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Abstract

Background: The use of bone graft has been a successful step in the treatment of a large number of diseases of the osteoarticular system. But a massive bone
defect remains a dilemma for modern reconstructive surgery. Present methods used have a high level of morbidity and complication. Literature indicates
the absence of an optimal solution in massive bone defects healing. The aim of this study: to perform an in vivo preliminary study of vascularization of the
hind limb in the rabbit model, for obtaining a graft able for further inclusion in the host blood circulation, without immunosuppression by decellularization.
Material and methods: The study was performed on the 12 laboratory rabbits. After euthanasia of the rabbit, the femoral and tibiofibular bone was
collected without soft tissue, only with the vascular pedicle, and keeping the passage through the vessels. In the abdominal aorta was injected contrast
material, with the subsequent preparation of the arterial vessels, succeeded by anatomical, morphological, radiography, and microangiography study of
this vascularized bone segment.

Results: The principal nutrient artery of the rabbit femur springs from the lateral circumflex femoral artery. The optimal segment for vascularized
allografting (the rabbit model) was determined the upper third of the femur with the up to the level of the internal iliac artery. So, it could be used as a
bone graft for further conservation and decellularization.

Conclusions: The vascularized allogeneic bone without immunosuppression would be a perfect alternative in the treatment of the massive bone defects.
Key words: vascularized bone grafts, bone allograft surgical revascularization, angiography.
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Introduction characterize because diagnosis is subjective. Whereas, the
critical defect varies based on patient age, overall health,
and the size of the lack of bone. The significant defects that
are less than 4 to 6 cm are classified as small-scale defects,
and those that are larger than 4 to 6 cm are considered
large-scale defects. In adult patients, a critical bone defect
generally has circumferential loss of 50% or a length of 2 cm.
The anatomic location and the condition of the surrounding
soft tissue are the two contributing factors that dictate the
healing potential of a defect. Healing potential varies based
on the anatomic location of the defect [3-5].

The healing of bone fractures is a well-orchestrated
physiological complex process involving interactions be-
tween different cells and signals to form new mineralized
tissue, to replace and repair bone tissue without scar forma-
tion. Blood vessels serve as a basic template, around which
bone development takes place and also brings together the
critical elements for bone homeostasis into the osteogenic
microenvironment, including minerals, growth factors, and
osteogenic progenitor cells [2, 3, 4, 6].

The healthy growth and development of a bone are
exclusively linked to its vascular and, in particular, its

Reconstruction of the large bone defects, caused by se-
vere trauma, infection, tumor resection, or congenital de-
formity, is an actual clinical problem and the approach chal-
lenges. They were dictated by a multitude of clinical factors,
including the defect size, patient comorbidities, soft tissue
condition, and the risk of infection present in the defect.
Current reconstructive options include the use of cryopre-
served allografts, bone transport, prosthetic replacement,
membrane-induced osteogenesis, re-implantation of auto-
claved tumor bone and, vascularized bone autografts, all
with a significant incidence of complications and failure.
Unfortunately, almost all of these substitutes have been
only used to refill small cavitary defects in the clinic. A
multidisciplinary approach that involves orthopedic, plas-
tic, and vascular surgeons are essential to optimize success
rates [1-3].

The large bone defects, called critical-sized defects
(CSDs), describe a bone void that will not spontaneously
fill, without intervention. That means CSDs would not heal
despite simple stabilization and require further intervention
in addition to fixation. This type of defect is difficult to
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arterial supply. Well, it is generally agreed that there are
three sources of blood supply in long bones. They are
the nutrient artery, epiphyseal-metaphyseal arteries, and
periosteal arteries. Johnson R. concluded that the nutrient
artery was the essential source, by interfering with two of
the three sources of blood supply of the tibia in dogs. The
nutrient artery is capable of maintaining the viability of the
entire shaft and of supporting the repair of bone defects, and
that the periosteal source was the least important [7, 8]. An
interesting question may be raised. From where does the
remaining intact blood supply come to these three segments
after ligation of the nutrient artery? The quantitative
observation in this study that the nutrient artery contributes
at least 71 percent of the total blood supply of the shaft
agrees very well with their comments. Very effective
communication between the Bone Marrow vascular system
and external circulation must exist, a fact that has been
exploited in emergency medicine for many years. Initially
developed for battlefield administration of fluids and
analgesics, the use of direct intraosseous infusion is now
widely utilized in emergency medicine when peripheral
venous access is difficult. Here it is shown that murine long
bones are supplied with approximately 16 nutrient arteries
and a central sinus with two exit sites. Trans-cortical vessels
(TCV) require the presence of narrow canals in the cortical
bone that is then lined by endothelial cells, in all types of
murine long bones investigated. These TCVs can be either
arterioles or venules and effectively transport blood and
thereby also neutrophils. TCVs can be either arterial or
venous and directly connect the periosteum to BM [9, 10].

The “diamond concept,” being a conceptual framework
for a successful bone repair response, gives equal importance
to mechanical stability and the biological environment.
Moreover, adequate bone vascularity and the physiological
state of the host are thought to be essential within this
framework of fracture repair. Overall, the “diamond
concept” refers to the availability of osteoinductive
mediators, osteogenic cells, an osteoconductive matrix
(scaffold), optimum mechanical environment, adequate
vascularity, and addressing any existing comorbidities of
the host [11].

The bone graft is commonly used in reconstructive
surgery, a complicated surgical procedure that replaces
missing bone. The bone grafts can be autografts, allografts
(cadaveric bone usually obtained from a bone bank), or
synthetic (often made of hydroxyapatite or other naturally
occurring and biocompatible substances) with similar
mechanical properties to bone. Vascularized autografts —
the gold standard between grafts is limited primarily to the
fibula and iliac crest for significant skeletal defects. Each
site of autologous bone graft has its advantages, but also
has the disadvantages like donor site morbidity, the limited
volume available, no structural capability, and occasional
unsatisfactory biologic activity have led to increased use
of allografts. For CSDs, there are two primary options to
consider, in the actual clinical approach: induced membrane
technique and distraction osteogenesis. Choosing between
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these two techniques should be based on the associated
soft tissue injury, the local vascularity, and the possibility
of residual infection. Transplantation of living vascularized
allogeneic bone should have the potential to combine the
same biological benefits as vascularized autografts with the
mechanical advantages provided by the size- and shape-
matched allogeneic bone segments [12-14]. The significant
benefits of vascularized bone grafts are more rapid and
complete incorporation of the graft, which provides
immediate structural support. The orthobiologic ability of
the transplanted (living) bone to form new bone and the
addition of new blood supply to the recipient is the crucial
element of the “diamond concept” Free vascularized bone
grafts allow living bone tissue to be transplanted to replace
a bone defect. The use of vascularized bone grafts requires
microvascular dissection and attachment to a recipient site
artery and vein [15-17].

Therefore, the data of the literature presents suggestions
of the need to increase vascularized bone allograft, which
remains at the stage of preclinical studies on the need
for long-term post-interventional immunosuppression,
which is irrational in the case of bone transplantation.
Current studies are investigating alternative options to
maintain the viability of the allograft by practicing drug-
induced and surgical neoangiogenesis with the short-term
immunosuppression [18, 19].

The vascularization of the rabbit femur, the closest
segment to the required demand of in-vivo study, has been
earlier researched [10, 20].

In this literature context, the aim of in-vivo research for
the first stage is to study the vascularization of the posterior
limb - femur and the tibiofibular segment in the rabbit
model and establish the most suitable portion of bone with
the vessel. This bone portion must be able to serve as a
vascularized allograft, for the future microsurgical inclusion
in the host circuit. The success after a bone vascularized
allograft procedure is ensured by keeping the passage of
nutrient artery and microcirculation of this graft.

Material and methods

This study is a part of the doctoral program of the
Doctoral School of Medical Sciences. It was approved by
the Research Ethics Committee, dated 21.05.2018, and
performed during 2019-2020, in the Tissue Engineering
and Cells Cultures Laboratory, of Nicolae Testemitanu
State University of Medicine and Pharmacy, Chisinau, the
Republic of Moldova.

The first stage of the present study was performed in the
animal model (New Zealand White Rabbit) on their bodies.
The study was carried out on twenty adult white rabbits of
about four months old and weighing about three kilograms.
The animals’ bodies were taken from the abattoir, mandatory
that has the sanitary-veterinary certificate for euthanasia.
Following dissection, the individual bones were stripped of
all extra-osseous soft tissue, only with the vascular pedicle
and including periosteum to permit clear visualization of
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intraosseous vessels alone, and to avoid confusion arising
from the superimposition of vessels in soft tissues. This
procedure kept the passage through the vessels and didn’t
remove periosteal arterial twigs from the cortex since.
In the abdominal aorta was injected contrast material,
with the subsequent preparation of the arterial vessels,
succeeded by anatomical, radiography, histology, and
microangiography study of this vascularized bone segment.
Thus, was determined the vascularized bone segment that
could be used as a bone graft for further conservation and
decellularization.

The macroscopic study of the vascularization of the
posterior limb in the rabbit model

The research was performed on the vascularization of
the posterior limb in the carcasses of laboratory animals,
New Zealand White rabbit. We injected polymerizing
material (Protacryl - M) in the abdominal aorta, and the
inferior vena cava (fig. 1), with the subsequent preparation
of the limb’s vessel (fig. 2, 3).

Fig. 1. A - the cannulated dorsal aorta, B - the cannulated
inferior vena cava, C - the femoral artery,
D - the saphenous artery
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Fig. 2. A - the common iliac left artery, B- the femoral artery,
C - the lateral circumflex femoral artery, D - Arteria suprema
genu, E - the saphenous artery, F - the femoral intercondylar vein

Fig. 3. A - the femoral artery, B - the lateral circumflex femoral
artery, C - the principal nutrient artery of the rabbit femur

The angiographic study of vascularization by intro-
ducing the contrast substance into the abdominal aorta.

The contrast substance-Urografin® 30% was injected
in the abdominal aorta under pressure. The radiological
examination was performed in the standard way (fig. 4).

1 erator su {:20 AUTO El,’s.mrxs Hand PA
Fig. 4. 1. The cannulated dorsal aorta, II. A - the common iliac
artery, B - the femoral artery

The microangiography study of the vascularized bone
segments (femur)
Through the cannulated internal iliac artery, the

(28)
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A B C

Fig. 5. A - the radiological examination at 1 min, B - the
radiological examination at 3 min, C - the radiological
examination at 3 min
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Urografin® 30% was introduced under pressure. The radio-
logical examination was performed at 1 min, 3 min and 5
minutes after the start of the introduction of the contrast
substance (fig. 5).

The morphological study of the dorsal aorta, the
internal iliac artery, and the vascularized bone segments
(femur)

Histological sections of the dorsal aorta (fig. 6 A), the
internal iliac artery (fig. 6 B), and the proximal femur (fig. 6
C) of rabbits, were stained with hematoxylin-eosin showing.
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Fig. 6. A - the histological sections of the dorsal aorta,
B - the histological sections of the internal iliac artery,
C - the histological sections of the proximal femur

Results

The macroscopic study of the vascularization of the
posterior limb in the rabbit model

The arterial supply of femur in a rabbit model begins at
the dorsal aorta then divides into two common iliac arteries
and a median caudal artery to the tail (fig. 7). Each common
iliac artery gives a small ilio-lumbar artery that supplies the
dorsal body wall. The common iliac artery divides into the
internaliliac artery which supplies the organs of the pelvisand
external iliac artery that supplies the hind limb. The external
iliac terminates as a femoral artery in each hind limb. It has
branches the - lateral and medial circumflex femoral which
passes around on the hip joint to terminate as a contribution
to the trochanteric anastomosis. From it, anterior cervical
arteries descend into the femoral neck. Another branch of
the same artery concerned in the nutrition of the femur
is the artery of the trochanteric fossa. In one specimen,
it sprang directly from the femoral, distal to the lateral
circumflex femoral artery. It passes downwards for 2 cm
before disappearing in the nutrient foramen situated on the
medial surface of the shaft just below the lesser trochanter.
So, the principal nutrient artery of the rabbit femur springs
from the lateral circumflex femoral artery. In the distal part
from the femoral artery begins the arteria suprema genu.
Then the femoral artery continues as the popliteal artery,
giving origin to the supracondylar (genicular) arteries, which
pass outwards, supplying fine nutrient twigs to the posterior
face of the inferior metaphysis, and the condyles. They join
the medial and lateral condylar loops. From the popliteal
begins the anterior tibial artery, a sizeable middle genicular

artery arises, which pierces the joint capsule, passes above
the point of crossing of the cruciate ligament, and sinks into
a foramen in the anterior wall of the intercondylar notch.
The principal nutrient artery of the tibia, derived from the
anterior tibial artery descends on the posterior surface of
the bone before reaching the nutrient canal situated 5 mm
above the level of the tibiofibular synostosis. The second
principal nutrient artery given off by the anterior tibial at
the synostosis sinks into the bone anteriorly just below the
level of fusion. The shaft of the fibular portion of the bone
has no nutrient artery of its own. The saphenous artery
divides into the medial and lateral plantar arteries.

Venous drainage

A single vena comitans accompanies each artery. A
simple circulus venosus is formed on the superficial surface
of each condyle. The femoral intercondylar vein joins the
tibial intercondylar veins to drain into the anterior tibial
vein. The veins of the tibiofibular segment show those
general features which have been described for the femur.
The following individual points are to be noted. A vein issues
from the fibular border of the shaft below the synostosis and
drains into the peroneal vein, on the posterior surface of the
tibia, two and occasionally three large veins issue from the
bone. Veins from the intercondylar ridge join those draining
the inferior femoral epiphysis and pass ultimately into the
anterior tibial vein.

dorsal aorta
lombar art.
iliolombar art.

/ common iliac art.
ep circ. tiac art.

superficial
cire. ihiac art.

groin
crease

Fig. 7. The sketchy representation of the arterial supply of the
posterior limb in the rabbit model.
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The angiographic study of the vascularization in the
hind limb in the rabbit model

The contrast substance (Urografin® 30%) was introduced
into the abdominal aorta under pressure. The gross arterial
supply of the hindlimb was determined, and the visualization
of the anatomical correlation with the femoral bone after a
standard radiological examinatioThe microangiography
study of the vascularized bone segments (femur) in the
rabbit model

The internal vascularization of bone as revealed by
radiography is presented at 1 min, 3 min and 5 minutes
after the start of the introduction of the contrast substance
(Urografin® 30%). The rate of blood flow through the
principal nutrient artery of the femur indicates that it
contributes at the 50-80 percent of the surface to the femur
(depending on the epiphysial, metaphyseal or diaphyseal
region). The epiphyseal and metaphyseal arteries, and the
periosteal arteries also have a significant contribution to
blood arterial flow.

The morphological study

The histologic examination was done on the dorsal aorta,
the internal iliac artery, and the vascularized bone segments
(proximal femur). It demonstrates that the content of the
extracellular matrix of the vessel is optimal up to the level of
the internal iliac artery, for a next microsurgical inclusion in
the host blood circulation. The grafts were stored at -84.4°C
to be subsequently decellularized by the combined method.
The next in vivo step will involve the orthotopic inclusion of
the decellularized graft in the host circuit (fig. 8).

Fig. 8. The external appearance of the bone
vascularized grafts

Discussion

Bone regeneration is a well-orchestrated physiological
process. It is sufficient when the vascularization of the
segment remains optimal. Performed by the intramedullary
arteries, periosteal vessels, and the arteria nutricia, artery
nutrition plays an essential role in strengthening throughout

the whole bone consolidation process [21, 22]. The success
after bone vascularized allografting is ensured by keeping
the circulation on nutrient artery and microcirculation
of blood. The microsurgical anastomosis of the allograft
pedicle would admit the creation of optimal conditions for
sufficient revascularization. That ended in consolidation,
resistance, and increased rigidity of the segment [14, 23-25].
Thus, vascularized bone grafting is considered superior to
the non-vascularized one. Its task is not only to structurally
replace the defect but also to biologically engage in the
formation of new bone. Because the bone allografts not only
replace the missing bone but also help the reconstruction of
the lost bone by acting as a scaffold for osteoconduction and
as a source of osteogenic and osteoinductive molecules for
bone formation. To increase bone healing it is essential to
provide a suitable vascularization and excellent mechanical
stability [26]. The interaction of immunocompetent blood
cells with the graft's vascular endothelium is the first stage in
the cascade that induces ischemia, reperfusion disorder, and
rejection. Stopping the microcirculation through theallograft
is considered the principal cause of graft failure [27, 28].
Immunosuppression marks the progress in contemporary
transplantology. It was shown that vascularized bone grafts
are superior, especially for the reconstruction of large defects,
because they retain the property of osteogenesis. But rest
the morbidity of the donor site, and the source of autografts
is limited. In this context, the research of vascularized bone
allografts is imperative [29-32]. The dilemma required
by vascularized bone allografts means the necessity of an
after-graft immunosuppression and immunomodulation.
Grafting of limbs, joints, bone tissue is not similar to the
transplantation of vital organs, such as the heart, liver, which
require long-term immunosuppression to omit systemic
complications. And in the case of musculoskeletal tissue,
the need for medication is 2-3 times higher than in the
case of organ transplantation. On a large scale, long-term
immunosuppression doesn't argue, and the risk induced by
organic toxicity, malignancy, or other complications, does
not justify it in these vitally uncritical situations [26, 31, 33].

The vascularized living allogeneic bone, without the need
of the immunosuppression, would be a perfect alternative in
the treatment of the massive bone defects. In other words,
the research into vascularized bone allografts to omit their
immunogenic potential by decellularization has increasing
importance. Current decellularization methods of the
vessel preserve vascular stiffness [34]. In this context, the
in vivo experiment of including in the host blood circuit the
orthotopically decellularized vascularized bone allograft
will permit the description of both the vascular and the
bony aspects.

Conclusions

The orthobiologic ability of the transplanted (living)
bone to form new bone and the addition of new blood
supply to the recipient is the crucial element of the “diamond
concept”. The significant benefits of vascularized bone grafts
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are more rapid and complete incorporation of the graft,
which provides immediate structural support.

The principal nutrient artery of the rabbit femur springs
from the lateral circumflex femoral artery. Graft, able for the
subsequent inclusion in the host blood circulation, without
immunosuppression by decellularization, is the proximal
third of the femur with the vascular pedicle to the internal
iliac artery.

The further evaluation of the decellularization methods
of the tissue, organs by preserving vascular stiffness,
represents the reason to continue research in this field.

Transplantation of native allogeneic vascularized bone
can be a potential perfect solution, only if significant and
unjustified risks of long-term immunosuppression can be
avoided.
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