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Abstract: �Introduction: This study analyzed how different implanted materials affected the healing of alveolar defects using fractal dimension 
(FD) computation taken from radiographs. Methods: 236 patients with bone defects in the upper/lower jaw were selected to this 
study and treated with: algae derived hydroxyapatite (AHA), bovine bone mineral (BBM), beta-tricalcium phosphate (TCP), synthetic 
hydroxyapatite (SHA), biological active glass (BAG), autogenous bone grafts (ABG), reference group (REF) – intact bone. 22 patients 
with bone defects where the bone substitute was not introduced made NON group. The results were monitored using intraoral x-ray 
imaging. Results: FD varied with the different biomaterials throughout the time of observation and reflected individual character of bone 
remodeling. Fractal analysis of intact and augmented bone during observation showed higher FD for the intact bone in comparison 
with the biomaterials site. Conclusions: Fractal techniques can be a descriptor of bone substitutes. On the basis of the differences in 
the dynamics of alteration between different bone substitute materials we can distinguish two groups of them. Visible changes in the 
structure emerge earlier in places of implantation of BBM and TCP in comparison to the group of biomaterials constituting more stable 
patterns of radiotexture: AHA, BAG, SHA.
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1. Introduction
Augmentation of bone defects by insertion of graft ma-
terials is an excellent method to construct a  suitable 
bony bed for implant placement [1,2]. Based on origin, 
bone replacement materials (BRM) are classified as al-
logenic, heterologous and alloplastic ones [3]. Clinical 
and pathological evidences from many studies indicate 
that the use of an autogenous bone is favored as a gold 
standard [4,5]. However, there are many problems as-
sociated with harvesting an adequete quantity of the 
autogenous bone, two sites morbidity in the patient, 
and brought together complications. These factors cre-

ate barriers for the widespread use of autogenous bone 
transplantation. The availability of suitable biomaterials 
to be used as a  bone replacement that facilitates the 
bone regeneration would eliminate the need for a sec-
ond surgical site.
	 A crucial differentiating feature of the synthetic mate-
rial depends not only on the origin, but also the surface 
characteristic and the degree of the porosity [6,7]. Also, 
the process of bone ingrowth depends on the size of 
pores in the BRM scaffold. The heterologous materials 
are obtained through the processing of bone derived 
from different species, such as material derived from bo-
vine bone (BBM). Alloplastic materials are constituted by 
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synthetic composites, such as: biologically active glass 
(BAG), e.g. Biogran, PerioGlass; tricalcium phosphate 
particles (TCP), e.g. Cerasorb, Bioresorb, Chronos, Bio-
base; and hydroxylapatite (SHA), e.g. Ha-Biocer.
	 BBM is comprised of multi-shaped grains, 1-2 mm 
in size. Because of its considerable size, changeable 
gradability and macroporosity in bone defect, the ma-
terial may constitute spatial macroporosity system in 
implantation site. The surface of the material is practi-
cally devoid of micropores, which considerably restricts 
resorption, together with its chemical composition of hy-
droxylapatite. Research shows phenomenon that even 
after two years after implantation, the material displays 
higher density than on the day of surgery and higher 
than in surrounding bone. This is an osseointegrating 
material which exhibits long term stability in the organ-
ism after interbone implantiation. It has osteoconductive 
capacity. It is used primarily in periodontology and oral 
implantology [8].
	 By contrast, beta-tricalcium phosphate β-Ca3(PO4)2 
is subject to very fast and full resorption. About 80% 
undergoes resorption 7 months after implantion. This 
may be considered a flaw, since bone tissue develop-
ment may be slower than biological degradation, which 
results in the ingrowth of new bone. TCP is built of round 
grains 1-2 mm in size, which show roughness and po-
rosity of the surface. The material manifests short stabil-
ity in organisms after endosteal implementation [9].
	 SHA, i.e. synthetic hydroxylapatite, has very limited 
resorption rate. Collagen fibers generated by osteo-
blasts first form the zone of contact between the surface 
of hydroxylapatite, which contains calcium, and then 
cells forming the bone [10].
	 BAG, i.e. biologically active glass, originates from 
silicon oxides, sodium oxides, calcium oxides and 
phosphorous oxides (and differ in the size of particles 
90-360 μm) [11]. As a result of their contact with tissue 
fluids, the glass gives off ions, thanks to that cracks de-
velop and increase porosity. Biologically active glass is 
widely popular in dentistry and yields positive results in 
periodontology [12].
	 ABG, i.e. autogenous bone grafts, are harvested 
from the oral cavity approach, most frequently from 
the mandible (a  cortical bone characterized by a  long 
resorption time) or from hip bone (a  cancellous bone 
characterized by a  shorter resorption time). All bone 
transplants are subject to restructuring, with resorption 
dominating. It is not clear whether, depending on the de-
gree of restructuring, new differences arise concerning 
mechanical features of bones in sites of regeneration, 
particularly in the case of a cancellous bone [13].
	 There are also biological purely plant-based bioma-
terials, such as calcium carbonate derived from marine 

algae (Algipore). It is obtained from natural carbonate 
calcium incrustated algae, and after chemical transfor-
mation (98%) it is comprised of hydroxylapatite. This 
material shows great porosity (porous diameter approxi-
mately 200 μm). However, after it is used, the growth 
of bone tissue is not always observed. The possibility 
of full bone transformation is a  moot point among re-
searchers. Additionally, algae derived hydroxylapatite 
(AHA) displays a very long resorption time, as it is de-
composed by osteoblasts very slowly. The estimated 
resorption time is 7 years [14].
	 All these bone substitute materials possess different 
resorption rates, chemical and structural characteristics 
and their influence on stimulation or support of bone re-
generation differs. For the clinician it would be valuable 
to assess the bone regeneration after the implantation 
of different biomaterials. The effect of various grafts in-
cluding allogenic bone, alloplastic bone substitutes and 
their combinations [15-19,20,21] have been extensively 
studied in animal models [22-25,26] and in vitro experi-
ments [27,28]. There has also been research assessing 
the augumentation process with the use of clinical, histo-
logical and histomorphometrical analysis in humans [29]. 
Roentgenographic examination of the bone defect heal-
ing process in humans after introducing a bone substitute 
material using only one’s sight has a subjective charac-
ter. Extensive research has been conducted according 
to objective radiological methods assessing trabecular 
structure on the basis of mathematical analysis of bone 
texture, like microdensitometry, subtraction radiogra-
phy [30,31]. Another mathematical description method of 
the structural pattern of trabecular bone is fractal analy-
sis. This quantitative method measures complex geomet-
ric structures that exhibits self-symmetry throughout the 
image [32,33]. The complexity of the structure is repre-
sented by the fractal dimension; with its increasing num-
ber the complexity increases [34]. There are many meth-
ods of fractal analysis. They are mathematically different 
and give rise to various numerical values. The results of 
such evaluation would only be the same in the case of 
identical fractal surfaces (continuous and self-similar). 
Fractal dimension (FD) is a  numerical expression for 
describing complex shapes and structural patterns [35]. 
There are two methods of fractal dimension calculation: 
spatial and spectral. The first type operates in the spatial 
domain (Box Counting Method, Intensity Variance Meth-
od, Variation Method, and Blanket Method). The second 
type operates in the frequency domain, using the Fourier 
power spectrum. This method was also used by Rutti-
mann et al. [35], Law et al. [36] on dental radiographs of 
postmenopausal women, and Samarabandu et al. [37] 
on rat femurs. In dentistry, fractal dimension on periapi-
cal radiographs has been used as a  simple descriptor 
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of the complex architecture of the cancellous bone sur-
rounding the dentition [35,38]. The technique appears to 
be relatively insensitive to variations in film exposure or 
alignment [1,37,39,40] and is relatively independent of 
technical settings of periapical radiographs [41] but is af-
fected by the size and shape of the regions of interest [1].
Fractal dimension has been shown to distinguish pa-
tients with gingivitis and periodontitis [42] and those with 
and without osteoporosis  [25] and has been used for 
assessment of dental implant sites [43]. A  method of 
computing fractals based on Fourier’s two-dimensional 
power spectrum was used in cases when crucial infor-
mation about the degree of structural systematicity de-
pended on the direction and size of the structures ana-
lysed [34,44-46].
	 These studies show the potential capabilities of frac-
tal analysis in analyzing trabecular bone structure on the 
basis of retrospective periapical radiographs. However, 
there is no report comparing bone substitutes in long-
term assessment with the use of fractal analysis.
	 The aim of this study was to analyze how different 
implanted materials affected the healing of alveolar de-
fects using fractal dimension (FD) computation taken 
from radiographs acquired 1, 2 and 3 years after the 
oral surgery.
	

2. Materials and methods
Two hundred and thirty six patients were included into 
this study (female: 131, male: 105; mean age 35.9±13.7 
years). All patients were in good physical health and had 
no addictions. They demonstrated an acceptable level 
of oral hygiene. Those patients had postoperative 5-wall 
defects created in the course of operative treatment of 
jaw cyst enucleations, tooth removals, apicoectomies or 
bone harvesting. This study was approved of by the In-
stitutional Review Board (IRB) – RNN/91/02/KE.
	 The defects of the jaw bone were treated with: algae 
derived hydroxyapatite (AHA - 48 cases), bovine bone 
mineral (BBM – 24 cases), beta-tricalcium phosphate 
(TCP – 34 cases), synthetic hydroxylapatite (SHA – 
22 cases), biologically active glass (BAG – 34 cases), 
autogenous bone grafts (ABG – 20 cases), reference 
group – intact bone, sites in edentulous ridges (REF: 
32 cases). There has also been a control group of 22 
patients with bone defects, (tooth root extraction without 
a pre-planned implant surgery or place from which a pa-
tient’s bone sample has been taken) where the bone 
substitute was not introduced (NON - 22 cases). Digital 
intra-oral radiographs were taken 4 times: at 12 months’ 
(M) intervals (00M, 12M, 24M, and 36M) during follow-
up examinations. Therefore, the analysis was based on 

exactly 944 images (236 patients with 4 radiographs 
each). The images were acquired (during standard clini-
cal procedures) by the same person, with similarly po-
sitioned reference points by one operator. The images 
were taken with the use of the right angle technique. 
The Digora Optime system of digital radiography (Sore-
dex, Tuusula, Finland) was applied in this study [47]. 
Radiographs were taken in a standardized way. It was 
applied a modified RINN system, from which we utilized 
the ring for tube fixation and film plate holder (vertical 
and horizontal). The ring was placed in roentgen appa-
ratus and fixed to the film plate holder connected by the 
horizontal bar. The ring in the roentgen apparatus was 
joined by additional adapting ring that was rigidly fixed 
to the X-ray tube. We applied enveloped storage phos-
phor plate with a  step wedge with thickness 0.1, 0.2, 
0.4, 0.8 mm of copper. A bite index was prepared with 
a silicone material (occlusal bite duplicates the shape of 
film plate holder and also occlusal surfaces of the teeth). 
The X-ray detector was placed in the RINN positioner 
and the bite index with the connection bar was replaced 
in the mouth of the patient and fixed to the tube. The 
same radiological apparatus was used: Focus X-ray in-
traoral unit (Instrumentarium Dental, Tuusula, Finland). 
Technical parameters of exposure were the same in all 
included radiographs: 7 mA, 70 kV and 0,06 s. Adobe 
Photoshop 7.0 software was used to select and choose 
ROI images (region of interest) consisted of 64x64 pix-
els of 256 grey levels (Figure 1). The pixel size equated 
to 70 μm. ROIs analyzed were located in the same ana-
tomical area throughout the time of observation. The 
best possible approximation of anatomical location was 
assured thanks to standardized method of radiographs 
acquisition and also thanks to the fact that ROIs were 
placed within identical reference points for each patient. 
As a  reference point, we chose anatomical structures 
placed within an intact area without lesions. ROIs were 
placed on the most central part of bone defects with-
out any anatomical structures imposed. The ROI were 
separated and saved as a  bitmap file on the PC. We 
used the spectral method, frequency domain technique 
method to calculate the fractal dimension. The decision 
to choose this method was preceded by a  careful in-
vestigation of biological processes taking place in the 
structure under study, as well as its construction and 
functioning. The choice of the methods of analysis and 
assessment of results were also affected by assump-
tions and goals we defined.
	 An automatic algorithm was written using Mathcad 
Plus 6.0 software (PTC, USA, Needham) for mathemat-
ical analysis. This program was based on the Fourier 
power spectrum method (Figure 1 a,b,c,d) and allowed 
Fast Fourier Transform (FFT) coefficients and fractal 
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dimension calculations. Firstly, in this method the cal-
culation of the two-dimensional Fourier transform of 
the digital image is done, and two-dimensional pow-
er spectrum is obtained. The two dimensional power 
spectrum can be averaged by means of sampling the 
spectrum in the area of rings of defined width Δf, for all 
frequencies f [38,44]. Calculations were performed for 
rings of a given width Δf each (⊗f= 1,01 1/mm). Thus 
the energy spectrum contained information concerning 

the structures of interest included in the scope of spa-
tial frequencies, from f to n*⊗f, grouped in packets of 
width equal to ⊗f. The boundary frequencies of given 
rings can be determined, based on the following de-
pendency, where Pn is the mean value of the spectrum 
of the two dimensional Fourier transform for n ring of 
a given width Δf each:

(n-1) * Δf ≤ f Pn ≤ n * ≤ Δf.

Figure 1a.	Results of Fourier Transformation: 3 dimension presentation of amplitude distributions the Fourier Transformation of analysed images; 
(axes: x,y  – spatial frequencies, z – amplitude). Abbreviation: 00M – state immediately after operation.
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Then, the two-dimensional power spectrum is reduced 
to one dimension by averaging over lines. The average 
one-dimensional power spectrum P (f) of the surface is 
a function of the frequency f:

P (f) =k fβ.

When the log (P(f)) is plotted against log (f), a slope of 
the least-squares linear regression of the logarithmic 

plot of P(f) versus f is equal β. 

β = (-1 – 2H)
P (f) = k f(-1-2H)

H = - (1+β)/2.

The fractal dimension of the region is:
FD = 3 - H

FD = (7 + β)/2.

Figure 1b.	Results of Fourier Transformation: 3 dimension presentation of amplitude distributions the Fourier Transformation of analysed images; 
(axes: x,y  – spatial frequencies, z – amplitude). Abbreviation: 12M – twelve months after surgery.
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In the case of homogenous structure, the amplitude spec-
trum of Fourier transform is largest in the regions of low 
spatial frequencies, the H coefficient (Hurst coefficient) 
attains high values, and thus the corresponding fractal di-
mension is low. For the heterogeneous structures, i.e. the 
ones characterized by a more evenly distributed ampli-
tude spectrum, the H values are low and the correspond-
ing fractal dimension attains a large value [48,49].

2.1 Statistical analysis
For the reason that data distribution differed significantly 
from normal distribution, non-parametric tests were ap-
plied. The Kruskal – Wallis one – way analysis of vari-
ance was used to determine the statistical significance 
of differences among analyzed groups of patients. 
The Mann–Whitney test was then used as a post-hoc 
test. A two factor analysis of variance (time and group 
of patient) was done with the ANOVA Friedman test. 

Figure 1c.	Results of Fourier Transformation: 3 dimension presentation of amplitude distributions the Fourier Transformation of analysed images; 
(axes: x,y  – spatial frequencies, z – amplitude). Abbreviation: 24M – twenty four months after surgery.
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As a post-hoc test we used Wilcoxon signed-rank test. 
The critical p value for null hypothesis rejection was set 
at p=0.05 (Statgraphics Centurion XVI, Statpoint Tech-
nologies, Inc., Virginia, USA).

3. Results
In case of spontaneously healed defect [NON] the 
averages of FD immediately after surgery were 
significantly higher than in each of the following periods 
of the study (p <0.01; p <0.05). Values of fractal 
dimension of algae derived hydroxylapatite after 12 and 
36 months of observation took on average significantly 

lower values than in the baseline examination (p<0.001). 
Also, the results after 36  months were significantly 
lower than after 24 months (p <0.01) for this biomaterial 
(Table 1). Fractal dimension values calculated for SHA in 
the observed periods were fairly similar and the possible 
significance of the error rate was p=0.055. Detailed 
analysis in different periods of observation disclosed 
that after 36 months FD values were significantly lower 
than after 12 and 24 months (p<0.05). The comparison 
of the results in the BAG group gave similar results as 
in the AHA group. It turned out that the difference in 
results over time was statistically significant, although 
at a greater level of error (p<0.05), but similarly in the 

Figure 1d.	Results of Fourier Transformation: 3 dimension presentation of amplitude distributions the Fourier Transformation of analysed images; 
(axes: x,y  – spatial frequencies, z – amplitude). Abbreviation: 36M – thirty six months after surgery.
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Materials Examination 
time

Calculated parameters of fractal dimension (FD)
min max x Me Qx SD v (%)

AHA

0M 2,265 2,598 2,421 2,421 0,032 0,0577 2,38
12M 2,415 2,296 2,417 2,415 0,030 0,0423 1,75
24M 2,227 2,503 2,402 2,402 0,033 0,0565 2,35
36M 2,238 2,517 2,364 2,340 0,052 0,0732 3,10

Comparison
(significant 
differences)

chi2=20,075; p<0,001
0 with 36: z=4,492; p<0,001
12 with 36: z=3,964; p<0,001
24 with 36: z=3,154; p<0,01

NON

0M 2,285 2,493 2,424 2,419 0,031 0,0503 2,07
12M 2,309 2,492 2,389 2,384 0,025 0,0422 1,76
24M 2,301 2,440 2,390 2,397 0,025 0,0376 1,57
36M 2,214 2,476 2,367 2,369 0,063 0,0737 3,11

Comparison
(significant 
differences)

chi2=15,055; p<0,01
0 with 12: z=2,646; p<0,01
0 with 24: z=2,760; p<0,01
0 with 36: z=2,549; p<0,05

SHA

0M 2.223 2.521 2.382 2.389 0.048 0.0671 2.82
12M 2.272 2.472 2.404 2.414 0.028 0.0433 1.80
24M 2.280 2.477 2.400 2.404 0.029 0.0478 1.99
36M 2.167 2.466 2.363 2.372 0.035 0.0660 2.79

Comparison
(significant 
differences)

chi2=7.582; p=0.055
12 with 36: z=2.370; p<0.05
24 with 36: z=2.159; p<0.05

BAG

0M 2.358 2.507 2.427 2.426 0.015 0.0355 1.46
12M 2.329 2.503 2.432 2.448 0.041 0.0498 2.05
24M 2.268 2.518 2.418 2.428 0.034 0.0585 2.42
36M 2.198 2.506 2.351 2.348 0.070 0.0823 3.50

Comparison
(significant 
differences)

chi2=14.645; p<0.01
0 with 36: z=3.616; p<0.001
12 with 36: z=4.325; p<0.001
24 with 36: z=3.163; p<0.01

BBM

0M 2.316 2.480 2.410 2.422 0.031 0.0503 2.09
12M 2.306 2.470 2.390 2.390 0.024 0.0408 1.71
24M 2.195 2.442 2.354 2.387 0.064 0.0775 3.29
36M 2.133 2.557 2.353 2.357 0.054 0.0996 4.23

Comparison
(significant 
differences)

chi2=12.891; p<0.01
0 with 12: z=2.342; p<0.05
0 with 24: z=3.086; p<0.01
0 with 36: z=2.343; p<0.05
12 with 24: z=2.414; p<0.05

ABG

0M 2.267 2.491 2.388 2.400 0.036 0.0641 2.68
12M 2.296 2.476 2.396 2.413 0.052 0.0619 2.59
24M 2.278 2.519 2.419 2.428 0.028 0.0529 2.19
36M 2.275 2.441 2.363 2.360 0.028 0.0437 1.85

Comparison
(significant 
differences)

chi2=7.070; p>0.05
12 z 36: z=2.314; p<0.05
24 z 36: z=3.024; p<0.01

TCP

0M 2.262 2.467 2.382 2.384 0.030 0.0489 2.05
12M 2.253 2.470 2.379 2.385 0.040 0.0537 2.26
24M 2.204 2.463 2.360 2.389 0.047 0.0716 3.03
36M 2.243 2.510 2.354 2.344 0.052 0.0732 3.11

Comparison
(significant 
differences)

chi2=2.471; p>0.05
(no significant differences)

REF

0M 2.300 2.486 2.386 2.402 0.037 0.0518 2.17
12M 2.320 2.569 2.417 2.418 0.028 0.0596 2.47
24M 2.210 2.464 2.377 2.397 0.072 0.0797 3.35
36M 2.244 2.437 2.377 2.393 0.035 0.0590 2.48

Comparison
(significant 
differences)

chi2=2.100; p>0.05
(no significant differences)

Table 1. Fractal dimension of the image of bone defect filled with different bone substitutes. 36 months follow-up.

783



Using fractal dimension to evaluate alveolar bone defects
treated with various bone substitute materials

AHA group after 36 months averages of FD values 
were significantly lower than in any previous periods 
of the study (p <0.001; p<0.01). In the group of BBM 
statistically significant differences were observed in 
consecutive periods of the study (p<0.01). Comparison 
of results in pairs in different periods of the observation 
disclosed that there were, statistically significant 
differences between the values of FD at baseline and 
the values of FD in each of the subsequent periods 
(p<0.05, p <0.01). In this scope, a similarity to the NON 
group can be observed, however in the BBM group 
one more important difference appeared - significant 
decrease in FD values was observed in the examination 
after 24 months in comparison to values obtained after 
12 months. In ABG group we found no statistically 
significant difference in FD values over analyzed period 
(p>0.05). However, detailed comparison of pairs of FD 
values calculated for different periods disclosed that the 
averages obtained after 36 months were significantly 
lower than after 12 months (p<0.05) and after 24 
months (p<0.01). There were no statistically significant 
differences in results over time (p>0.05) in the TCP and 
REF groups. For better visualization above mentioned 
relations were presented in Figure 2.
	 A  two factor analysis of variance (biomaterial and 
time) was performed and results presented in the 
Table 2. After 36 months, no statistically significant dif-
ference in FD values between the examined groups 
was observed (p>0.05) (Figure 2). Statistically sig-
nificant differences were noticed in all other periods of 
the study, both in the initial period, as well as after 12 
months and 24 months (p<0.001) (The Kruskal–Wallis 
one-way analysis of variance was performed). In the 
initial stage “00M“ – state immediately after operation 
–  FD averages calculated for the TCP was significantly 
lower than for the AHA group (p<0.05) and for the BAG 
(p<0.01). Results in other groups at baseline period did 

not differ from each other in a  statistically significant 
way (p>0.05). After 12 months, it appeared that the TCP 
group differ significantly from the BAG group (p<0.01) 
and from BBM and NON groups (p<0.05). In the BAG 
group significantly higher FD values were observed on 
average than in other groups. Also during the examina-
tion after 24 months averages were significantly higher 
in this group than in the TCP and BBM (p<0.05). In this 
study period (24 months) in the TCP group averages 
were significantly lower than in the ABG group (p<0.05).

Figure 2.	 Fractal dimension in investigated groups. Abbreviations: 
00M – state immediately after operation, 12M – twelve 
months after surgery, 24M – twenty four months after 
surgery, 36M – thirty six months after surgery.

	 AHA - Slow alterations in ROI lead in final observation to 
less heterogenous texture of implantation site.

	 BAG – Gradual, slow homogenization of internal structure 
of implantarion site, finally done significantly simpler 
texture.

	 BBM – the most noticeable changes were observed 
during first year after implantation, significantly more 
homogenous radiotexture was stable two and next three 
years post-operationally.

	 SHA – Heterogenous texture begun to be visible in 12M 
and 24M, and statistically significance its decrease was 
confirmed at 36M.

	 TCP – Texture alteration was not confirmed during 36 
month post-operational observation in this study.

	 ABG – Relatively not complex trabecular had only peak at 
final phase of remodeling period [24M].

 

Examination time Value of the Kruskal–Wallis
one-way analysis of variance Statistical significance p Significant differences 

between groups The value of z test Statistical significance p

0M 26.476 p<0.001 AHA with TCP
BAG with TCP

3.205
3.602

p<0.05
p<0.01

12M 26.236 p<0.001
BAG with TCP
BAG with BBM
BAG with NON

4.098
3.353
3.435

p<0.01
p<0.05
p<0.05

24M 22.890 p<0.001
BAG with TCP
BAG with BBM
TCP with ABG

3.450
3.338
3.126

p<0.05
p<0.05
p<0.05

36M 2.970 p>0.05 (no significant differences)

Abbreviations: REF – reference bone, NON – spontaneously healed bone defect, ABG – autogenous bone graft, AHA – algae derived hydroxyapatite, 
BAG – biological active glass, BBM – bovine bone mineral, SHA – synthetic hydroxyapatite, TCP – beta – tricalcium phosphate,
00M – state immediately after operation, 12M – twelve months after surgery, 24M – twenty four months after surgery, 36M – thirty six months after

Table 2. Comparison of results between the groups in the different time points
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4. Discussion
In this paper, we analyzed the structural pattern of bone 
regeneration after the implantation of different bone sub-
stitute materials by means of the fractal. Shrout et al. [1] 
state that results of a  fractal analysis of alveolar bone 
may be affected by ROI size and shape, but in our 
study all ROI were standardized and had sizes of 64x 
64 pixels, and were only limited by the neighborhood 
of a tooth, implants and sinus. Moreover, in present re-
search, all digital radiographs were standardized and 
projection of images did not influence the FD. Thus, this 
factor did not influence the results of our study. Optical 
density of the radiograph, geometric projection, and the 
direction in which the bone trabeculae are placed have 
no bearing on the value of the method of a fractal analy-
sis. It can serve as a research tool in helping to evalu-
ate the bone structure in all healing periods, as well as 
to assess the bone healing factor. The fractal dimen-
sion method is an effective tool for the description of the 
dynamics of bone remodeling by bone substitutes and 
bone resorption, and is useful as a quantitative indica-
tor for these processes [50,51]. It is known that similar 
values of the fractal measurement in the location of the 
biomaterial implantation and referential bone indicate 
the presence of the correct bone structure. Therefore, 
fractal measurement reflects the number of bone tra-
beculae and their correct arrangement.
	 Veltri et al. discover in animal model that fractal di-
mension is potentially useful to evaluate bone quality 
at implant sites preoperatively and noninvasively  [52]. 
Koyama et al. also show that FD is closely correlated 
with bone mineral density. These results suggest that 
a  fractal analysis of bone images is a  useful, non-
invasive method for assessing bone strength, and the 
strength of a newly formed bone [53]. It is important es-
pecially in controlling large bone defects after applica-
tion of bone filling material. Non-invasive assessment of 
FD could be used to monitor the results of a surgery and 
the use of bone substitutes over long periods of time.
	 The healing of bone tissue entails two parallel pro-
cesses, i.e. resorption and osteogenesis. After fifteen 
weeks, in the place of a healing bone defect, a woven 
bone forms, which duly transforms into a mature bone. 
This process lasts approximately twelve months. Fi-
nally trabeculae arise as a  result of pulling and pres-
sure  [54]. The system of trabeculae determines the 
degree of texture organization which can be evaluated 
on the basis of the fractal. NON group presented the 
detection of normal bone wall visualization between de-
fect and registration plate. This is the feature of method 
of conduction of this study [intra-oral periapical radiog-
raphy]. During healing and remodeling which involved 

surrounding bone the structure observed in radiographs 
quickly became apparent. Processes that took place in 
the regions of biomaterial placement and in a sponta-
neously healing wound, in the span of 36 months, led 
in consequence to similar systematization to a  dense 
bone - FD values did not differ significantly (despite of 
TCP). This means that the distribution of trabeculae was 
regular to a similar extent. These processes were time 
dependent. It seems that lack of the difference between 
FD values for TCP within the time of observation is con-
nected with the resorption of the TCP particles and also 
with rapid osteogenesis (TCP gained similar FD values 
like REF). It is known that Alpha-tricalcium phosphate 
bone cement is a  material composed by calcium and 
phosphate and presents biochemical characteristics 
similar to the bone mineral phase [55]. Granules of TCP 
are recognized by utilized method as similar particles as 
normal bone trabeculae [bigger than BAG and smaller 
than AHA particles], and next the combination of rapid 
resorption with simultaneous new bone formation [25] 
protect the detection of texture alteration during the 
follow-up. Final product of that bone regeneration has 
feature of compact bone. Similar findings was obtained 
in semi-quantitative radiographic research – the inside 
three dimensional porous structure of TCP simulates 
the natural bionic bone structure  [56]. On the basis of 
fractal analysis there is no possibility to differentiate the 
implantation site with spontaneously bone regeneration 
(the verticles of TCP leave the same FD structure as 
trabeculae of regenerated bone).
	 In case of filling a  bone defect with an autogenic 
graft, regeneration is the consequence of three mecha-
nisms: osteogenesis, osteoinduction and osteoconduc-
tion. In the process of healing, the whole transplanted 
bone is subject to gradual resorption and is simultane-
ously revitalized. The process of complete healing of 
an autogenic bone transplant lasts from six to twelve 
months [57]. Synthetic products can be efficient alterna-
tives to autogenic, allogeneic, or xenogenic grafts [26]. 
Similar processes arise when augmentation is based on 
the alloplastic material. Some authors, however indicate 
that alloplastic grafts i.e. hydroxylapatite bone grafts 
present more intense neo-osteogenic process in com-
parison to allogenic grafts [58].
	 High dynamics of regeneration of the bone tissue 
takes place within the first year after implanting the bio-
materials. The newly formed bone differs in its struc-
ture, as its trabeculae are different from the surrounding 
bones. The results of our study indicate significant differ-
ences in the dynamics of resorption and osteoconducting 
between different groups of bone substitute materials.
	 AHA and BAG demonstrated gradual simplification 
of the own texture in implantation site down to reference 
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values [REF, NON, ABG] in 36M. On one hand it is the 
resorption effect, and on the other hand it is new bone 
conduction within a scaffold of biomaterial in jaw bone 
defect. Synthetic hydroxylapatite [SHA] is stabile after 
intraosseal application. Only in 36-month examinantion 
decrease of structure complexity was noticed. Small 
porosity and crystal composition may determine such 
as long-time constancy. Generally a similar pattern of 
structural evolution of BBM to reference defect [NON] 
derived of origin of biomaterial. It is just deproteinized 
cancellous bone. Thus, the structure of biomaterial 
is like normal trabecular bone - well detected in NON 
group [as covering wall of the defect]. But interaction 
between the biomaterial with host bone is more com-
plicated. Because of strong osteoconductivity, [8,59] 
the amount of new bone formed inside the BBM scaf-
fold is great enough to merge particles of biomaterial in 
solid block of hard tissue. That block is relatively mono-
lithic what is described by the lowest revealed in this 
study FD value which was 2.353. BBM is considered 
as non-resorbable material because several years (3–6 
years) after implantation it is still unresorbed [10]. The 
presence of residual particles within the newly formed 
bone is inadvisable because it interferes with its growth 
and affects the properties of the resulting tissue, and 
influences its osteointegration capacity for dental im-
plants [59,60].
	 The fast changes during six to eight months, de-
scribed by many authors, (complete resorption when im-
planted in humans) [25,61] maybe though proved in our 
study. Tamimi indicates that the new bone at the site of 
biomaterial implantation differs from the intact one after 
24 months and it still differs at the maximum recorded 
time of 36 months after the surgery [62]. This suggests 
that another long-term histological study is necessary to 
investigate the issue. No differences between structural 
pattern after BAG implantation were observed between 
time intervals 00M and 12M. In addition, 12 and 24M 
may suggest that BAG was resorbed within the first two 
years after surgery and within the next year the residual 
bone defect was remodeled and healed. It is important 
to realize that, thanks to the late resorption [AHA, SHA, 

BAG], these bone substitutes remain stable and prevent 
tissue collapse, which is important for today’s oral im-
plantology i.e. soft tissue esthetics.
	 The results show that the fractal dimension can de-
tect differences in newly formed bone structure filled 
with different bone replacement materials over time. Dif-
ferences in fractal dimensions between implanted bone 
substitutes provide information on how and at what time 
the cancellous bone filled with various replacement ma-
terials remodels the defects. 
	 This study shows that fractal analysis can charac-
terize the morphological complexity of each bone sub-
stitute during the remodeling process by measuring the 
fractal dimensions. This enables a new understanding of 
how change in cancellous bone structure may occur as 
a result of bone filling materials. The fractal method de-
scribed in this study can be used for assessing trabecu-
lar remodeling and resorption. The method proposed is 
non-invasive. It is not a burden to the patient and, at the 
same time it helps to obtain information regarding bone 
microstructure and the assessment of the kinetics tak-
ing place inside the bone tissue and in comparing their 
pictures with those of the intact bone. Fractal technique 
can describe bone substitutes.

5. Conclusions
On the basis of the differences in the dynamics of altera-
tion among different bone substitute materials, we can 
distinguish two groups. Visible changes in the structure 
emerge earlier in places of implantation of BBM versus 
to the group of biomaterials constituting more stable 
patterns of radiotexture: AHA, BAG, SHA. As far as the 
fractal dimension is concerned, TCP is nonrecognisible 
contrary to reference bone because of high resorption 
rate. More complex structures of this series of bone 
substitutes finally transforms into more simplex site by 
influence of surrounded vital bone - fractal normal bone. 
Fractal analysis revealed that final bone regeneration in 
implantation sites can lead to total healing, but requires 
a long time [approximately 36 months].
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