
INTRODUCTION

Bone augmentation is often accomplished by using
artificial materials in combination with oral implant
treatment.1−4 Moreover, placement of implants in the
maxilla may require the use of artificial materials for
elevation of the maxillary sinus.5−8 Beta-tricalcium
phosphate (β-TCP) has a high level of osteo-con-
ductivity and is absorbed relatively quickly, to be re-
placed with autologous bone.9−14 It is often used as an
artificial material for bone augmentation in den-
tistry.15−21 For bone healing in the extraction socket and
growth of tissue around implants, the initial develop-
ment of microvascular formation is followed by forma-
tion of new bone.22, 23 Microvascular formation ad-
vances into the interspaces between the β-TCP gran-
ules used to fill the bone defects, resulting in the for-
mation of new bone around the granules.24, 25 Accord-
ingly, the granule interspaces are considered impor-
tant for microvascular and new bone formation. We
speculated that microvascular formation in the granu-
lar interspaces might vary depending on the size of
the granules used. In the present study, we used β-

TCP granules of different sizes to fill bone defects in
experimental animals, and investigated the relation-
ship between granule interspace size and microvas-
cular formation.

MATERIALS AND METHODS

Materials
Four sizes of β-TCP granules were used ; Types P
(50−150 μm), S (200−500 μm), M (500−1,000 μm)
and L (1,000−2,000 μm) (Fig. 1). The Type P granules
(Kyocera Medical, Kyoto, Japan) were the compact
type, while the Type S, M and L granules (BIORE-
SORBⓇ Macro Pore ; ORALTRONICS, Bremen, Ger-
many) each had a porosity of 30%, as they consisted
of micropores of 0.5−10 μm (mean 5 μm) and macro-
pores of 50−700 μm (mean 500 μm), both of which
are referred to as ‘macropores’ for convenience in the
present study.

Experimental animals
Five adult male crab-eating monkeys with an average
body weight of 5 kg and healthy permanent dentition
in both the upper and lower jaws were used. The bilat-
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eral lower molars were used as experimental sites.
The animals were given a standard primate diet (PS-
A, Oriental Yeast, Tokyo, Japan) and water. The pre-
sent experiment was approved by the Animal Re-
search Committee of Osaka Dental University (Ap-
proval numbers 13-02001 and 14-02001) and per-
formed under the provisions of the Regulations for
Animal Experiments of Osaka Dental University.

Methods
Surgical procedures
The five monkeys were given general anesthesia us-
ing 0.1 mL/kg injection of 2% xylazine hydrochloride
(SelactalⓇ ; Bayer Yakuhin, Tokyo, Japan) as a seda-
tive and 0.2 mL/kg ketamine hydrochloride (Keta-
larⓇ ; Daiichi Sankyo Propharma, Tokyo, Japan) as
an anesthetic. The bilateral lower molars (second pre-
molar, first molar and second molar) were extracted to
minimize surgical invasion of the surrounding tissue.
For 1 week after surgery, mouth rinsing was per-
formed daily with a 0.01% benzethonium chloride so-
lution (Neostelin Green Gargle 0.2%Ⓡ ; Nippon Shika
Yakuhin, Shimonoseki, Japan) and the animals were
given a soft diet. As an antimicrobial agent for pre-
venting infection, injection of 15 mg/kg lincomycin hy-
drochloride hydrate (LincocinⓇ ; Pfizer Japan, To-
kyo, Japan) was administered intramuscularly.

At eight weeks after tooth extraction, the animals
were again anesthetized using the same procedure
as that for tooth extraction. The gingiva in the experi-
mental region was incised and detached to expose
the bone, and a total of 6 bone defects, 3 on each
side, were formed by drilling to a depth of 6 mm in the
buccal socket margin using a 3.5-mm implant drill (ITI
implant system ; STRAUMANN, Basel, Switzerland)
under irrigation with physiological saline (Otsuka nor-

mal saline injection ; Otsuka Pharmaceutical, Toku-
shima, Japan). Granules in physiological saline were
used to fill the defects, with Type L and S granules
separately placed in the two defects on one side, and
Type P and M granules on the other side. The remain-
ing two defects on each side were left unfilled to serve
as controls. After filling with the granules, a gingival
flap was sutured over the wound to complete the pro-
cedure. Similar to the situation after tooth extraction,
intraoral rinsing was performed and a soft diet was
given for the first week after surgery, while an antibac-
terial agent was administered intramuscularly to pre-
vent infection. The suture was removed at 1 week af-
ter surgery and the soft diet was replaced with a stan-
dard primate diet. The animals were then housed for
1 more week (Fig. 2).

Preparation of samples
At two weeks after the second procedure, the five
monkeys were euthanized by injection of an overdose
of 50 mg/kg pentobarbital sodium salt (Somnopen-
tylⓇ ; Kyoritsu Seiyaku, Tokyo, Japan), and then
acrylic resin was injected through the bilateral carotid
artery using a microvascular injection method.26, 27 Af-
ter the resin hardened, the animals were soaked in
10% neutral buffer formalin solution and the experi-
mental regions were extracted using a large diamond
band saw (BS-310 CP ; EXAKT, Norderstedt, Ger-
many). Blocks of each bone defect, both filled and un-
filled, were prepared using a small diamond band saw
(BS-3000 ; EXAKT).

Granule interspace measurement
Among the cut blocks, those filled with granules were
radiographed using a micro focus X-ray CT system
(micro-CT) (SMX-130 CT ; SHIMADZU, Kyoto, Ja-

Fig. 1 SEM images of β-TCP granule types P, S, M and L (Bars＝500 μm).
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pan) with a tube voltage of 45 kV, a tube current of 120
μA, and a slice thickness of 27.5 μm. Slice images of
only the bone defect portions were separated and
processed into 3D images using 3D image analysis
software (VGStudio MAXⓇVer.1.2.1 ; Volume Graph-
ics, Heidelberg, Germany). Furthermore, to highlight
only the granule interspaces in the images, a colum-
nar portion 3 mm in diameter and 5 mm in height was
extracted by removing the surrounding area contact-
ing the socket wall of the defect. The volume of the
granules and that of the interspaces in the columnar
portion was then determined. The dimension of the in-
terspaces was calculated from the mean for the X, Y
and Z axes.

Preparation of specimens for scanning electron
microscopy
The bone defect portion of each block obtained from
one of the experimental animals was cut at the center
to obtain frontal sections. One was left untreated and
the other was decalcified with 5% hydrochloric acid.
For specimens from the remaining four animals, each
block was cut horizontally into four slices of thickness
1.5 mm, and the bottom and middle slices were se-
lected as samples (Fig. 3). The sample slices were
soaked in 5% sodium hypochlorite to dissolve and re-
move soft tissue, then rinsed with water and dried.
These were used as bone and microvascular cast
specimens. After evaporating with osmium tetroxide
using a plasma multi coater (PMC-5000 ; Meiwa,
Osaka, Japan), the specimens were observed under
a scanning electron microscope (SEM) (JSM-5500 ;

JEOL, Tokyo, Japan) at an accelerating voltage of 5
kV and working distance of 48 mm. Digital images
were obtained for observation from a cross-section of
frontal sections and from the top surface of horizontal
sections. Furthermore, horizontal section specimens
were soaked in 5% hydrochloric acid to remove hard
tissue. After rinsing in water and drying, they were
used as microvascular cast specimens. Following
gold coating (JFC-1500 ; JEOL, Tokyo, Japan), they
were observed with an SEM and digital images were
obtained.

Image analysis of newly-formed vessels in gran-
ule interspaces
Based on SEM images of the microvascular casts as
decalcified horizontal-section specimens, the bone
defect portion was extracted using photo retouch soft-
ware (PhotoshopⓇ ; Adobe Systems, San Jose, CA,
USA) on a personal computer (MacBook Pro, Apple

Fig. 2 Bone defects in an experimental animal (right side). (A) Immediately after creation of defects
(three defects), (B) Defects filled with granules (Type M, Control, and Type P from medial to distal).

Fig. 3 Schematic illustration of the bone defect re-
gions. The bone defect was separated horizontally into
four regions (superficial, middle, deep and bottom) to
make the specimens.
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Computer, Cupertino, CA, USA). The ratio of the area
of newly-formed vessels to the area of bone defect
was calculated using binary images of the vessels
and public domain image analysis software (Image
J ; National Institutes of Health, Bethesda, MD,
USA). The mean dimensions for the interspace be-
tween each type of granule were calculated and used
as the amount of newly-formed vessels.

RESULTS

Granule interspace measurements (Table 1)
The mean dimensions of the interspace between
granules used to fill the bone defects in the experi-
mental animals were 96.4±4.3, 151.2±5.6, and
243.2±15.4 μm for Types S, M and L, respectively. It
was impossible to measure the interspace between
the Type P granules using the 3D image analysis soft-
ware employed in the present study.

SEM images (Figs. 4, 5 and 6)
Type P granules
Although SEM images of the non-decalcified speci-
mens showed newly-formed vessels in the granule in-
terspaces, granules were missing in some areas at
the time of specimen preparation. SEM images of the
decalcified specimens showed newly-formed vessels
oriented toward the center of the bone defect in a uni-
form manner (Figs. 4 and 5).

Type S granules
SEM images of the non-decalcified specimens
showed newly-formed vessels in the granule inter-
spaces, some of which had invaded the macropores
in the granules. SEM images of the decalcified speci-
mens showed newly-formed vessels oriented toward
the center of the bone defects in a uniform manner
(Figs. 4, 5 and 6).

Table 1 Granule interspace dimensions

Granule type Average X-axis Y-axis Z-axis

S
M
L

96.4± 4.3
151.2± 5.6
243.2±15.4

98.2± 3.4
153.0± 8.1
240.0±16.0

99.8± 7.7
152.8± 6.1
240.0±16.2

92.0± 4.5
148.4±11.1
251.0±20.8

Mean±SD, n＝5 (μm)

Fig. 4 SEM images of sagittal sections (Bar＝2 mm).
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Type M granules
SEM images of the non-decalcified specimens
showed newly-formed vessels in the granule inter-
spaces, some of which had invaded the macropores
in the granules. SEM images of the decalcified speci-
mens showed that areas of newly-formed vessels
were absent, which corresponded to the granules.
New vessels formed in the interspaces appeared to
encircle the granules (Figs. 4, 5 and 6).

Type L granules
SEM images of the non-decalcified specimens
showed newly-formed vessels in the granule inter-
spaces in the same manner as observed for the Type
M granules. Some of the vessels had invaded the
macropores in the granules. SEM images of the de-
calcified specimens showed that areas of newly-
formed vessels were absent, which corresponded to
the granules, the same as seen with Type M gran-

ules. New vessels formed in the interspaces ap-
peared to encircle the granules (Figs. 4, 5 and 6).

Controls
SEM images of the non-decalcified specimens show-
ed formation of new vessels oriented nearly uniformly
toward the center of the bone defect. Similarly, SEM
images of the decalcified specimens showed newly-
formed vessels that appeared to be nearly the same
as those seen in the non-decalcified specimens
(Figs. 4 and 5).

Vascular invasion of macropores
SEM images of the non-decalcified specimens for the
Type S, M and L granules, in which macropores were
present, showed newly-formed vessels invading the
macropores (Fig. 6). Measurements of the invaded
macropores using image analysis software (Image
ProⓇ Plus, Ver. 5.1 ; Media Cybernetics, Rockville,

Fig. 5 SEM images of horizontal sections (Bar＝1 mm).

Fig. 6 Close-up SEM images of horizontal sections of calcified specimens showing the granules filling the
defect. Newly formed vessels (arrow heads) invaded the macropores in the granules (Bar＝500 μm).

Vol. 49, No. 2 Microvasculature in interspaces of β-TCP granules after filling bone defects 161



MD, USA) showed them to be 38.9±12.7, 42.1±
12.1, and 39.6±13.9 μm in diameter for the Type S,
M and L granules, respectively. One-way ANOVA re-
vealed no significant differences among the three
sizes of granules (Table 2). In contrast, no macro-
pores or vascular invasion was observed in speci-
mens with the Type P granules.

Ratio of newly-formed vessels as determined by
image analysis (Table 3)
The ratio of newly-formed vessels in the granule inter-
spaces calculated on the basis of SEM images of hori-
zontally sectioned decalcified specimens was 20.0±
5.0%, 20.0±4.5%, 17.5±4.6%, 17.9±6.7%, and
20.0±2.9% for Type P, S, M and L granules and the
controls, respectively. One-way ANOVA revealed no
significant difference among the specimens for differ-
ent granule sizes.

DISCUSSION

Animal experiment
The period from 1 to 2 weeks after surgery is consid-
ered to be the stage of microvascular formation during
bone healing around the extraction socket and im-
plant, while the stage of new bone formation and bone
remodeling begins at about 2 weeks, after which bone
healing is completed.22, 23 Accordingly, based on find-
ings of animal experiments of bone defects filled with
β-TCP granules, we think that microvascular forma-
tion in the granule interspaces could be confirmed by
preparing samples obtained at 2 weeks after sur-
gery, which would be the stage of microvascular for-

mation just prior to new bone formation. Further-
more, we think that newly-formed vessels in the bone
defects could be clearly determined by use of speci-
mens prepared following acrylic resin microvascular
injection.26, 27

Granule interspace measurements
Granule interspace measurements based on micro-
CT findings performed at 2 weeks showed that the in-
terspaces in defects filled with Type S, M and L gran-
ules became larger in accordance with granular size.
We also found that the mean interspace measure-
ment for Type S granules was greater than 90 μm,
while it was previously reported that granules larger
than 50 μm are required for microvascular formation
in the pores.28 Thus, we concluded that microvascular
formation could be sufficiently attained with use of the
Type S, M and L granules employed in the present
study.

On the other hand, determination of interspa-
ces with the Type P granules was impossible, even
though imaging was performed under the same condi-
tions as for the other types. The cause for this failure
seems to be related to the compact nature of the Type
P granules, as radiolucency was low with the high
granule density in the bone defects. As a result, inter-
spaces smaller than 27 μm were unrecognizable,
since the slice thickness of the specimens subjected
to micro-CT was 27.5 μm. Granule interspaces smal-
ler than 27 μm could not be clearly visualized.

Relationship between granule interspaces and
microvascular formation
SEM images of the non-decalcified specimens con-
firmed newly-formed vessels in the granule inter-
spaces of all defects filled with Type P, S, M and L
granules. Even with Type P granules, for which inter-
space measurements based on 3D image analysis
was impossible, newly-formed vessels were ob-
served in the interspaces. Accordingly, we speculate
that even a granule interspace size of 27 μm or less
may be adequate for microvascular formation.

SEM images of the decalcified specimens showed
areas free from newly-formed vessels corresponding
to the granules in those with Type M and L granules,

Table 2 Diameter of macropores invaded by newly formed ves-
sels

Granule type S M L

Diameter 38.9±12.7 42.1±12.1 39.6±13.9

Mean±SD, n＝8 (μm)

Table 3 Ratio of newly formed vessels in the bone defect

Granule
type P S M L Control

Area (%) 20.0±5.0 20.0±4.5 17.5±4.6 17.9±6.7 20.0±2.9

Mean±SD, n＝8
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in which newly-formed vessels in the interspaces
were observed encircling the granules. Meanwhile
with Type S and P granules there were no newly-
formed vessels encircling the granules, as the vessels
were spread throughout the bone defects. This was
thought to be the result of microvascular formation in
the finely distributed interspaces of the defects filled
with Type S and P granules, which were relatively
small in size.

Relationship between granular interspaces and
the amount of microvascular formation
There was no significant difference in the amount of
newly-formed vessels among the granule types. The
ratio was about 20% for Types P and S, which was the
same as that of the controls, while the ratios were a bit
smaller for Types M and L, at 17% and 18%, respec-
tively. These findings suggest that the size of the inter-
spaces is not always proportional to the amount of
newly-formed vessels.

In the controls, new vessels were formed nearly
uniformly in the bone defects, as there was no factor
to inhibit microvascular formation. As shown in the
SEM images of decalcified specimens, microvascular
formation occurred nearly uniformly in specimens with
Types P and S. It seems that the amount of newly-
formed vessels with this size of granules is approxi-
mate, as microvascular formation was uniform in the
uniformly distributed interspaces formed by small-
sized granules, as was also seen in the controls.
Meanwhile, in specimens with Types M and L, it
seems that the amount of newly-formed vessels was
less, because microvascular formation occurred in
the disproportionately larger interspaces formed by
the larger granules.

Vascular invasion of macropores in granules
The Type S, M and L granules used in the present
study had a porosity of 30%, and contained intra-
granular macropores of two size ranges, 0.5−10 μm
and 50−700 μm. SEM images of the non-decalcified
specimens confirmed vascular invasion of intra-
granular macropores. The average size of macro-
pores that showed invasion was 40 μm, with no sig-
nificant differences among the types. It has been re-

ported that macropores larger than 50 μm are re-
quired for microvascular formation.28 However, in the
present specimens, vessel invasion was noted in mi-
cropores 40 μm in diameter. Even at 2 weeks after
surgery, when granular resorption had already been
initiated and the macropores in the granules were as
small as 0.5−10 μm, the macropores were thought to
grow larger to make invasion by new vessels possi-
ble.

When using β-TCP granules to fill bone defects,
larger granules with higher porosity and larger macro-
pores are considered better for microvascular forma-
tion than small granules like Type P and S. This is be-
cause the newly-formed vessels are more uniformly
distributed in defects filled with the larger Type M and
L granules, making a greater amount of newly-formed
vessels. We intend to perform another study in the fu-
ture on the relationship between microvascular forma-
tion and new bone formation during the new bone for-
mation stage using the present methods to determine
the optimum conditions for β-TCP granule filling of
bone defects, such as granule size, porosity, and in-
terspace size.

We are grateful to the members of the Department of Anat-
omy for their kind advice and assistance.
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