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Abstract: The repair of bone defects with biomaterials
depends on a sufficient vascularization of the implantation
site. We analyzed the effect of pore size on the vasculariza-
tion and osseointegration of biphasic calcium phosphate
particles, which were implanted into critical-sized cranial
defects in Balb/c mice. Dense particles and particles with
pore sizes in the ranges 40–70, 70–140, 140–210, and 210–
280 lm were tested (n ¼ 6 animals per group). Angiogene-
sis, vascularization, and leukocyte–endothelium interactions
were monitored for 28 days by intravital microscopy. The
formation of new bone and the bone–interface contact (BIC)
were determined histomorphometrically. Twenty-eight
days after implantation, the functional capillary density was
significantly higher with ceramic particles whose pore sizes
exceeded 140 lm [140–210 lm: 6.6 (60.8) mm/mm2;

210–280 lm: 7.3 (60.6) mm/mm2] than with those whose
pore sizes were lesser than 140 lm [40–70 lm: 5.3 (60.4)
mm/mm2; 70–140 lm: 5.6 (60.3) mm/mm2] or with dense
particles [5.7 (60.8) mm/mm2]. The volume of newly-
formed bone deposited within the implants increased as the
pore size increased [40–70 lm: 0.07 (60.02) mm3; 70–140
lm: 0.10 (60.06) mm3; 140–210 lm: 0.13 (60.05) mm3; 210–
280 lm: 0.15 (60.06) mm3]. Similar results were observed
for the BIC. The data demonstrates pore size to be a critical
parameter governing the dynamic processes of vasculariza-
tion and osseointegration of bone substitutes. � 2007 Wiley
Periodicals, Inc. J Biomed Mater Res 85A: 777–786, 2008
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INTRODUCTION

Skeletal defects generated by the resection of bone
tumors or by trauma are usually reconstructed with
autologous grafts of cortical or cancellous bone har-
vested from the iliac crest. However, the harvest of
bone from an autologous source is disadvantageous

in several respects: the supply of material is limited,
its excision is associated with donor-site morbidity,
and the procedure prolongs the time of surgery.1

Consequently, there is a growing interest in the
development of biomaterials that can integrate with
existing bone, can be turned over, and be subse-
quently replaced by newly-formed osseous tissue.
Vascularization is crucial for the development and
the repair of most tissues, and is a precondition for
the healing of bone defects.2–4 Revascularization of
the implantation site ensures an adequate supply
of nutrients, the prompt removal of metabolic
by-products, and the delivery of cells and growth
factors that support the formation of osseous tissue.
It is thus crucial for the remodeling of bone substi-
tutes and their replacement with osseous tissue.

The dynamics and the extent of bone ingrowth
into porous calcium phosphate ceramics are known
to depend upon the pore size of the material.5–10
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Furthermore, bone substitutes with an intercon-
nected system of pores can be invaded by blood ves-
sels, enabling the development of a dense vascular
meshwork. We therefore hypothesized that the pore
size of bone substitutes influences the ingrowth not
only of osseous tissue but also of capillary sprouts,
and thus angiogenesis, thereby impacting the healing
process after implantation.

Intravital microscopy permits a quantitative as
well as a qualitative analysis of angiogenesis, the
microcirculation, microvascular perfusion, leuko-
cyte–endothelium interaction (LEI), and endothelial
leakage.11–13 The method has been used to investi-
gate the cerebral microcirculation in rats and the
angiogenesis of malignant cranial tumors in mice.14–19

Although the cranium has been used as an implan-
tation site for bone substitutes in rodents,20–22 intravi-
tal microscopy has not been applied to investigate the
angiogenesis and microcirculation of the implanted
biomaterials.

The aim of the present study was to evaluate the
influence of the pore size of a particulate calcium
phosphate ceramic on vascularization and bone for-
mation within critical-sized cranial defects in mice.
Vascularization was quantified by intravital micro-
scopy and bone formation by histomorphometry.

MATERIALS AND METHODS

Preparation of the ceramic bone substitute with
different pore sizes

Porous, biphasic calcium phosphate ceramics composed
of 80% hydroxyapatite and 20% b-tricalcium phosphate
were prepared from calcium phosphate apatite powder
with a calcium phosphate ratio of 1.66. First, porous green
bodies were prepared from the apatite powder by adding
0.5% hydrogen peroxide solution and naphthalene par-
ticles (Fluka Chemie, Zwijndrecht, The Netherlands) at
608C. The naphthalene particles and the aqueous phase
were subsequently evaporated at 808C. Porous calcium
phosphate ceramics were obtained by sintering the dried
porous green bodies at 11508C for 8 h.23–25

Different pore sizes were generated using naphthalene
particles of different sizes: (i) naphthalene particles with
sizes of 300–400 lm generated pores in the size range 210–
280 lm; (ii) naphthalene particles with sizes of 212–300 lm
generated pores in the size range 140–210 lm; (iii) naph-
thalene particles with sizes of 106–212 lm generated pores
in the size range 70–140 lm; and (iv) naphthalene particles
with sizes of 75–106 lm generated pores in the size range
40–70 lm. The overall porosity of the ceramic bodies was
75% (65%) [macropores (>10 lm): approximately 50%;
micropores (0.1–10 lm): approximately 25%].

A dense ceramic body was prepared by mixing the apa-
tite powder with 0.5% hydrogen peroxide solution in the
absence of naphthalene particles. This material manifested

no macroporous structure. Micropores (0.1–10 lm) were
engendered by the presence of hydrogen peroxide.

For each of the five groups, ceramic particles with sizes
of 0.5–1.0 mm were prepared from the ceramic bodies,
cleaned, and autoclaved at 1218C for 30 min prior to use.

Preparation of cranial-window defects

Thirty-six 8-week-old male Balb/c mice (BALB7cAnNCrl;
Charles River Wiga, Germany) were used for this study,
which was approved by the local committee for animal
experimentation (BVET, Berne, Switzerland) and con-
ducted in accordance with its regulations.

Cranial-window defects were created in the calvariae
for the implantation of the ceramic particles. The animal
model followed previously described cranial window
preparations applied to investigate the cerebral microcir-
culation and the microcirculation of malignant tumors in
mice.14,26–29 All surgical procedures were performed
within a laminar-flow unit under strictly aseptic condi-
tions. The mice were anaesthetized with a mixture of fen-
tanyl (50 lg/kg of body weight), medetomidine (500 lg/
kg of body weight), and climazolame (5 mg/kg of body
weight), which was injected intraperitoneally. After shav-
ing and disinfection of the scalp with 70% ethanol, the
mice were secured within a custom-made stereotactic de-
vice. An oval area of the scalp (�15 3 10 mm2) was
removed to expose the frontal and parietal bones with the
coronal, lambdoid and sagittal sutures [Fig. 1(A)]. Using
a dental drilling device (Nouvag MD 10, Nouvag AG,
Switzerland), a circular, 4-mm-diameter defect was gener-
ated within the calvarium, leaving only a thin layer of the
internal tabula in place. The latter was then carefully
lifted with a pair of fine forceps. After dividing the adhe-
sions which attach the internal tabula to the sagittal sinus,
the former was completely removed to create a full-thick-

Figure 1. (A) Scheme of the cranial-window preparation
(viewed from above), depicting the circular, 4-mm-diame-
ter defect and its relationship to the sagittal, coronal and
lamboid sutures. (B) Schematic, cross-sectional view of the
cranial full-thickness defect. The exposed meninges were
preserved intact, to avoid angiogenesis from the underly-
ing blood vessels. The site was covered with a glass cover
slip, which was sealed with a suitable adhesive (‘‘Sealant’’).
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ness defect [Fig. 1(B)]. Care was taken to avoid mechani-
cal or thermal damage to the dura mater and the underly-
ing brain tissue. If this occurred, the animal was killed
immediately and excluded from the study. If bleeding
from the bone occurred, the surgical procedure was inter-
rupted to clear the site by swabbing with a sterile Q-tip.
Ceramic particles from one of the five pore-size categories
(n ¼ 6 for each group) were then implanted within the
defect. A control group was established, in which the
defects were left empty (n ¼ 6). To protect the tissue
from dehydration and mechanical damage, the exposed
site was covered with a circular, 7-mm-diameter glass
slip (Assistent, Germany), which was secured to the bone
margin with cement (a mixture of ethylcyanoacrylate
glue; Pattex1; Blitz Kleber, Henkel, Germany; and a
methylmethacrylate polymer; GC Ostron1-powder; GC
Europe, Belgium).

Intravital microscopy

During the first week of implantation, the defect site
was monitored every 12 h using a stereotactic microscope
under vertical illumination. The time at which newly-
formed blood vessels invaded the implanted biomaterial
was noted.

Intravital fluorescence video-microscopy was performed
7, 14, 21, and 28 days after implantation using a vertical
illumination fluorescence microscope unit (Zeiss Axioplan
2, Zeiss, Germany) equipped with �2.53 and �203 objec-
tives and with fluorescence filter systems for green and
blue light. For the offline analysis, regions of interest were
recorded on video-tapes using an S-VHS videocassette re-
corder, which was connected to a digital microscope
camera. The microcirculation was rendered visible by
an intravenous injection of the plasma marker fluorescein–
isothiocyanate-labeled dextran (FD 2000S; Sigma Aldrich;
60 lL of a 5% solution in 0.9% saline). The interaction
between leukocytes and the vascular endothelium was
visualized by an intravenous injection of the leukocyte
marker rhodamin 6G (R4127, Sigma Aldrich; 90 lL of a
0.05% solution in 0.9% saline).

Offline analysis of vascularization,
microhemodynamic variables, and LEI

The functional capillary density (FCD) within the
implantation site was defined as the total length of the
erythrocyte-perfused nutritive capillaries (in mm) per two-
dimensional defect surface (in mm2). This parameter has
been well established as a measure of the microvascular
perfusion in various tissues.30–33 The offline analysis of
FCD was performed on digital fluorescence images using
Simple PCI software (Version 6.0, Compix Inc, Imaging
Systems, Cranberry Township, USA).

Microhemodynamic parameters and the LEI were ana-
lyzed on digital images of the regions of interest. Six to
eight such regions were evaluated per animal and per
time point. The implantation site was divided into four
quarters. Two regions of interest in each of the four fields

were photographed: one in the periphery and one in the
centre.

Inconsistencies in microhemodynamic variables can
arise from changes in the mechanical or the morphologi-
cal properties of the vessels.34 To avoid this problem,
100-lm-long segments of vessel with similar diameters
and running were analyzed per animal and per time
point. Each of these regions was monitored for 30 s for
the measurements of microhemodynamic variables and
for the evaluation of LEI. Vessel diameters (D), were
measured perpendicular to the vessel path and expressed
in micrometers. The centreline velocity of the blood
stream (vcentre) was determined by measuring the length
(L) within a vessel segment over which leukocytes
coursed within a defined time (t): vcentre ¼ L/t (lm/s).
Leukocytes were classified as free-floating, rolling, or
sticking according to their interactions with the micro-
vascular endothelium. The number of sticking leukocytes
(NSti) was expressed as the numerical density of cells
(WBCSti) that adhered firmly to the inner surface of the
investigated 100-lm-long vessel segment during the 30-s
observation period: WBCSti ¼ NSti 3 106/[pi (p) 3 D 3
100] (cells/mm2). Rolling leukocytes are defined as a
population of cells that interacts transiently with the ves-
sel wall, and that have a velocity at least 50% lower than
vcentre. The rolling count (WBCRol) was expressed as:
WBCRol ¼ (NRol/NFlo) 3 100 (%), where NRol is the num-
ber of rolling leukocytes and NFlo is the number of free-
floating ones. Leukocyte flux (WBCFlux) was defined as
the number of free-floating leukocytes that passed a ves-
sel cross-section within a certain time. Leukocyte flux
was normalized for the cross-sectional area of the
observed microvessel and the observation time (t):
(WBCFlux) ¼ NFlo 3 106/[(D/2)2 3 p 3 t] (cells/mm2/s).
The apparent shear rate of the vessel wall (g) was
derived from Poiseuille’s law for a Newtonian fluid: g ¼
(vcentre/D) 3 8 (1/s).35 Blood flow (Q) was calculated as:
Q ¼ vcentre 3 D2 3 [p]/4000 (pl/s).

TABLE I
Time After Implantation at Which Vessels First
Penetrated the Ceramic Materials With Different

Pore Sizes

Pore Size (lm)

First Appearance
of Vessels

(hours after implantation)

210–280 106 6 14#,*,**
140–210 111 6 11#,*,**
70–140 132 6 10
40–70 135 6 9
Dense ceramics 141 6 13
Control (no ceramic) 132 6 17

Angiogenesis within the implantation site was investi-
gated using intravital microscopy. The appearance of
newly formed vessels was observed at 12-h intervals.
Mean values 6 standard deviation are represented (n ¼

6 for each group).
#p < 0.05 vs. dense ceramics.
*p < 0.05 vs. 40–70 lm.
**p < 0.05 vs. 70–140 lm.
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Histomorphometry

At the end of the intravital observation period (28 days),
the mice were killed with CO2. The implanted material
was immediately excised together with the surrounding
calvarial and brain tissue for the histomorphometric analy-
sis. Each specimen was chemically fixed in buffered 4%
paraformaldehyde solution, dehydrated in ethanol, and
embedded in methylmethacrylate according to the proce-
dure described by Erben et al.36 The embedded material
was cut perpendicular to the sagittal plane according to a
systematic random sampling protocol: 300-lm-thick sec-
tions, separated by a constant distance of 300 lm, were
produced, with a random start within 200 lm of the left-

hand margin of the defect. Each specimen yielded five se-
rial sections. The sections were surface stained with
McNeal’s tetrachrome.37,38

The volume of newly-formed bone was quantified on
light microscopic images of the sections using Cavalieri’s
method.39 The surface area density of bone and the bone–
interface contact (BIC) area were determined using the
cycloid test system described by Baddeley et al.40

Statistics

All numerical data are presented as mean values to-
gether with the standard deviation. The data were statisti-
cally evaluated by ANOVA using SigmaStat1 software for
Windows (Version 3.01, Systat Software, San Jose, CA,
USA). Pairwise multiple comparisons were made using the
Student–Newman–Keuls method. Differences were consid-
ered to be statistically significant if the p-value was less
than 0.05. For the statistical analysis of correlations, Pear-
son’s product moment was calculated.

RESULTS

Vascularization of the ceramic material with
different pore sizes

Angiogenic sprouting and the development of a
vascular network were monitored by intravital
microscopy. Vessel formation occurred significantly
earlier in ceramic particles whose pore sizes exceeded
140 lm (pore sizes 140–210 lm: 111 6 11 h; pore
sizes 210–280 lm: 106 6 15 h) than with particles
whose pore sizes were smaller than 140 lm (pore
sizes 40–70 lm: 135 6 9 h; pore sizes 70–140 lm: 132
6 10 h) or with dense particles (141 6 13 h) (Table I).

Figure 2. Vascularization of BCP ceramics was analyzed
for 28 days by intravital microscopy. The graph depicts
the FCDs of the ceramic materials with different pore sizes
on days 7, 14, 21, and 28 after implantation. Mean values
are represented together with the standard deviation (n ¼
6 for each group and time point). Statistically significant
differences between the values in each group are indicated
by the symbols ‘‘*’’ (p < 0.05) and ‘‘#’’ (p < 0.001).

TABLE II
Microhemodynamic Variables for Sprouting Vessels Penetrating the Ceramic Materials With Different Pore Sizes,

14 and 28 days after Implantation

Pore Size (lm)
Day after

Implantation
Vessel

Diameter (lm)
Centerline Velocity

of Blood Stream (lm/s)
Blood Flow

(pl/s)
Shear Rate of

Vessel Wall (1/s)

Control (no ceramic) 14 32.9 6 4.2 172.0 6 51.5 157.6 6 64.9 42.9 6 14.0
28 33.0 6 5.7 224.3 6 127.8 177.4 6 67.2 63.3 6 22.2

Dense ceramics 14 25.3 6 3.7 160.7 6 56.1 91.8 6 64.6 52.2 6 13.6
28 30.4 6 5.1 150.1 6 15.4 116.2 6 41.6 41.8 6 8.7

40–70 14 30.1 6 6.5 181.1 6 56.6 143.7 6 103.3 50.0 6 16.3
28 34.1 6 9.4 173.8 6 41.9 249.7 6 119.0 46.7 6 20.3

70–140 14 28.6 6 4.7 126.1 6 27.9 82.6 6 27.4 37.3 6 12.6
28 26.8 6 3.6 150.8 6 54.0 92.2 6 33.7 47.1 6 19.4

140–210 14 26.3 6 6.7 173.0 6 47.8 99.6 6 51.0 55.7 6 15.4
28 30.8 6 3.2 154.8 6 30.3 116.7 6 18.8 42.3 6 11.0

210–280 14 25.0 6 4.5 122.1 6 35.2 69.8 6 33.9 39.5 6 6.4
28 30.5 6 3.6 207.8 6 53.7 158.7 6 43.7 55.8 6 20.6

The microhemodynamic variables were analyzed on days 14 and 28 by intravital microscopy on 6–8 vessel segments
per time-point and animal. In none of the experimental groups did the values for any of the four parameters differ signifi-
cantly from those in the control group at either of the two time-points. Mean values 6 standard deviation are represented
(n ¼ 6 for each group and time-point).
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In the control (empty) defects, the first signs of vascu-
larization were observed after 132 6 17 h. In all
groups, the capillary sprouts arose from vessels
located within the surrounding bone.

Between the 7th and the 28th day of intravital ob-
servation, the FCD progressively increased in all
groups (Fig. 2). By day 28, the FCD was higher in ce-
ramic particles whose pore sizes exceeded 140 lm
(pore sizes 140–210 lm: 6.6 6 0.8 mm/mm2; pore
size 210–280 lm: 7.3 6 0.6 mm/mm2) than with
either those whose pore sizes were smaller than 140
lm (pore sizes 40–70 lm: 5.3 6 0.4 mm/mm2; pore
sizes 70–140 lm: 5.6 6 0.3 mm/mm2) or dense par-
ticles (5.7 6 0.8 mm/mm2). The FCDs for the two
groups with pore sizes exceeding 140 lm did not
differ significantly from each during the monitoring
period (7–28 days). For the two groups with pore
sizes smaller than 140 lm, the differences between
the FCDs tended to increase with time, with higher
values being registered for the larger (70–140 lm)
than for the smaller (40–70 lm) ones. However, the
differences did not attain statistical significance at
any point in time.

Microhemodynamic variables and LEI

To ascertain whether the ceramic particles elicited
an immune reaction within the host tissue, several
microhemodynamic variables (Table II), as well as
the LEI (Fig. 3), were determined on the 14th and
the 28th days of intravital monitoring. In none of the
groups were any of the parameters elevated above
control values.

Bone formation

The volume of newly-formed bone (Table III) and
the BIC (Table IV) were determined histomorpho-
metrically 28 days after surgery for each of the five
experimental groups and the control.

The volume of newly-formed bone deposited
between the ceramic particles (V Bone ext. in Table
III) was greater in each of the four porous-ceramic
groups than in the dense-ceramic one. The volume
of bone laid down within the pores of the ceramic
material (V Bone pores in Table III) decreased with
decreasing pore size. The values for the smallest and
the largest pore sizes differed significantly from each
other (p < 0.05; Table III). Similar trends were
observed for the bone volume density (total volume
of newly-formed bone divided by the volume of the
defect from which the volume of the ceramic mate-
rial has been subtracted) (Table III).

BIC was defined as the ratio of the ceramic surface
that was covered with new bone to the total ceramic
surface. The BIC for the internal (pore) surface of the
ceramic particles was significantly larger in the two
groups with pore sizes exceeding 140 lm than in
either of the two groups with pore sizes less than

Figure 3. LEI was analyzed on days 14 and 28 to ascer-
tain whether the ceramics elicited an immune response
within the host tissue. (A) WBCFlux: number of free-float-
ing leukocytes that passed a vessel cross-section within a
certain time. (B) WBCRol: number of rolling leukocytes di-
vided by the number of free-floating ones. Rolling leuko-
cytes are defined as a population of cells that interacts
transiently with the vessel wall. (C) WBCSti: numerical
density of leukocytes that attached firmly to the inner sur-
face of the investigated 100-lm-long vessel segment during
the 30-s observation period. Data are represented as mean
values 6 SD (n ¼ 6 for each group and time point). In
none of the experimental groups did the values for any of
the three parameters differ significantly from those in the
control group at either of the two junctures.
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140 lm (Table IV). A similar trend was observed
when the BIC was calculated for the external surface
(Table IV).

Since the BIC does not take into account differen-
ces in the surface areas of the ceramic materials and
is representing a relative parameter, the surface area
of the ceramic material and the surface area of
newly-formed bone in contact with the material
were thus determined for each group. The external
surface area of the ceramic material (excluding the
surface furnished by the pores) was similar in each
group (Table IV), while the internal surface area of
the ceramic material increased with decreasing pore
size. However, independently of increasing internal
surface areas of ceramics with small pores, the sur-
face area of newly-formed bone was larger in associ-
ation with ceramic particles whose pore sizes
exceeded 140 lm.

A strong positive correlation existed between the
BIC for the macropores of the ceramic material and
FCD (R2 ¼ 0.92, p < 0.001). Albeit less strong, a posi-
tive correlation also existed between the volume of
newly-formed bone deposited within the macropores
of the ceramic material and FCD (R2 ¼ 0.66, p <
0.001) (Fig. 4). Twenty-eight days after surgery, the
control defects had not undergone spontaneous
repair (Fig. 5), thereby confirming that the 4-mm-
diameter lesions were of critical size.

DISCUSSION

Angiogenesis, which ultimately leads to functional
vascularization, is crucial for bone formation and for
the substitution of biomaterials with osseous tissue.

TABLE III
Absolute Volumes and Volume Density Ratios of Newly-Formed Bone Associated With the Ceramic

Materials Bearing Pores of Different Sizes, 28 days after Implantation

Pore Size (lm)
V Def.
(mm3)

V Cer
(mm3)

V Pore
(mm3)

V Bone
Ext. (mm3)

V Bone
Pores (mm3) Vv Bone Ext.

Vv Bone
Pores

210–280 8.1 6 1.6 5.1 6 1.1 1.3 6 0.4 0.77 6 0.21# 0.15 6 0.06* 0.27 6 0.08# 0.27 6 0.10*
140–210 9.2 6 1.5 5.5 6 1.4 1.4 6 0.5 0.79 6 0.21# 0.13 6 0.05 0.21 6 0.04# 0.23 6 0.07
70–140 8.7 6 1.9 5.2 6 1.2 1.3 6 0.3 0.63 6 0.11# 0.10 6 0.06 0.19 6 0.05# 0.19 6 0.11
40–70 8.0 6 1.6 5.1 6 0.9 1.3 6 0.3 0.54 6 0.11# 0.07 6 0.02 0.22 6 0.09# 0.12 6 0.04
Dense ceramics 9.3 6 0.8 5.9 6 0.9 n.d. 0.39 6 0.09 n.d. 0.12 6 0.03 n.d.

Bone volumes and bone volume densities were determined with quantitative histomorphometry using Cavalieri’s
method. V Def.: volume of the defect; V Cer.: volume of the ceramic material; V Pore: volume of the macropores; V Bone
ext.: volume of bone formed outside of the ceramic particles; V bone pores: volume of bone deposited within the macro-
pores; Vv bone ext.: volume density ratio of bone formed outside of the ceramic particles [new bone volume/defect
volume-ceramic volume]; Vv bone pores: volume density ratio of bone deposited within the macropores [bone volume
in macropores/volume of macropores]. Mean values 6 standard deviation are represented (n ¼ 6 for each group).

#p < 0.05 vs. dense ceramics.
*p < 0.05 vs. 40–70 lm.

TABLE IV
BIC Ratios and Surface Areas of Newly-Formed Bone Associated With the Ceramic Materials Bearing

Pores of Different Sizes, 28 days after Implantation

Pore Size (lm) BIC Ext. (%) BIC Pores (%)
Sa Cer.

Ext (mm2)
Sa Cer.

Pores (mm2)
Sa Bone

Ext. (mm2)
Sa Bone

pores (mm2)

210–280 38.0 6 9.8#,*,** 24.3 6 6.3*,** 42.3 6 9.1 41.4 6 13.7* 16.0 6 4.6#,* 10.0 6 4.1*
,

**
140–210 31.8 6 6.3 19.7 6 3.5*,** 50.7 6 6.7 44.7 6 16.0* 16.2 6 3.9#,* 9.1 6 4.2*,**
70–140 26.0 6 7.3 8.9 6 2.4 48.4 6 12.2 51.7 6 13.0 11.9 6 1.7 4.5 6 1.2
40–70 25.4 6 6.6 6.4 6 2.9 40.8 6 8.0 68.7 6 17.7 10.4 6 3.5 4.4 6 2.1
Dense ceramics 21.0 6 3.7 n.d. 43.8 6 4.8 n.d. 9.2 6 1.9 n.d.

The BIC ratio and the surface areas of the ceramics and of newly-formed bone were quantified histomorphometrically.
BIC ext.: BIC ratio for the external surface of the ceramic particles, expressed as a percentage; BIC pores: BIC ratio for the
macropore surface, expressed as a percentage; Sa Cer. ext.: surface area of the ceramic particles, excluding the macropores;
Sa Cer. pores: surface area of the macropores; Sa Bone ext.: surface area of newly-formed bone in contact with the outside
of the ceramic particles (viz., excluding the macropores); Sa Bone pores: surface area of newly-formed bone contacting the
macropore surface. Mean values (6 standard deviation) are represented (n ¼ 6 for each group).

#p < 0.05 vs. dense ceramics.
*p < 0.05 vs. 40–70 lm.
**p < 0.05 vs. 70–140 lm.
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Porous bone substitutes permit vessel ingrowth and
thus facilitate osteogenesis. Since the pore size of
bone substitutes may be a limiting factor for the
ingrowth of sprouting capillaries and osseous tissue,
we investigated the influence of this parameter on
vascularization and bone formation.

As a biomaterial, we used particles of a biphasic
calcium phosphate ceramic with different pore sizes.
A newly established cranial window preparation in
Balb/c mice served as our model, and the calvarium as
the site for implantation. For a reliable investigation
of osseointegration, the biomaterial needs to be
implanted into defects that do not heal spontane-
ously, namely into critical-sized lesions. Aalami
et al.20 have demonstrated that in adult mice, 4-mm-
diameter cranial defects do not heal spontaneously
during a course of 8 weeks. We thus created 4-mm-
diameter calvarial defects, which, when left empty,
manifested no evidence of spontaneous repair 28 days
after surgery. Angiogenesis and vascularization were
monitored by intravital microscopy during the first 28
days of implantation, and bone formation by histo-
morphometry at the end of this monitoring period.

Histological studies on angiogenesis and bone for-
mation within and around biomaterials have
revealed the deposition of osseous tissue to be pre-
ceded by the ingrowth of blood capillaries.9,41

Kuboki et al.9 have shown that the pore size of
hydroxyapatite particles exerts a direct influence on
angiogenesis and bone formation. When using par-
ticles with pore sizes ranging from 90 to 110 lm; car-
tilage formation was followed by bone formation
similar to the process of endochondral bone forma-
tion. The pores were first penetrated by mesenchymal

stem cells and then filled with cartilage tissue. Blood
vessels subsequently invaded the cartilage tissue,
and their presence induced the onset of osteogenesis.
When using particles with a pore size of 350 lm, the
migration of mesenchymal stem cells into the pores
was accompanied by vascular invasion, which was
followed by intramembranous ossification without
detectable cartilage formation.

In our study, intravital microscopy of the
implanted ceramics revealed the dynamics of angio-
genesis and vascularization to depend upon the pore
size of the material. The onset of blood-vessel forma-
tion occurred after a shorter time period, and the
FCD was higher in association with ceramics whose
pore sizes exceeded 140 lm than with either those
whose pore sizes were smaller than 140 lm or dense
particles. Since angiogenesis and the microcirculation
can be influenced by an immune response against an
implanted biomaterial,42,43 we evaluated several
microhemodynamic variables and the interaction
between leukocytes and the vascular endothelium.
For each parameter, similar values were recorded in
each experimental group and in the controls. Hence,
the observed differences in angiogenesis and vascu-
larization were indeed a function of pore size, and
not attributable to variations in host immunoreactiv-
ity to the implanted material.

The optimal osteoconductivity of biomaterials is
achieved with pore sizes ranging from 300 to 400
lm.5,6,9,10 The minimum pore size that is required to
generate mineralized bone is considered to be 50
lm.5–7,10 Our findings are consistent with these data.
Ceramics with pore sizes in the range 40–70 lm sup-
ported bone formation, and the volume of osseous

Figure 4. Graphs depicting the correlations existing between FCD (x-axes) and either (A) the BIC ratio of the macropores
of the ceramic material (R2 ¼ 0.92, p < 0.001) or (B) the volume of bone deposited within the macropores (R2 ¼ 0.66, p <
0.001). The correlation between the sets of data were statistically analyzed by calculating Pearson’s product moment.
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tissue deposited within the ceramics increased with
increasing pore size.

Recently, the surface area of biphasic calcium
phosphate ceramic implants has been shown to
influence bone formation at an ectopic (intramus-
cular) site in goats. Twelve weeks after surgery,
higher BIC ratios and larger volumes of newly-
formed bone were observed in ceramic particles that
had greater surface areas. In terms of macroporosity
and pore size, the ceramics were similar. The
increase in surface area was achieved by increasing

the microporosity (pores < 10 lm). In our study, ce-
ramic particles with larger surface areas were associ-
ated not with higher but with lower BIC ratios (both
externally and within the macropores) and bone
volumes. These discrepant findings may be due to
the different sizes of the macropores in each study.
In the investigation conducted by Habibovic et al.,23

the diameters of the macropores ranged from 200 to
400 lm, and their size remained unchanged as the
surface area of the material was increased. In our
study, the sizes of the macropores ranged from 40 to

Figure 5. Light micrographs of 300-lm-thick vertical sections through cranial defects, 28 days after surgery. The sections
were surface-stained with McNeal’s tetrachrome. Ceramic particles (c): brown/red; newly-formed bone (b): light pink; pre-
existing bone of the calvarium [visible only in (A)]: magenta; grey matter of the brain: blue/violet. (A) Control (untreated)
defect without implantation of ceramic particles. The lesion has not undergone spontaneous repair. The defect has been
lined with a thin layer of connective tissue (black/white arrows). (B) Dense ceramic particles. Only small quantities of
bone (b) have been deposited sporadically on and around the particles (c). (C) Ceramic particles with pores in the size
range 40–70 lm. These particles (c) have been partially surrounded by newly-formed bone (b). However, the small macro-
pores (three of which are outlined in white) contained only small deposits of newly-formed bone (pink). (D) Ceramic par-
ticles with pores in the size range 210–280 lm. These ceramic particles (c) have likewise been surrounded by newly-
formed bone. But these large macropores (two of which are outlined in white) have been filled with newly-formed bone
(pink) for the most part. Scale bars: (A): 1000 lm; (B, C, D): 200 lm.
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280 lm, and downsizing the macropores was associ-
ated with an increase in the surface area of the mate-
rial. Intravital microscopy revealed a reduction in
pore size to be associated with a decrease in the vas-
cularization of the material. Furthermore, vasculari-
zation was positively correlated with both the
volume of newly-formed bone deposited within the
macropores and the BIC with the macropores.
Although ceramic particles with smaller macropores
had larger surface areas, their osteoconductivity was
impaired because they were less well vascularized.
An amplification of the surface area of a material
without reducing the size of the macropores may
have a positive influence on bone formation, but
downsizing the macropores to increase the surface
area of a material does not appear to be beneficial. If
the macropores are too small, vascularization of the
biomaterial may be highly constrained, thereby
resulting in deficient bone formation and an
impaired osseointegration of the implant. At first
sight, this explanation does not appear to be tenable
for the influence of pore size on bone formation on
the outside of the ceramic particles. However, since
vascularization and bone formation were more pro-
nounced in ceramic particles with larger macropores,
the surrounding microenvironment within the im-
plantation site may be likewise more osteogenic.
Consequently, the osteogenic response in the vicinity
of larger-pored ceramics will also be heightened.

For their optimal osseointegration, bone substi-
tutes should not only facilitate the ingrowth of ves-
sels and osseous tissue but also serve as a mechani-
cally stable scaffold for these processes. Amongst
other factors, porosity and pore size have an impor-
tant influence on the mechanical stability of biomate-
rials.44–49 Although larger pores ameliorate vascular
ingrowth and bone formation, they compromise
mechanical stability.44,45,49 Scaffolds with a porosity
of 32–40% and a median pore size of 210 lm have
been shown to have a lower compressive modulus
than those with a similar porosity but a median pore
size of 100 lm.45 Due to the opposing effects of pore
size on the biological and the mechanical properties
of bone substitutes, their structural characteristics
must necessarily be a compromise between the sup-
port of vascularization and bone formation and a
decrease in mechanical strength.

In conclusion, by means of intravital microscopy
and histomorphometry, we have demonstrated the
pore size of a biphasic calcium phosphate ceramic to
be a crucial structural parameter in the vasculariza-
tion and osseointegration of this material in vivo.
Downsizing of the macropores reduced the vascula-
rization of the ceramics and the formation of bone
therein, and impaired their integration into bone.
However, it should be borne in mind that large-
pored bone substitutes are mechanically less stable

than small-pored ones. Hence, pore size must be
adjusted so as to establish a compromise between
the biological and the mechanical properties of the
material.
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