19]. The
diagnosis is based on a combination of anamnesis, clinical exam, 2D and 3D radiographic
images and bone scintigraphy. Bone scintigraphy represents an effective tool to identify if
condylar growth is active or not with a pooled sensitivity of 0.71 (95% CI: 0.57-0.82) [18].

In the last years, single-photon emission computed tomography (SPECT) has been
performed since it was defined to be more accurate and reliable compared to bone pla-
nar scintigraphy to evaluate condylar growth with a pooled sensitivity value of 0.90
(95% CI: 0.79-0.97) and a pooled specificity value of 0.95 (95% CI: 0.82-0.99) [18].

SPECT uses a radionuclide, technetium-99m (99mTc), to quantify its absorption within
the bones [18]. In suspected condylar hyperplasia, the absorption of the radionuclide in the
hyperplastic condyle is compared with the contralateral one; differences of more than 10%
in absorption are interpreted as active condylar growth [20].

Although SPECT can identify condylar growth, its specificity can be questioned [21].
Indeed, it is difficult to determine what changed bone metabolism. For example, bone heal-
ing, inflammatory responses, tumors and metabolic diseases such as hyperparathyroidism
can all lead to an augmented bone turnover [22,23]. The range of SPECT’s sensitivity and
specificity described in the literature is very wide [18,21], so it is necessary to perform other
additional exams for the diagnosis of condylar hyperplasia.

Different characteristics of the hyperplastic condyles of asymmetric patients with
abnormal SPECT were identified by means of micro-CT scans, particularly a higher cortical
porosity, a higher bone volume fraction, a considerably higher trabecular thickness and
separation, a higher number of trabeculae and a lower degree of mineralization compared
to the architecture of mandibular condyles not affected by active condylar hyperplasia [20].
Micro-CT is considered the gold standard for the assessment of bone morphology, although
the high quality of micro-CT, high cost, radiation dose and the need for a bone sample
preclude its use as a diagnostic test to assess the relationship between systemic bone
turnover and condylar bone microstructure in patients with facial asymmetry [24].

Microstructural evaluation of condyle trabecular bone could also be assessed with the
analysis of fractal dimension (FD) [25]. FD analysis is a statistical analysis of tissues used to
describe complex figures and structural models that defines the complexity of a structure
by measuring with fractal mathematics the similarities present inside the structure [26,27].
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Fractal analysis can be performed with different techniques, such as encompassing
multifractal analysis, mass methods, box-counting and lacunarity analysis, and each tech-
nique offers a perspective on the fractal characteristics of biological structures [26]. All
these techniques applied to radiographic images can quantify complex geometric figures
(fractals), therefore enabling a qualitative bone evaluation with a non-invasive method [28].
FD analysis performed with the box-counting method has successively been used to inves-
tigate the quantity of trabeculae present inside bone marrow, thereby assessing the integrity
and quality of bone [29]. In the literature, studies about the FD accuracy agree that FD is a
valid technique when compared to the bone mineral density screening test using periapical
and panoramic X-rays [30,31]; therefore, it has been applied to evaluate modifications of
the periapical bone region after endodontic therapy [27].

The FD value increases with an increase in a structure’s complexity; therefore, a higher
FD value indicates that the structure is more complex. Bone measurable characteristics
are the trabecular distribution, bone thickness and bone density [26,27]. The structure
and distribution of bone trabeculae is determined by the porosity, bone thickness and
anisotropy. Trabecular bone structure analysis to evaluate bone health has found important
applications in medical areas [26]. FD can distinguish different densities in bone areas with
a linear correlation between bone density and FD on histological samples [25].

FD in orthodontics was applied to evaluate bone structure. Servais et al. [32] analyzed
CBCT scans of patients with maxillary impacted canines and found an increase in maxillary
bone around the unilateral impacted canines compared to the non-impacted side; however,
the FD differences were not statistically significant. Rothe et al. [33] also used FD to study
the trabecular structure of the mandible as an indicator of possible orthodontic relapse in
patients undergoing orthodontic treatment, and a statistically nonsignificant difference in
the FD of the bone structure emerged between the relapse and stability groups. Furthermore,
Darawsheh et al. [34] found a statistically significant difference in FD when the authors
analyzed 51 CBCT scans to investigate the correlation between FD and the maturation
stages of the midpalatal suture; their results revealed a 100% sensitivity, 93.7% specificity,
9.5% false positive rate and 0% false negative rate of FD analysis for predicting midpalatal
suture maturation, concluding that it represents a valid tool to stage the maturation of the
midpalatal suture.

FD to evaluate condylar bone structure was applied to panoramic X-rays and to
Cone Beam Computed Tomography (CBCT) scans, and different dimensions and different
methods have been used to analyze the images; however, the most used methods to
calculate FD are represented by the Image J® software and the box-counting method [26].

The evaluation of FD in asymmetrical patients with condylar hyperplasia has not yet
been studied, and it might be useful to assess whether the FD value of the hyperplastic
condyle differs from that of the contralateral one in patients with active condylar hyper-
plasia, to define a non-invasive screening method. For this reason, the aim of this study
is to compare the FD of the hyperplastic condyle with that of the contralateral condyle in
patients with facial asymmetry and positive bone scintigraphy.

2. Materials and Methods
2.1. Study Population

This retrospective study followed the ethical guidelines established in the Declaration
of Helsinki on medical protocol and recommendations for human research. All participants
obtained informed consent for the use of their data and records, and their confidentiality
was maintained throughout the study. The Institutional Ethics Committee of Policlinico
Umberto I approved this study (Prot. No. 4632).
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To constitute the study group for this retrospective study, the initial diagnostic records
were examined of patients who had been referred within the previous ten years to the Or-
thodontics Operational Unit of the Department of Odontostomatological and Maxillofacial
Sciences at the University “La Sapienza” of Rome.

Patients of both sexes older than 10 years who provided complete personal and
anamnestic data, informed consent for the use of their data and records for research
purposes and CBCT of the maxillofacial complex were evaluated.

Patients with facial asymmetry (horizontal distance from the menton to the midfacial
line > 4 mm) and a SPECT result difference of more than 10% between the mandibular
condyles were selected for the Asymmetrical patients group. The Symmetrical patients
group consisted of patients without mandibular deviation (horizontal distance from the
menton to the midfacial line < 2 mm).

Patients with facial neoplasia, syndromic disorders, congenital craniofacial anomalies,
trauma or previous facial fractures were not included in either group. In addition, individ-
uals who had previously undergone maxillofacial surgery, orthodontic or gnathological
treatment or who were taking long-term medication were not included.

2.2. Fractal Dimension Analysis

CBCT scans of all selected patients were used to analyze the mandibular condylar
bone structure utilizing fractal dimension, according to White and Rudolph [29] and using
Image 1® (National Institutes of Health, Bethesda, MD, USA) software by the box-counting
method. A single observer assessed each CBCT image.

Three CBCT scans were selected for each condyle. For the selection of the CBCT
scan, first, the axial slice of the condyle was examined; the axial slice with the largest
medio-lateral dimension of the condyloid was selected for the acquisition of the ROl in this
plane. For the ROI in the coronal plane, coronal sections were taken parallel to the long
axis of the condyloid in the selected axial image, and the coronal section corresponding to
the largest mediolateral dimension of the condyloid in the axial view was selected. In the
sagittal plane, the sagittal sections perpendicular to the long axis of the condyle in the axial
image were evaluated, and the sagittal section corresponding to the central portion of the
condyle in the mediolateral direction was selected.

The region of interest (ROI) was selected in the superior medial portion of the condyle
in the coronal plane, in the medial portion of the condyle in the axial plane and in the
superior medial portion of the condyle in the sagittal plane. The ROI was selected in
the subcortical area of the condyle to ensure that the ROI was inside the limit of cortical
bone. Standardized ROIs were of different dimensions: 30 x 30 pixels in the coronal plane,
35 x 15 pixels in the axial plane and 20 x 20 pixels in the sagittal plane. The scan resolution
was 2.2857-pixel x mm with voxel dimensions of 0.4824 x 0.4824 x 3.2748 mm?> (Figure 1a—c).

Figure 1. Selection of the three regions of interest on CBCT images. (a) coronal plane: on the superior
half portion of the condyle (30 x 30 pixels); (b) axial plane: on the superior half of the condyle
(35 x 15 pixels); (c) sagittal plane: on the superior half portion of the condyle (20 x 20 pixels).
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After the selection, the ROIs were converted into JPEG format (400 DPI resolutions)
and transferred to the Image I (National Institutes of Health, MD, USA) software for
processing. The ROIs were cut and duplicated (Figure 2a). To remove brightness due to
soft tissue presence and bone thickness variations, ROIs were blurred using the “Gaussian
blur” filter (Figure 2b). The blurred image was subtracted from the first one (Figure 2c), and
a 128 grayscale value was added to each pixel on the resultant image to ensure adequate
discrimination between the trabecular structure and the bone marrow (Figure 2d). The
resultant image was binarized (Figure 2e), eroded (Figure 2f), dilated (Figure 2g), inverted
(Figure 2h) and skeletonized (Figure 2i) in sequence. The skeletonized image was divided
into boxes of 2-, 3-, 4-, 6-, 8-, 12-, 16-, 32- and 64-pixel sizes using the “fractal box count” on

the “analyze” menu. A single numerical value of FD was obtained.

o *
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Figure 2. Fractal dimension processing. (a) cropped and duplicated image; (b) Gaussian blurred;

(c) subtraction of the blurred image from the original image; (d) addition of 128 grayscale value;
(e) binarization; (f) erosion; (g) dilation; (h) inversion; (i) skeletonization.

2.3. Statistical Analysis

Descriptive analysis was performed using SPSS 27.0 (IBM Corp., Armonk, NY, USA,
2011). The means and standard deviations of FD were calculated for the hyperplastic
and contralateral condyles. The Kolmogorov-Smirnov test was used to verify the normal
distribution of continuous variables. To analyze the differences in FD between hyperplastic
and contralateral condyles in asymmetrical patients and between the right and left condyles
in symmetrical patients, the Wilcoxon signed-rank test was conducted. A p value < 0.05
was considered statistically significant.

3. Results

After applying the inclusion and exclusion criteria, the sample of this study resulted
in thirty patients (12 males and 18 females, mean age of 22.67 years + 10.15). The Asym-
metrical patients group with unilateral condylar hyperplasia and with positive SPECT
resulted in fifteen patients (7 males and 8 females, mean age of 23.40 & 10.46). The Sym-
metrical patients group resulted in fifteen patients (5 males and 10 females, mean age
of 21.93 + 10.14).

In the Asymmetrical patients group, the FD was higher in all three planes in the
hyperplastic condyle compared to the contralateral condyle; a statistically significant
difference was found in FD between the condyles in the axial and coronal planes (p < 0.05),
while in the sagittal projection, the difference was not statically significant (p = 0.110). In
the Symmetrical patients group, the differences in FD between the right and left condyles
were not statistically significant in any plane (Table 1).
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Table 1. Mean values of fractal dimensions.
Fractal Paired Differences
Group Plane Condyle Dimension Mean S.D 95% Confidence Interval of Difference p-Value
Mean S.D. Lower Upper
H lasti 1.21 .
Axial o 1] 53 8 828 0.065 0.061 0.032 0.099 0.001 *
Asymmetrical patients Hyperplastic 1413 0.058 *
Yy’ (n= 15)}9 Coronal Contralateral 1348  0.089 0.065 0.063 0.030 0.099 0.001
. Hyperplastic 1127 0.074
Sagittal -0 ralateral 1077 0086 0051 0115 —0013 0.115 0.110
Right 1.190 0.093
Axial Lo U177 ooes 0014 0106 —0.045 0.073 0.626
Symmetrical patients Right 1373 0115 _
Yy (= 1513 Coronal Loft 1364 0.121 0.009 0.134 0.065 0.083 0.793
. Right 1.177 0.181
Sagittal L1§ft 1140 ooso 0037 0.5 —0.049 0.022 0.735

n: sample size; S.D. standard deviation; * Wilcoxon test: p-value < 0.05 indicates statistical significance.

4. Discussion

This cross-sectional retrospective study was conducted to investigate if there were any
differences in the FD of the condylar bone structure between affected condyles of patients
with unilateral condylar hyperplasia with positive SPECT and the contralateral unaffected
ones and between the condyles of symmetrical patients.

FD analysis is increasing in popularity because it facilitates the identification of possi-
ble abnormalities and the assessment of the severity of diseases affecting bone structure [35].
FD analysis is often applied in dentistry to investigate the complex structure of bone, in
order to evaluate bone microstructure [25,32]. FD was used in orthodontics to study the
bone density around impacted canines [32], to evaluate orthodontic-induced osteoclastic
activity [33], to evaluate mid-palatal sutures [36] and to identify risk factors implied in
orthodontic relapse [33]. Condylar FD was analyzed in patients with temporomandibu-
lar disorders [37-39] and systemic conditions [40,41]; to study the effects of functional
orthodontics [42,43], multibrackets and aligner therapy [44]; and to evaluate different
skeletal patterns [45].

Diverse studies have used FD analysis to assess the trabecular structure of the
mandibular condyle in panoramic radiographs, and the results have been found to be
valid and reliable [35,46,47]. Although there are numerous studies in which FD analysis
has been conducted, there are some difficulties in the standardization of this technique;
in fact, the type and resolution of the processed image [48] and the size, site and shape of
the ROI [49] could influence the standardization of FD. Moreover, it was found that in FD
performed on CBCT, voxel size can modify the FD results [50]. Another paper reported a
variation in FD according to the resolution and exposure time, in particular, with higher
resolutions and shorter exposure times leading to higher FD values [48]. Fortunately, in the
literature, it is reported that fractal analysis is not influenced by radiographic settings such
as milliampere, kilovolt peak or X-ray beam angle [51] and lossy image compression. High-
resolution settings together with low-compression levels resulted in the most optimized FD
values [52]. The public domain software Image] has been used in several imaging studies
in medicine and dentistry [26]; the description of its use in the literature has allowed a
standardized process that allows for comparison of the results obtained.

A more accurate assessment of the anatomy and morphology of the mandibular
condyle trabeculae is made possible by CBCT imaging, which provides higher resolution
and more information of the trabecular pattern of the bones [12].
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CBCT scans of hyperplastic condyles were not used to compare FD with contralateral
unaffected condyles in any of the published studies known to the authors. Alpaydin
et al. [35] analyzed FD on panoramic X-rays of asymmetric patients and found statistically
significant differences in the FD values: FD was higher in the left condyle in patients with
right asymmetry and in the right condyle in patients with left asymmetry. They concluded
that FD was greater in the condyle responsible for the asymmetry. These results are in line
with those obtained in the present study in that all the hyperplastic condyles had higher FD
values than the unaffected condyles. Furthermore, the differences in FD were statistically
significant in the axial plane of the hyperplastic condyles.

The mandibular condyles with hyperplasia shown by micro-CT analysis had different
bone structures than the unaffected condyles, showing a higher cortical porosity, higher
bone volume fraction, higher trabecular thickness and trabecular separation, higher number
of trabeculae and lower mineralization [20]. Focal anomalies of the bone microarchitecture,
including foci of osteosclerosis, were detected by three-dimensional micro-CT models.
These foci contained islands of calcified cartilage matrix with live chondrocytes, according
to histological sections [53]. Hyperplastic condyles show a thicker cartilage stratum than
healthy condyles [54,55]. This stratum might be more evident in the axial and coronal
planes, which might explain why a significant difference in FD was shown between the
hyperplastic and contralateral condyle in these projections.

There are several limitations of this study. No age groups were considered in the
sample, and no sex differentiation was made, which could affect the FD results, so the
results do not allow conclusions to be drawn without the risk of bias. In addition, condylar
hyperplasia was not classified, and the sagittal or vertical intermaxillary relationship was
not considered.

Despite the limitations of this study, the results obtained show that FD analysis could
be used to differentiate hyperplastic condyles in patients with facial asymmetry. FD could
be useful in screening condylar hyperplasia as a quick, simple and inexpensive examination.

To extend this line of research and confirm the results of this study, future research on
FD in diverse types of facial asymmetry and correlations with the metabolic activity of bone
tissue by SPECT are needed. Prospective studies could lead to alternative investigations
for analyzing the bone structure histopathology of the hyperplastic condyle after surgery
and correlating its figures to the FD values calculated on the pre-surgery CBCT scans, as
well as comparing the FD of hyperplastic condyles with the results of a micro-CT scan.
Moreover, it would be interesting to extend FD analysis to non-pathologic condyles in
patients with different skeletal patterns to study if there are baseline values of FD that could
be considered as physiological. Similarly, it would be interesting to establish the FD for
patients of different age and ethnic groups. This kind of investigation could provide an
easy tool for clinicians to identify bone structure abnormalities of the condyles.

5. Conclusions

The results of this study indicate that the FD values of the hyperplastic condyle in
patients with positive SPECT are higher than the ones calculated for the unaffected condyle,
while the differences in FD values between the right and left condyles in symmetrical
patients are not statistically significant, which is why the analysis of the fractal dimension
of the mandibular condyle could be a useful non-invasive tool to identify active condylar
hyperplasia in patients with facial asymmetry.
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