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hydroxyapatite: comparison with deproteinised bovine bone
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Abstract This study aims to evaluate in detail the biological
osteoconductive properties of the low-temperature synthetic
porous calcium-deficient hydroxyapatite and to compare it
with the biological apatite. Bone reactions to granules of
similar sizes of the low-temperature hydroxyapatite and
commercially available non-sintered deproteinized bovine
bone were compared. Two different temperatures were used
to fabricate two batches of newly developed porous hydroxy-
apatite with different carbonate groups content and specific
surface area. The histological analysis of specimens with
histomorphometry was performed at different time after in
vivo implantation. Based on histological analysis, the level
of bone formation in the spaces between the implanted
granules and through the interconnected pores of all im-
planted materials within a cortical region (bone area ingrowth
72-85 %) was several-fold higher than within a cancellous
bone site (bone area ingrowth 16-28 %) at three and six
months after implantation. Within the cancellous bone site,
bone coverage of the implanted material at six months was
significantly higher in hydroxyapatite material fabricated
using low-temperature synthesis and subsequent processing
at 150°C than in hydroxyapatite scaffold developed using
low-temperature synthesis with subsequent processing at
700°C or deproteinized bovine bone. According to our study,
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the bioactive properties of the low-temperature calcium-
deficient hydroxyapatite are comparable with the biological
apatite. The favourable influence of a high specific surface
area of a low-temperature calcium-deficient hydroxyapatite
on in vivo bone formation was emphasized.

Introduction

There is a need for treatment of bone defects throughout the
whole spectrum of orthopaedic surgery—to replace bone
substance which has been lost due to congenital disorders,
traumatic and inflammatory events, for reconstructive surgical
procedures in hip arthroplasty revision surgery and surgery for
bone tumours and tumour-like lesions. Bone remodelling
allows the skeleton to achieve the optimal architecture
dependent on applied load. Bone tissue regeneration and
repair processes can be effective in small defects (under
60 cm®) but larger defects usually need filling [1]. Autolo-
gous bone grafting is the current gold standard in this situa-
tion because autografts have osteogenic, osteoconductive,
and osteoinductive properties. However, there is a limited
quantity of autologous bone grafts as harvesting requires a
further operation with prolongation of operative times, and
there is a potential for donor site morbidity. An allograft
bonegraft has to be both safe in use and to possess accept-
able mechanical and biological properties. In an effort to
overcome the limitations of autografts and allografts, a variety
of synthetic bone-graft substitutes have been developed [2].
The bone-graft substitutes include a spectrum of products
that have various effects on bone healing. Growth factors,
principally bone morphogenetic proteins (BMPs), present
within the osteoinductive materials induce the process of
differentiation of undifferentiated mesenchymal cells into the
chondro-osteogenic pathway [3]. Enhanced bone healing
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induced by BMPs has been shown in preclinical and clinical
studies [4]. Growth-factor therapy with two BMPs available
for clinical applications—recombinant human BMP-2 and
recombinant human BMP-7 (osteogenic protein 1)—has
been approved for specific indications [5]. However, the
effects of BMPs in clinical studies have revealed safety and
efficacy complying with autologous bone grafts without the
intensive response that was seen in animal studies [6].

Calcium phosphate biomaterials are frequently used for
bone defect reconstructions, because of their bone-like
chemical composition. They are bioactive and highly
osteoconductive. These properties are dependent on the
chemical composition of the material, the technique of
fabrication, the level of crystallinity, the morphological and
structural parameters that have a direct or indirect effect on
the cells’ migration, and the adhesion, proliferation and
differentiation with subsequent new bone formation. Hy-
droxyapatite (HA) seems to be one of the most important
calcium phosphate materials for bone substitution. In
contrast to stoichiometric calcium HA Ca;o(PO4)s(OH),
with a Ca/P molar ratio of 1.67, biological hydroxyapatites
contain minor substituents in their structure (CO;>,CI,
Mg"", K", Na"), are usually calcium-deficient with a Ca/P
molar ratio lower than 1.67 and CO;*" substitutes primarily
for PO, groups (B-type substitution) [7]. The synthetic
porous B-type carbonated HA prepared by low-temperature
synthesis (precipitation) resembles the structure and chem-
ical composition of the biological bone HA and can
successfully substitute non-sintered bovine apatite prepared
by deproteinisation of bovine bone with absolute elimination
of risk caused by residual antigenic proteins of xenogeneic
bone [8].

To date there have been no reports which compare the
in vivo bioactivity of the synthetic porous carbonated HA
with non-sintered bovine apatite after implantation into
defects of long bones. In this study, we investigated two
different types of scaffolds; bone reaction to granules of
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similar sizes of the new low-temperature calcium-deficient
HA and commercially available deproteinised bovine bone
(DBB) were compared. Two different temperatures were
used to create two batches of newly developed porous
HA with different carbonate groups content and specific
surface area. The aim of this study was to evaluate the bio-
logical osteoconductive properties of the low-temperature
synthetic porous calcium-deficient HA and to compare it with
biological apatite—non-sintered deproteinised bovine bone.

Materials and methods
Implant materials

The porous HA used in this study was prepared using
low-temperature synthesis and subsequent processing at
150°C (HApl) or 700°C (HAp2) with hydrogen peroxide
as a pore-creating additive (Fig. 1). Both synthetic low-
temperature HA bioceramics had different material
properties and were produced by Lasak Praha (Prague,
Czech Republic) (Table 1). The third implanted biomaterial
was DBB Bio-Oss" (Geistlich Pharma AG, Wolhusen,
Switzerland). The porous granules of the tested materials
measuring 0.6—1.0 mm in diameter were implanted into tibial
defects of 3.7 mm diameter and 8 mm depth.

Material characteristics

The phases present were identified by X-ray diffraction
analysis (XRD 3000P, Seifert, Germany). The X-ray
diffraction patterns of the synthetic samples (HApl,
HAp2) and DBB showed apatitic patterns (PDF database
card 9-342) with low crystallinity. The diffuse characteristic
of X-ray diffraction peaks increases with increasing
carbonate content. The X-ray diffraction pattern of DBB
has been almost identical to that of HApl (Fig. 2).
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Fig. 1 Scanning electron micrograph of the tested material HAp1 showing its macro- (a) and nanostructure (b)
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Table 1 Physical and chemical
characteristics of the implanted

materials

# Values expressing a relative

Characteristics HAp 1 HAp 2 DBB

Size of granules (mm) 0.6-1 0.6-1 0.6-1

Size of macropores (pm) >100 >100 > 100
Mean size of micropores (nm) 5 20 12.4
Specific surface area (mz/g) 78.3 (+0,34) 25.4 (x0.11) 74.4 (£0.27)
Porosity (%) 83 74 54.8

Crystal size (nm) 30 40 30

Ca/P molar ratio 1.65 1.66 1.57

Rel CO3" ,,A“ (Iysas/Tioa1) ® 1.10°¢ 2.10°° 1.9.10°¢
Rel CO5" ,B* (I1420/T1041) * 0.023 0.006 0.051

carbonate content using phosphate
band at 1,041 cm ! as standard

Carbonate substitution in the structure of samples was
distinguished by infrared spectroscopy. A-type carbonate
substitution was detected by the presence of a band observed
at 1,545 cm” and B-type at wave number 1,415 cm™.
Infrared spectra were recorded on a Nicolet 7600 FTIR spec-
trophotometer (Thermo Nicolet Instruments Co., Madison,
USA). The specific surface area of the implanted materials
was measured using BET method (ASAP 2010 M, Micro-
meritics, USA). The porosity was determined by mercury
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intrusion porosimetry (Autopore III Micromeritics, USA),
standard light microscopy (Olympus BX60, Japan) with
image analysis and scanning electron microscopy (Vega II-
LSU, Tescan, Czech Republic). The phosphorous content was
analysed colorimetrically. The complexation titration method
was used for the calcium determination. High structural and
morphological resemblance of the synthetic biomaterials
(HApl, HAp2) to nanocrystalline non-sintered biological
hydroxyapatite (DBB) was found (Table 1).
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Fig. 2 The X-ray diffraction patterns of DBB, HAp1l and HAp2
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Implantation procedure

Twenty-seven implantations were performed on two-year-
old Beagle dogs weighing between 12 and 16 kg. The
tested materials were implanted into the tibia of the hind
legs of the dogs. Each material composition (HAp1, HAp2,
DBB) was applied in three implantations for a period of
three months and in six implantations for a period of
six months. The study was performed in agreement and
with the approval of the competent ethical committee.

The animals were anaesthetised with Narkamon 5%
(15 mg/kg) and Rometar 2% (2 mg/kg) and maintained
with a mixture of oxygen, nitrous oxide and halothane after
administration of Atropin by way of premedication. The left
and right hind limb were clipped, scrubbed and draped for
aseptic surgery. An incision was made adjacent to the right
tibial diaphysis and the soft tissue was dissected to reveal
the underlying bone. Defects, 3.7 mm in diameter and
8 mm in depth, were created within the bone using drill bits
and a battery drill. The defect sites were subsequently
irrigated with sterile saline solution and the granules of the
tested materials were implanted into the defects. After
implantation, the incisions were closed using interrupted
suturing. The process was repeated on the opposite hind
leg with granules of a different composition. Analgesics
(Novalgin 16 mg/kg/day) were administered for three days
by intramuscular injections; no antibiotics were given.

Histological evaluation and histomorphometry

The dogs were put to sleep at three and six months after
surgery by an intravenous overdose of barbiturates and both
tibiae were dissected. Radiographs of the tibiae were obtained
perpendicular to the direction in which the implants were
placed. The trimmed tibiae containing the implants were
placed in 10% w/v of paraformaldehyde solution for fixation.
Tibial bone defects filled with the tested materials were
separated as tissue blocks. The samples were dehydrated using
increasing concentrations of alcohol and embedded in an
acrylate resin. The EXACT technology was used for
preparation of the longitudinal undecalcified thin cut sections
[9]. A total of three sections were cut perpendicular to the
longitudinal axis of the tibia per implant area.

The sections with a thickness of 30—50 um were stained
at 60°C for one hour with 0.9% w/v toluidine blue solution
for histology and histomorphometry. The amount of newly-
formed bone was assessed using an Olympus BX 60 optical
microscope and quantified using the image analysis
software Image-Pro Plus 5.1. In the cortical bone region,
the bone ingrowth in the spaces between granules (BAI%-
bone area ingrowth) for all implant compositions and time
points was evaluated using the quantification of the
material/new bone/soft tissue amount. In the cancellous
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bone region, the osteoconductive properties of materials
were assessed using the coverage of the material surface
(bone implant contact as BIC%).

Statistical analysis

The values were presented as mean =+ standard deviation
(SD). The Mann-Whitney U test was used to determine
differences between the implanted materials. A P value of
less than 0.05 was considered significant.

Results

All animals survived without complications, the wounds
were primarily healed and the range of movement in adjacent
joints was full. At the retrieval of the tibiae three months
postoperatively, normal healing of the soft tissues had
occurred and postoperative examination revealed only mild
swelling of the soft tissues over the site of the operation. The
fascia and periosteum were firmly fixed to the surface of the
bone and no signs of hyperaemia were found. In most cases
the defect site was mildly prominent over the surface of
bone. Several entry apertures were covered with bone tissue.
At the retrieval of the tibiae six months postoperatively,
normal healing of the soft tissues was observed without
swelling over the anteromedial aspect of the tibia. The defect
sites were indistinguishable from the surrounding unoperated
bone due to new bone overgrowth.

Contact radiographs made prior to the histological pro-
cessing three and six months postoperatively demonstrated
no radiolucent zones between the implanted ceramic and
the surrounding bone, no thickening of the cortex, and no
signs of periosteal reaction. The bone trabeculae growing in
close proximity to the surface of the implanted material
were seen in cancellous bone sites. No differences at the
implanted material-recipient bone interface were observed
for any implant composition (HAp1, HAp2, DBB) after the
two different time points within both the cortical and
cancellous bone sites.

Bone healing in the cortical bone sites—histomorphometry

In the cortical bone sites, the amount of new bone
formation, remaining material volume (HApl, HAp2,
DBB), and amount of soft tissue (marrow spaces) were
determined using histomorphometry after three and six
months postoperatively. Histological evaluation indicated
that bone bridging had occurred between the new bone and
the surface of the implanted granules with no evidence of
fibrous encapsulation for all implant compositions and time
points (Fig. 3). No evidence of giant cell foreign body re-
action was found in any biopsy.
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Fig. 3 Light micrograph (a) of 3-month biopsies, the tibial defect
filled with granules of synthetic hydroxyapatite (HAp1). Dashed line
indicates the border of the created bone defect, thicker line indicates
the border between the cortical and cancellous site of bone. Overview
showing the pre-existing bone area (OB), residual hydroxyapatite
particles and newly-formed bone (NB). High magnification image (b)

The newly-formed bone tissue in the cortical sites of the
HAp1 implants had reached 36.07% (£8.04) of the total
cortical defect after three months in vivo; in HAp2 and
DBB the newly-formed bone was 39.99% (£8.70) and
40.08% (£7.35) of the total cortical defect, respectively
(Fig. 4a). The bone formation in the spaces between
implanted granules of HApl within the cortical region
(BAI % -Bone Area Ingrowth) had reached 73.2% (£ 11.6);
in HAp2 and DBB the newly-formed bone filled 79.2%
(x15.8) and 79.9% (£7.3), respectively. At three months
in vivo, the newly-formed bone between the implanted
particles connected them into a mass of mostly mineralised
tissue.

The amount of remaining material (HApl, HAp2, and
DBB) within the cortical sites of implantation decreased in
the period between three and six months after the operation
(a relative decrease of 3.2%, 5.4%, and 12.5%, respective-
ly). At the same time the amount of new bone formation
increased (a relative increase of 6.2%, 0.5%, and 13.6%,
respectively). The bone formation in the spaces between the
implanted granules within the cortical region (BAI % -Bone
Area Ingrowth) had reached 80.49%, 72.46%, and 85.90%
in HApl, HAp2, and DBB, respectively. However, there
was no significant difference in BAI %. The new bone
tissue was viable, organised into Haversian systems and
completely mineralised at six months.

Bone healing in the cancellous bone
sites—histomorphometry

In the cancellous bone sites, the bone implant contact
(BIC%) was determined using histomorphometry after three
and six months postoperatively. The bone implant contact

of HAp!l implant at 3 months in vivo showing direct contact of newly-
formed bone to the surface of granule and deposition of bone tissue
from the edge of ceramic pore towards the centre. Arrows indicate
newly-formed bone (NB), dashed lines indicate osteoid depositions
(0). BM=bone marrow. Toluidin blue staining. Original magnification
(a)x20; (b) x 200
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Fig. 4 Tissue volumes of remaining material, newly-formed bone and
marrow spaces (a) at 3 and 6 months after surgery within the cortical
bone site. Each double bar represents one implant material and one
time point. Values are mean + SD of three or six biopsies. Bone
coverage of different implanted materials (b) at 3 and 6 months after
surgery within the cancellous bone site. The significant (¥) and non-
significant (NS) differences are marked
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of the tested materials (HApl, HAp2 a DBK) was >70%
after three months and increased to >80% after six months
independently of the granules’ size (Fig. 4b). These
histomorphometrical findings indicate that the in vivo
osteoconductivity of HApl material was greater than that
for HAp2 and DBB at both three and six months.

The thickness of the new bone layer formed by osteocon-
duction on the surface of granules was relatively unified and
ranged from 100 to 300 um. The interconnections which had
a size above 100 um were partially or completely filled with
vital bone. The bone bridging up to 2000 um in size was
observed but the spaces between granules were not complete-
ly filled by bone tissue (Fig. 5). The bone formation in the
spaces between the implanted granules within the cancellous
region (bone area ingrowth as BAI%) had reached 22+6%
without significant differences between different implanted
materials and time points.

Discussion

It remains a great challenge to design the ideal bone graft
substitute that emulates nature’s bone structure and func-
tion. Consequently, the first generation of biomaterials
consisted of bioinert materials which reduced the immune
response and foreign body reaction to a minimum. Between
1980 and 2000 the field of development began to shift to
bioactive and resorbable biomaterials. Bioactive compo-
nents could interact with the biological environment to
enhance the tissue/surface bonding. Resorbable materials
undergo a progressive degradation while new tissue
regenerates and heals. The third generation of biomaterials
are able to stimulate specific cellular response at the
molecular level, and the bioactivity and biodegradability
concepts are combined. A temporary three-dimensional

porous structure that stimulates the cells’ invasion, adhe-
sion, proliferation, differentiation and extracellular matrix
production is required for clinical applications [10].

DBB, which was used in our study as a control, is
calcium-deficient carbonate apatite, chemically and physi-
cally identical to human bone with high osteoconductive
properties. The granules provide an ideal scaffold for new
bone formation [11]. DBB is a xenogeneic material from
which all organic components have been removed. The
testing of materials of bovine origin was recommended
despite a complete absence of proteins to guarantee that
they are free of infectious prion particles [12]. Xenograft
bone substitutes have been successfully applied in stoma-
tology and traumatology [13, 14]. Histological evaluations
have shown that DBB is a highly osteoconductive material
with no adverse effects, such as an inflammatory cell
infiltrate or foreign body response even at long-term
follow-up [15]. The presence of DBB particles perfectly
integrated into the bone architecture but without complete
resorption could be explained by the influence of a
microenvironment at the bone—xenograft interface on the
recipient osteoclastic activity [16]. The chemical composi-
tion, solubility, and surface morphology were reported as
significantly important factors regulating osteoclast activity.
Integrins play a critical role as mediators of osteoclastic
adhesion to the surface of the implanted material with
subsequent acid secretion into the resorption lacuna. The
erosion of the material surface via a mineral release causes
a high concentration of Ca™® ions in this area that could
inhibit osteoclastic activity [15].

HA (Ca;o(POy4)s(OH),), PB-tricalcium phosphate (TCP)
(Ca3(POy),), their derivatives and their combinations are
the most commonly used ceramic materials in bone surgery.
The requirements for an ideal synthetic bone substitute
appear deceptively simple. It should be a porous matrix

Fig. 5 High magnification image of HApl implant showing that new
bone (NB) has formed around the implanted granules. (a) Notice the
bone bridge that connects the granules. Arrows indicate the osteoid layer
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at the periphery of the newly-formed bone. (b) Note the central osteoid
area in case of thinner and longer bone bridge. BM bone marrow.
Toluidin blue staining. Original magnification: (a)x500, (b)*200
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with interconnecting porosity that promotes rapid bone
ingrowth. The microstructure of an implant should allow a
formation of environment optimal for cellular settlement,
growth and function. At the same time, the ideal matrix
should possess a sufficient strength to prevent its crushing
under physiological loads during integration and healing.
The pore size and interconnection pathway play a crucial
role in ceramic biomaterials [17-20]. A minimal pore size
of~100 um appropriate for bone growth into ceramic has
been described. The porosity must be interconnected to
allow the protein adhesion, ingrowth of cells and formation
of effective blood supply that is necessary for new bone
formation and subsequent bone remodelling. The ideal
material should form a secure bond with the surrounding
tissues by encouraging new cells to grow and penetrate.
The implantation of HA ceramics with porosities range
from 35% to 75%, and pore sizes between 50 um and
400 pm have been reported in the literature [17-20]. There
are few reports about quantitative analysis of bone
formation with respect to different particle sizes of
implanted bioceramics. Kuroda reported that the percen-
tages of bone in contact with the HA surfaces did not differ
significantly after implantation of granules with three
different sizes into osseous tissue [21]. In recent years,
considerable attention has been paid to the development of
fabrication methods to prepare porous ceramic scaffolds
suitable for bone tissue regeneration.

From the presented histological analysis, it is evident
that the level of bone formation in the spaces between
implanted granules and through the interconnected pores of
implanted materials (HApl, HAp2, DBB) within a cortical
region (BAI% 72-85%) was several-fold higher than within
a cancellous bone site (BAI% 16-28%) at three and
six months after implantation. Relatively great differences
in the bone area ingrowth within cortical and cancellous
regions may be influenced by simultaneously running new
bone formation and spontaneous healing of the bone defect
that is greater in the cortical site than in the cancellous site
[22]. Within the cancellous bone site, the bone coverage of
the implanted material at six months was significantly
higher in HApl than in HAp2 and DBB. The level of
bioactivity may be relative to the time interval (¢ysp, in
days) that is necessary for bone coverage more than 50% of
implant surface and is represented by the index of
bioactivity 1,=100/%y 55, [23]. The time interval #,s,, was
estimated and the index of bioactivity was calculated using
a logarithmic regression analysis of the bone implant con-
tact correlated to the period after implantation (Table 2).

With regard to the calculated index of bioactivity, the
level of osteoconductive properties is greater in HApl than
in HAp2. This may be caused by different structural
parameters and chemical composition of both materials
particularly the content of carbonate substituents, specific

Table 2 The index of bioactivity of the implanted materials

1,=100/to 5, (days ™)

Implanted material fo.sp), (days)

HApl 12 8,3
HAp2 17 59
DBK 18 5,6
HA® 32 3,1

% Values expressing parameters of the synthetic sintered hydroxyapatite
produced at high temperature according to [19]

surface area and porosity (Table 1). These parameters were
described as important factors in osteogenesis and osteo-
conduction [24]. Compared to non-sintered bovine apatite
with nanometric-size crystals, the osteoconductive proper-
ties of synthetic porous HA prepared at low temperature are
comparable in HAp2 and higher in HApl. The findings
presented are preliminary as the number of implantations
was small. Larger experimental groups and a longer follow-
up are necessary to verify these results. This is planned in
subsequent trials.

Although bone grafts are used in all facets of orthopae-
dic surgery, nearly 50% of all bone graft material, including
allograft, demineralised bone matrix and synthetic bone
graft substitutes, are applied in spinal surgery. Revision
arthroplasty and trauma cases each make up approximately
20% [25]. HA ceramics have been successful in filling bone
voids resulting from the reduction of tibial plateau fractures
and in surgery for bone tumours; biphasic HA/TCP material
has been beneficial for the reconstruction in hip arthroplasty
revision surgery [2, 26, 27].

In recent years, human mesenchymal stem cells have
aroused great interest as a potential source of cell-based
therapeutic strategies. Mesenchymal stem cells are plurip-
otent cells capable of differentiating into several lineages
such as osteoblasts, chondrocytes and adipocytes. The
association of mesenchymal stem cells differentiated with
respect to osteoblasts and ceramics is an important
treatment strategy developed by tissue engineering for large
bone defects. To induce in vivo bone formation, mesen-
chymal stem cells were associated with an appropriate
matrix. The effect of the particle size and shape on bone
formation has been published [28]. Although ceramic is
chemically very close to the natural mineral structure of
bone, high-temperature porous HA with a low specific
surface area is very far from bone structure at the cellular
level [29]. Low-temperature calcium-deficient HA, biphasic
HA/TCP and (3-TCP could be suitable materials for the
application of mesenchymal stem cells [28, 30, 31].

According to our study, the bioactive properties of the
low-temperature synthetic porous HA are comparable with
the non-sintered DBB that is successfully used in trauma-
tology and stomatology. The favourable influence of a high
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specific surface area of a low-temperature calcium-deficient
HA on in vivo bone formation was confirmed. This new
bioactive HA matrix, produced at low temperature, appears
to be a successful bone replacement material in orthopaedic

surgery.
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