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Abstract

Objectives The purpose of this study is to compare bone regeneration properties of recently available collagen-calcium phos-
phate (C-CP) blend as bone substitute (BS) material in oral surgery with calcium phosphate (CP) as well as collagen material
(Collagen). Is C-CP better than the classic loose CP, or is it at least equally effective in the jawbone regeneration with the
superiority of a coherent consistency?

Materials and methods This study included 102 patients during 12-month follow-up. All patients underwent the following
surgical procedures: sinus lift (52patients) and tooth extraction (5Opatients). Patients were divided into 3 groups which are as
follows: experimental group with C-CP, CP and pure Collagen as control groups. Texture analysis was performed in intra-oral
radiographs. Analyses were performed in the MaZda 4.6 software. Average 2444-pixel ROIs were established in the image of BS
materials and normal trabecular bone for texture comparison to evaluate the jawbone regeneration process. Four features were
calculated and investigated.

Results Texture analyses revealed that all 4 features described the healing process well. Reference textural value of feature
SumOfSqrs < 102.37 was soft tissue, DifEntr < 1.1 was not the bone, Entr < 2.62 was not a bone and LngREmph > 1.8 was soft
tissue. For 12 months, bone regeneration was proved by 3 of 4 investigated features. Only Entr indicated to CP remnants in the
ROI (p < 0.05).

Conclusions This study proves that blended collagen-calcium phosphate as a BS material can bring satisfactory and predictable
outcomes in jawbone regeneration.

Clinical relevance Clinicians can choose a satisfactory and predictable material for bone regeneration treatment.

Keywords Osteoconduction - Calcium phosphates - Collagen - Bone regeneration

Introduction beta and crystalline calcium phosphates have become
widespread in oral surgery. Those used in oral surgery
are usually available in granular form that does not al-

low to shape well biomaterials in the surgical field dur-

Today, various forms of calcium phosphates (CPs) are
the most commonly used bone replacement materials

due to their ease of application and handling, safety
profile, intraoperative cost, time advantages and adapt-
ability to a variety of clinical indications [1-4]. The
biologically active glasses or methyl methacrylate poly-
mer, formerly used, are now marginalised. But alpha,
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ing the surgery procedure.

Developing oral surgery and implantology has led to
identification of other needs. It means that surgeons are
expecting better and more predictable results of their
procedures. Vertical and horizontal bone deficiency and
also bone defects are still the biggest challenge. Bone
augmentations of the maxilla and mandible are necessary
to obtain required bone volume, e.g. before
implantological or prosthetic treatment. Still, the gold
standard in oral surgery is autologous grafts. Bone tissue
has to be harvested from additional surgical site, e.g.
iliac crest, ramus and mental of mandible, and maxilla
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tuberosity. It can lead to further complication, e.g. pain
of donor site, harvesting morbidity, more pain and,
resulting from it, patient’s fear [1-3, 5].

An appropriate solution to this clinical problem is to im-
merse CP granules in a collagen sponge and create a solid but
not hard biomaterial. The blended collagen-calcium phos-
phate (Collagen-CP) is a combination of collagen and
tricalcium phosphates. Collagen does not have adequate me-
chanical properties as strength and stiffness, but keeps the CP
granules in place in bone defect. On the other hand, collagen is
the main fibrous protein that is a component of bones [6].
Collagen is non-cytotoxic, compatible with the immune sys-
tem, and biodegradable, and it also allows for deposition of
calcium carbonate and calcium phosphate [6, 7]. It shows that
the combination of these two components could reveal inter-
esting properties as a bone substitute material.

It is not known: is Collagen-CP better than the classic loose
CP, or is it at least equally effective in the jawbone regenera-
tion with the superiority of a coherent consistency? Thus, the
aim of this study is the analysis of the bone regeneration in-
duced by collagen-tricalcium phosphate mixed material in
intra-oral radiographs.

Materials and methods

The study was approved by the University Ethical Committee
RNN/485/11/KB. A total of 102 patients (46 males and 56
females) aged between 17 and 75 years (49.2 + 11.75 years)
were included. All patients underwent surgical procedures
prior to dental implant insertion: sinus lift (52 patients) and
tooth extraction (50 patients). Patients were divided into 3
groups depending on the material used: experimental group
with blended Collagen-CP (Curasan: Cerasorb Foam), CP
(Curasan: Osbone 10002000 pm) as positive control group,
i.e. typical bone substitute (BS) contemporary often used, and
negative control group with pure collagen as BS (B Braun:
Osteovit) named here Collagen.

Inclusion criteria were two-dimensional X-rays and labo-
ratory tests: level of parathormone (PTH in pg/ml), level of
thyreotropin (TSH in puIU/ml), level of calcium in serum (Ca
in serum in mg/dl), level of low-density lipoprotein (LDL in
mg/dl), level of triglycerides (mg/dl), level of glycated
haemoglobin (%), level of vitamin D3 (ng/ml) and densitom-
etry (in our work there was T score taken into account (com-
parison of a person’s bone density with that of a healthy 30-
year-old of the same gender) as well as Z score (comparison of
a person’s bone density with that of an average person of the
same age and gender). Exclusion criteria were as follows: lack
of laboratory tests, defected radiographs (in the visual assess-
ment of the researchers) and circumstances required bone
grafting. There were no exclusion criteria taking into account
general diseases.
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Preliminary investigation was performed to evaluate which
values of textural features are connected to cortical bone, trabec-
ular bone and soft tissue as a reference. A total of 29 samples of
each of these regions of interests (ROIs) were analysed (Fig. 1).

All two-dimensional radiographs were taken during typical
clinical follow-up: starting in the day of surgery—directly after
surgery (00 M), 3 months (03 M), 6 months (06 M), 9 months
(09 M), and 12 months (12 M) after surgery. Patients should have
controls every 3 months from the day of procedure, but it was not
always possible. To take an intra-oral radiograph, Digora Optime
system of radiography was used. The radiographs were taken in
standardised way [8] and with the strictly determined technical
parameters: 7 mA, 70 mV and 0.1 s. To make sure that the
radiographs will be taken with some repeatability, positioners
were used (90° angle of X beam to the surface of phosphor plate).

All radiographs were analysed in the MaZda software ver-
sion 4.6 invented by University of Technology in Lodz [9,
10]. The main goal of this software is texture analysis. It al-
lows evaluations of texture parameters in digital X-ray im-
ages. In this study, 331 X-rays were analysed.

Fig. 1 Preliminary textural evaluation of hard and soft tissues in the intra-
oral radiograph: cortical bone (red ROI), trabecular bone (green ROI) and
gingiva tissue (blue ROI). The data collected in this way allowed to
establish the reference system for subsequent tests
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The first step was to load an X-ray image to MaZda in .bmp
file format (bit map). Then, the ROIs were marked with aver-
age 2444 pixels for the bone area and 2515 pixels for the
material area. ROIs were marked on all images: green ROI
was for material texture and the reference ROI (the red one)
for bone (Fig. 2). The ROIs were normalised to share the same
mean and standard deviation of grey level inside the ROI (i +
30, where 1 and o denote the mean and standard deviation of
registered optical density, respectively).

The components of texture analyses are the following (Fig.
3): sum of squares (SumOfSqrs), entropy (Entropy), differ-
ence entropy (DifEntr) for 5-pixel distance (all previous fea-
tures derive from co-occurrence matrix) and long-run length
emphasis moment (LngREmph) were utilised. All features
were gathered in angles 0°, 45°, 90° and 135° from done pixel,
and average value was later calculated. Features were calcu-
lated for the reference bone and for the substitute material:

Ng Ng
SumOfSars = 3. 3 (i-p,)” p(i. )

g J=

where Y is the sum; (i, are the means and standard deviations;
N, is the number of distinct grey levels in the quantised image,
where N, is equal to 2¥, and k is the number of bits per pixel (8
bits, i.e. 256 grey levels); p(i,j) is the number of times there is a
run of length and j having grey level i are optical density of
pixels 5-image-point distant one from another
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where X' is the sum, p(i,j) is the number of times there is a run
of length; j having grey level i are optical density of pixels 5-
image-point distant one from another, p is the probability, log
is the logarithm [11], N, is the number of distinct grey levels in
the quantised image, where N, is equal to 2k, and k is the
number of bits per pixel (8 bits, i.e. 256 grey levels).

Diffnir = ~¥p,., ()log(p,, (1)

where Y is the sum, log is the logarithm, N, is the number of
distinct grey levels in the quantised image, where N, is equal
to 2%, and  is the number of bits per pixel (8 bits, i.e. 256 grey
levels).

N, N, N, N,
LngREmph = (Z : ijp(hj)) / - ¥pli))

=1 j=1 j=1 i=1
where Y is the sum, p(i,j) is the number of times there is a run
oflength j having grey level i. N, is the number of distinct grey
levels in the quantised image, where N, is equal to 2% and kis
the number of bits per pixel (8 bits; i.e. 256 grey levels in this
study was reduced to 6 bit/pixel due to noise removal) N, is the
number of pixel in series (5 pixels); p is the probability.

Then, the medians of SumOfSqrs, Entropy, DifEntr and

LngREmph for reference bone, Collagen-CP, CP (as positive
reference material—bone substitute, i.e. crystalline tricalcium
phosphate) and for collagen ( negative control group) individ-
ually after each control period, i.e. 00 M, 03 M, 06 M, 09 M
and 12 M were evaluated for statistics to describe texture
structure variability.

12M

09M

Fig.2 Examples for the compared groups as far as the three bone substitute materials are considered. The green square shows examples of ROI locations

during the 12-month follow-up
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Fig. 3 Textural features calculated in this study. Radiograph samples
taken from location presented in Fig. 2 (raw RTG). Below these
radiograph samples, there are a series of maps of investigated texture
features (SumOfSqrs, Entropy, DifEntr and LngREmph) which were
analysed for 12 months of observation. The brighter areas in these maps
indicate where a given texture feature is more intense

Statistical analysis

The Kruskal-Wallis test (to compare time-dependent alterna-
tions in medians) was applied for statistical analysis. Next, a
multiple comparison procedure was used to determine which
means were significantly different from the other (which). The
method discriminates among the variables Fisher’s least sig-
nificant difference (LSD) procedure. The difference was
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considered as significant if p < 0.05. Stargraphics Centurion
XVI, StarPoint Technologies. INC., Virginia, USA was used
for statistical analyses.

Results

The preliminary characteristics evaluating radiotextural features
were investigated in the cortical bone, the trabecular bone and
the gingiva as soft tissue reference. SumOfSqrs indicates trabec-
ular bone pretty well (p < 0.05). ROI presenting a lower value of
this textural parameter (in this study lower than 102.37) is the
cortical bone or the soft tissue, i.e. gingiva, but not trabecular
bone. The other 3 features indicate where the bone tissue image
is (without distinction whether cortical or trabecular one) con-
trary to soft tissue where significantly higher values are noted (p
<0.001), e.g. for LngREmph: 1.8 (higher values are soft tissue,
p <0.001). Entr values < 2.62 are not bone but soft tissues (p <
0.001). DifEntr < approx. 1.1 are not the bone but soft tissue (p <
0.001) (Table 1). Based on that analysis, the reference data were
acquired and will be used to verify transformation of the BS and
evaluate regenerative effectiveness of the recent Collagen-CP
blended material.

In LngREmph analyses, ROI for bone versus ROI for mate-
rial (Collagen-CP, CP and Collagen) were calculated for each
separately. At 00 M, there was a statistical difference between
collagen and CP groups (p < 0.05). After 3 months (03 M),
there was statistical difference between Collagen-CP and CP
texture (value for Collagen-CP 1.65 and for CP was 1.49), p <
0.05, but there was also difference between Collagen-CP and
pure collagen (for Collagen 1.77). After 6 months (06 M), the
value for LngREmph was lower (Collagen-CP - 1.54; CP -
1.53, Collagen - 1.71), still p < 0.05. From month 6 to month
9, LngREmph for collagen decreased, for Collagen-CP in-
creased. After 1 year (12 M) of observation after surgery, the
LngREmph values were on the level: Collagen-CP - 1.50; CP -
1.64; Collagen - 1.77, p < 0.05 (Table 2) (Fig. 4a, b, c).

Analysing entropy, it has been observed that the value for
bone was on the same level throughout the whole period of
observation (00 M—12 M) 2.76. Entropy value for Collagen-
CP, CP and collagen in 00 M (Collagen-CP - 2.84; CP - 2.89;
Collagen - 2.73) contrary to bone entropy was similar, so there
was no statistical difference (p > 0.05). There were differences
between collagen group to Collagen-CP and CP. Then

Table 1  Investigated radiotextural features for reference bone
Value p value Reference
SumOfSqrs >102.37 p<0.05 Bone tissue - trabecular part
LngREmph <138 p<0.05 Bone tissue
Entropy >2.62 p<0.05 Bone tissue
DifEntr > 1.1 p<0.05 Bone tissue
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throughout months of observations, the structure of materials
was rebuilt. The entropy value for CP decreased in 03—12 M,
and in 03 M—09 M, collagen-CP decreased and the same value
started increasing up to 12 M of observation, and for collagen
entropy, the value from 06 to 12 M of observation was in-
creasing, p < 0.05 (Table 2) (Fig. 4a, b, ¢). Entropy feature can
successfully become the second prognostic indicator.

Taking into account SumOfSqrs value, analyses show that
the value of p < 0.05 (statistically significant) was after the
surgery for 00 M and 03 M. During the healing (06 M, 09 M,
12 M), the value of p > 0.05. SumOfSqrs should not be a
prognostic feature in the observation of BS healing process
(statistically not significant).

The last feature that was analysed was DifEntr, through the
whole period 00 M—12 M (p < 0.05) (value of DifEntr for
Collagen-CP, CP decreased for Collagen-CP from 1.23 to 1.16
and for CP from 1.28 to 1.20), but for collagen, this feature grew

from 1.15 to 1.21. During the observation from 00 to 03 M, the
difference between collagen and CP was observed. The next
feature that can be used for comparison (Table 2) (Fig. 4a, b, ¢).
Evaluation of the structure that bone substitution material
becomes can be verified by comparing SumOfSqrs, Entr.,
DifEntr. and LngREmph of the cortical and trabecular bone
and gingiva as soft tissue to same features for the material
through a 12-month period (Table 2) (Fig. 4a, b, c).
Additionally the age as a factor has been analysed. In all used
materials, there is no statistical significance between texture anal-
yses and age of the patients in the day of surgery (p > 0.05).

Discussion

The current problem in regenerative oral surgery is to choose
and use the right and the most predictable BS. To observe and

Table 2 Investigated

radiotextural features in bone Follow- Textural feature Bone substitute material Statistical significance
substitute materials (medians) up p<0.05
Collagen Collagen- CP
CP
00 M SumOfSqrs 99.4007 105.21 104.388 Collagen vs Collagen-CP
Collagen vs CP
Entropy 2.73739 2.84653 2.89654 Collagen vs Collagen-CP
Collagen vs CP
DifEntr 1.15663 1.23182 1.28955 Collagen vs CP
LngREmph 1.73955 1.49123 1.42015 Collagen vs CP
03 M SumOfSqrs 102.255 104.486 103.925
Entropy 2.66255 2.72422 2.83099 Collagen vs CP
Collagen-CP vs CP
DifEntr 1.13322 1.17399 1.26494 Collagen vs CP
LngREmph 1.77513 1.6503 1.49124 Collagen-CP vs CP
06 M SumOfSqrs 103.54 105.488 103.101
Entropy 2.64969 2.7547 2.87298 Collagen vs CP
Collagen-CP vs CP
DifEntr 1.1759 1.23805 1.24683
LngREmph 1.71175 1.5466 1.53373
09 M SumOfSqrs 104.199 104.205 101.307
Entropy 2.6934 2.64796 2.8622 Collagen vs CP
Collagen-CP vs CP
DifEntr 1.19517 1.06249 1.21528
LngREmph 1.69046 1.7944 1.53812 Collagen vs Collagen-CP
Collagen-CP vs CP
12M SumOfSqrs 102.43 101.93 102.592
Entropy 2.70228 2.71272 2.82831 Collagen vs CP
Collagen-CP vs CP
DifEntr 1.21149 1.16053 1.20827
LngREmph 1.77807 1.50405 1.64449

M month, Collagen-CP collagen blended with tricalcium phosphate, CP porous synthetic crystalline calcium

phosphate
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Fig. 4 a Distribution of test results of texture features in the three-
dimensional space described by the patient’s age (in years), test period
(in months) and the value of the radiotexture feature for Collagen implant
sites. b Distribution of test results of texture features in the three-
dimensional space described by the patient’s age (in years), test period
(in months) and the value of the radiotexture feature for blended
Collagen-CP implant sites. ¢ Distribution of test results of texture features
in the three-dimensional space described by the patient’s age (in years),
test period (in months) and the value of the radiotexture feature for calci-
um phosphate derived bone substitute material (CP) implant sites

visually assess the bone structure, dentists/surgeons take 2D
radiographs usually. This is one of the most popular
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diagnostics in dental clinics, and it also allows to visually
analyse the structure of the bone. 2D X-rays have got minimal
exposure dose and are safest for patients [12]. Presented in the
literature and commonly used radiological method of bone
assessment is DXA. DXA is a dual-energy X-ray absorptiom-
etry. Unfortunately, this method does not allow for distinction
of the structure of the bone; DXA reveals the level of bone
mineral density [13, 14]. CBCT is the next option for the
assessment bone deficiency; it ensures high accuracy of radio-
logical assessment, but it carries with it a higher dose of radi-
ation [15]. 2D radiographs are a sufficient method to evaluate
the texture of bone/material healing process.

The development of radiology and the need for more accu-
rate radiographs led to producing the digital intra-oral sensor:
charge-coupled device (CCD) and complementary metal ox-
ide semi-conductor (CMOS) [16]. Nevertheless,
photostimulable phosphor (PSP) plates in the DIGORA
Optime system indicate agreement with the gold standard
[17]. To evaluate the texture features, ROIs were marked for
the bone (average 2444 pixels ) and for the material (average
2515 pixels). It has been proved that an ROI of more than 800-
pixel area is enough to perform repeatable texture analyses
[18].

Four texture features were analysed: SumOfSqrs analyses
differentiation of the bone microarchitectonic. This feature
analysed five pixels in four directions for occurrence of pixels
in the same shade of grey. Contrary to our reference bone
texture, if the value of SumOfSqrs was higher than 102.37,
we could conclude that the arising tissue became a bone.
LngREmph—Iong-run emphasis inverse moment map de-
scribed longer occurrence of pixels, e.g. long series of dark
pixels in bone defects or in gingiva. If the value of this feature
was decreasing < 1.8, the healing material became similar to
reference bone. Probably ShrtREmph (short-run emphasis
inverse moment) could be better for the detection of human
bone. DifEntrp—the difference entropy map indicated the ar-
ca (white) where the original image presented a very chaotic/
fine texture. Entropy is a measure of structure disarrangement.
We assumed that it attains minimal values in a bone loss
region which is structurally homogeneous. In the course of
bone healing process, when heterogeneity in optical density
(complicated new bone elements) appears, the entropy value
should increase, achieving a maximum level in a healthy or a
totally regenerated trabecular bone tissue.

00 M observation—analyses of texture just after surgery
revealed that taking into account entropy value, collagen-CP
and CP materials was similar to reference bone tissue. The
DifEntr feature also shows that CP was closer to the bone
structure. 03 M observation—after 3 months from surgery,
the CP material becomes more similar to bone structure taking
into account Entr., DifEntr. and LngREmph. Entropy shows
that all materials were under a rebuilding process. 06 M
observation—after 6 months from surgery, the materials were
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still rebuilding. However, the CP microstructure was more
similar to the reference bone tissue taking into account texture
analyses. 09 M observation—after 9 months of observation
period, the study shows that all materials were still rebuilding,
but the CP material was similar to the bone one taking into
account the two features (Entr and LngREmph). 12 M
observation—the last period of observation revealed progres-
sive healing process. All materials were similar to the bone.
Nevertheless, the CP bone substitute had higher entropy con-
trary to collagen-CP and pure collagen, while its
microarchitecture was most similar to the reference bone tis-
sue without distinction to trabecular or cortical after 1 year of
observation (Fig. 4a, b, c). Based on the texture analyses, it
can be presumed that after a 12-month observation of the
healing process, the microstructure of used CP material be-
comes compound cortical and trabecular tissue.

Texture analyses can be confirmed by radiographs from 3
groups of presented materials. It has been observed that mate-
rials after the 12-month period can be similar to the bone, but
the healing process looks different every 3 months and for each
material (Fig. 3). Our study proves that using collagen-CP ma-
terial ensures bone tissue formation better than pure collagen.
Nevertheless, the CP bone substitute material revealed a slight-
ly better healing process contrary to Collagen-CP, and it can be
caused due to its resorbability level. The mineral part of human
bones consists of crystalline calcium phosphate, i.e. hydroxy-
apatite. Now, synthetic hydroxyapatite (CP) reveals
osteoconductive and biocompatible properties. It is widely used
in oral and orthopaedic surgery to fill bone defects thanks to its
support proliferation properties. Nevertheless, its low
bioresorbability effects remain after surgery for a long time
[12, 19, 20]. Texture analyses have shown that Collagen-CP
becomes similar to the reference bone just after few months of
healing. The CP material is also considered, but we have to take
into account its low level of bioresorbability and the need of
longer period of observation of this material.

As it is known, collagen is one of the most important fibrous
tissues which builds our bones and more. It has great properties
as a BS, e.g. increase a platelet aggregation, very low host
response [0, 7]. But also, it has a big disadvantage in its prop-
erties; i.e., it has not enough endurance as a osteoconductive
material. Collagen does not hold its dimension through the
healing process period and allows ingrowth of the soft tissue.
Blending collagen with CP created something like modified
collagen without his disadvantages and better properties. It be-
comes osteogenic, odontogenic and angiogenic, and as it was
said, it keeps his dimension through the healing process period
[6]. Collagen-CP revealed better clinical outcomes than pure
collagen in this research taking into account the texture analyses
of two-dimensional X-ray images.

The suspension of CP particles in the collagen scaffold
(Collagen-CP material) improves the control of the arrange-
ment of the biomaterial in the bone defect. The material

granules do not disperse in the operating field. The use of this
type of material is much easier than powders, pastes or loose
granules in a difficult manual oral cavity environment. The
limitation is that CP compositions are not available from the
manufacturers.

Conclusion

This study revealed that Collagen-CP has a similar influence
on bone healing process as CP as pure collagen. Mineralised
tissue from CP appeared a little faster and had a microstructure
similar to the reference bone as the texture analysed in the
radiographs. Collagen-CP and pure collagen need more time
for the healing process to complete.
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