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Abstract The vascularity of the implant bed is a very
important parameter in both bone formation and mainte-
nance after dental implants insertion. The relationship
between bone and vessels network organization is still
unknown. The aim of this study was to investigate the three-
dimensional bone vascular canals of the peri-implant bone
after loading. A total of ten implants with sandblasted and
acid-etched surface were placed in the mandible of a beagle
dog. Three months later, the implants were connected and
loaded. The dog was killed after 12 months. The specimens
were embedded and processed for scanning electron
microscopy (SEM) analysis. After a 1-year loading period,
a very intricate vessel network could be seen around the
implants. The vessels, with neighbouring soft tissues, were
round in shape and showed a lot of anastomoses with a
mesh-like appearance. They ran circularly around the
dental implant. In the bone, the majority of the vessels
appeared to ran parallel to the mandibular canal. After a 1-
year loading period, the peri-implant bone vasculature
looked like a mesh that surrounded the implants. Never-
theless, the presence of many thick vessels inside the peri-
implant crestal bone indicates a high metabolic need and
also a different bone organization, as no osteons were
noted. The crater-like bone loss around the marginal part of

the implant could be related to the microvasculature
“strain”. A high strain level could continuously activate
the osteocyte–vessel syncytium, producing a net bone loss.

Keywords Angiogenesis . Blood vessels . Crestal bone
loss . Osseointegration . Titanium dental implants

Introduction

Bone loss around dental implants may result from several
factors. As reported in dental literature, implant design,
density of bone, surgical trauma, occlusal overload, establish-
ing of an appropriate biological width, development of a
pathogenic bacterial biofilm, and, lastly, blood supply
interruption are all the factors involved [15, 21, 23, 24, 32,
33, 38, 39]. After implant bed preparation and implant
insertion, tissue repair requires the development of a vascular
system at the site of injury for the delivery of oxygen and
nutrients and to take away cell debris for a complete healing
process [5]. Furthermore, after healing, the bone tissue
remodeling needs to induce neoangiogenesis. Neoangiogen-
esis is promoted and regulated through a complex action of
molecular signals mediated by, in part, unknown growth
factors [37]. Blood vessel growth can be categorized into
angiogenesis and arteriogenesis [37]. Angiogenesis is the
growth of blood vessels occurring in an adult through
migration and proliferation of endothelial cells, while
arteriogenesis is the expansion or branching of an existing
vessel through arteriolar connections to form larger collateral
vessels. These processes produce vessels of different sizes
and different functional capabilities. Both arterioles and
venules are important components of bone for formation and
maintenance of the tissue [13, 26]. Moreover, loss of
microvasculature has been implicated in several disorders
comprising bone loss [31]. Cortical bone is vascularized
through the Haversian canal system as well as by Volkmann’s
canals, while trabecular bone is ten times more vascularized
through marrow’s vessels which allow nutrients and cytokine
signals to reach the osteocytes and osteoblasts cells. Bone
tissue is a rich source of angiogenic growth factors such as
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fibroblast growth factor and transforming growth factor-â, as
well as of osteogenic growth factors such as bone morpho-
genetic proteins. These developmentally important cytokines
play a role in osteogenesis and angiogenesis [31, 36]. During
bone healing, calcification of the hematoma is the first stage
of tissue regeneration and bone is formed by repetitive
revascularization and mineralization. To evaluate and study
the vascular architecture of the bone tissue, several methods
have been used. Albrektsson [3, 4] reported the use of
intravital microscopy to assess the vascular architecture and
microcirculation of grafted bone tissue in a rabbit model.
Berglund et al. [10] used the India ink method to evaluate the
vessels in the peri-implant bone, while Kishi and Yakahashi
[24] used the microvascular resin cast to asses the three-
dimensional vascular architecture. Matsuo and Takahashi
[29], in a dog study, reported that, in the cervical region of the
machined implants, the vessels were arranged horizontally
toward the fixture forming vascular loops. The vessels were
flat and the diameters ranged from 30 to 80μm. The resin cast
corrosion technique is able to reproduce very well the
endoluminal morphology of the vessels until the nucleus
impressions of endothelial cells and also veins valve could be
distinguished. A lot of information could be drawn from these
procedures after dissolving the peripheral tissue with acid
solutions and proteinase as the resin cast network represent-
ing the lumen vessels [30]. All these methods of investiga-
tion, nevertheless, must be performed in animal models as
they need to inject a material into the lumen vessels before
killing the animal. The limitation of this technique is due to
the necessity of vascular perfusion in living animals and also
the loss of information about perivessel tissue. Because the
bone vessels that ran inside bone canals surrounded by cells
and tissue forms with the osteocyte network a “functional
syncytium”, it was argued that this syncytium of cells with
pericellular fluid are particularly important for bone mainte-
nance, as the level of bone strain is recognized by canalicular
fluid flow through the canaliculi [28, 41]. In concept, bone
fluid serves as coupling medium through which energy is
transferred from the system to the cells that have the
machinery to remodel the tissue. The bone interstitial fluid is
provided by transudation from the blood supply following
Starling mechanism and is related to the pressure gradients
generated by both venous and intramedullary pressures and
osmotic gradients. The vascular system through the blood
flows is an important component of the mechano-trasduction
system. The present study was undertaken to describe the
vasculature organization of loaded peri-implant bone using
new methods based on fixed specimens infiltrated with resin.

Materials and methods

Sandblasted and acid-etched titanium dental implants (Bone
System, Milano, Italy) 4.0×10 mm were placed in the
mandible of amale beagle dog 18months of age. The protocol
was approved by the Ethics Committee of the University of
Madrid, Spain. The two premolars and the first molars had
been extracted 3 months previously. The dog received ten
implants in the mandible (five on the right side and five on

the left side); the interimplant distance was 3 mm. All
surgical procedures were performed under general anes-
thesia (premedication with acepromazine 0.5 mg/kg
administered subcutaneously; anesthesia with nembutal at
15 mg/kg administered intravenously) and antibiotic pro-
phylaxis. The implant sites were prepared with drills under
generously chilled saline irrigation. The implants were then
inserted with a tapping instrument. The mucosal tissues
were sutured with 30 silk sutures. In the first two
postsurgical weeks, the oral cavities were rinsed daily
with chlorexidinedigluconate 0.2% (Peridex, Procter &
Gamble, Cincinnati, OH, USA). In addition, the dog was
fed a soft diet. The sutures were removed after 1 week. An
oral hygiene regimen was instituted consisting of plaque
removal three times a week with a soft toothbrush and
0.12% chlorexidine. Three months after implantation,
second-stage surgery was performed for abutment connec-
tion and prosthetic application. The dog was killed after
12 months.

Special processing for specimens

After retrieval, all the specimens were immediately fixed
using a 10% buffered formalin solution. The specimens
were dehydrated in an ascending series of alcohol rinses
and embedded in a glycolmethacrylate resin (Technovit
7200 VLC, Kulzer, Wehrheim, Germany). After polymer-
ization, each infiltrated block containing one osseointe-
grated implant was cut into two halves longitudinally along
the major axis of the implant in vestibule–buccal direction
using the Precise 1 Automated System (Assing, Rome,
Italy) [34]. All the samples were etched with 0.1 N HCL for
24 h, treated with trypsin (80 U/ml, pH 7.4 at 39°C for 48 h.
By this way, the mineralized matrix was degraded and the
vessels, the cells, and the tissue around vessels remained as
these structures were infiltrated by resin so they did not
dissolve and could be seen. The method was particularly
useful because, by this technique, all the vessels could be
seen also in human samples while, using the classical resin
cast method, only an evaluation of the internal structure of
the vessels in animal models could be made [14, 17]. The
prepared specimens were than coated with a thin layer of
gold by vacuum evaporation Emitech K 550 (Emitech,
Ashford, Kent, UK) and placed on the storage of a SEM
(LEO 435 Vp, LEO Electron Microscopy Ltd, Cambridge,
UK) for evaluation.

Results

The implants showed a high level of bone-to-implant
contact percentage (BIC=80.4±2.6%) (Fig. 1). No connec-
tive soft tissue was detected at the bone-to-implant
interface. The majority of the bone contacting the implants
appeared mature. Several Haversian systems were identi-
fied in the compact bone that was the most vascular area. In
general, the alveolar crest was rounded and separated from
the implant surface by a shallow groove rich in 70- to
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120-μm blood vessels (Fig. 2). Apical to the groove, the
bone appeared to be in direct contact with the implant
surface with a large amount of network of bone canals of
10- to 70-μm in diameter (Figs. 3, 4, 5, 6, and 7). When the
implant fragment was removed, an intricate vessel network
looking like a mesh appeared to run circularly around the
implant body (Fig. 8). At higher magnification, the
network vessels appeared to be composed of thick vessels
connected to same marrow space (Fig. 9). The bone, at a
distance of 7 mm from the implant surface, showed only a
few thick vessels embedded in marrow tissue with a large
number of thin-vessels anastomoses (Fig. 10). The blood
canal structures inside the bone tissue were always
associated with the osteocytic syncytium (Fig. 11).

Discussion

It is evident that implants that are properly installed and
loaded can function for periods of up to 20 years or more as
abutments for fixed restorations or as fixed supports for
removable prosthetic restorations [27]. In the mandible
between the mental foramina, more than a 95% 5-year
success rate could be expected with modern oral implant
devices [2]. The long-term success of oral implants is
certainly dependent on a direct bone-to-implant contact in
sufficient portions of the implant to achieve the so-called
ossoeintegration. Adell et al. [1] proposed a concept that
bone loss after loading was related to the transition ‘bone
strain ∅ remodeling of bone’ until an equilibrium was
obtained one to several years after loading. A more
intensive remodeling in the early period of loading was also
reported in an animal study using IMZ implants [7]. A
long-term stable bone level has been reported for the
Branemark animal models [20]; furthermore, analytical
models and finite element analysis were also used to
investigate the correlation between overload and bone
breakdown, eventually leading to implant failure, and a
possible mechanism of overload by positive feedback was

Fig. 1 The bone implant contact percentage appeared high with a
small number of marrow spaces in contact with the implant surface
(SEM ×33)

Fig. 2 The microvasculature appeared more developed closest to
the crestal bone. Nevertheless, the vessels were smaller and placed
into less dense bone as this was more easily removed by
decalcifying solution rather than in the other sites (SEM ×50)

Fig. 3 Blood vessels at the crestal bone level near the implant
surface. The vessel’s dimensions decrease starting from the soft
tissues and going to the implant surface (SEM ×331)

Fig. 4 Under the lower flank of the threads, almost always there
were blood vessels very close to the implant surface (SEM ×452)
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Fig. 5 In the deeper area, the microvasculature looked like a mesh
network. The similarities with periodontal ligament vasculature were
high (SEM ×745)

Fig. 6 Composed image to compare the microvessel network in two
different locations. a crestal bone; b peri-implant bone. The crestal
bone vessels were larger than the peri-implant ones (SEM ×375)

Fig. 7 In the mandible bone distant from the implant surface (NB),
the main vessels ran parallel to the mandible canal (SEM ×127)

Fig. 8 Peri-implant microvasculature after removal of the bone. A
very intricate network that looks like a mesh surrounding the
implant was present (SEM ×63)

Fig. 9 SEM high magnification (×214) of the peri-implant vascu-
lature: a large number of thick vessels could be noted

Fig. 10 At a distance from the implant surface, only a small number
of thick vessels with a large number of thin anastomoses were
present (SEM ×190)
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suggested [11, 12]. Dynamic excessive loads perpendicular
to the implant axis were shown to cause crater-like bone
loss around the marginal part of the implant, while
moderate static loads did not result in bone change [18].
Higher remodeling activity under uniaxial than axial loads
was reported in animal models [14, 40]. All the reported
studies have correlated bone response to a simple reaction
to loading state without considering vasculature. The study
by Matsuo et al. [30] in an animal model reported only
developmental considerations about microvasculature ar-
chitecture near dental implants with different surfaces.
Barou et al. [8], in a rat study, suggested a functional link
between bone remodeling rate and vessel area. The authors
suggested also a functional link between vessel osteoblastic
and osteoclastic activities. Osteoblasts are metabolically
demanding cells with high levels of energy consumption
and, therefore, require an adequate blood supply. Osteo-
clasts, on the other hand, when actively resorbing bone are
influenced by local blood flow. Hypoxia is a strong
stimulus for the formation of new capillaries and the
recruitment of endothelial progenitors, as oxygen was
considered a repellent of vascular patterning [16]. Hypoxia
also induces the transcription of several factors that turn on
the expression of angiogenic genes such as vascular
endothelial growth factor (VEGF), inducing vessels to
branch towards the hypoxic tissue [35]. There was
evidence that bone vascularization and vascular-derived
factors may play an important role in coordinating the
activities of bone cells, which in turn could influence vessel
cells behavior [17]. Bone sialoprotein synthesized by
osteoblast mediates human endothelial cell attachment and
migration and promotes angiogenesis in vitro [9]. In the
growing bone site, both osteoblast and osteoclast cells
expressed VEGF [22]. Intraosseous blood flow gives life to
bone [25]. The intracortical vessels travel in canals located
within the cortex, mainly Havers canals and secondarily
Volkmann’s canals while, into the cancellous bone, the
vessels mainly ran inside the medullary spaces. Bone
should be considered a porous tissue containing a solid
matrix, cells, and a fluid phase. The solid matrix

contributes to determine the biomechanical properties of
bone. The cells provide the machinery for modeling and
remodeling, allowing for adaptation of bone structure to
functional demands. The fluid phase within lacunocana-
licular system appear to be able to interconnect the cellular
“syncytium” to the load–strain level of the bone. The
development and the maintenance of good level of
osseointegration for dental implants are certainly related
to a well-developed bone vascular network in the peri-
implant bone. Several factors may influence the peri-
implant vasculature. These could be divided into the
following: surgery-, host-, implant-, and occlusion-related
factors. Surgery-related factors are involved for: the
primary stability that is important to elude the fibrous
encapsulation which is rich of vessels, the surgical
technique that must be “gentle” to avoid bone necrosis or
micro-fracture which is able to stimulate neoangiogenesis.
Host-related factors are involved for: the bone quality and
quantity that influence the extension of the vessel supply
due to cortical and medullary bone, the wound healing that
is directly affected by metabolic diseases. Implant-related
factors are involved for: implant design, implant surface.
Occlusion-related factors are involved for: quality and
quantity of the load, prosthetic design. In the present study,
to standardize all the variables related to bone quantity and
quality, we considered an animal model (dog). The
implants were placed only in the bone mandible as it is
osteonal. This specific environment let us to consider the
results interesting in terms of relation between implant
placement, loading, and bone adaptation. In fact, near the
implant surface, at the crestal level, the high number of
vessels and the paucity of space among them demonstrate a
high metabolic demand and also a scarce microstructural
bone organization. To have a highly organized osteonal
bone, the vessels should be far from each other by at least
200 μm as the osteons have a diameter of 200–300 μm.
Blood supply in the peri-implant bone is entirely dependent
on the arterioles and venules housed within the mineralized
tissue; this aspect places the bone blood supply network in
a low compliance environment. During inflammation, the
microvasculature dilates and becomes filled with blood.
This process is known as active hyperemia and, when this
happens in a soft tissue, swelling can occur to accom-
modate the blood flow by both vasodilatation and
eventually tissue edema. The bone vessels are unable to
completely swell, producing an increase of vascular
resistance, and ischemic necrosis could be produced either
by occlusion of the arterial supply or venous drainage [6].
Ficat and Arlet [19] found convincing evidence that
intraosseous circulation was abnormal in hip osteonecrosis.
In the present study, the anatomical aspects of bone
vascular canals were correlated to the loading state. The
results obtained showed a peri-implant microvasculature as
well developed after 1 year of loading. The peri-implant
crestal bone loss certainly is not only associated to the
microvasculature for cells and metabolic supply but should
be also related to the ability of strain detection as the bone
in these areas was not organized to best resist to stress
concentration. A high strain level could continuously

Fig. 11 The blood vessels were strictly associated with the
osteocytic syncytium (SEM ×1,010)
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activate the osteocyte vessel syncytium, producing a net
bone loss.
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