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ABSTRACT

Extensive bone loss is still a major problem in orthopedics. A number of different therapeutic approaches
have been developed and proposed, but so far none have proven to be fully satisfactory. We used a new
tissue engineering approach to treat four patients with large bone diaphysis defects and poor therapeutic
alternatives. To obtain implantable three-dimensional (3D) living constructs, cells isolated from the pa-
tients’ bone marrow stroma were expanded in culture and seeded onto porous hydroxyapatite (HA)
ceramic scaffolds designed to match the bone deficit in terms of size and shape. During the surgical session,
an Ilizarov apparatus or a monoaxial external fixator was positioned on the patient’s affected limb and the
ceramic cylinder seeded with cells was placed in the bone defect. Patients were evaluated at different
postsurgery time intervals by conventional radiographs and computed tomography (CT) scans. In one
patient, an angiographic evaluation was performed at 6.5 years follow-up. In this study we analyze the
long-term outcome of these patients following therapy. No major complications occurred in the early or
late postoperative periods, nor were major complaints reported by the patients. No signs of pain, swelling,
or infection were observed at the implantation site. Complete fusion between the implant and the host bone
occurred 5 to 7 months after surgery. In all patients at the last follow-up (6 to 7 years postsurgery in
patients 1 to 3), a good integration of the implants was maintained. No late fractures in the implant zone
were observed. The present study shows the long-term durability of bone regeneration achieved by a bone
engineering approach. We consider the obtained results very promising and propose the use of culture-
expanded osteoprogenitor cells in conjunction with porous bioceramics as a real and significant im-
provement in the repair of critical-sized long bone defects.

INTRODUCTION

EXTENSIVE BONE LOSS OR DESTRUCTION is still a major

problem in orthopedics, due in large part to the lack of

predictability in obtaining functional bone reconstruction.

Present therapeutic approaches to repair large bone defects

can be divided into two groups: excluding graft transplant

(Ilizarov bone transport) or including graft transplant (auto-

logous, homologous, or heterologous bone grafts using dif-

ferent biomaterial implants).

The Ilizarov technique,osteotomy followedbybonedistrac-

tion, relies on the bone regeneration potential, thus avoiding
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concerns related to graft integration, but it is highly incon-

venient for the patient.1,2

Autologous bone implants are used as either nonvascu-

larized or vascularized grafts. Implants of nonvascularized

grafts are usually performed to treat small bone defects.

Vascularized grafts are most commonly used for extensive

bone reconstructions such as in tumor surgery, but require

long and difficult surgical operations. The success rate is

high, but complications such as infections and nonunions are

common, especially in large shaft reconstructions.3–6 Fur-

ther, large reconstructions by autologous bone require a

large harvest of healthy tissue resulting in significant donor

site morbidity.7 Homologous grafts from bone banks are

widely used due to their availability without concerns of do-

nor site morbidity. However, this material presents potential

risk of viral or bacterial infection and possible immune re-

sponse of the host tissue8 that can impair the graft integration

and result in long recovery times and high rate of com-

plications.9–11 Moreover, the complete substitution of the

cortical graft with the host bone is not achieved, and it

eventually often results in the late graft fracture.12

Different biomaterials have been proposed as bone sub-

stitutes with conflicting results. Among these, hydroxyapa-

tite (HA) and other calcium phosphate ceramics have shown

the most promising results due to their osteoconductive

properties, unlimited availability, and absence of immune re-

sponse and risk of virus transmission.13–16 The main diffi-

culty to their wider use remains the absence of osteoinductive

properties, thus limiting their application to repairing large

segmental bone loss.

Tissue engineering has been proposed as an alternative to

the traditional techniques in repairing bone defects.8,17–24

The general principle of tissue engineering involves the

association of cells with a natural or synthetic support, or

scaffold, to produce a three-dimensional (3D) living, im-

plantable construct. Among the different biomaterials con-

sidered as scaffolds for bone tissue engineering, calcium

phosphate–based ceramics have proven to be of great interest

given their osteoconductivity and ability to ‘‘integrate’’ with

the bone tissue.13,15,16,25–28 These characteristics can be fur-

ther improved by varying the structural characteristics of the

scaffolds. In a recent study of ours, we considered two

HA bioceramics with identical microstructure but different

macroporosity, pore size distribution, and pore interconnec-

tion pathway. The histological analysis of specimens at dif-

ferent times after in vivo implantation revealed in both

materials a significant extent of bone matrix deposition, but

we observed that porosity and pore interconnection of these

scaffolds influenced the total amount of deposited bone, the

pattern of blood vessel invasion, and finally the kinetics of

the bone neoformation process.27

There are a number of sources of pluripotent mesenchy-

mal cells potentially suitable for bone repair in association

with porous ceramic scaffolds.28–32 The best characterized

are those derived from the bone marrow stroma, which yields

a mesenchymal stem/progenitor cell population from which

differentiated cells of various connective tissues can be de-

rived. Bone marrow–derived pluripotent mesenchymal stem

cells (BMSCs) grown in vitro are capable of self-renewal

for many generations without significant loss of their char-

acteristics.33 They are also able to generate several distinct

phenotypes including osteoblasts, chondrocytes, and adipo-

cytes by relatively simple adjustments of culture conditions

and biochemical supplements to which they are exposed.

We were the first to report the repair of large bone defects

in humans using autologous in vitro expanded pluripotent

mesenchymal cells associated to a porous ceramic.34 The

study was based on promising results from earlier studies on

large animal models and those already reported in the lit-

erature at the time we initiated our clinical study (late

1990s).18,21,35 Additional reports dealing with bone repair by

a tissue engineering approach in large animal models have

been published in the following years.17,28,29,33,36–39 In the

present paper, we analyze the long-term outcome of a case

series of four patients with large bone diaphysis defects and

limited therapeutic alternatives. Initial clinical results at 1–2

years postsurgery were previously reported for three of these

patients.34 The aim of the present work was to determine the

durability of this type of implant in this first group of patients

treated with this innovative tissue engineering method.

MATERIALS AND METHODS

Patients

The study protocol was approved by the ethical commit-

tees of the involved orthopedic centers. The patients, with

age ranging from 16 to 41 years, possessed no neoplastic

pathologies and were selected for this treatment after alter-

native, more ‘‘conventional’’ surgical therapies failed. The

patients were informed of the nature of the treatment and

gave their written consent. Essential information on the four

patients is listed in Table 1.

Case 1. A 41-year-old woman presented a 4 cm shorten-

ing of the right leg and a severe osteoarthritis of the ankle

and subtalar joints as the result of an ankle fracture com-

plicated by an osteomyelitic process that occurred in 1992.

At admission, the osteomyelitic process had completely re-

solved. The patient underwent arthrodesis of the right ankle

and subtalar joints. To obtain leg lengthening, in the same

surgical session, a tibia osteotomy was performed at the prox-

imal diaphysis level and the bone was stabilized by an Ili-

zarov apparatus. The distraction of the tibia resulted in poor

bone formation. After 10 months, a 4 cm gap between the

two stumps with only a thin bone bridge located at the back

was detectable by radiography. In May 1998, the patient was

selected for the study.

Case 2. A 16-year-old girl presented a fracture of the left

femoral neck and an exposed biosseous fracture of the left

forearm as the result of a trauma. At admission, the patient
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underwent reduction of both ulna and radius fractures with

Kirshner wires, together with surgical debridement and su-

ture of the skin. Immobilization was obtained by a plaster

cast. Two weeks later, the bone was stabilized by an Ilizarov

forearm apparatus. After 1.5 months, the Ilizarov apparatus

was removed due to osteomyelitis. In the same surgical

session a sequestrectomy was performed at the distal di-

aphysis of the ulna. In December 1998, the osteomyelitis of

the left forearm was completely healed with 4 cm bone loss

at distal diaphysis of the ulna. In April 1999, the patient was

selected for the study.

Case 3. A 22-year-old man presented a plurifragmented

exposed fracture of the right humerus and of the elbow with

an 8 cm bone loss in the distal third of the humerus diaph-

ysis and a complete disarrangement of the elbow as the

result of a car accident. The fracture was stabilized by an

external fixator, leaving a gap of 7 cm at the distal humerus

diaphysis. At the same time, the elbow arthrodesis was

performed. No local infection was present. In June 1999,

the patient was selected for the study.

Case 4. A 29-year-old woman presented multiple frac-

tures (facial bones, right tibia, left femur, right wrist, left

humerus) and an exposed biosseous fracture of the left

forearm as a consequence of a car accident in 1999. In

September 2004, the patient returned to the clinic with an

ulnar preudoarthrosis and 6 cm bone loss, and was selected

for the study.

Isolation and culture of marrow-derived

osteogenic progenitors

Human BMSCs were obtained and cultured as described

by Martin et al., with minor modifications within 36 hours

from harvest.30 Briefly said, 20 mL samples of iliac crest

marrow aspirates from each patient were washed with phos-

phate buffered saline (PBS), pH 7.2. Nucleated cells were

counted, suspended in Coon’s modified Ham’s F12 medium

supplemented with 10% fetal calf serum (FCS, Hyclone,

Milano, Italy) and 1 ng/mL recombinant human basic fibro-

blast growth factor (FGF-2) (Austral Biologicals, San Ramon,

CA), and plated in 100 mm dishes at 4–5�106 nucleated cells

per dish. Cultures were incubated at 378C in a humidified

atmosphere containing 95% air and 5% carbon dioxide (CO2).

Medium was changed after 2 days and then three times a

week. When culture dishes became confluent (usually 3

weeks after the primary culture), the cells were detached

with 0.05% trypsin and 0.01% EDTA, counted, centrifuged,

and suspended in a small volume of culture medium.

For each bone marrow aspirate, the number of colony-

forming units of fibroblasts (CFUf) present was tested by

plating 100 mL of aspirate in 10 mm Petri dish. After 15 days,

cell cultures were washed with PBS, pH 7.2, and stained

with 1% methylene blue in borate buffer (10 mM, pH 8.8)

for 30 min, followed by a washing with distilled water, for

cell-colony counting.

BMSC/bioceramics composite preparation

The material selected as the scaffold for this study was a

porous bioceramic based on 100% HA (Finblock) produced

and kindly provided by FinCeramica Srl, Faenza, Italy.

Finblock has an average density of 1.26 (� 0.16) g/cm3

and a total porosity of 60� 5 vol.%. Parameters derived

by an image analyzer system: mean diaphyseal wall thick-

ness, 255.94� 35.04 mm; mean pore diameter, 613.63�
92.69 mm. In the case of patient no. 4, the scaffold was a

ceramic (Engipore), also manufactured by FinCeramica

with the same chemistry as Finblock but with a higher po-

rosity and a different pore structure. The average density of

the Engipore scaffold is 0.72 (� 0.09) g/cm3 and the total

porosity is 80� 3 vol.%. Parameters derived by an image

analyzer system: mean diaphyseal wall thickness, 106.66�
9.04 mm; mean pore diameter, 430.53� 52.22 mm.40

Bioceramic cylinders were prepared according to the size

and shape of the bone gaps. Case 1 required a 4-cm-high

cylinder with a diameter of 3 cm and a central canal of 0.5 cm.

Case 2 required a 4-cm-high cylinder with a diameter of 1 cm

and a central canal of 0.2 cm. Case 3 required a 7-cm-high

cylinder with a diameter of 2.5 cm and a central canal of

0.5 cm. Case 4 required a 6-cm-high cylinder with a diameter

of 1 cm and a central canal of 0.3 cm. Cylinders were dry

sterilized for 4 hours at 2008C.

In vitro expanded autologous BMSCs were suspended

in Tissucol (Baxter AG, Wien, Austria) at a density of 2.0�
107 cells/mL. The cell suspension was seeded onto the scaf-

folds by capillarity and incubated at 378C for 60 min. After

addition of Thrombin (Baxter AG) to achieve fibrinogen po-

lymerization, the ceramic-cell composite was incubated for

30 min at 378C and then placed in a sterile container, filled

with nutrient medium supplemented with 5% autologous

TABLE 1. CASES

Case

number Male/female Age

Affected

bone

Size of

defect (cm)

Type of scaffold

(100% HA)

Fixator removal

(month)

Last follow-up

(year)

1 Female 41 tibia 4 Finblock 5.5 7

2 Female 16 ulna 4 Finblock 6 6

3 Male 22 Humerus 7 Finblock 8 6.5

4 Female 29 ulna 6 Engipore 7 1.25
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serum, sealed and shipped to the orthopedic center via over-

night delivery in a thermal box.

Surgical procedure

All patients were given general anesthesia and antibiotic

prophylaxis. In case 1 the Ilizarov apparatus had been already

positioned on the right tibia during the previous surgery. In

case 2 an Ilizarov apparatus and in case 4 a monoaxial exter-

nal fixator were positioned on the forearm during the surgical

session. In case 3 the patient already possessed a monoaxial

external fixator positioned when the elbow arthrodesis was

performed; during the surgical session its mechanical stability

was tested and improved. In the operating room, bone shafts

were exposed and bone stumps regularized. The ceramic cyl-

inders seeded with cells were positioned in the bone defects,

soft tissues were apposed, and fascia and skin were closed

following standard procedures.

Patient evaluation

Patients were hospitalized for 1 week after surgery.

Clinical examination was carried out for signs of pain, swell-

ing, and infection. Patients were evaluated every 30 days by

soft radiography; a first computed tomography (CT) scan

was performed 6–10 months after surgery. At longer follow-

up periods, patients underwent clinical, radiographic, and

CT evaluation every 12 months. In patient no. 3, an angio-

graphic evaluation was performed at 6.5 years follow-up.

RESULTS

Bone marrow stromal cells were isolated from the bone

marrow of the patients based on their adherence to the plastic

dish, expanded in vitro up to 12–14 cell doublings, and seeded

onto the porous ceramic scaffolds. After in vitro expansion

and before seeding onto the scaffold, the clonogenic potential

of the cell population was tested. The determined CFUf value

ranged between 50 and 2500 CFUf per mL.

No major complications occurred in the early or late

postoperative periods in any of the patients, nor were major

complaints reported by them. No significant signs of pain,

swelling, or infection were observed at the implantation site.

The X-ray, CT scan, and angiographic evaluation of the

patients are illustrated in figures 1–5. Callus formation was

observed by radiography at the interface between the host

bone and the HA cylinder after 1–2 months. Peri-implant

bone formation was still undetectable by that time, but it

became detectable during the following months. Progres-

sively, the radiolucent line of the bone-implant interface

disappeared. Consolidation between the implant and the host

bone was completed 5 to 7 months after surgery. At this time,

in case 1 and case 2, the external fixation apparatus were re-

moved and the patients were allowed to gradually regain

limb function. Six months after surgery, patient no. 1 was

able to walk without support and with full weight bearing on

the involved leg. Case 3 was the most complex from the

biomechanical point of view. The Ilizarov apparatus was

removed at 8 months after surgery and a custom-made cast

was positioned. At this time, at the bone-implant interface,

the ceramic was well integrated with the host bone as dis-

played by CT scan analysis that failed to demonstrate a

radiolucent osteotomy line (Fig. 3, ‘‘8 months’’ panel). At

16–24 months, the graft incorporation was complete and the

patient recovered a full function of the upper extremity (with

the exclusion of the limitations created by the elbow ar-

throdesis) (Fig. 3, ‘‘16 months’’ panel). At the time of sub-

mitting this manuscript (i.e., at about 7 years follow-up), the

patient is completely pain-free and satisfied with the treat-

ment outcome. In patient no. 4, 7 months after surgery,

loosening of the Hoffman fiches on proximal ulna was noted;

therefore, the external fixator was removed and a plate with a

contraposed cortical allograft was positioned on the arm to

improve mechanical stability of the implant. During this

second surgery, the implant was visualized and peri-implant

bone formation was noted. Eight months after the first sur-

gery, the patient was able to resume her activities.

FIG. 1. Case 1. On the preoperative radiograph a 4-cm-long gap

of the proximal tibia is shown. At 2 months, bone callus forma-

tion around the implant was evident, but the radiolucent line of

the bone-implant interface was still detectable in the lateral view.

At 6 months, formation of extensive callus and peri-implant bone

with a good integration between the implant and the tibia was

evident. At 2.5 years follow-up, complete bone-implant integra-

tion with no evidence of implant fractures was detected. CT scan

analysis at 7 years demonstrated complete healing of the gap, pres-

ence of a medullary channel within the implant, and persistence of

new bone formation within the bioceramic scaffold pores.

The HA ceramic was still present. Color images available online

at www.liebertpub.com/ten.
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With time, the implants revealed a progressive appear-

ance of cracks and fissures indicative of some bioceramic

disintegration, while bone formation progressed and the im-

plants were completely integrated to the host bone. In all

patients at the last follow-up (6 to 7 years postsurgery in

patients 1 to 3), a good integration of the implants was

maintained. At the last radiographic and CT evaluation, the

amount and the 3D structure of the implant ceramic scaf-

folds were essentially unaltered with regard to images of the

same scaffolds taken immediately postsurgery.

Angiographic evaluation, performed 6.5 years postsur-

gery, indicated a vascularization of the grafted zone (Fig. 4,

‘‘6.5 years’’ panel).

DISCUSSION

The reconstruction of large bone segments still presents

major biological and clinical problems. Several different

therapeutic approaches, such as the Ilizarov bone transport,

the transplant of autologous, allogeneic, and xenogeneic

bone grafts, or the use of different biomaterial implants,

have been proposed, but so far none have shown to be totally

appropriate. We used a tissue engineering approach to treat

patients with important bone loss and limited therapeutical

alternatives. Initial clinical results at 1–2 years postsurgery

were previously reported for three of these patients.34 Since

our first description, only short-term follow-ups of few other

patients treated with MSCs to repair long bone segmental

defects have been reported in literature.41,42

In the present study, we describe the 6- to 7 years follow-

up of our first three patients and of the fourth case treated

more recently, in which a ceramic scaffold with the same

chemistry but a different geometry was used. The findings

reported here are the first to clinically support the long-term

success of the bone tissue engineering approach.

FIG. 2. Case 2. A 4 cm bone loss in the proximal ulna is evident

on the preoperative radiograph. At 2 months, callus formation is

observed by radiography at the interface between the host bone and

the HA cylinder. Seven months after surgery a complete integration

between the implant and the host bone together with extensive bone

formation throughout the implant occurred. The K-wire was still

positioned inside the medullary channel. At 2.5 years follow-up, the

complete bone-implant integration was maintained and there was

no evidence of implant fractures. CT scan analysis (2-D and 3-D

reconstructions) at 6 years follow-up demonstrated a complete

reconstruction of ulna with the presence of a medullary chan-

nel within the implant. No radiographic signs of bioceramic re-

absorbtion were detectable. Color images available online at www

.liebertpub.com/ten.

FIG. 3. Case 3. The preoperative radiograph shows a plurifrag-

mental complex fracture of elbow and humerus with 7 cm bone loss

in the distal humerus. At 2 months, an initial callus formation at the

bone-implant interface was observed. At 8 months, CT scan 2-D

analysis evidenced a callus formation along the HA cylinder. Neo-

formed bone was visible within the porous ceramics and a complete

healing of the implant to the host bone with no radiolucent osteo-

tomy line was evident. At 16 months, radiographs showed complete

graft incorporation within the humerus. Color images available

online at www.liebertpub.com/ten.
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For our study we selected clearly ‘‘challenging’’ patients,

thus validating the effectiveness of the treatment. In case 1,

the Ilizarov technique failed, while in cases 2, 3, and 4 the

Ilizarov technique was to be avoided due to the need of radius

resection and the high risk of nerve palsies and other com-

plications. In cases 1, 2, and 4, the bone loss was too extensive

to permit implantation of biomaterials not loaded with cells,

while an autograft, either vascularized or not vascularized,

would have caused a serious donor site morbidity. In case 3,

the particularly relevant bone substance loss made it virtually

impossible to use any type of autograft. In cases 1 and 2, full

functional recovery of the limbs was achieved 6.5 and 7

months after the implant surgery. The use of alternative

methods would have implied longer recovery times. In cases 3

and 4, the functional recovery took longer time due to the

unfavorable mechanical situation of the grafted area. In fact,

due to the insufficient mechanical properties of the initial

fixation, a second surgery to obtain a more stable fixation was

mandatory for patient recovery. Nevertheless, we consider the

obtained results very encouraging because, by a more tradi-

tional approach, the expected recovery time would have been

at least 12–18 months, in the most favorable hypothesis and in

the absence of complications.6

It is to note that no control group (only scaffold and no

cells) was used in our study. Selected patients were all

extremely difficult clinical cases to treat and we wanted to

guarantee all patients the best possible treatment and the

highest bone regeneration capacity of the implant. The crit-

ical role of BMSCs in promoting bone repair by a tissue

engineering approach was previously demonstrated by us in

animal models.32 Anyway, the lack of a control group re-

mains a drawback of our study.

FIG. 4. Case 3. Analysis at 6 to 6.5 years follow-up. The ra-

diographic evaluation at 6 years demonstrated a good integration

of the implant within the host bone with complete healing of bone

loss (A). This finding was confirmed by 3D and 2D CT scans at 6

years (B, C). No evidence of reabsorption of the bioceramic was

present. An angiographic evaluation performed at 6.5 years fol-

low-up showed new vessel formation with complete vasculariza-

tion of the implant area (D, E).

FIG. 5. Case 4. On the preoperative radiograph a 6 cm bone loss

in the distal ulna is visible. The implant was maintained in place

by an external fixator and a K-wire positioned inside the medul-

lary channel. Compared to the other cases, the implanted scaffold

is less radiolucent due to the higher porosity of the biomaterial. At

1 month, an initial integration of the bone in the scaffold is evi-

dent. After 3 months, an initial callus formation and an integration

of the implant were observed, but the radiolucent line at the bone-

implant interface was still present. Radiographic evaluation at 15

months was difficult due to the presence of the metallic materials

used for osteosynthesis and the cortical allograft. Nevertheless, a

complete integration between the implant and the host bone, and

bone formation throughout the implanted biomaterial were evi-

dent. Color images available online at www.liebertpub.com/ten.
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Tissue engineering strategies involving the use of BMSCs

are based on the recognized degree of pluripotency of these

cells. BMSCs can be easily isolated from iliac crest bone

marrow aspirates. Nevertheless, a step of extensive in vivo

expansion is required to obtain the number of cells necessary

for reconstruction and repair of bone, given the low fre-

quency of BMSCs in marrow aspirates. Number of cells per

implant was chosen based on our previous experience with

the ovine model.32

BMSCs in culture undergo progressive replicative aging

and osteogenic differentiation, which are relevant to their

successful clinical use,43 and this should be considered when

designing cell-based therapies. Culture conditions that we

defined and utilized to expand the BMSCs of the patients

allowed us to obtain more than 20 cell doublings main-

taining the cell osteogenic potential. The age of the patients

selected for this study ranged between 16 and 41 years.

Performing cell culture in strictly controlled culture condi-

tions will be of particular relevance when expanding bone

marrow stromal cells from older patients where the number

of CFUf per mL of bone marrow aspirate is expected to be

lower.44,45 Hernigou et al. have reported the use of fresh

bone marrow directly injected into a nonunion lesion to ob-

tain bone healing, and they have evaluated the number and

concentration of progenitor cells in the marrow sample.46

Difference between the number of cells in the bone marrow

directly injected into nonunion defects and the number of

cells we have seeded onto the scaffold to be implanted de-

pends on dissimilarity in the number of osteogenic cells

(CFUf) present in these two cell populations.

BMSCs were seeded on 100% HA porous ceramics.

These scaffolds presented good osteoconductivity, resulting

in good functional recovery, but they were not resorbed after

more than 7 years postimplantation. It is important to un-

derline that, although no late fractures occurred in our pa-

tients, the permanence of biomaterial on long follow-up

could compromise the biomechanics of the new bone. In

addition, the high density of these scaffolds and, especially

in the case of the scaffolds used to treat the first three

patients, their relatively low porosity made radiographic

follow-up rather difficult as the ceramic was masking the

newly formed bone. The development of some second-

generation resorbable ceramic scaffolds is therefore essen-

tial before a tissue engineering approach to bone repair could

be widely applied in the clinical practice.

In a recent study we evaluated in an ovine model the

performance of implants of resorbable ceramic based on

silicon-stabilized tricalcium phosphate (Si-TCP) in promot-

ing the repair of critical-sized bone defects. A progressive

increase in new bone deposition into the pore of the scaffold

together with a reduction of the scaffold ceramic occurred

between 3 months and 1 year postsurgery. After 2 years the

scaffold was essentially completely resorbed. In a second

series of experiments, we compared the outcome of osteo-

genic cell–seeded implants versus unseeded implants in the

same ovine model system.47 Only BMSC-loaded ceramics

displayed a progressive scaffold resorption, coincident with

new bone deposition. To investigate the coupled mechanisms

of bone formation and scaffold resorption, X-ray computed

microtomography (mCT) and mX-ray diffraction analysis

were performed on BMSC-seeded small ceramic cubes im-

planted in immunodeficient mice for 2 or 6 months.48

In summary, based on the four patient outcomes some

general conclusions can be made:

1. The pattern of the bone healing process in the pa-

tients was similar to the one described in the large

animal model.18,19,28,29,32 The healing process can be

considered to occur in four main steps: (a) bone for-

mation on the outer surface of the implant, (b) bone

formation in the inner cylinder canal, (c) formation of

fissures and cracks in the implant body, and (d) bone

formation in the bioceramic pores. Radiography and

tomography showed that bone formation was far more

prominent over the external surface and within the

inner canal of the implants. This could be due to a

higher density of loaded cells and/or a better survival

of cells within the outermost portions of the HA

bioceramics. Alternatively, the implanted cells could

stimulate, via a paracrine or delayed paracrine mech-

anism, resident osteoprogenitor cells, located within

the skeletal tissues at the resected ends. At the last

follow-up, all patients, and in particular the three pa-

tients with a longer assessment, maintained a good in-

tegration of the implants and no late fractures were

observed. No major complaints were reported by the

patients, and no major adverse conditions were ob-

served.

2. A high porosity and a high degree of interconnection

between the pores are absolute requirements for vas-

cularization of the implant and new bone forma-

tion. Vascularization of the implant is certainly critical

for its survival and therefore its future stability. In

some animal studies, new vascularization of the graf-

ted area was obtained by a surgically created vascular

pedunculus.49,50 In our clinical study, the presence of

mesenchymal stem/progenitor cells was sufficient to

induce vascularization of the grafted area. An angio-

graphic examination was performed at the last follow-

up in the most challenging case. The detection of new

vessel growth into the implant confirmed the presence

of a vital bone in the grafted area.

3. In agreement with previous studies that implanted HA,

which is inert and remains within the body for ex-

tended periods, no visible signs of the biomaterial

reabsorption were detected as long as 6–7 years

postimplant. An ideal scaffold should provide an initial

support for bone-forming cells and then it should be

slowly reabsorbed at the same rate that the new bone is

deposited inside the scaffold pores. Future similar stud-

ies should consider the use of such types of scaffolds.

In recently performed animal trials, we established
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the feasibility of using implants of porous calcium

phosphate–based resorbable scaffolds to obtain site-

specific new bone formation in a large-sized bone

defect in a tibia sheep model.32,47

In conclusion, the aim of the present study was to analyze

the long-term durability of bone regeneration achieved by

a bone engineering approach. We observed progressive in-

tegration of the implants with the host bone, progressive new

bone formation inside the bioceramic pores, and progressive

vascular ingrowth. A good integration of the implants with

the preexisting bone was maintained during all the follow-up

periods and no major adverse conditions were observed.

In this pilot study, we used the tissue-engineered ap-

proach in very challenging cases with few therapeutical al-

ternatives. It is our opinion that the tissue engineering

approach for long bone reconstruction should be utilized

more widely in the future, thus avoiding autologous bone

harvesting or use of allogenic bone grafts. Presently, the

most important bias of this method is represented by the low

resorbability of porous HA bioceramics and in some cases

by a low mechanical stability of the implant. Use of better

bioresorbable constructs and application of a more stable

fixation should help to avoid these problems. Eventually,

controlled randomized clinical trials will have to clarify de-

finitively the effectiveness and the cost/benefit superiority

of the tissue engineering approach compared to other meth-

ods of bone reconstruction.
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