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Introduction: Vertical bone augmentation without osseous walls to support the stability of 
clots and bone grafts remains a challenge in dental implantology. The objectives of this study 
were to confirm that cortical perforation of the recipient bed is necessary and to evaluate whether 
nanohydroxyapatite (nHA) block grafts coated with recombinant human vascular endothelial 
growth factor165 (rhVEGF165) and cortical perforation can improve vertical bone regeneration.
Materials and Methods: We prepared nHA blocks coated with or without rhVEGF165 on 
the rabbit calvarium through cortical perforation, and designated the animals as the non-
perforated group (N-nHA), rhVEGF165 group (NV-nHA), perforated group (P-nHA) and 
rhVEGF165 on perforated group (PV-nHA). Micro-computed tomography (micro-CT) and 
fluorescence microscopy were selected to evaluate parameters of vertical bone regeneration 
at 4 and 6 weeks.
Results: The ratio of the newly formed bone volume to the titanium dome volume (BV/TV) 
and the bone mineral density (BMD) were significantly higher in the PV-nHA group than in 
the N-nHA group at 4 and 6 weeks, as determined using micro-CT. The fluorescence analysis 
showed slightly greater increases in new bone regeneration (NB%) and vertical height (VH 
%) gains in the P-nHA group than in the N-nHA group. Greater increases in NB% and VH% 
were observed in groups treated with rhVEGF165 and perforation than in the blank groups, 
with significant differences detected at 4 and 6 weeks (N-nHA compared with PV-nHA, 
p<0.05). A greater VH% that was observed at the midline of the block in the PV-nHA group 
than in the other three groups at both time points (0.75±0.53% at 4 weeks and 0.83±0.42% at 
6 weeks).
Conclusion: According to the present study, cortical perforation is necessary and nHA 
blocks coated with rhVEGF165 and decoration could work synergistically to improve vertical 
bone regeneration by directly affecting primary osteoblasts and promoting angiogenesis and 
osteoinduction.
Keywords: cortical perforation, vertical bone regeneration, hydroxyapatite blocks, 
fluorescence, angiogenesis

Plain Language Summary
Vertical bone augmentation remains a challenge in dental implantology. The block form of 
nanohydroxyapatite (nHA) is good at maintaining a sufficient amount of space, which is 
convenient to rebuild bone volume. However, insufficient vascularization in the central area 
and the low capacity for osteoinduction restrict its clinical application.
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In the present study, the rabbit calvarial model was an effec-
tive tool to evaluate vertical bone augmentation. Cortical perfora-
tion provided passageways for blood vessels and progenitor cells 
to accelerate bone augmentation, as evidenced by the results of 
the micro-CT and fluorescence analyses. The percentage of ver-
tical height in the PV-nHA group was higher than in the other 
three groups at two time points (0.75%±0.53% at 4 weeks and 
0.83%±0.42% at 6 weeks). Both rhVEGF165 and cortical perfora-
tion could improve angiogenesis and osteoinduction in the cen-
tral area of nHA blocks, increasing vertical bone regeneration. 
VEGF and decoration might function synergistically to improve 
vertical bone regeneration. We provide some insights into the 
clinical applications of nHA blocks.

Introduction
Bone graft substitutes, barrier membranes, autogenous 
bone tissue and the combined application of growth fac-
tors have been widely used as techniques to improve bone 
regeneration as treatments for bone infection or bone 
insufficiency caused by trauma, severe periodontitis, 
bone tumors, tooth extraction or the long-term use and 
removal of partial dentures.1–4 The loss of bone tissue 
often results in complex horizontal and vertical alveolar 
ridge defects.3 Therefore, an ideal bone substitute is con-
sidered one with good osteoconductivity and osteoinduc-
tivity for better bone regeneration, particularly for 
vertical augmentation. Autogenous bone grafts have 
been considered and applied as the gold standard for 
treating alveolar bone defects and achieving bone 
regeneration,6 due to their high osteoconductive and 
osteogenic capacity and lack of immunogenicity and 
risk of causing disease.4–6 However, the disadvantages 
of autogenous bone grafts, such as the need for a second 
surgery, tendency toward resorption (up to 60%),7 insuf-
ficient amount of bone tissue, postoperative complaints 
and unpredictable results, may restrict their usefulness. 
Allografts and xenografts might be optimal bone substi-
tutes, as they possess osteoconductive and osteogenic 
properties. However, the lack of osteoinduction, potential 
for infection, ethical issues and risk of immunological 
rejection remain unsolved problems. Onlay block grafting 
used to increase the height of the mandible or maxilla 
often requires fixation with screws and an autologous 
bone block from a donor site.1 Sinus lifting is 
a commonly used procedure to increase the vertical 
bone volume, but this method is costly and 
complicated.8 According to multiple studies, bone substi-
tutes are potentially effective treatments for horizontal 

augmentation, but not for vertical augmentation.9,10 The 
negative features of vertical augmentation are the lack of 
sufficient osseous bone walls and blood supplies, difficult 
fixation, large alveolar bone defects, insufficient osteoin-
duction and costly and complicated procedures (sinus 
lifting). Vertical augmentation is challenging and biolo-
gically demanding in dental implantology. In addition, 
angiogenesis originates from a certain distance within 
existing bone tissue, and the soft tissue must provide 
a stable environment for the increased dimensions of 
new bone formation. Although numerous therapies have 
been widely investigated to improve vertical bone aug-
mentation, the most effective technique remains has not 
been clearly identified.14–16 Bone grafts in the shape of 
blocks were introduced in the early 1990s to increase 
vertical bone regeneration in the maxilla and mandible. 
According to previous studies, a block-type bone substi-
tute is beneficial for horizontal bone augmentation.11 It 
has been proven to maintain sufficient amount of space, 
facilitate the operation and exhibit a good osteoconduc-
tive capacity, allowing the bone volume to be rebuilt.12 

However, as shown in the study by Kosaku Sawada,5 the 
formation of a sufficient amount of new bone is not 
obtained when bone block substitutes are applied for 
more than 12 months for vertical bone augmentation. 
Several studies12 have reported lower levels of vascular-
ization in the central area of blocks and a low osteoin-
ductive capacity in critical-size defects. These remaining 
problems restrict the clinical application of these materi-
als in vertical guided bone augmentation or the treatment 
of critical-size or even larger bone defects. A limited 
number of studies have focused on the roles of vascular-
ization and osteoinduction in the application of bone 
blocks. Guided bone regeneration (GBR) is based on the 
following four principles: epithelial and connective tissue 
exclusion, space maintenance, blood clot stability, and 
primary wound closure.13,14 Four weeks after initiating 
GBR, new bone regeneration is possible when blood 
vessels are available. Regarding the healing process in 
GBR, the capability of bone graft substitutes to promote 
vascularization and osteoinduction is a key factor.15,16 

Angiogenesis is a multistep process and usually proceeds 
from existing blood vessels.17,18 Therefore, improve-
ments in the vascularization and osteoinduction of sub-
stantial block grafts remain a challenge in animal studies 
and clinical applications.

Cortical perforation, also called bone “decortication”, 
“intramarrow penetration”, and “marrow penetration”, has 
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been used as part of the GBR procedure with or without 
barriers for attaining horizontal and/or vertical augmenta-
tion beyond the skeletal bone.6,8,19–22 Penetration of the 
cortical bone into the cancellous bone with burs is recom-
mended to improve bleeding and induce greater progenitor 
cell migration29 into and blood vessel formation in the 
bone block substitutes.23 In the study by De Carvalho,24 

autogenous cortical bone grafts placed on the mandible 
produced better healing at sites of decortication than at 
sites with no preparation. Toomo25 reported the effective-
ness of periosteal distraction with decorticating holes in 
new bone augmentation in rabbits, with an average result 
of 25.7± 5.1 mm2 in the decoration group and 12.9 ± 
3.2 mm2 in the control group. However, the process of 
cortical perforation has not been supported in human clin-
ical trials due to conflicting results and negative conse-
quences in some animal studies,26,27 including an 
increased operation time, additional bone loss, weakness 
at the receipt site and greater postoperative pain. 
Rasmusson28 confirmed that GBR regenerates bone 
around exposed implant threads without decortication in 
a rat model. Data from clinical trials also revealed non-
significant improvements in bone regeneration at 3 months 
after decortication in a rabbit animal model (75.5% versus 
71.2%).27 The literature does not seem to provide a clear 
answer regarding whether the application of cortical per-
foration improves or accelerates the process of bone regen-
eration. One possible reason might be the lack of an 
appropriate animal model to test the effect of cortical 
perforation on guided bone augmentation.

Hydroxyapatite (HA), a bone graft substitute, consists 
of a converted outer HA layer and an inner coralline core.29 

The physical properties of the mesoporous nanocomposite 
at the outer surface of HA enables drugs or proteins to be 
loaded in the scaffold.30,31 Different shapes and size of HA 
have attracted increasing interest as a material to repair 
horizontal or vertical bone defect. Although HA has been 
proven to display excellent biocompatibility for osseous 
encapsulation in tissue engineering, the application of HA 
alone does not rapidly and efficiently induce the formation 
of new bone tissue.29,32 In other reports, insufficient bone 
formation was observed in the central area of HA blocks 
due to lower levels of osteoinduction and vascularization 
during early healing.12 The addition of growth factors (bone 
morphogenetic protein, BMP; human vascular endothelial 
growth factor, VEGF) might promote the osteoinductive 
capacity and improve bone augmentation. VEGF, 
a growth factor well known for inducing the migration, 

proliferation, and differentiation of vascular endothelial 
cells, has the capacity to upregulate the expression of 
BMP-2 and enhance new vessel formation and bone 
formation.33 VEGF delivery increases bone regeneration 
by promoting neovascularization, bone turnover, osteoblast 
migration, and mineralization.34 In our previous study, we 
evaluated the effect of nHA blocks coated with recombinant 
human vascular endothelial growth factor165 (rhVEGF165) 
via physical adsorption on healing in a dog model of 
a critical size bone defect in the mandible and observed 
that angiogenesis in the nHA blocks improved horizontal 
bone regeneration, during the early stage of healing at 3 
weeks.12 These results prompted us to investigate whether 
localized VEGF delivery to bone blocks might be a viable 
strategy to accelerate bone healing and improve vertical 
bone regeneration. We hypothesize that the combination 
of cortical perforation and rhVEGF165 might exert 
a synergistic effect on improving the osteoinductive capa-
city of nHA blocks and results in better vertical 
augmentation.

The aims of this study were to confirm that cortical 
perforation of the recipient bed is necessary and to evalu-
ate whether the combined application of porous nHA 
block grafts coated with rhVEGF165 and cortical perfora-
tion in a rabbit calvarial defect model synergistically 
improves vertical guided new bone regeneration.

Materials and Methods
Characteristics of the Material and 
Soak-Loading of rhVEGF165
Twenty-four cylindrical nHA blocks (diameter, 5 mm; 
height, 3 mm) were supplied by Beijing YHJ Science 
and Trade Co., Ltd. (Beijing, People’s Republic of 
China). According to our previous study, all blocks were 
sterilized with 25 kGy of γ radiation before the animal 
experiments. The ultrastructure of the nHA blocks was 
evaluated by a solution containing 12 μg/mL12,35 using 
a scanning electron microscope (SEM, JSM-6300, JEOL 
Co., Ltd., Tokyo, Japan) at 20 kV. For soak loading, the 
nHA blocks were prepared and incubated with rhVEGF165 

(PeproTech Co., Ltd., USA) using a negative-pressure and 
adsorption method, as described in our previous study.12 

Each sample incubated with 0.02 mL the 12 μg/mL 
rhVEGF165 solution (0.27 μg of rhVEGF165 per block) 
was implanted within 30 minutes and then stored at 
−20°C until use.
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Experimental Animals
Twelve male New Zealand rabbits (2.5–3.0 kg) were used in 
this study. The animals were housed in separate cages and 
kept under standard conditions. The preparation protocol 
was approved by the Committee for Animal Research 
(Guangdong, China). The animal procedures were con-
ducted in accordance with guidelines for the management 
and use of laboratory animals provided by the Guangdong 
Provincial Medical Experimental Animal Center.

Assignment to Experimental Groups
Each animal was randomly assigned to the following four 
experimental groups, according to the surgical protocol, 
which included the use of titanium domes (Figure 1A–C):

(1) N-nHA group: nHA block on a nonperforated reci-
pient bed,

(2) NV-nHA group: nHA block coated with 
rhVEGF165 on a nonperforated bed,

(3) P-nHA group: nHA block on a perforated recipient 
bed, and

(4) PV-nHA group: nHA block coated with rhVEGF165 

on a perforated bed.

Surgical Procedure
The animals were anesthetized with an intramuscular injec-
tion of a mixture of ketamine hydrochloride and xylazine 
(Rompun, Bayer Korea, Seoul, Korea). The surgical site was 
shaved and then disinfected with an iodine tincture (2% 
lidocaine; lidocaine HCl, Huons, Seoul, Korea). An incision 
was made through the midline of the frontal bone to the 
occipital bone, and a full-thickness flap was prepared to 
expose the surgical area. Four standardized circular grooves 
were prepared using a trephine (Stoma, Storzam Mark 
GmbH, Ltd., Emmingen-Liptingen, Germany). The cortical 
perforation of the recipient bed was generated using a round, 
1.4-mm-diameter carbide bur. Blocks coated with or without 
rhVEGF165 were randomly assigned to the grooves in the 

calvarium of rabbits in the groups listed above (Figure 2A– 
C). The titanium domes (Figure 1C, inner diameter, 6.0 mm; 
outer diameter, 7.0 mm; height, 5 mm; volume, 
169.56 mm3) were designed to exactly fit the grooves 
(Figure 2D). The decoration rate (DR, area of decoration/ 
area of circular groove) in the P-nHA and PV-nHA groups 
was 21.78%. The skin and periosteal flaps were repositioned 
and closed using nonabsorbable sutures (Jinghuan, 4–0, 
Gold Medical Supplies Co., Ltd., Shanghai, China). All 
animals received an intramuscular injection of benzyl peni-
cillin (Longteng Pharmaceutical Company, Sichuan, China) 
at a dose of 2.5×104 U/kg for 3 days after the operation. As 
a fluorochrome bone label, tetracycline (MdBio Biotech Co., 
Ltd., Qingdao, Shandong, China) was administered at a dose 
of 25 mg/kg on the 13th and 14th days before euthanasia, 
and 5 mg/kg calcein (SIGMA, Sigma-Aldrich, St. Louis, 
MO, USA) was administered on the 3rd and 4th days before 
euthanasia.

Specimen Preparation
Experimental animals were sacrificed by an overdose of 
anesthesia at 4 and 6 weeks after surgery (Figure 2E and F). 
The harvested block sections, including the titanium dome, 
the host recipient bone bed and the graft, were dissected and 
fixed with 10% neutral-buffered formalin for 10 days.

Radiographic Evaluation
Prior to sectioning and the histological analysis, the fixed 
block specimens (the whole rabbit skull with the 4 different 
samples) were scanned using micro-computed tomography 
(micro-CT, ZKKS—MCT—Sharp—I, Caskaishen, China) 
at a resolution of 35 mm (60 kV and 40 W). The scanned 
data sets were processed and saved in DICOM format. The 
areas of interest were reconstructed using OnDemand three- 
dimensional (3D) software (MedProject) for a more in- 
depth investigation. The host bone and titanium dome 
were selected as a region of interest (ROI). The ratio of 

Figure 1 The nonabsorbable titanium dome of hemispheric shape: (A) the side view; (B) the top view; and (C) a thickness of 0.5 mm, an inner radius of 3.0 mm, an outsider 
radius of 3.5 mm and a screw height of 2.0 mm.
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the newly formed bone volume to the titanium dome 
volume (BV/TV) and the newly formed bone mineral den-
sity (BMD) in this region were analyzed at 4 and 6 weeks.

Histological and Fluorescence Microscopy 
Analyses
The histological and radiographic analyses were per-
formed and analyzed by the same experienced researcher. 
The harvested block sections with the titanium domes 
were dehydrated in ascending concentrations of ethanol 
(70%, 80%, 95%, and 100%). The biopsies were infil-
trated with methyl methacrylate (MMA, Sinopharm 
Chemical Reagent Co., Ltd., Shanghai, China) and stored 
in the refrigerator at 48°C for 3 days.36 The un- 
decalcified biopsies were pruned to histological sections 
with an approximate thickness of 100 μm using 
a microtome (EXAKT 300 CP, Germany). Each section 
with two domes was ground to a thickness of 50–60 μm 
using an automatic grinder (EXAKT400CS, Germany). 
All specimens were analyzed with a fluorescence micro-
scope (Leica SP8 Laser Scanning Confocal Microscope, 
Germany). Photomultiplier filters (wavelength, 460–495 
nm) were used to observe calcein and tetracycline, as 
described in our previous study.36 An automated image 

analysis system (Leica Application Suite X, 
Microsystem, Germany) was used for the analysis, and 
the data were measured and collected as follows:

1. Percent area filled with new bone (NB %): the area 
filled with new bone (including the nHA block)/the 
whole area of the inner titanium dome on the cor-
onal plane.

2. Percent vertical height of new bone tissue (VH %): 
the VH of new bone tissue/the middle height of the 
titanium dome on the coronal plane.

3. Percent of new bone dome contact (BDC %): the 
percentage of new trabecular bone in contact with 
the inner surface of the dome on the coronal 
plane.

Statistical Analysis
Outcome parameters obtained from the micro-CT and his-
tomorphometric fluorescence analyses were calculated and 
summarized as the means and standard deviations. 
Statistically significant differences were determined using 
one-way ANOVA. Multiple groups were compared with 
a post-hoc test using the statistical software program SPSS 
ver. 17.0 (SPSS, Inc., Chicago, IL, USA) with a critical 
value of [α] = 0.05.

Figure 2 A depiction of the surgical procedure. (A) An incision was made through the midline of the frontal bone on the rabbit skull. (B) Four standardized circular grooves 
were generated by a trepan borer with an inside diameter of 6.0 mm and outer diameter of 7.0 mm, cortical perforations were generated with a 1.4-mm-diameter carbide 
round bur. (C) The bone blocks were placed in the circular grooves. (D) The titanium domes covered the bone blocks. (E) General view of the rabbit skull after 4 or 6 
weeks of healing. (F) The four titanium domes were fixed tightly after 4 or 6 weeks healing.
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Results
Characterization and Topography of the 
Material
Images were captured at magnifications of 26, 5000 and 
50,000 (Figure 3A–C). Figure 3 shows SEM photomicro-
graphs of the nanoporous network structure on the surface 
of the nHA blocks. The 3D macroporous structure of the 
blocks consisted of multiple and diverse pores. 
Furthermore, these macrospores were suitable for cell 
attachment and proliferation or angiogenesis. The 
nanoscale crystals of the nHA are clearly observed in the 
high-magnification SEM images (Figure 3C). The inner- 
connected pores with diameters of 107–550 μm and the 
nanoscale HA pores with diameters of 71–99 nm were 
consistent with the findings of our previous study.12

Clinical Outcomes
No rabbits were lost during the procedure or the follow-up 
period. All of the titanium domes were anchored to the 
rabbit calvarium, and no complications, including wound 
dehiscence, severe swelling, and bleeding, were observed 
during the subsequent 4 or 6 weeks.

Micro-CT Evaluation
Based on the micro-CT images, a dome-shaped space 
between the host cortical bone line and the titanium dome 
was formed by the bone block and new bone tissue. The 
integrated nHA block graft and the new trabecular tissue 
were clearly observed in all groups at 4 (Figure 4A–D) and 
at 6 weeks (Figure 5A–D). Horizontal and cross-sectional 
micro-CT images were obtained. The nHA block was 
marked in gray. The host bone of the rabbit skull was marked 
in yellow. The new bone tissue was marked in green. 
Notably, new bone tissue was present at the center and the 
periphery of the nHA blocks, particularly in the PV-nHA 

group, at 4 (Figure 4D) and 6 weeks (Figure 5D). Minimal 
resorption of the host cortical bone or the bone block was 
observed, but the original shape was maintained at both time 
points. A greater volume of new trabecular tissue was 
observed in the vertical central area of the PV-nHA group 
at 4 and 6 weeks than in the other three groups. The BV/TV 
and BMD were higher at 6 weeks than at 4 weeks (Table 1). 
Significantly higher values of the two parameters were 
recorded for the PV-nHA group than the N-nHA group 
(P<0.05) at 4 and 6 weeks. The mean BV/TV was 67.82 
±1.93% in the P-nHA group and 62.64±4.72% in the N-nHA 
group at 6 weeks, and the difference was statistically signifi-
cant. The mean BMD at 4 weeks was 955.46±59.8 g/cc and 
924.11±22.9 g/cc in the P-nHA and N-nHA groups, respec-
tively, and the differences were statistically significant.

Histological and Fluorescence Microscopy 
Analyses
Each histological section from the four groups (N-nHA, 
NV-nHA, P-nHA and PV-nHA groups) were clearly 
observed at the two time points (Figures 6 and 7). The 
titanium dome-shaped space remained and was clearly 
observed after a series of nondecalcification procedures. 
The tetracycline fluorochrome bone label appeared bright 
green, and calcein appeared orange-yellow.

In all groups, the newly formed trabecular bone tissues 
with different vertical heights were integrated with the 
nHA blocks at 4 and 6 weeks. Both the new bone tissue 
and the blocks were clearly distinguished from the basic 
line of the rabbit skull.

At 4 weeks, the nHA blocks exhibited rare resorption 
along the coronal plane, but these areas were located at the 
periphery of the dome-shaped space, where no fixation 
occurred between the block and the host bone bed. Blank 
areas were still observed at the top of the dome-shaped area. 
Multiple new trabecular bone penetrations were observed in 

Figure 3 (A) SEM micrographs of the porous n-HA block surface with multilevel pores, 26×, bar = 1 mm. (B) Images of the micro pits resulting from the visualized block 
surface, 5000×, bar = 5 μm. (C) High-magnification SEM images of nano-scale, 50,000×, bar = 5 nm.
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Figure 4 Reconstructed micro-CT images of the four different groups at 4 weeks after surgery. 
Notes: (A) N-nHA, (B) NV-nHA, (C) P-nHA, and (D) PV-nHA. (The titanium dome is marked with a light gray color. The nHA bone block is showed in grey. The host bone 
of the rabbit skull is showed in yellow. The new bone tissue is showed in green.)

Figure 5 Reconstructed micro-CT images of the four different groups at 6 weeks after surgery. 
Notes: (A) N-nHA, (B) NV-nHA, (C) P-nHA, and (D) PV-nHA. (The titanium dome is marked with light gray color. The nHA bone block is showed in grey. The host bone 
of the rabbit skull is showed in yellow. The new bone tissue is showed in green.)
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the blocks and along the inner surface of the titanium domes, 
particularly in the PV-nHA group (Figure 6D). The interface 
between the bone block and the host bone appeared as 
a continuous line in the groups without cortical perforation, 
ie, the N-nHA (Figure 6A) and NV-nHA (Figure 6B) groups. 
However, bony bridge integration with intense fluorescence 
was obviously present in the areas of cortical perforation in 

the P-nHA (Figure 6C) and PV-nHA groups (Figure 6D). 
The outer surface of the blocks in the groups with cortical 
perforation or blocks coated with rhVEGF165 appeared to 
contain numerous blood vessels, which enhanced woven 
bone formation. The histological and fluorescence micro-
scopy analyses revealed a mean NB% of 0.54±0.95% in the 
N-nHA group, 0.59±0.84% in the NV-nHA group, 0.60 

Table 1 Descriptive Statistics for the BV/TV and BMD (Micro-CT) Analysis by Group and Endpoint

Outcome Endpoint Parameter Group

N-nHA NV-nHA P-nHA PV-nHA

BV/TV(%) 4 weeks n 6 6 6 6

Mean±SD 58.26±4.4◆ 62.15±5.06 62.32±5.98 66.32±4.35◆**
95% CI 53.62–62.91 56.84–67.46 56.05–68.60 61.76–70.89

6 weeks n 6 6 6 6

Mean±SD 62.64±4.72◤★ 66.25±2.83□ 67.82±1.93◤** 70.79±3.09★**□

95% CI 57.68–67.60 63.28–69.22 65.80–69.84 67.55–74.03

BMD(g/cc) 4 weeks n 6 6 6 6

Mean±SD 924.11±22.9●** 928.31±37.7▲** 955.46±59.8■** 1049.04±51.92●▲■

95% CI 900.04–948.19 888.67–967.95 892.65–1018.28 994.55–1103.53

6 weeks n 6 6 6 6

Mean±SD 987.60±50.9◢** 1015.75±62.45○ 1033.00±24.64 1078.04±62.6◢○

95% CI 934.16–1041.04 950.21–1081.29 1007.15–1058.87 1003.55–1053.65

Notes: ◆◤★□●▲■◢○P<0.05, and **P<0.01. 
Abbreviations: BV, new bone volume; TV, total volume; BMD, bone mineral density; SD, standard deviation; 95% CI, 95% confidence interval for mean.

Figure 6 Fluorescence images of coronal sections of the rabbit calvarium at 4 weeks after implantation: (A) N-nHA group, (B) NV-nHA group, (C) P-nHA group, and (D) 
PV-nHA group. The trabecular bone, cortical perforation, dome, rabbit calvarium and midline are indicated in the images. 
Abbreviations: NB, new bone; nHA, nano-hydroxyapatite block; BM, bone marrow; CP, cortical perforation; TD, titanium dome; CL, central line; RC, rabbit calvarium.
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±0.68% in the P-nHA group and 0.75±0.59% in the PV-nHA 
group. The differences between the PV-nHA group and the 
other three groups were statistically significant (Figure 8A). 
Compared with the N-nHA group (0.575±0.10%) and the 
NV-nHA group (0.65±0.10%), the VH% in the PV-nHA 
group (0.75±0.53%) was significantly larger at 4 weeks 
(Figure 8B). Moreover, the inner surface of the domes was 
filled and connected with slender bone trabeculae. The high-
est BDC% was observed in the PV-nHA group (0.61±0.96%) 
compared with the other three groups, and the value was 
significantly higher than that in the N-nHA group 
(Figure 8C).

The VH% of new bone tissue in all groups (Figure 7A– 
D) was greater at 6 weeks than at 4 weeks. The bone 

trabeculae, which were dark green and yellow-green in 
color, became more slender and more elongated (Figure 
7A1–D1). The titanium dome-shaped space, the periphery 
adjacent to the host bone and the center of the nHA block 
were completely filled with slender, elongated and inter-
connected trabeculae. Interestingly, in the P-nHA group 
(Figure 7C) and the PV-nHA group (Figure 7D), new bone 
tissue formed beyond the original upper margin of the 
nHA block, up to the top of the dome. The NB% was 
0.63±0.03% in the N-nHA group, 0.70±0.37% in the NV- 
nHA group, 0.76±0.10% in the P-nHA group and 0.81 
±0.47% in the PV-nHA group. The differences between 
the groups (PV-nHA vs N-nHA, PV-nHA vs NV-nHA, 
and P-nHA vs N-nHA) were statistically significant 

Figure 7 Fluorescence images of coronal sections of the rabbit calvarium at 6 weeks after implantation: (A) N-nHA group, (B) NV-nHA group, (C) P-nHA group, and (D) 
PV-nHA group. The trabecular bone, cortical perforation, dome, rabbit calvarium and midline is indicated in the images. 
Abbreviations: NB, new bone; nHA, nano-hydroxyapatite block; BM, bone marrow; CP, cortical perforation; TD, titanium dome; CL, central line; RC, rabbit calvarium.

Figure 8 Results of the statistical analysis of the newly formed bone in fluorescence images of coronal sections. The differences of NB% (A), VH% (B) and BDC% (C) were 
quantified (n=6). 
Notes: *P<0.05, and **P<0.01.
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(Figure 8A). A noticeably greater VH% was recorded for 
the PV-nHA group (0.83±0.42%) than in the other two 
groups (0.66±0.32% for the N-nHA group; 0.71±0.64% 
for the NV-nHA group), and the differences were signifi-
cant (Figure 8B). The BDC% in each group was greater at 
6 weeks than at 4 weeks. The difference in the BDC% 
between the PV-nHA group (0.74±0.14%) and the NV- 
nHA group (0.49±0.82%) was statistically significant 
(Figure 8C).

Discussion
Vertical guided bone regeneration was clearly achieved 
using porous nHA block grafts coated with rhVEGF165 

and cortical perforation of the recipient bed in this study, 
as determined by micro-CT and histological fluorescence 
analyses. The figures and data showed that nHA blocks 
coated with rhVEGF165 successfully integrated with the 
perforated cortical bed in a rabbit calvarial defect model. 
Animal models for studying horizontal augmentation have 
been well established and documented, with low compli-
cation rates. However, establishing an animal model for 
studying vertical bone augmentation in human mandible 
has remained a challenge.37,38 An appropriate model and 
research protocol must be chosen to effectively analyze the 
effects of bone substitute materials.39 Bone augmentation 
procedures must ensure the mechanical stability of bone 
substitute materials, avoid fibrous tissue encapsulation and 
promote bone regeneration.9,40 In our study, a titanium 
dome with self-tapping screws was designed to achieve 
good retention. The interfaces between the titanium dome, 
host bone, and block grafts in the different groups were 
compared. This optimal rabbit calvarial defect model is 
recommended for studies evaluating vertical guided bone 
regeneration due to its resemblance to the human mand-
ible, with a poor blood supply and limited bone marrow.36 

In the present study, we evaluated the outcomes of nHA 
block grafting without rigid fixation at 4 and 6 weeks 
postoperatively, representing the early and late phases of 
healing. This animal model provided an obvious line to 
distinguish the baseline with or without cortical perfora-
tion, the vertical height of newly formed bone tissue, the 
borderline between the nHA block and new trabecular 
bone and the amount of bone regeneration. Fluorescein 
labeling for new bone regeneration is considered an effec-
tive method to visualize new trabecular bone tissue.36 

When different fluorochromes are injected into experimen-
tal animals at different points during the ossification pro-
cess, they bind to the available calcium and precipitate in 

the mineralized bone tissue.41 In our previous studies, 
calcein and oxytetracycline were used for fluorescein 
labeling to obtain high-quality images of mineralized 
bone tissue in vivo using epifluorescence microscopy.36 

The fluorescence analysis might be not sufficiently thor-
ough to represent all changes inside the titanium dome. 
A micro-CT analysis20 has been recommended to measure 
the mineralized bone tissue in a GBR animal model due to 
its high precision and capability for spatial reconstruction 
(1 to 3 μm for micro-CT and 300 μm for cone-beam CT). 
Go Kochi42 used micro-CT and histomorphometry to 
observe bone augmentation in the rat calvarium. 3D 
micro-CT was planned to observe the healing pattern of 
the nHA blocks and the total newly bone volume.

HA, with a general formula of Ca10(OH)2(PO4)6, is 
chemically similar to the inorganic component of the 
bone matrix. Regarding the interconnected pores and 
pore size of bone substitutes, numerous studies43 have 
revealed that the properties of HA with nanostructures 
improve cell attachment and bone regeneration in alveolar 
bone defects. According to Dorozhkin,11 recent develop-
ments in various nanoscale and nanocrystalline bone sub-
stitutes affect the biological activities in terms of synthesis 
and characterization as well as biomedical and clinical 
applications. Ben-Nissan43 applied an HA nanocoating to 
a micro/nano porous bone substitute material for applica-
tion as a load-bearing bone graft with specific strength 
requirements. The SEM images (Figure 3C) obtained in 
the present study revealed that a pore size of nHA blocks 
ranging from 107 to 550 μm, with nanoscale features 
ranging from 71 to 99 nm. The results were consistent 
with previous studies,12 which suggested that the applica-
tion of nHA blocks is beneficial for horizontal or vertical 
augmentation.

Recently, the application of bone substitutes for criti-
cal-size defects in alveolar bone has been studied and 
yielded good results in animal models. However, vertical 
regeneration of the alveolar ridge remains a challenge and 
a key problem in dental implantology.9,10 Angiogenesis is 
a critical step required prior to bone formation. As one of 
several methods to improve the blood supply and promote 
angiogenesis, cortical perforation has been applied to the 
recipient bed without creating a donor site.44 In previous 
clinical studies and case reports, cortical perforation has 
been recommended as a part of the GBR protocol to 
improve bone regeneration. However, researchers have 
questioned whether cortical perforation of the recipient 
bed is necessary to attain extraskeletal vertical bone 
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augmentation. Both the rabbit calvarium and human mand-
ible originate from intramembranous bone and have the 
physiological characteristics of a low marrow content and 
limited vascular supply.1 Therefore, we performed cortical 
perforation in our animal experiment to examine whether 
it increases the amounts of blood, oxygen, and nutrients 
supplied by the host bone for vertical bone formation. 
Histological and fluorescence analyses, showed multiple 
bone trabeculae penetrating the nHA block from the areas 
of original calvarial bone with cortical perforation at 4 
weeks, during the early stage of healing. Thus, cortical 
perforation should be considered as a regional acceleratory 
phenomenon.45 The vascularity peaked after the applica-
tion of a noxious stimulus to cortical bone and decreased 
to normal levels after healing. Moreover, drilling holes 
through cortical bone into vascular cancellous bone led 
to bleeding and clot organization, which induced the 
release of cytokines and growth factors to attract more 
progenitor cells and osteoblasts. The fluorescence analysis 
revealed statistically significant differences in the NB% 
and VH% between the groups with and without cortical 
perforation (PV-nHA group compared with the NV-nHA 
group) at 4 and 6 weeks. In addition, the BV/TV in the 
P-nHA group was significantly greater than the value in 
the N-nHA group (67.82±1.93% compared with 62.64 
±4.72%) at 6 weeks. Interestingly, the study by Norton 
and colleagues, similar amounts of newly formed bone and 
residual graft particles at sites augmented with cortical 
perforation were observed after a healing period of 26 
weeks.46 Danesh-Sani documented a significant increase 
in the number of new vessels in the test group with cortical 
bone perforation compared with the control group after 
a healing period of 7 months.8 These findings further 
supported the hypothesis that cortical perforation provides 
passageways for blood vessels and progenitor cells to 
rapidly obtain access to a GBR site.

In tissue engineering, biological substitutes are often 
used to restore bone defects, maintain space and improve 
hard or soft tissue regeneration. According to the princi-
ples of both engineering and biology, this concept involves 
three main strategies: using cells or cell substitutes to 
replace limited tissue functions; improving the osteoinduc-
tivity of substitute materials, such as the application of 
growth factors; and designing biological scaffolds to sup-
port and direct tissue development.47 In previous studies, 
nHA blocks with a slow degradation rate maintained their 
volume and provided space even in the late period. 
However, the healing capacity of nHA blocks was still 

inferior to autologous bone grafts, specifically in terms of 
initial osteoinduction, and progressive graft resorption.48 

According to Kosaku Sawada,5 block substitutes show 
limited bone formation and material resorption, even 
after 12 months of healing. Taken together, bone block 
substitutes are not ideally suitable for vertical bone aug-
mentation in the treatment of severe bone defects due to 
reduced contact with the host bone and limited vascula-
ture. Consistent with the results described above, our 
fluorescence analysis (Figures 6A and A1 and 7A and 
A1) showed a low signal and height in the central areas 
compared with the side areas of the nHA blocks in the 
N-nHA group at 4 and 6 weeks, which indicated a low 
level of angiogenesis and bone regeneration. Nevertheless, 
the ability to maintain the volume of bone substitute while 
improving the capacity for neovascularization and osteoin-
duction for better vertical new bone regeneration remain 
key problems for dentists.

The use of mesenchymal stem cells or growth factors is 
recommended to promote angiogenesis and 
osteoinduction.12,49 VEGF-A, a member of the VEGF 
family, has been identified as the main factor that promotes 
both physiological and pathological angiogenesis. At least 
five different molecular isoforms of VEGF (with 121, 145, 
165, 189 and 206 amino acids, respectively) have been 
identified. VEGF165 is considered the most predominant 
and potent molecule produced by a variety of normal and 
transformed cells. Seventy percent of VEGF165, the most 
abundant isoform in humans, remains in the extracellular 
matrix. It is a potent mitogen for endothelial cells and plays 
a key role in normal and pathological angiogenesis.50 The 
application of VEGF activates endothelial cells in the sur-
rounding tissue by stimulating cell liberation, migration, and 
proliferation, and finally the formation of tubular 
structures.51 As shown in the study by Mayr-Wohlfart,34 

VEGF-A might not only induce angiogenesis to facilitate 
bone formation but also stimulate the process in a direct 
manner by inducing the proliferation and migration of osteo-
blasts. Another study52 provided strong evidence that VEGF 
functions as a survival factor for endothelial cells and imma-
ture vessels. In our previous study,12 the nHA blocks coated 
with rhVEGF165 via a direct physical adsorption approach 
promoted angiogenesis at 3 weeks in critical size mandibular 
bone defects in dogs, during the early stage of healing. The 
critical size bone defects with three walls in the mandible 
were a good model for assessing the effect on horizontal bone 
regeneration. However, the interference of blood vessels or 
osteoblasts from the three walls of the bone defects was 
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unable to be excluded. In addition, the application of porous 
nHA blocks provides more functional groups, such as 
–OH, –NH2, and –COOH− groups.29 These functional 
groups might facilitate direct adsorption and sustained 
release. Therefore, our study focused on the effect of 
VEGF on the central area of the blocks and on vertical 
augmentation in a rabbit calvarial defect model. The outcome 
measures of micro-CT and fluorescence microscopy, ie, the 
mean BV/TV%, NB%, VH% and BDC%, were obviously 
higher in the NV-nHA group than in the control (N-nHA) 
group, but the differences were not statistically significant 
(Table 1 and Figure 8).

Importantly, we hypothesized that the combination of 
nHA blocks coated with rhVEGF165 and cortical perfora-
tion might exert a synergistically effect on improving 
vertical bone regeneration by directly affecting primary 
osteoblasts and promoting angiogenesis. According to pre-
vious studies, VEGF, particularly VEGF-A, is produced by 
most parenchymal cells and acts in a paracrine manner on 
adjacent endothelial cells to regulate VEGF receptor sig-
naling and biology.49 All VEGF-A isoforms are able to 
activate two different tyrosine kinase receptors: VEGF 
receptor 1 (VEGFR1/Flt-1) and VEGF receptor 2 
(VEGFR2/KDR/Flk-1).50,53 Receptor activation in 
endothelial cells induces phosphorylation and leads to the 
transduction of different signals promoting cellular activ-
ities, such as endothelial cell migration and proliferation, 
subsequently enhancing angiogenesis.54 Therefore, the 
issue of increasing VEGF release from the host bone tissue 
must be seriously considered. Cortical perforation of the 
recipient bed may induce the recruitment of osteoblasts, 
which are considered an important source of VEGF. The 
experimental results from the present study provided addi-
tional evidence supporting this hypothesis. Statistically 
significant differences in the BV/TV% and BMD were 
observed between the N-nHA and PV-nHA groups, as 
determined using micro-CT. Fluorescence microscopy 
clearly showed trabecular bone connected with the inner 
surface of the titanium dome in the PV-nHA group, nearly 
reaching the top at 6 weeks (Figure 7D). The percentage of 
new bone regeneration and vertical height were obviously 
greater in the groups with the rhVEGF165 coating than in 
the groups without the rhVEGF165 coating at 4 and 6 
weeks. Furthermore, the differences in the NB% and VH 
% between the PV-nHA group and the N-nHA group were 
statistically significant at 4 and 6 weeks (Figure 8). 
Additionally, the bone trabeculae, which were dark green 
and yellow-green in color, became model slender and 

more elongated. Thus, VEGF might participate in the 
formation of immature vessels during the early stage of 
healing. The rate of new trabecular bone formation was 
slower and the newly formed bone tissue was more mature 
at 6 weeks than at 4 weeks.

As mentioned above, the rabbit calvarium has a poor 
blood supply due to the anatomy distribution of different 
arteries. The artery supplying the parietal bone is the 
posterior branch of the middle meningeal artery, emanat-
ing from the maxillary artery. One major branch of the 
meningeal artery curves toward the sagittal suture of each 
parietal bone. The result is arterial blood flow toward the 
midline.55 This anatomy results in better perfusion of the 
lateral portions of the nHA block than the medial portions. 
Insufficient blood perfusion leads to uneven nutrient and 
oxygen supplies for new bone formation.1,55 In the present 
study, the objective of the experiment was to overcome 
these limitations. Although some studies29,56 have sug-
gested that three functional groups in nHA crystals 
(–OH, –NH and –COOH−) interact with protein molecules 
to yield greater bone formation, the response in the N-nHA 
group, which was not treated with any other growth fac-
tors, appeared unsatisfactory. Therefore, both cortical per-
foration in medial areas of the recipient bed and the 
physical adsorption of rhVEGF165 were applied to the PV- 
nHA group. The VH% at the midline was higher in the 
PV-nHA group than in the other three groups at the two 
time points during the healing process (0.75±0.53% at 4 
weeks and 0.83±0.42% at 6 weeks). Potential explanation 
for the aforementioned outcomes are that cortical perfora-
tion can increase the blood supply required to recruit 
progenitor cells from the host bone in the central areas, 
while rhVEGF165 can induce the migration, proliferation 
and differentiation of vascular endothelial cells. Both of 
these factors contributed to the accumulation of osteo-
blasts and improvement of vertical bone augmentation.

More interestingly, the BDC% in the lateral areas near 
the inner surface of the titanium dome was higher than in 
the central areas in the groups with cortical perforation 
(P-nHA and PV-nHA groups). These results are consistent 
with the outcomes of a previous study by Zeeshan 
Sheikh.1 Several possible explanations were analyzed. 
First, the observation is consistent with the anatomical 
contouring of the rabbit calvarial bone along with differ-
ences in the blood supply between the lateral and medial 
areas.21 Second, some differences between decoration and 
rhVEGF165 in terms of the potential to promote guided 
bone augmentation were observed. Third, the inner surface 
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of the titanium dome might have the capacity to attract 
more osteoblasts for contact osteogenesis due to its good 
biocompatibility. Fourth, the differential expression of the 
freely diffusible VEGF isoform VEGF121 produced by 
osteoblasts from the host bed might contribute to the 
formation of an angiogenic gradient within the bone,54 

allowing communication with endothelial cells located 
some distance from the surface of newly forming bone.

Conclusions
In the present study, the rabbit calvarial defect model was 
proven to be an effective model for evaluating vertical 
guided bone regeneration due to its resemblance to the 
human mandible, with a poor blood supply and limited 
bone marrow. Cortical perforation provided passageways 
for blood vessels and progenitor cells to rapidly obtain 
access to the defect. Therefore, pretreatment with cortical 
perforation before GBR is necessary and recommended for 
better bone augmentation. The VH% at the midline of the 
block was higher in the PV-nHA group than in the other 
three groups at both time points (0.75±0.53% at 4 weeks 
and 0.83±0.42% at 6 weeks). The use of porous nHA 
block grafts coated with rhVEGF165 and cortical perfora-
tion improved angiogenesis and osteoinduction in the cen-
tral area, increasing vertical bone regeneration in the rabbit 
calvarial defect model, as determined using micro-CT and 
histological fluorescence microscopy. These functional 
groups of nHA blocks, such as –OH, –NH2, and – 
COOH−, facilitated the direct adsorption and sustained 
release of rhVEGF165 in the central area. VEGF-A was 
produced by most parenchymal cells after cortical perfora-
tion and acted in a paracrine manner on adjacent endothe-
lial cells to regulate VEGF receptor signaling and biology. 
VEGF and cortical perforation might exert synergistically 
effects on improving vertical bone regeneration by nHA 
block grafts by directly affecting primary osteoblasts and 
promoting angiogenesis and osteoinduction. This study 
provides some potential insights into the clinical applica-
tions of bone blocks; however, the effect on vertical bone 
regeneration requires further studied, particularly the pos-
sible mechanisms underlying the relationship between vas-
cularization and bone regeneration.
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