
Academic Editor: Ivan Zaletel

Received: 19 January 2026

Revised: 17 February 2026

Accepted: 25 February 2026

Published: 26 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Limitations of Panoramic Radiograph-Based Fractal Dimension
Analysis in Detecting Mandibular Trabecular Changes in Type
2 Diabetes Mellitus
Oya Törün 1,*, Nihat Laçin 1 and Fatih Cabbar 2

1 Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, Izmir Katip Celebi University,
35640 Izmir, Turkey; nihat.lacin@ikc.edu.tr

2 Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, Yeditepe University,
34755 Istanbul, Turkey; fatih.cabbar@yeditepe.edu.tr

* Correspondence: oya.torun@ikc.edu.tr; Tel.: +90-5377816175

Abstract

Background: Fractal dimension (FD) analysis has been widely applied to medical and
dental images to quantify trabecular bone complexity. Panoramic radiographs are rou-
tinely used in dental practice; however, the capability of two-dimensional panoramic
imaging combined with FD analysis to detect subtle mandibular trabecular alterations as-
sociated with systemic diseases such as type 2 diabetes mellitus (T2DM) remains uncertain.
Methodology: This retrospective cross-sectional study included 106 individuals, compris-
ing 53 patients diagnosed with T2DM and 53 non-diabetic controls. Fractal dimension
values were calculated using a standardized box-counting algorithm from four anatomi-
cally defined mandibular regions of interest (anterior, premolar, molar, and condylar) on
panoramic radiographs. Intergroup comparisons of FD values were performed to evaluate
the sensitivity of panoramic radiograph-based FD analysis in detecting diabetes-related
trabecular differences. Results: No statistically significant differences in fractal dimen-
sion values were observed between the T2DM and control groups across all evaluated
mandibular regions (p > 0.05). These findings highlight methodological limitations related
to image dimensionality, projection geometry, and regional trabecular heterogeneity. Con-
clusions: Fractal analysis remains a valuable quantitative tool; however, its application
to panoramic radiographs should be interpreted cautiously when used to assess systemic
bone alterations.
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1. Introduction
Fractal geometry provides a mathematical framework for describing complex, self-

similar structures that cannot be adequately characterized by conventional Euclidean
measures. In biomedical imaging, fractal dimension (FD) has been increasingly used
as a quantitative descriptor of structural complexity, particularly for trabecular bone,
which exhibits irregular and heterogeneous spatial patterns across multiple scales [1,2].
As a result, FD analysis has been applied to various imaging modalities to assess bone
microarchitecture in both physiological and pathological conditions [3–5]. In dental and
maxillofacial research, panoramic radiography remains one of the most commonly utilized
imaging techniques due to its wide availability, low radiation dose, and cost-effectiveness.
Several studies have employed FD analysis on panoramic radiographs to investigate
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trabecular bone alterations associated with osteoporosis, metabolic disorders, and systemic
diseases [6–8]. However, panoramic imaging is inherently two-dimensional and subject
to projection-related distortions, superimposition, and variable magnification, which may
influence the reliability and sensitivity of fractal-based measurements. Recent advances in
radiographic image analysis have also incorporated machine learning-based approaches,
particularly in medical X-ray interpretation, where preprocessing and image enhancement
steps play a critical role in feature extraction. Although methodologically distinct from
fractal analysis, such studies highlight the importance of standardized image processing
pipelines in radiographic texture-based assessments [9].

Type 2 diabetes mellitus (T2DM) is a systemic metabolic disease known to affect bone
quality through complex mechanisms involving impaired bone remodeling, accumulation
of advanced glycation end products, and altered microvascular function [10–12]. While
these changes have been documented in various skeletal sites, their detectability using
two-dimensional dental imaging combined with fractal analysis remains controversial.
Previous studies assessing mandibular-bone changes in diabetic patients using FD analysis
have reported inconsistent findings, suggesting that methodological factors may play a
critical role in outcome variability [6,13]. The sensitivity of fractal dimension measurements
in fractal analysis is affected by more than just biological differences; it is also strongly
determined by image dimensionality, spatial resolution, the chosen region of interest, and
the details of the algorithmic approach [5,14]. In panoramic radiographs, the reduction in
three-dimensional trabecular structures into a two-dimensional projection may obscure
subtle architectural differences, potentially limiting the discriminative power of FD analysis
for systemic bone conditions [15]. Therefore, the aim of the present study was to evaluate
the ability and limitations of panoramic radiograph-based fractal dimension analysis to
detect mandibular trabecular changes associated with type 2 diabetes mellitus. The study
was designed to highlight the methodological shortcomings of fractal analysis applied to
two-dimensional panoramic images in the context of whole-body bone evaluation, based
on a comparison of FD values from standardized mandibular sites in diabetic versus
non-diabetic participants.

2. Materials and Methods
2.1. Patient Selection and Radiographic Evaluation

This retrospective cross-sectional study was conducted in accordance with the Decla-
ration of Helsinki and approved by Izmir Katip Celebi University Health Research Ethics
Committee with the 2023/0181 approval number. Informed consent was waived because
the data was anonymized and retrospective. Panoramic radiographs, acquired between
January 2019 and December 2022, were retrospectively selected from the digital archive
of the Department of Oral and Maxillofacial Surgery and the Department of Oral and
Maxillofacial Radiology, Faculty of Dentistry Images, acquired as part of routine dental ex-
amination and treatment planning. Radiographs were obtained using Orthopantomograph
OP 300 (Instrumentarium, Helsinki, Finland) by trained dental operators with the following
parameters: 66 kVp, 10 mA, and 16 s exposure time. Panoramic radiographs were subse-
quently scanned at 24-bit depth with a resolution of 600 DPI, and the resulting images were
stored in the .jpeg format. A total of 106 individuals were included in the study, consisting
of 53 patients diagnosed with type 2 diabetes mellitus (T2DM) and 53 non-diabetic control
subjects. The diagnosis of T2DM was confirmed based on medical records. All patients in
the study group were selected from patients who had been diagnosed with T2DM more
than 5 years ago. Exclusion criteria included a history of metabolic bone disease other than
diabetes, use of medications known to affect bone metabolism (e.g., bisphosphonates, corti-
costeroids), systemic conditions influencing bone structure, previous mandibular surgery,
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pathological lesions affecting the mandible, and radiographs of insufficient image quality.
The control group was selected from the same radiographic archive and study period using
identical inclusion and exclusion criteria, without individual age- or sex-matching.

2.2. Fractal Dimension Analysis

Fractal dimension analysis was performed on four anatomically defined mandibular
regions of interest (ROIs): anterior, premolar, molar, and condylar regions. ROIs were se-
lected bilaterally where applicable and standardized in size and shape to reduce geometric
variability. Care was taken to avoid areas containing cortical bone, anatomical overlaps,
tooth roots, or radiographic artifacts, ensuring that only trabecular bone structures were
included in the analysis. FD analysis was conducted by the supervisor who had practice
with the widely used free and open-source ImageJ (version 1.53t, National Institutes of
Health, Bethesda, MD, USA). ROI selection was made by the same experienced oral and
maxillofacial surgeon in the Department of Oral and Maxillofacial Surgery. The four ROIs
in square form with 90 × 90 pixels were selected on the anterior, premolar, molar, and
condylar regions of the mandible (Figure 1). Every ROI underwent a standardized prepro-
cessing workflow prior to FD calculation as suggested by White and Rudolph [16]. Briefly,
the original grayscale image was duplicated (Figure 2a) and subjected to Gaussian blurring
to remove large-scale brightness variations (Figure 2b). The blurred image was subtracted
from the original to enhance local trabecular patterns (Figure 2c). 128 gray value was
applied to each pixel location (Figure 2d). The resulting image was then binarized using a
fixed thresholding approach, followed by morphological operations to isolate trabecular
structures (Figure 2e). Erosion and dilation were applied sequentially to reduce noise and
refine the trabecular pattern (Figure 2f). The image was then inverted (Figure 2g). Skele-
tonization was applied to reduce the trabecular pattern to a one-pixel-wide representation
suitable for fractal analysis (Figure 2h). The box-counting algorithm was then applied by
overlaying grids of decreasing box sizes onto the skeletonized image and counting the
number of boxes containing part of the structure. The fractal dimension was calculated
as the slope of the linear regression line fitted to the log–log plot of box size versus box
count, representing the complexity of the trabecular pattern. The fractal dimension (D) was
calculated as the slope of the linear regression fitted to the log (box size) versus log (box
count) plot generated by the box-counting algorithm. The obtained D values were analyzed
statistically (Figure 3). Intra-observer reproducibility was assessed by repeating the fractal
dimension analysis by another experienced oral and maxillofacial surgeon on a randomly
selected subset of 26 panoramic radiographs (25%) two weeks after the original evaluation.

Figure 1. Schematic illustration of the four rectangular regions of interest (ROIs; 90 × 90 pixels)
selected in the anterior, premolar, molar, and condylar regions of the mandible for fractal
dimension analysis.
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Figure 2. Image preprocessing steps for fractal dimension analysis. (a) Original grayscale ROI image.
(b) Gaussian-blurred image used to eliminate large-scale brightness variations. (c) Subtraction of
the blurred image from the original image to enhance local trabecular patterns. (d) Application of a
uniform gray value of 128 to normalize image intensity. (e) Binarization of the image using a fixed
thresholding approach to isolate trabecular structures. (f) Morphological operations (erosion followed
by dilation) applied for noise removal. (g) Inversion of the processed image. (h) Skeletonized image
representing the trabecular pattern as a one-pixel-wide structure for fractal dimension calculation.

Figure 3. Representative log–log plot obtained from box-counting fractal analysis of a mandibular
trabecular region.

2.3. Statistical Analysis

In this study, the conformity of continuous variables to the normality distribution
assumption was evaluated by the Kolmogorov–Smirnov test, and homogeneity was evalu-
ated by the Levene test, and the power of the test was statistically calculated using power
analysis. Power analysis (G*Power 3.1) for a medium effect size (0.5), α = 0.05, showed
Power = 0.72 for n = 53/group, adequate for detecting differences. When examining the
change in parameters for different groups, t-test in independent groups and chi-square tests

https://doi.org/10.3390/fractalfract10030144

https://doi.org/10.3390/fractalfract10030144


Fractal Fract. 2026, 10, 144 5 of 9

were used to evaluate the frequency of occurrence of variables, considering the parametric
test conditions. In statistical analysis tests, 95% confidence interval was applied; descriptive
statistics and analyses were performed using R (version 3.2.3, R Foundation for Statistical
Computing, Vienna, Austria). In statistical evaluations, results were considered significant
for p < 0.05.

3. Results
Comparative analysis revealed no statistically significant differences in fractal dimen-

sion values between the T2DM and control groups in any of the evaluated mandibular
regions (p > 0.05). The absence of significant intergroup differences was consistent across
all regions of interest. Within-group analysis demonstrated regional variation in fractal
dimension values in both the T2DM and control groups. Higher FD values were generally
observed in the anterior and premolar regions compared to the molar and condylar regions;
however, these regional patterns were similar in both groups and did not demonstrate
disease-specific differentiation. No statistically significant interaction in terms of D values
was observed between the groups in all ROIs (Table 1).

Table 1. Fractal dimension values obtained from 90 × 90 pixel rectangular regions of inter-
est (ROIs) located in the anterior, premolar, molar, and condylar regions of the mandible on
panoramic radiographs.

Parameters Groups n Mean Value of D Std. Deviation p

Anterior
Diabetes 53 1.800 0.073751

0.666
Control 53 1.794 0.055959

Premolar
Diabetes 53 1.810 0.066540

0.110
Control 53 1.791 0.054037

Molar
Diabetes 53 1.798 0.080213

0.397
Control 53 1.786 0.054215

Condyle
Diabetes 53 1.794 0.114828

0.566
Control 53 1.784 0.057239

Values are presented as mean ± standard deviation. Statistical comparisons between groups were performed
using the independent samples t-test. Statistical significance was set at p < 0.05. No statistically significant
differences were observed between groups (p > 0.05).

4. Discussion
The present study evaluated the ability of panoramic radiograph-based fractal di-

mension analysis to detect mandibular trabecular changes associated with type 2 diabetes
mellitus. The absence of statistically significant differences in FD values between diabetic
and non-diabetic individuals across all evaluated mandibular regions suggests that two-
dimensional panoramic imaging combined with FD analysis may have limited sensitivity
for identifying subtle, disease-related trabecular alterations [17]. From a fractal analysis
perspective, the detectability of structural differences depends not only on biological varia-
tion but also on image dimensionality and spatial resolution [18,19]. Mandibular trabecular
bone is a three-dimensional structure characterized by complex branching patterns and het-
erogeneous spatial organization. When projected onto a two-dimensional panoramic image,
a substantial amount of structural information is inevitably lost due to superimposition,
projection geometry, and variable magnification. This dimensional reduction may obscure
fine-scale trabecular differences that could otherwise be detectable using three-dimensional
imaging modalities [17]. The selection of four regions of interest (ROIs)—anterior, premolar,
molar, and condyle—was based on their clinical relevance in oral surgery and prior fractal
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analysis studies [6,19,20]. Although multiple ROIs were evaluated, no formal multiple com-
parison correction was applied. Given the absence of statistically significant findings, the
application of conservative adjustments such as the Holm–Bonferroni method would not
have changed the study conclusions; however, this remains a methodological consideration
for future studies. However, manual ROI placement introduces inherent subjectivity, as
slight variations in positioning can influence FD values due to local trabecular heterogeneity.
We applied our inclusion criteria and repeated measurements to eliminate this flaw in the
method. The selection of ROI size represents an important methodological consideration in
fractal analysis. In the present study, a fixed 90 × 90 pixel ROI was used to balance trabecu-
lar detail capture with reproducible placement on panoramic radiographs. However, fractal
dimension values are known to exhibit scale dependency, and different ROI dimensions
may yield varying results. In the present study, mean FD values were slightly higher in
the T2DM group across all regions (anterior: 1.800 vs. 1.795; premolar: 1.810 vs. 1.791;
molar: 1.798 vs. 1.787; condyle: 1.795 vs. 1.784), though these differences did not reach
statistical significance (p > 0.05). This trend aligns with prior reports suggesting that T2DM
patients may exhibit denser trabecular patterns due to obesity-related mechanical loading
and hyperinsulinemia, which stimulate osteoblast activity and increase bone formation
despite impaired quality [12,13]. Although no statistically significant differences were
observed, fractal dimension values tended to be higher in patients with type 2 diabetes
mellitus compared to controls. This directional increase is consistent with previous studies
reporting elevated fractal dimension values in diabetic populations, including those ob-
served in T1DM [21]. Such findings suggest that diabetes-related metabolic alterations may
influence trabecular bone organization toward increased structural complexity. The absence
of statistical significance in the present study may be attributed to the inherent limitations
of two-dimensional panoramic imaging, heterogeneity in T2DM pathophysiology, and the
lack of detailed clinical stratification [17]. Nevertheless, the observed trend supports the
notion that fractal analysis may capture subtle diabetes-related trabecular changes, even
when these changes do not reach statistical significance under constrained methodological
conditions. The box-counting method used in this study quantifies the global complex-
ity of a structure across multiple scales; however, it is inherently insensitive to localized
microstructural changes when applied to two-dimensional projections. In the context of
panoramic radiographs, regional trabecular heterogeneity and overlapping anatomical
structures may further reduce the discriminatory power of FD measurements. Additionally,
image resolution and compression have been shown to influence fractal measurements,
as demonstrated by Toghyani et al. [18]. Although standardized acquisition parameters
were used to reduce inter-image variability, the potential confounding effects of ROI scale
and image resolution cannot be fully excluded. While the present study employed a single
fractal dimension derived from box-counting, this approach provides a global measure of
structural complexity and may not fully capture local heterogeneity within trabecular bone.
Multifractal analysis has the potential to describe spatial variations in scaling behavior
and may therefore offer greater sensitivity to subtle, disease-related microarchitectural
changes [22]. Future studies integrating multifractal metrics, particularly when applied to
three-dimensional imaging data, may help reveal diabetes-related trabecular alterations
that remain undetected using single-value fractal descriptors. Regional variations in FD
values were observed within both study groups, with higher complexity generally noted
in the anterior and premolar regions of the mandible. In line with previous radiographic
studies evaluating trabecular complexity, the present findings support the notion that
systemic metabolic alterations may influence mandibular bone microarchitecture. While
some studies have reported significant changes in fractal dimension values [21,23], others
have demonstrated subtle or non-significant differences [6], emphasizing the impact of
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disease type, duration, and imaging methodology. These findings are consistent with
previous studies reporting site-specific differences in mandibular trabecular architecture
related to functional loading and anatomical characteristics [13,21]. In the present study,
no statistically significant differences in fractal dimension were observed in the condylar
regions between groups, despite the analysis being restricted to trabecular bone. This
finding may be attributed to the distinct biomechanical environment of the mandibular
condyle, which is subject to continuous functional loading and adaptive remodeling [21].
Previous experimental and clinical studies have demonstrated that mechanical loading
plays a critical role in maintaining cancellous bone density, stiffness, and structural in-
tegrity in the condylar region, whereas reduced mechanical stimulation is associated with
trabecular deterioration [24]. Conversely, sustained masticatory forces may promote local
bone formation and preserve trabecular organization, potentially attenuating the impact of
systemic metabolic disturbances. The alveolar and basal trabecular bone in these regions is
more closely linked to systemic bone metabolism and may therefore be more vulnerable to
diabetes-related alterations, such as impaired bone turnover, microvascular compromise,
and changes in collagen quality. Consequently, subtle alterations in trabecular organiza-
tion may be more readily detectable in these regions using fractal analysis, even when
differences do not reach statistical significance. This regional variability highlights the
importance of anatomical site selection when interpreting radiographic fractal dimension
measurements in systemic metabolic diseases [5,21,25]. The findings of this study have
important implications for the application of fractal analysis in dental and medical imaging.
While FD remains a valuable quantitative descriptor of structural complexity, its application
to two-dimensional panoramic radiographs should be approached with caution when the
objective is to detect subtle systemic bone changes. The results suggest that panoramic
FD analysis may be more suitable for assessing gross structural differences or localized
conditions rather than for evaluating systemic metabolic effects on bone microarchitec-
ture [5,26,27]. Several limitations should be acknowledged for this study. The retrospective
design and reliance on two-dimensional imaging inherently restrict the level of structural
detail available for analysis. Detailed glycemic control data, including HbA1c levels, were
not available due to the retrospective design and reliance on routine dental records. Com-
pared to gold-standard methods, FD on panoramic radiographs offers a non-invasive,
low-cost screening tool but lacks the 3D precision of cone-beam computed tomography
(CBCT) or the systemic accuracy of dual-energy X-ray absorptiometry (DEXA) [28]. Addi-
tionally, fractal dimension provides a single global measure of complexity and does not
capture directional or anisotropic properties of trabecular bone. Future studies incorporat-
ing three-dimensional imaging modalities, such as cone-beam computed tomography, and
advanced fractal or multifractal approaches may offer improved sensitivity for detecting
diabetes-related trabecular changes.

5. Conclusions
The findings of this study indicate that fractal dimension analysis applied to two-

dimensional panoramic radiographs has limited sensitivity for detecting mandibular tra-
becular changes associated with type 2 diabetes mellitus. This limitation appears to be
primarily related to image dimensionality, projection effects, and regional trabecular hetero-
geneity rather than the absence of underlying biological alterations. While fractal analysis
remains a valuable quantitative tool, its application to panoramic radiographs should be
interpreted cautiously when used for assessing systemic bone conditions. These results
highlight the importance of aligning fractal analysis methods with appropriate imaging
modalities when evaluating subtle structural changes.
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