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ABSTRACT 

Background. The study of mandibular bone architecture is crucial for understanding remodeling, osteo-

genesis, and resorption processes under normal and pathological conditions. Traditional morphometric meth-

ods often rely on limited regions of interest and do not account for the hierarchical self-organization of bone 

tissue or the complexity of its surface configuration. There is a need for a modified fractal analysis technique 

focused on assessing the surface complexity of the entire bone slice rather than just its volume filling. 

Aim. To develop an original modification of the contour smoothing method for studying mandibular bone 

architecture on computed tomography images, enabling the analysis of whole bone slices independent of re-

gion of interest selection. 

Materials & Methods. The methodological study utilized digital cone-beam computed tomography images 

of the mandibular bone. The fractal dimension was calculated using a custom "contour smoothing" algorithm 

across six stages with increasing smoothing radii (2, 4, 8, 16, 32 pixels). Statistical data processing included 

the calculation of linear regression and the coefficient of determination to assess fractal properties; calculations 

and graphical visualization were performed using Excel 2016 (Microsoft, USA). The study was conducted as 

part of the initiative research project "Development of clinical and morphological methods of researching the 

structures of the human body" (State Registration No.0123U100367, 2023–2025).  

Research Ethics. The study was approved by the Ethics and Bioethics Committee of Kharkiv National 

Medical University.  

Results. The analysis revealed that the dependence of variables remained linear during the first four stages 

(smoothing radii 2–8 pixels). At these stages, the bone trabeculae demonstrated monofractal properties. At 

stages 5 and 6 (radii 16–32 pixels), linearity was disrupted due to the loss of cortical plate contours, leading to 

a decrease in the approximation coefficient. Consequently, the optimal scaling range for the mandibular bone 

was determined to be stages 1–4. 

Conclusions. The developed contour smoothing algorithm effectively quantifies the complexity of endos-

teal surface configurations and internal bone contours. This method offers a robust, resolution-independent 

approach for evaluating bone remodeling and resorption activity, suitable for diagnosing osteoporosis and as-

sessing implant integration. 

Keywords: theoretical and experimental medicine, mandible, bone architecture, morphometry, computed 

tomography, fractal dimension. 

 

 

Introduction 

The investigation of mandibular bone architec-

ture is crucial for understanding the processes of 

 

 remodeling, osteogenesis, and resorption that oc-

cur both in healthy conditions and in pathological 

states, such as osteoporosis, inflammatory pro-

cesses, trauma, or following dental interventions. 

The assessment of bone microstructure on radio-

graphic and Computed Tomography (CT) images 

allows for the non-invasive investigation of its 

morphofunctional state, the detection of early 

signs of remodeling disorders, and the prediction 

of fracture risks [1–4]. 

Current methods for studying bone architec-

ture include traditional morphometric approaches, 
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specifically the determination of various indices 

such as bone volume density, bone surface den-

sity, trabecular plate number, trabecular thickness, 

trabecular separation, and the degree of anisotropy 

[5–7]. However, these methods often present seve-

ral limitations: they require precise Region Of In-

terest (ROI) selection, rely on two-dimensional 

projections of complex three-dimensional struc-

tures, and fail to account for the hierarchical self-

organization of bone tissue. Furthermore, classical 

morphometric parameters do not adequately re-

flect the complexity and irregularity of the bone 

surface architecture, which is significant for ana-

lyzing bone remodeling. 

In this context, the application of fractal analy-

sis represents a promising direction for the quan-

titative assessment of bone tissue morphological 

organization [8]. Fractal dimension – a parameter 

determined via fractal analysis – reflects the de-

gree of an object's structural complexity and its 

space-filling capacity. The more structural ele-

ments an object possesses (in the case of bone tis-

sue, bone trabeculae) and the more complex their 

spatial configuration, the greater the degree of 

space filling by bone trabeculae, and consequent-

ly, the higher the fractal dimension of the trabecu-

lar (cancellous) bone as a whole [8–10]. Typically, 

fractal dimension is used as a complementary 

morphometric criterion for assessing trabecular 

bone status, particularly in osteoporosis diagnosis, 

due to its sensitivity to the reduction in space fill-

ing by bone tissue observed in this condition [11; 

12]. It has been demonstrated that a decrease in 

fractal dimension on radiographs or CT images 

correlates with reduced bone mass and deteriora-

tion of trabecular microarchitecture [10; 13]. 

Fractal analysis has been employed in numer-

ous studies regarding the mandible, specifically 

for assessing bone tissue in healthy patients [14] 

and determining sexual dimorphism [15], evaluat-

ing changes in osteoporosis [16; 17], assessing 

bone status prior to implantation [18] and during 

healing after orthognathic surgery [19], as well as 

in renal transplant recipients [20] and patients un-

dergoing systemic glucocorticoid therapy [21]. 

Nevertheless, existing methodologies for bone 

fractal analysis have significant limitations. They 

are typically applied to limited ROI and are sensi-

tive to image resolution, size, and segmentation 

parameters [14]. Moreover, the derived fractal 

characteristics primarily reflect the degree of spa-

ce filling by bone tissue rather than the complexity 

of its surface configuration [22]. It has been estab-

lished that with the intensification of resorption 

 and bone remodeling, the micro-relief of trabecu-

lar surfaces and the endosteal contour changes, be-

coming more tortuous and complex [23]. There-

fore, the quantitative assessment of bone surface 

configuration is essential for detecting morpho-

logical signs of remodeling, a task that traditional 

fractal algorithms cannot fully realize. 

Given this, a need arises to develop a modified 

fractal analysis methodology focused on assessing 

the complexity of the bone tissue surface rather 

than solely its volumetric filling. In our study, we 

developed an original algorithm for investigating 

mandibular bone architecture on CT images based 

on the contour smoothing method, which we pre-

viously developed for the fractal analysis of the 

pial surface configuration of the cerebral cortex 

[24]. 

The aim of the study was to develop an origi-

nal modification of the contour smoothing method 

for investigating mandibular bone architecture on 

computed tomography images. The specific ob-

jective of this research stage is to calibrate the 

method and determine the optimal algorithm pa-

rameters for fractal analysis, rather than to per-

form clinical diagnostics on a population. 

Material and Methods 

To develop and calibrate the fractal analysis 

methodology, digital cone-beam computed to-

mography images of the mandible of a healthy 

volunteer (34 years old, female) were used.  

Axial tomographic images were selected (Fig. 

1, A). The apices of the tooth roots served as ana-

tomical landmarks: the tomographic slices were 

located immediately below the deepest points of 

the tooth roots in the mandibular bone. Digital im-

ages were selected using the Ez3D2009 software 

(E-WOO Technology Co., Ltd., Yongin, Republic 

of Korea). 

Further image segmentation and analysis were 

performed using the Adobe Photoshop CS5 gra-

phics editor (Adobe Systems Inc., San Jose, CA, 

USA). Selected digital images in DICOM format 

were transferred to a pre-created "blank" JPEG 

image with dimensions of 720×720 pixels and 

a resolution of 72 pixels per inch. The absolute 

scale was 1 mm = 7.5 pixels. 

Next, image segmentation was performed: us-

ing the "Threshold" tool, the image was converted 

to binary format (Fig. 1, B). An empirical pixel 

brightness threshold value of 110 was used: all 

pixels with a brightness value greater than the 

threshold were colored white (brightness value 

255), and pixels with a brightness value less than 

the threshold were colored black (brightness value 0). 
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The threshold value of 110 was selected based on 

the histogram analysis of the grayscale image, cor-

responding to the valley between the peaks of soft 

tissues/marrow and calcified bone tissue. A global 

threshold was selected for segmentation. As a re-

sult of this binarization, bone tissue (including the 

compact substance of the cortical plate and the 

cancellous substance inside the mandible) was 

colored white, while surrounding structures and 

cavities between bone trabeculae were colored 

black (Fig. 1, B). Following binarization, color in-

version was performed, resulting in bone struc-

tures becoming black, and the background and 

cavities within the bone becoming white (Fig. 1, C). 

 

 

 
 

 

Fig. 1. Computed tomography image of the man-

dible and its segmentation:  

A – original CT image,  

B – segmentation (binarization) using the 

"Threshold" tool,  

C – inversion of the binary image. 

 Subsequently, the actual fractal analysis was 

performed using the contour smoothing method. 

Since this technique was previously employed by 

the authors to investigate the external surfaces of 

anatomical structures, it was modified for the 

study of bone (and internal surfaces – contours of 

cavities within it). To outline the external and in-

ternal surfaces of the mandibular bone tissue, the 

"Selection" tool of the graphics editor was used; 

all black pixels were automatically selected, cre-

ating a closed selection area corresponding to the 

silhouette of the bone tissue in the image. The con-

tour of the selected area corresponded to the exter-

nal and internal surfaces of the bone (Fig. 2, A). 

To develop the methodology for bone tissue in-

vestigation, six stages of Fractal Analysis (FA) 

were initially used, consistent with the original 

methodology. At the first FA stage, no contour 

smoothing was performed. After outlining the 

contour, its length (perimeter, P1) was determi-

ned. Starting from the second FA stage, the con-

tour smoothing procedure was performed: at the 

second stage, the contour smoothing radius (R2) 

was 2 pixels; at the third (R3) – 4 pixels; fourth 

(R4) – 8 pixels; fifth (R5) – 16 pixels; and sixth 

(R6) – 32 pixels. Considering that no smoothing 

was performed at the first stage, the smoothing ra-

dius for the first FA stage (R1) was taken as unity 

(1) for further calculations. 

The smoothing procedure stepwise removes 

protrusions or invaginations from the contour with 

a radius of curvature smaller than the smoothing 

radius. Thus, at the initial stages, the contours of 

small bone trabeculae and small protrusions on 

them are removed; subsequently, the contours of 

larger bone trabeculae are removed (Fig. 2, A–C). 

As a result, at the fourth FA stage, the contours of 

the cortical plates remain, while the contours of 

cancellous bone trabeculae are mostly absent, per-

sisting only in areas of their dense arrangement 

(Fig. 2, D). At the fifth FA stage, smoothing led to 

partial removal of cortical plate contours (since 

their thickness was less than the set smoothing ra-

dius – 16 pixels) (Fig. 2, E), and at the sixth FA 

stage, the contour was represented by only a few 

areas where the bone as a whole had a thickness 

slightly greater than the set smoothing radius – 32 

pixels (Fig. 2, F). 

At each FA stage, the contour length P (P1–P6) 

was measured, and the data were recorded (Table 1). 

Mathematical modeling and statistical processing 

were performed using Excel 2016 (Microsoft 

Corp., Redmond, WA, USA). For the analysis, 

two values were calculated: the natural logarithm 
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Fig. 2. Fractal analysis (FA) of mandibular bone tissue contours using the contour smoothing method; the 

contour is outlined in black for clarity.  

A – 1st FA stage, contour without smoothing;  

B – 2nd FA stage, contour smoothing with a radius of 2 pixels;  

C – 3rd FA stage, contour smoothing with a radius of 4 pixels;  

D – 4th FA stage, contour smoothing with a radius of 8 pixels;  

E – 5th FA stage, contour smoothing with a radius of 16 pixels;  

F – 6th FA stage, contour smoothing with a radius of 32 pixels 

 

 

of the reciprocal of the smoothing radius, ln(1/R), 

and ln(P/R). Based on these values, linear regres-

sion analysis was performed using the least squa-

res method to derive the equation y = bx + a. In 

this equation, the independent variable x corre-

sponds to ln(1/R), the dependent variable y corre-

sponds to ln(P/R), a is the intercept coefficient, 

and b is the slope coefficient (Fig. 3). The fractal 

dimension of the investigated structure is defined 

as the slope coefficient b. 

The quality of the linear model fit was evalua-

ted using the coefficient of determination (R2). The 

 linearity of the relationship was considered suffi-

cient at R2 values close to 1.0 (R2 > 0.99), which 

served as the criterion for selecting the optimal 

range of smoothing scales demonstrating mono-

fractal properties. 

Research Ethics 

The research protocol was approved by the 

Ethics and Bioethics Committee of Kharkiv Na-

tional Medical University (Protocol No.5 dated 

February 01, 2023). The study was conducted in 

accordance with the ethical standards laid down in 

the 1964 Declaration of Helsinki and its later  
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Table 1. Fractal analysis using the contour smoothing method: data for fractal dimension calculation 

 

FA stage 
Smoothing  

radius, R 
1/R ln(1/R) 

The contour length 

(perimeter, Р) 
P/R ln(P/R) 

1 1* 1.0000 0.000 1981 1981.0 7.591 

2 2 0.5000 –0.693 1747 873.5 6.773 

3 4 0.2500 –1.386 1606 401.5 5.995 

4 8 0.1250 –2.079 1564 195.5 5.276 

5 16 0.0625 –2.773 2167 135.4 4.909 

6 32 0.0313 –3.466 1184 37.0 3.611 

 

Note: * – since no contour smoothing is performed at the first stage, the value of R1 is taken as unity for 

calculations. 

 

 

 
 

Fig. 3. Calculation of the linear regression equation 

characterizing the dependence of ln(P/R) on ln(1/R): six FA stages 

 

 

 

amendments. Written informed consent was ob-

tained from the patient for the use of their medical 

data (computed tomography images) for scientific 

purposes. All data were anonymized prior to ana-

lysis to ensure confidentiality. 

Results 

A critical step in FA is selecting the range of 

scales used to calculate the fractal dimension. It is 

necessary to determine the range where the inves-

tigated object exhibits fractal properties, which 

manifests as a linear dependence between the sca- 

 ling coefficient (in this case, ln(1/R)) and the 

quantitative parameter characterizing the structu-

re's size at different FA stages (ln(P/R)). 

As shown in the graph in Fig. 3, from the first 

to the fourth stage of fractal analysis, the depend-

ence of ln(P/R) on ln(1/R) is linear. This indicates 

the invariance of the bone structural organization 

across different scales and a consistent change in 

the configuration of bone trabeculae during con-

tour smoothing. Such a property is characteristic 

of monofractal structures; precisely within this  
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range of FA stages, the bone trabeculae demon-

strate fractal properties. 

However, at the 5th and 6th FA stages, the line-

arity of the relationship between the two variables 

is disrupted. Furthermore, the smoothing process 

at these stages leads to the disappearance of corti-

cal plate contours (5th FA stage, Fig. 2, E) and en-

tire fragments of the mandible (Fig. 2, F). 

To evaluate how well the calculated linear re-

gression equation fits the graph characterizing the 

dependence of the two variables ln(P/R) and 

ln(1/R), the coefficient of determination (R2) was 

used. When using all six FA stages, the R2 value 

is 0.9831 (Fig. 3), which is lowered due to the vi-

olation of linearity at the 5th and 6th stages. Conse-

quently, it is advisable to exclude these stages 

when studying the mandibular bone and to retain 

only those stages where the structures demonstrate 

a monofractal character of organization. This cor-

responds to the linearity of the relationship be-

tween the variables – specifically, the first four 

stages of FA (Fig. 4). 

When using data from the first four FA stages 

for calculations (Fig. 4), the R2 value is 0.9992, 

indicating a practically functional linear relation-

ship between the two investigated variables, 

ln(P/R) and ln(1/R). 

Thus, the range of FA stages to be used for de-

termining the fractal dimension includes the first 

 through fourth stages. These stages utilize small 

smoothing radius values (2–8 pixels), which al-

lows for the stepwise removal of bone trabeculae 

contours without removing the contours of corti-

cal plates and the bone as a whole, as occurs at the 

5th and 6th FA stages when using large smoothing 

radii (16 and 32 pixels). This range covers the 

stages where the surface configuration of the man-

dibular bone exhibits a monofractal character; 

these precise stages allow for the accurate deter-

mination of the fractal dimension of the investi-

gated structure. The linear regression equation in 

Fig. 4, calculated based on the results of four 

FA stages, is y = 1.1144x + 7.5674. Therefore, 

the fractal dimension of the mandibular bone sur-

face contours (Hausdorff dimension) in this ex-

ample equals 1.1144. 

Discussion 

When performing fractal analysis of bone tis-

sue and other natural structures, various FA me-

thods can be employed, determining different 

types of fractal dimensions. The most common 

method used in morphological studies is the box-

counting method [25] and its variants, such as the 

tile-counting method, which is used for investigat-

ing bone trabeculae [14; 19]. This method deter-

mines the Minkowski dimension, which primarily 

characterizes the capacitive properties and the de-

gree of space filling by the investigated object. 

 

 

 

 

Fig. 4. Calculation of the linear regression equation  

characterizing the dependence of ln(P/R) on ln(1/R): four FA stages.  

The fractal dimension equals 1.1144. 
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In histomorphometric studies of bone trabecu-

lae, methods such as box-counting (used to deter-

mine the Kolmogorov dimension), dilation (for 

the Minkowski-Bouligand dimension), and sand-

box (for the "mass-radius" dimension) have been 

utilized [22]. In their classical variations, these 

techniques predominantly characterize the space 

filling by trabeculae rather than surface characte-

ristics. 

To characterize the surface properties of bone 

trabeculae, modifications of the box-counting 

method with specific image preprocessing have 

been previously used. For instance, a modification 

of the tile-counting method additionally employed 

contour outlining, allowing for the determination 

of its Minkowski dimension [14]. The box-coun-

ting method with contour outlining has also been 

used to assess implant surface roughness to pre-

dict osseointegration [26]. However, the use of the 

Minkowski dimension determined via box-count-

ing (and its variants) with pre-outlined structure 

contours has limitations: such algorithms are de-

pendent on image resolution and size, the thick-

ness of the outline used, and the segmentation al-

gorithm [27]. 

In view of this, the Hausdorff dimension, de-

termined via the contour smoothing method, is 

a more appropriate parameter for assessing sur-

face contour configuration. In our previous re-

search, we established that this dimension is inde-

pendent of image scale, size, resolution, and con-

tour thickness [27]. Therefore, the use of the con-

tour smoothing method for investigating bone tis-

sue surfaces may be more informative and techni-

cally robust compared to existing methods. We 

previously used this FA method to assess the con-

figuration of external contours of anatomical 

structures and artificial fractals [24; 27]. In the 

present work, this method demonstrated its capa-

bility to determine the fractal dimension of inter-

nal structure contours – specifically, the contours 

of the endosteum lining the bone cavities. We hy-

pothesize that in healthy bone, the trabecular net-

work is dense and complex, resulting in a higher 

fractal dimension. In osteoporosis, the loss of tra-

beculae simplifies the contour, likely leading to 

a decrease in the Hausdorff dimension. 

Another challenge in bone fractal analysis is 

the selection of ROI. Typically, small square areas 

corresponding to the cancellous bone are analyzed 

rather than the bone as a whole. Fractal dimension 

values can vary depending on both the size of the 

digital image area used for analysis and its locali- 

 zation [14; 21]. Performing fractal analysis on the 

entire mandibular tomographic slice, as imple-

mented in our algorithm, allows for the assess-

ment of the whole bone state and mitigates errors 

caused by ROI selection bias. 

The main limitations of the proposed method-

ology include the ability to investigate only closed 

contours, which may restrict the use of this algo-

rithm when studying cropped image fragments of 

bone tissue. Another important factor is the selec-

tion of the FA stage range (the range of smoothing 

radii where the ln(P/R) vs. ln(1/R) dependence is 

strictly linear) when using CT images with differ-

ent scales and resolutions. Future studies should 

address the influence of metal artifacts on contour 

extraction.  

The proposed algorithm for fractal analysis of 

mandibular bone architecture using the modified 

contour smoothing method can be used to assess 

bone remodeling and resorption activity during 

healing after implant placement, fracture healing, 

or following mandibular surgery. Additionally, 

this technique can be employed to evaluate the 

complexity of bone architecture for assessing 

changes in osteoporosis and predicting implant in-

tegration into the mandible. 

Conclusions 

1. The original fractal analysis algorithm using 

the contour smoothing method, described in this 

study, allows for the quantitative assessment of 

the configuration complexity of internal endosteal 

surface contours within the mandibular bone. 

2. The surface contours of the mandibular bone 

tissue demonstrate monofractal properties within 

a smoothing radius range of 2 to 8 pixels; conse-

quently, the fractal analysis algorithm was modi-

fied and restricted to four stages with small 

smoothing radius values. 

3. The advantages of the proposed algorithm 

include the ability to analyze mandibular bone 

slices in their entirety, independence from the size 

and location of a selected ROI, and independence 

from image size and resolution. 

4. The proposed fractal analysis algorithm can 

be used for diagnostic purposes to assess the ac-

tivity of remodeling and resorption of mandibular 

bone tissue on computed tomography images. 
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