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Abstract
This study aimed to evaluate the impact of three types of block bone substitute material on bone formation and graft resorp-
tion in vivo. Standardized bone defects (n = 4 defects/animal) were created in the calvaria of nine dogs. Block bone substi-
tutes made of deproteinized bovine bone mineral (DBBM), beta-tricalcium phosphate (β-TCP) and a mixture alpha-TCP and 
hydroxyapatite (α-TCP/HA) were inserted into the bone defects. A fourth defect was left untreated (empty). All sites were 
covered with a collagenous membrane. Block biopsies were harvested at 3, 6 and 12 months post-implantation and analyzed 
by micro-CT and histology. Biomaterial absorption was minimal and incorporation within the defect margin was good for 
all biomaterials. However, β-TCP demonstrated a relatively greater volume of new bone formation and less residual material 
volume when compared with DBBM and α-TCP/HA. Conversely, α-TCP/HA showed higher osteoconductive potential and 
a greater new bone area compared with the other two biomaterials. The block bone substitutes used in the present in vivo 
study showed advantageous in terms of maintenance of their original form in bony defect. However, the positive impact of 
all biomaterials on new bone formation and replacement of bone was minor even at 12 months. These findings indicate that 
block bone substitutes are not well suited to vertical bone augmentation. Further investigations are required to improve the 
insufficient new bone volume for promising clinical results.

Keywords Block bone substitutes · Deproteinized bovine bone mineral · Alpha-tricalcium phosphate · Beta-tricalcium 
phosphate · Canine calvaria

Introduction

Dental implant treatment is routinely performed to replace 
untreatable teeth. Primary stability of the dental implant fol-
lowing placement is important for successful osseointegra-
tion [1]. It is, therefore, essential to acquire sufficient bone 
quality and quantity at the implant site [2]. Granular forms 
of autograft, xenograft or synthetic graft have been success-
fully used to cover small bony defects on the implant surface 
[3]. However, difficulty of maintaining graft shape and leak-
age of particles from the surgical area make granular grafts 
unsuitable for vertical bone augmentation.

Block autograft is considered a “gold standard” in cases 
of severe bone atrophy, owing to high osteoconductive 
and osteogenic potentials [4], without the risks of immune 
response and disease transmission [5]. However, limitations 
exist with block autograft, such as increased operation time, 
donor site morbidity and a limited amount of intra-orally 
harvested bone [6]. With recent developments, xenograft or 
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synthetic bone grafts in block form represent an alternative 
approach to using autogenous bone and thus eliminate these 
drawbacks.

Deproteinized bovine bone mineral (DBBM) is the most 
commonly used xenograft because its organic constituents 
have been eliminated, thus reducing the risk of disease 
transmission and antigenicity. Although several studies 
have reported that DBBM particles exhibit osteoconduc-
tive potential and can serve as a bone regeneration scaf-
fold [7, 8], others have observed neither osteoconductivity 
nor osteoinductivity, with foreign body reaction observed 
around the DBBM particles [9]. DBBM block graft has been 
successfully applied for vertical bone augmentation in the 
porcine calvaria [10]. However, DBBM particle resorption 
time remains a controversial issue [8, 11–14].

Synthetic bone substitutes, such as alpha-tricalcium phos-
phate (α-TCP) and beta-tricalcium phosphate (β-TCP), are 
known alternatives to xenograft materials [15–17]. Despite 
having an identical chemical component  (Ca3(PO4)2), α- 
and β-TCP differ considerably in their structure, density 
and solubility, which determines their biological proper-
ties and clinical applications [18–20]. Beta-TCP is reported 
as osteoconductive when used for reconstruction of bone 
defects [15, 19]. In other reports, insufficient bone formation 
was observed due to rapid absorption and degradation of 
the β-TCP scaffold during early healing [16, 20]. Compared 
with β-TCP, material biodegradability, cell proliferation, 
osteoblast differentiation, and osteogenesis are all enhanced 
with α-TCP [21–25]. However, scientific literature assessing 
the clinical application of α-TCP-based materials is limited 
to bone cements [18]. Recently, a mixture of α-TCP and 
hydroxyapatite (HA) was developed to optimize the balance 
between the most stable form of HA and soluble TCP [16]. 
Substantial bone formation was achieved using this α-TCP/
HA mixture in block form in vivo [26, 27]. Despite hav-
ing different bone substitute biomaterials in block form, the 
information regarding their in vivo behavior remains scarce.

This study aimed to compare the regenerative potential 
of three different block bone substitutes in a canine cal-
varial defect model. Bone formation and graft resorption 
at different time points were assessed by micro-CT and 
histologically.

Materials and methods

Block bone substitutes

Three types of block bone substitute were selected for 
investigation: DBBM (Bio-Oss Block, Geistlich, Wolhusen, 
Switzerland); β-TCP (ChronOs cylinders, Synthes, Ober-
dorf, Switzerland); and α-TCP/HA (mixture of 40% α-TCP 
and 60% HA: OsteoFLUX, Vivos Dental, Villaz-St-Pierre, 

Switzerland). Each block bone substitute was shaped into a 
cylinder (8 mm diameter by 3.5 mm height).

Animals

Nine healthy adult male beagle dogs, aged 2 years and 
weighing an average 11 kg, were used in this study. The 
animals received standard feed and water ad libitum. Over 
the entire treatment period, the dogs were monitored for 
their appearance, behavior, reactivity, and social interaction. 
The study was approved by the Animal Experiment Ethics 
Committee of The Nippon Dental University, School of Life 
Dentistry at Niigata, Japan (No. 2014-173).

Surgical procedures

All surgical interventions were performed under systemic 
anesthesia using ketamine (i.m. 10 mg/kg; Ketalar, Daiichi 
Sankyo Co., Ltd., Tokyo, Japan) and xylazine (i.m. 3 mg/kg; 
Selactar, Bayer Yakuhin, Tokyo, Japan). Local anesthetics 
(2% lidocaine containing 1:80,000 epinephrine, Ora; Showa 
Yakuhin Kako Co., Ltd., Tokyo, Japan) were injected for 
intra-operative analgesia. The calvarial region was shaved 
and disinfected with povidone-iodine. A midsagittal incision 
was made through the skin and periosteum. The skin and 
periosteal flaps were then carefully reflected. In the exposed 
parietal bone, four 8 mm-diameter boney circular defects 
were created using a trephine bur without dural involvement. 
Three defects in each animal were implanted with DBBM, 
β-TCP and α-TCP/HA pre-shaped blocks, while the fourth 
defect served as a negative control (empty). Each defect 
area was covered with a porcine-derived collagen barrier 
membrane (BioGide, Geistlich). The wound was closed in 
two layers: first the periosteum (4-0 vicryl resorbable suture, 
Ethicon, Auneau, France) and then the skin (4-0 nylon 
sutures (Ethicon, Auneau, France). All animals received a 
single dose of antibiotics (s.c. 8 mg/kg, Convenia, Zoetis, 
Florham Park, NJ, USA) immediately after the surgery, to 
elicit a 14-day effect.

The nine animals were randomly divided into three 
groups. The animals were killed postoperatively at 3 months 
(n = 3), 6 months (n = 3) or 12 months (n = 3) by an intrave-
nous overdose of thiopental sodium (Ravonal; Mitsubishi 
Tanabe Pharma Corporation, Osaka, Japan). Following kill-
ing, the harvested specimens were analyzed by micro-CT 
and histological analysis.

Micro‑CT analysis

The defect sites were removed and fixed in 10% neutral for-
malin for 14 days at room temperature, then immersed in 
70% ethanol at 4 °C. The specimens were then subjected 
to micro-CT scanning using a desktop Cone-Beam scanner 
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(micro-CT 40, Scanco Medical AG, Brüttisellen, Switzer-
land). The X-ray source was set at 70 kVp with 57 µA at 
an isotropic voxel size of 15 µm, which showed an image 
matrix of 2048 × 2048 pixels. The micro-CT images were 
then reconstructed using three dimensional (3D) structural 
analysis software (Amira, Visualization Sciences Group, 
Düsseldorf, Germany). The region of interest (ROI) was 
selected corresponding to the defect site dimensions: a diam-
eter of 8 mm full-thickness cylinders × 3.5 mm in thickness 
for tissue volume and mineral density measurements.

Histological processing and histomorphometric 
analysis

The specimens were further trimmed, dehydrated in 
ascending concentrations of ethanol and embedded in 
methyl methacrylate. The embedded tissue blocks were cut 
through the center of each circular defect into approximately 
900 µm-thick ground sections using a slow-speed diamond 
saw (VC-50; LECO, St. Joseph, MI, USA). After mount-
ing on acrylic glass slabs, the sections were grounded and 
polished to a final thickness of a 300 µm (Knuth Rotor-3; 
Struers, Ballerup, Denmark). The sections were stained with 

toluidine blue combined with fuchsin and photographed 
under a light microscope (Nikon Eclipse E800; Nikon, 
Tokyo, Japan) equipped with a digital imaging system (NIS 
Elements; Nikon). The middle section of the defects in each 
group was utilized for observation and histomorphometry. 
Morphometric analysis was performed in the square area 
(8 mm in horizontal length and 3.5 mm in height) as the ROI 
corresponding to the defect sites. Osteoconductive poten-
tial in each group was scored by counting the number of 
direct connections between materials and the lateral native 
bone at both sides on all serial sections. The percentage of 
counted positive numbers to total section numbers was then 
calculated.

Results

Clinical observation

Clinical signs of infection or other adverse reactions were 
absent in all nine animals. Furthermore, there were no signs 
of wound dehiscence nor exposure of the implanted block 
bone substitutes at the surgical sites.

Fig. 1  Micro-CT images of canine 8 mm calvarial bone defects (top view) at 3, 6 and 12 months post-implantation of control (empty), DBBM-, 
β-TCP-, and α-TCP/HA blocks
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Micro‑CT observation

New bone formation and material resorption were evaluated 
by micro-CT analysis in the three block graft materials com-
pared with the control (empty) samples (Figs. 1, 2). Within 
the control samples, variations in the extent of bone forma-
tion were observed among the three material types at each 
healing period. The median bone/mineralized tissue volume 
gradually increased overtime in the control samples; how-
ever, at 12 months, defect fill was incomplete (Figs. 1, 2a, c).

In the majority of cases, the bone substitutes maintained 
their original shape and were incorporated within the 
defect margin at all healing periods (3, 6 and 12 months). 
The amount of new bone formation within the block bone 
substitutes was not dramatically increased over the healing 
period, except for in β-TCP whereby a relatively higher new 
bone volume was measured when compared with the other 
groups (Fig. 2a). However, osseoconduction failed in 2 of 
9 β-TCP samples (1 at 3 months and 1 at 12 months) that 
were observed to be completely isolated from the host bone 
by connective tissue capsulation and soft tissue formation 

(Supplemental Fig. 1). The DBBM samples showed rela-
tively less bone volume with less material volume, therefore 
less mineralized tissue volume up to 12 months (Fig. 2a–c). 
The bone volume of α-TCP/HA was similar to DBBM, with 
higher residual material volumes and comparable mineral-
ized tissue volume to β-TCP over time (Fig. 2a–c). Mineral 
density analysis showed relatively higher material density 
and higher total mineral density in DBBM and α-TCP/
HA compared with β-TCP. Total mineral density of β-TCP 
was similar to the control, regardless of the healing period 
(Fig. 2d–f).

Histological observation

In general, the control samples demonstrated a minimal 
amount of bridging with soft tissue and new bone forma-
tion in the defect margin over time (Figs. 3, 4, 5). Interest-
ingly, one of the three control defect samples at each heal-
ing period was almost filled with new bone, demonstrating 
a higher bone tissue area compared with the experimental 

Fig. 2  Quantified micro-CT analysis data: a bone volume, b residual 
material volume, c mineralized tissue volume, d relative bone mineral 
density, e relative material density, and f relative total mineral den-

sity in control (empty), DBBM, β-TCP, and α-TCP/HA (n = 3/group). 
Graphs show all representative values and their medians
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graft samples (Fig. 6a). Of note, those defects were created 
in the thick bone with abundant bone marrow tissue.

At all healing time points, the defects were filled with 
block bone substitutes, connective tissue and new bone, 
covered by soft tissue. In all groups, new bone formation 
was observed only at the interface between the block bone 
substitute and the defect margin, elongated from the host 
bone (Figs. 3, 4, 5). Among the three bone substitutes, new 
bone area in the α-TCP/HA group gradually increased over 
the 12-month observation period (Fig. 6a). There were no 

remarkable differences in bone marrow area among the four 
groups at any healing period (Fig. 6b). Moreover, non-min-
eralized connective tissue was observed in the pores of the 
substitute materials for all groups (Figs. 3, 4, 5). DBBM 
blocks showed relatively more connective tissue infiltration 
in larger pores when compared with β-TCP and α-TCP/HA 
at any time points (Fig. 6c). All tested block bone substitutes 
maintained their original shapes and volume over time to a 
good extent (Figs. 3, 4, 5, 6d).

Fig. 3  Representative photomicrographs of toluidine blue/fuchsin-stained bone defects (middle sections) at 3  months in the control (empty), 
DBBM, β-TCP, and α-TCP/HA groups. The magnified views shown in the square of the overview photomicrographs are represented (right)
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Since new bone formation was very limited in all material 
groups, we further focused on the osteoconductive potential 
between the host bone and block bone substitutes (Fig. 6e). 
There was a large range in osteoconductive potential scores 
between substitutes; however, α-TCP/HA achieved relatively 
better values at all healing periods compared with the other 
groups (Fig. 6e). Signs of osteoconductive failure were 
observed in one β-TCP group sample at 3 and 12 months 
and in one DBBM group at all time points (Fig. 6e).

Discussion

Maintenance of the bone defect area long term is one of 
the most important factors that influences successful bone 
formation. The present study aimed to compare three dif-
ferent block bone substitutes in terms of new bone forma-
tion and graft resorption in canine calvaria. All types of 
block bone substitutes (DBBM, β-TCP and α-TCP/HA) 
maintained their original shape, with minimal absorption 

Fig. 4  Representative photomicrographs of toluidine blue/fuchsin-stained bone defects (middle sections) at 6  months in the control (empty), 
DBBM, β-TCP, and α-TCP/HA groups. The magnified views shown in the square of the overview photomicrographs are represented (right)
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up to 12 months of healing. All materials showed good 
osteoconductive potential towards the original bone. 
Nevertheless, none of the block bone substitutes showed 
remarkable bone formation throughout the observation 
period.

Cylindrical-shaped calvarial defects are commonly used 
to compare the osteogenic potential of different bone sub-
stitute materials [28–31]. Eight-mm diameter defects were 
created in the present study, although defects 20 mm in 
diameter are considered as critical size in the canine model 
[32]. A non-critical sized defect was chosen in the present 

study to assess all treatment modalities in each animal and 
avoid individual specificity [28–31]. According to the pre-
sent results, the 8 mm defect diameter could be considered 
as subcritical because it did not completely heal up to the 
12-month observation period. However, bony nodules were 
occasionally observed at the defect base with an incongruent 
calvarial thickness. These small bony extensions could affect 
the early healing process, but they were resorbed during the 
later stages of healing. However, two β-TCP block samples 
isolated from the periphery of the host bone demonstrated 
capsule formation of soft tissue and connective tissue. This 

Fig. 5  Representative photomicrographs of toluidine blue/fuchsin-stained bone defects (middle sections) at 12 months in the control (empty), 
DBBM, β-TCP, and α-TCP/HA groups. The magnified views shown in the square of the overview photomicrographs are represented (right)
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might be because of inadequate stability of these two blocks 
within the bone defects.

Although all types of block bone substitutes maintained 
space for bone regeneration, only minor bone formation 
was observed up to the 12-month time period. Among the 
three examined substitutes, β-TCP blocks showed relatively 
higher bone volume, whereas α-TCP/HA showed a higher 
osteoconductive potential score. Since the structure of the 
three materials investigated in this study was not the same, 
they cannot be compared directly. It may be presumed that 
the increased solubility of α-TCP induced higher bone 

replacement and, therefore, higher osteoconductivity, when 
compared with β-TCP [18]. A similar tendency was reported 
in an ovine calvarial model, demonstrating that α-TCP/HA 
blocks with porous structure had high osteoconductivity at 
2 and 4 months [26].

One limitation of the present study is that a small sam-
ple size (n = 3) did not allow statistical analysis, and only 
descriptive statistics indicated the specified tendencies 
throughout the observation period. Thus, this study can 
be considered as pilot study, and only used as a scientific 
basis for future studies. Unfortunately, we were unable to 

Fig. 6  Histomorphometric 
measurements in each group. 
a Bone tissue area (%), b bone 
marrow area (%), c connec-
tive tissue area (%), d residual 
material area (%), and e osteo-
conductive potential score are 
shown for each group at 3, 6 
and 12 months, respectively. 
Dot plots show data for all 
specimens. Bars indicate value 
medians in each group
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standardize the biomaterial physical properties, such as 
porosity and hardness of the block bone substitutes. Con-
sequently, it remains unknown whether physical differences 
had an impact on new bone formation. This premise will be 
confirmed in future studies using more sophisticated analysis 
than that applied here.

Overall, none of the block bone substitutes induced suf-
ficient bone formation within the bone defects. In fact, 
soft tissue infiltrated into the porous space of the block 
bone materials, especially in the middle of defects, with 
minimal resorption up to 12 months. However, all materi-
als demonstrated osteoconductive potential. Both the pre-
sent and previous results [26] obtained for bone formation 
using block substitutes are relatively low-impacting when 
compared with the granular form of α-TCP/HA: whereby 
a mean bone formation of 60% has been reported in 5 mm 
diameter bony defects at 8 weeks in the rat calvaria [33]. 
Likewise, the bone tissue area in the DBBM and β-TCP 
groups was also inferior when compared with their granu-
lar forms. In the present study, DBBM and β-TCP blocks 
showed 0–12 and 0.4–17% new bone areas, respectively, 
whilst in granular form new bone areas are reported to 
be 45% [34] and 60% [33], respectively. Although these 
results cannot be compared directly, the capacity for new 
bone formation within block biomaterials compared with 
granular biomaterials appears inferior, even after longer 
healing periods. The inferior new bone formation of block 
bone substitutes might due to smaller contact on host bone, 
because of their difficulty of shaping to fit the defects when 
compared with granular forms, in this defect model. From 
these findings, when bone block substitutes are applied to 
vertical bone augmentation, the surgeons should consider 
that block bone substitutes can maintain bone defect area 
whereas sufficient new bone formation cannot be obtained 
even for 12 months.

In conclusion, the block bone substitutes used in the 
present in vivo study demonstrated good osteoconductivity 
similar to their granular forms. Nevertheless, these mate-
rials showed limited bone formation and material resorp-
tion, even after 12 months of healing. Taken together, 
block bone substitutes are not ideally suitable to vertical 
bone augmentation for severe bone defect. However, fur-
ther studies are necessary to improve bone replacement 
and fulfill the clinical demands.
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