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ABSTRACT

Bone defect repairs are based on bone graft fusion or replacement. Current large bone defect treatments are
inadequate and lack of reliable technology. Therefore, we aimed to investigate a simple technique using three-
dimensional (3D)-printed individualized porous implants without any bone grafts, osteoinductive agents, or
surface biofunctionalization to treat large bone defects, and systematically study its long-term therapeutic effects
and osseointegration characteristics. Twenty-six patients with large bone defects caused by tumor, infection, or
trauma received treatment with individualized porous implants; among them, three typical cases underwent a
detailed study. Additionally, a large segmental femur defect sheep model was used to study the osseointegration
characteristics. Immediate and long-term biomechanical stability was achieved, and the animal study revealed
that the bone grew into the pores with gradual remodeling, resulting in a long-term mechanically stable implant-
bone complex. Advantages of 3D-printed microporous implants for the repair of bone defects included 1) that the
stabilization devices were immediately designed and constructed to achieve early postoperative mobility, and 2)
that osseointegration between the host bone and implants was achieved without bone grafting. Our osseointe-
gration method, in which the “implant-bone” interface fusion concept was used instead of “bone-bone” fusion,
subverts the traditional idea of osseointegration.

1. Introduction

[7,8], induction of bone regeneration via a biological membrane (Mas-
quelet technique) [2,9], autogenous vascularized cortical bone graft

Large bone defects caused by trauma, infection, or tumor resection
[1-3] remain a challenging clinical issue. Approximately 5%-10% of all
bone fractures are associated with delayed healing or non-union [4],
whereas almost 100% of segmental bone loss fractures result in
non-union [5]. Globally, over 2.2 million bone graft surgeries are per-
formed annually to reconstruct bone defects in orthopedics, neurosur-
gery, and dentistry [6].

The “gold standard” large bone defect treatments include external
frame fixation for bone transport during distraction (Ilizarov technique)

[10], and titanium mesh [11]. These “gold standard” treatments are
built on the idea of “bone-bone” fusion, in which the bone at both ends
of the defect grows through it to integrate; however, these treatments
include several disadvantages. For example, bone transport via the Ili-
zarov procedure requires a long time to heal, during which patients
cannot resume normal activities. In addition, this procedure is unsuit-
able to reconstruct large spinal defects. Moreover, the Masquelet and
autogenous vascularized cortical bone graft methods cannot achieve
immediate stability after surgery, require large amounts of

Abbreviations: 3D, three-dimensional; BVF, bone volume fraction; CAD, computer-aided design; EBM, electron beam melting; FEA, finite element analysis; micro-
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allogeneic/autogenous bone, and often require additional surgery to
prevent donor site morbidity because of insufficient graft material [12,
13]. Furthermore, titanium mesh requires a large amount of bone graft
material, and postoperative complications, including loosening, subsi-
dence, or displacement of the titanium mesh, often occur after surgery
[14]. In addition, the Ilizarov and Masquelet techniques can not address
the bone defects in the metaphysis, which exhibits an anatomical
structure distinct from that of the diaphysis. The traditional “bone-bone”
fusion technique has the following disadvantages in treating large bone
defects: inability to withstand mechanical challenges at the load-bearing
sites immediately after surgery [15], and a long treatment process.
Although some alternative scaffold-based strategies have been evaluated
to reconstruct bone defects [16-18], no reliable solution has been
identified to treat large bone defects. Furthermore, most of these
methods require allogeneic/autogenous bone filling [19]. 3D-printed
porous Ti alloy implant, Ti6Al4V, was developed with demonstrated
advantages in reconstructing bone defects, including an accurate shape
and size with no need for bone grafting and realize immediate stabili-
zation allows for early post-operative off-bed mobility, along with its
porous feature that favors bone ingrowth. Although 3D-printed porous
implants have been used to repair bone defects, little is known about the
long-term therapeutic effects and osseointegration characteristics of the
use of 3D-printed porous titanium implants without an allogeneic or
autogenous bone graft to treat large bone defects.

To circumvent the drawbacks of the traditional “bone-bone” fusion
methods for the treatment of large bone defects, we proposed a new
concept and approach for large bone defect reconstruction, termed
“implant-bone” interface fusion, in which the bone at both ends of the
defect grows into the pores of the implant to achieve implant-bone
fusion. It should be mentioned here that If the bone at both ends of
the defect site grow through the defect to fuse with each other, it is
called “bone-bone fusion”. If the bone adjacent to both ends of the
porous implants just grow into and fuse with the porous implants rather
than meet each other, it is called “implant-bone interface fusion”. To
achieve immediate biomechanical stability and long-term “implant-
bone” fusion, this technique comprises a one-stage implementation of
the three-dimensional (3D)-printed porous titanium implant, which is
custom-made by an electron beam melting (EBM) technique [20].

We employed the “implant-bone” interface fusion method to recon-
struct patient-specific large bone defects that had different underlying
causes. Postoperative follow-up was performed to monitor long-term
outcomes. Further, we used a 4-cm segmental femur defect sheep
model to study the osseointegration characteristics of the implants.

2. Materials and methods
2.1. Implant design and fabrication

A pore size of 400-600 pm, strut diameter of 240-320 pm and
porosity of 60%-80% was adopted for the 3D-printed porous titanium
implants in this study because previous study demonstrated that the
pore size at this range is beneficial for in-growth of bone and vessels
[21]. The size and shape of the implants were designed according to the
4-cm segmental femur defect sheep model. The critical-size bone defect
of the experimental animal model was defined by Schmitz as the defects
of a size that will not heal during the lifetime of the animal [22]. And in
clinical, the defects whose length exceed 50% of the bone circumference
or 2 cm was always referred to as critical-size bone defect [23]. Hence,
we define 4 cm bone defect in the sheep femur of present study as the
large-bone defect. To achieve immediate stabilization for early
post-operative mobility and favorable bone healing environment, a
screw-plate system was designed to unite with the porous implant as one
(S1 Appendix Fig. S4). And to circumvent the effect of the fixing screws
on the objective results, we remove all fixing screws before
high-resolution micro-CT scanning and biomechanical test. For implant
fabrication, the 3D structure was first projected using Mimics software;
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the acquired data were then entered into the EBM S12 system (Acram
AB, Sweden). This system could melt the titanium powder (Ti6Al4V)
and remold the implant according to the computer-aided design (CAD)
model. Finally, the implants were air-blasted and cleaned ultrasonically
to remove excess particles and pollutants.

2.2. Experimental animal handling

Based on the sample size calculation, using formula N = ((Z1-
o/24Z1-)262(1 + 1/k))/82 (where & is the standardized mean differ-
ence, o is the standard deviation, a = 0.05, p = 0.1 and k = n1/n2), a
sample size of two for each group was determined as appropriate.
However, to account for potential sample degeneracy, we used a sample
size of four per group. Hence, 12 non-GMO, specifically pathogen-free,
healthy, mature male Small Tail Han sheep (weight, 47.8 + 5.3 kg;
age, 17 + 2.9 months) underwent a 4-cm segmental femur defect
osteotomy. Based on the breeding time, all sheep were randomly and
equally assigned to one of the three groups, namely, the 1-, 3-, and 6-
month groups, using a two-by-two test matrix. The group names rep-
resented the time that each defect was allowed to heal after surgery.

All sheep were quarantined according to the Beijing standard for
experimental sheep. The study animals were bred at the Department of
Laboratory Animal Science at Peking University Health Science Center
and were cared for according to the principles of the Guide for the Care
and Use of Laboratory Animals, after obtaining approval from the Ani-
mal Ethics Committee of Peking University Health Science Center
(approval no. LA2014214).

2.3. Surgical procedures

For the critical-size (4 cm) osteotomy, a lateral approach to the right
femur was selected. The sheep were placed in the lateral decubitus po-
sition and administered induction analgesia using propofol (4-8 mg/kg
intravenous injection). Anesthesia was maintained with 1.0%-2.0%
isoflurane in oxygen. Penicillin, 1 g intravenous, was administered
prophylactically just before and at the end of surgery. Parecoxib sodium
(40 mg intravenous injection) was administered for postoperative
analgesia.

The area over the right femur was aseptically prepared and incised
15 cm longitudinally using a scalpel. The femur was separated from the
attaching muscles using a periosteal detacher through the intramuscular
spaces. Bleeding was stopped with using electric cautery. A 4-cm cy-
lindrical bone fragment, together with the periosteum, was excised in
the mid-diaphyseal tibia with an oscillating saw (Stryker 4207, Kala-
mazoo, Michigan) using a custom-made sawing template. The implant
was then fixed in the proximal and distal bone fragment to reconstruct
the 4-cm segmental femur defect, using a screw-plate system (S1 Ap-
pendix Fig. S4). The wound was carefully cleaned and rinsed with saline
solution. The subcutaneous tissue and skin were then closed with
continuous sutures. Finally, in all sheep, the wound was covered with
sterile gauze and synthetic cotton. After surgery, analgesics (Parecoxib,
80 mg/day) were administered and the animals were allowed to move
freely.

2.4. Radiographic analyses

Mineralized callus formation and bridging of the critical-size
osteotomy gap were evaluated immediately after sacrifice (via an
anesthetic overdose) by employing radiological and axial spiral
computed tomography (CT; Siemens, SOMATOM Definition Flash 64
Munich, Germany) with the following parameters: X-ray source current,
200 mA; voltage, 120 kV; 21-cm field of view, and 3-mm slice thickness.
To perform radiography, intravenous injections of pentobarbital sodium
(30 mg/kg) were administered for short-term sedation. Bridging of the
critical-size osteotomy gap was scored according to the bony bridging
length along the surface of the implants. A score of 1 indicated that bony
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bridging occurred along less than one-third of the implant surface. A
score of 2 indicated that bony bridging occurred along less than two-
thirds of the implant surface. A score of 3 indicated that complete
bony bridging occurred along the implant surface.

2.5. Micro-CT analysis

The experimenter who conducted the micro-CT analysis was blinded
to all assessed groups. After the fixed screw was removed, high-
resolution (20 pm) micro-CT was performed, using an Inveon MM sys-
tem (Siemens, Munich, Germany), to measure the amount and distri-
bution of bone in the mid-diaphyseal section of the femur that contained
the defect. Each specimen was analyzed using segmentation software.
The region of interest included the bone within the implant plus the
bone proximal to it, whose boundary was manually positioned for
definition. The 3D reconstructions were produced from two-dimensional
images using a 3D visualization system (Inveon Research Workplace,
Siemens, Munich, Germany). The ratio of the total amount of the bone
region was calculated as the bone volume fraction (BVF), determined as
the bone/tissue volume ratio. The in-grown new bone was distinguished
from soft tissue and metal implant by partition of different Hounsfield
units (HU). Newly formed bone was identified from the implant material
by adjusting the threshold value (1000HU-3885HU). Two regions of
interest (ROIs) were determined in the workstation to characterize the
newly formed peri-implant and intraporous bone. The former include
the peri-implant region at the peripheral 2 mm around the implant and
the later is the intraporous region within the porous implant. The peri-
implant bone fraction was defined as the ratio of bone volume to the
total volume of the region, while the intraporous bone fraction was the
ratio of bone volume to the total volume of the pores.

2.6. Three-point bending test

After sacrifice, the femurs of each animal were explanted. The fixa-
tion screws were carefully removed from the operated femur, which
then underwent preparation for the three-point bending test that was
performed using a hydraulic material testing system (Landmark, MTS
Systems Co., Minneapolis, MN, USA) with a 5-kN load cell. The load was
applied to the midpoint of the unsupported length of the femur at a rate
of 3 mm/min. The ends of the tested specimens were not fixed. The two
lower supports were separated by a 13-cm distance, and the upper
loading point was opposite to the fixation side. For comparison, the yield
strength of the sheep’s non-operated femur was also tested and served as
the blank group.

2.7. Finite element analysis

A finite element analysis (FEA) established an FEA model of the 4-cm
segmental sheep femur defect that was reconstructed by the 3D-printed
individualized porous implant under the three-point bending test and
further analyzed the stress distribution and clinical safety of the implant
at 3 months after surgery. The finite element simulative analysis model
of the implant-bone complex was established using CT data and was
generated using Mimics Research 20.0 software (Materialise, Belgium).
The simulation model components included the sheep femur, porous
scaffold, and fixing plate. The material attributes are listed in S1 Ap-
pendix, Table S1. The model was imported into ABAQUS (6.14) software
for establishment and calculation. A 1000-, 2000-, and 3000-N load was
applied to the midpoint of the scaffold to simulate the working condi-
tions of the three-point bending test. The displacement and stress dis-
tributions of the implant-bone complex were calculated to verify the
FEA validity and peak stress of the implant-bone complex. Linear-
regression was used for a difference analysis of the implant-bone com-
plex mechanical response (displacement) between the finite element
model and the actual specimen in the three-point bending test. The
regression coefficient (R2 = 0.96 > 0.82) was calculated by inputting
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the displacement value in SPSS statistical software version 16.0 to
demonstrate the validity of the present FEA (S1 Appendix, Fig. S5) [24].

2.8. Fluorescent labeling analysis

In vivo sequential fluorescent labeling was performed to label the
newly formed bone at different time points and to determine the
osseointegration efficiency at different stages and the osseointegration
direction (S1 Appendix, Table S2). Specifically, calcein green (10 mg/
kg, Sigma, St. Louis, MO, USA) and tetracycline (20 mg/kg, Sigma) were
injected intravenously in succession after implantation. The implant
plus the adjacent bone were harvested, fixed in 4% paraformaldehyde
for 1 week, and dehydrated in a graded ethanol series (50%, 70%, 80%,
90%, 95%, and 100% ethanol) under vacuum conditions for 4 days each.
The samples were embedded in polymethyl methacrylate (PMMA,
Technovit 7200 VLC) and sliced into thin sections (200-300 pm) in the
mid-sagittal plane to obtain central views of the implant and the adja-
cent bone. The sections were polished to a thickness of 100-150 pm
using a polishing machine (Exact band saw; Exact Apparatebau, Nor-
derstedt, Germany). A laser beam at wavelengths of 488 nm and 405 nm
sequentially excited the calcein green and tetracycline fluorescence,
respectively. A fluorescence microscope (Leica, Germany) was used to
observe the newly formed calcein- and tetracycline-labeled bone.

2.9. Histologic analysis

Following the fluorescent labeling assessment, the 100-150-pum slices
underwent Goldner trichrome staining and were digitally imaged using
a panoramic scanner (Nano Zoomer, Hamamatsu) to capture images of
the whole section (Fig. 1). Goldner trichrome stained the implant black
and the cartilage purple. Osteoid, a sign of active direct bone formation,
was stained orange-red and mature mineralized bone was stained green.
The composition and distribution of the newly formed bone were eval-
uated using the BIOQUANT Image Analysis System (BIOQUANT Image
AnalysiCorp., Nashville, TN, USA). The available pore space of each
section was normalized to 100%, and the percentage of bone in-growth
was calculated for each section. Further, to quantify the maturity of the
bone in-growth of the entire specimen, the proportions of osteoid and
mature mineralized bone were calculated. The bone regeneration pro-
cess within the defect was examined according to the distribution of
osteoid and mature mineralized bone.

2.10. Large bone defect treatment with individualized porous implants in
patients

The study was conducted in accordance with the principles of the
Declaration of Helsinki. The study protocol was approved by Peking
University Third Hospital Medical Science Research Ethics Committee
(IRB0O0006761-2016146). All patients provided informed consent.

The inclusion criteria were a bone defect length of at least 4-cm or
two spinal vertebral bodies; postoperative follow-up time >0.5 years;
and no implant-associated infection. A total of 26 patients were selected,
with an average follow-up duration of 28.44 + 8.23 months. Each pa-
tient underwent treatment with a 3D-printed individualized porous
implant for their large bone defect, the median length of which was
74.76 (range, 56.20, 120.57) mm. After measurement in the radio-
graphic images, the median length of the bone penetration into the
porous implant or the callus on the outer surface of the 26 bone defects
was 43.96 (range, 31.92, 83.97) mm. These patients were heterogeneous
with respect to the underlying cause of the defect (tumorous destruction,
infection, or trauma) and the defect site (spine or limb bone). A total of
19 patients had spinal defects (5 in the cervical spine, 14 in the thor-
acolumbar spine), 6 patients had limb bone defects, and 1 patient had a
pelvic defect. The underlying causes of the defects were tumor in 20,
bone infection in 5, and trauma in 1 patient. Each patient received an
individualized Ti6Al4V implant that was rapidly prototyped using the
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Fig. 1. Radiological and biomechanical analyses of the 4-cm femur defect reconstruction with three-dimensional-printed porous Ti6A14V implants. (A) (i-iii) Ra-
diographs at 1, 3, and 6 months after implantation, respectively. (iv-vi) Computed tomography images at 1, 3, and 6 months after implantation, respectively. Blue
arrows denote newly formed bone in the defect sites or on the implant’s outer surface. (vii) Radiographic scores of the groups (n = 4). (B) (i-iii) Three-dimensional
reconstruction images of the 1-, 3-, and 6-month groups after sacrifice, respectively (gray denotes titanium alloy, and green represents newly formed bone). (iv)
Quantitative results of the bone volume fractions in the peri-implant and intraporous regions of the implants in each group (n = 4).

EBM S12 system (Acram AB, Sweden) on a CAD workstation based on
3D-CT data of the defect. During the entire procedure, bone grafts or
osteoinductive materials were not employed. Patients received radio-
graphic (X-ray or CT) imaging follow-up at different time points,
depending on their clinical conditions. This study was registered at
ClinicalTrials.gov (NCT04466397).

In this study, three typical patients who received 3D-printing implant
treatment for large bone defects in the spine, pelvis, and limb bone
caused by tumorous destruction and bone infection were selected and
presented.

2.10.1. Case 1: A 19-cm spinal defect caused by chordoma

A 40-year-old man experienced severe low back pain for 5 months
due to a chordoma that extended from the 12th thoracic vertebrae (T12)
to the 3rd lumbar vertebrae (L3), which led to compression of the spinal
cord and nerves (S1 Appendix, Fig. S6). After a cycle of radiotherapy, we
performed a T12-L3 total en bloc spondylectomy and a T7L5 pedicle
screw fixation (S1 Appendix, Fig. S7). One month later, a 19-cm indi-
vidualized customized Ti6A14V implant was implanted and fixed using a
pedicle screw to repair the T12-L3 defect. Radiographic follow-up im-
ages of the Ti6Al4V scaffold were performed immediately and at 1, 3, 7,
12, 24, 28, 32 and 36 months after the last surgery. The patient has
provided consent for the use of his photographs in the manuscript.

2.10.2. Case 2: An 11-cm femur defect caused by osteomyelitis

A 64-year-old woman sustained an open fracture of the left femur
shaft due to a car accident and underwent open reduction and internal
fixation at her local hospital 4 years prior. However, the fracture did not
heal properly (non-union) due to osteomyelitis that occurred 1 year after
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surgery. Hence, antibiotic-laden bone cement was implanted after a
thorough debridement at the local hospital. Unfortunately, radiographic
examination conducted 7 months after the treatment indicated that non-
union remained and a bone defect had formed (S1 Appendix, Fig. S8A).
Her left leg motion was limited, and she experienced pain at the fracture
site. She was admitted to our hospital and diagnosed with osteomyelitis
of the left femur.

After a thorough debridement and sequestrectomy of the non-union
area, we fixed the proximal and distal femur with an external fixator (S1
Appendix, Fig. S8B) and applied vacuum sealing drainage. During the
subsequent 37 days, she underwent debridement four times. After the
infection was controlled, the resulting 11-cm defect was filled with a
vancomycin-laden bone cement spacer (S1 Appendix, Fig. S8B). Two
months later, the patient received an individualized, patient-specific
Ti6Al4V implant with an intramedullary nail for stabilization, without
any autogenous or allogeneic bone use. Radiographic follow-up images
of the Ti6Al4V scaffold were obtained immediately and at 2, 5, 8, 14,
and 20 months after the last surgery.

2.10.3. Case 3: A 7-cm pelvis defect caused by osteosarcoma

A 39-year-old woman was diagnosed with pelvic osteosarcoma. The
bone defect caused by the osteosarcoma resection was reconstructed
using an individualized customized Ti6Al4V implant. Unfortunately, the
patient had to undergo hindquarter amputation because of a local
recurrence of the osteosarcoma 18 months later. The implant-bone
complex specimen was removed for micro-CT and histological anal-
ysis, the specific procedures of which were the same as the ones detailed
in the “Micro-CT analysis” and “Histologic analysis” portions of the
animal experiment.
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3. Results
3.1. General observations

All sheep survived the surgery, healed well, and resumed load-
bearing of the operated limb immediately after their return to con-
sciousness (S1 Appendix, Fig. S1). Postoperative radiological images
indicated successful reconstruction and stabilization of the defect by the
porous implant, with fixation provided by nails and plates. The mean
operative time was 74 min.

3.2. Radiographic analyses

Radiographic images documented progressive new bone formation
within the defect and were used to score the healing process. The blue
arrows in Fig. 1A-i, -iv indicate mineralized callus formation on the
implant-bone junction surface 1 month after implantation. Three
months after implantation, a thick, mineralized callus grew along the
implant surface on the contralateral side of the plate and had bridged
through the defect (Fig. 1A-ii, -v). The volume of bone tissue bridging
the defect was greater, and the bone tissue structure appeared more
regular in the 6-month group than in the 3-month group (Fig. 1 A-iii,
-vi). The bone defects of all groups showed a clear spatial difference in
healing, with bone growth predominantly seen on the contralateral side
of the plate fixation system, and advanced bone formation on the
proximal femur. The radiographic scores of the 3- and 6-month groups
were significantly higher than those of the 1-month group (Fig. 1A-vii).
There were no significant differences in scores between the 3- and 6-
month groups.

3.3. Micro-computed tomography analysis

To explore the osseointegration of the 3D-printed porous Ti6Al4V
implants in the three groups, we quantified the bone formation both
around and within the implant using micro-computed tomography
(micro-CT) analysis (Fig. 1B-i, -ii, -iii). The 3D reconstruction images
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confirmed better osseointegration in the 3- and 6-month groups than in
the 1-month group. The (BVF) of the peri-implant and intraporous re-
gions was significantly greater in the 3- and 6-month groups than in the
1-month group (p < 0.01) (Fig. 1B-iv). There was no significant dif-
ference in BVF between the 3- and 6-month groups.

3.4. Three-point bending test

The 6-month group had the highest bending strength (2370 + 141 N)
(Fig. 2A). The bend-force resistance was significantly larger in the blank,
3-, and 6-month groups than in the 1-month group (p < 0.05), but did
not significantly differ among the blank, 3-, and 6-month groups (2163
+ 156 N), indicating that the osseointegration strength could only
improve to a certain extent as the growing time increased, and the
biomechanical strength was insufficient until 3 months (2050 + 135 N)
after bone defect reconstruction.

3.5. Finite element analysis

Fig. 2. B-ii, -iv, -vi shows that peak stresses of the implant-bone
complex are located at the edge of the bone contact with the 3D-printed
Ti6Al4V implant in the 3-month group, whose for which the peak stress
values were 12.09 MPa (1000 N), 3.09 MPa (2000 N), and 37.21 MPa
(3000 N).

3.6. Fluorescent labeling analysis

Fluorescence labeling revealed the osseointegration efficiency of the
three groups at different sites in the defect. Comparing Fig. 3B-i, -iii, -v,
it can be inferred that the osseointegration efficiency around the im-
plants decreased with time. However, Fig. 3B-ii, -iv, -vi, demonstrate
that the osseointegration efficiency inside the pores of the implants
increased with time. The general osseointegration direction was from
the periphery into the pores of the implants.
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Fig. 2. Biomechanical analysis of the 4-cm femur defect reconstruction with three-dimensional-printed porous Ti6A14V implants. (A) Three-point bending strength
of the samples in the groups (n = 4). (B) Stress distribution of the implant-bone complex under (ii) 1000 N, (iv) 2000 N, and (vi) 3000 N. The displacement dis-
tribution of the implant-bone complex under (i) 1000 N, (iii) 2000 N, and (v) 3000 N **p < 0.01, *p < 0.05.
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Fig. 3. The histological analysis of the 4-cm femur defect reconstruction with three-dimensional-printed porous Ti6A14V implants. (A) Goldner trichrome staining
(representative images) of the 1-, 3-, and 6-month groups. (iv) Quantitative results of the bone in-growth and implant-bone contact ratio of the implants in the three
groups. (v) Mineralized bone and osteoid ratios of the groups (n = 10). (B) Fluorescence labeling (representative fluorescent micrographs) of the osseointegration
around and within the pores of the implants (white arrows indicate titanium struts, and green and yellow bands denote newly formed bone indicated by calcein and
tetracycline, respectively). i-vi are merged after excitation by blue and purple light. Osseointegration around the implants in the (i) 1-, (iii) 3- and (v) 6-month groups.
Osseointegration within the pores of the implants in the (ii) 1-, (iv) 3-, and (vi) 6-month groups.

3.7. Histologic analysis

Representative histological images of the defect revealed achieve-
ment of good integration with the host bone at the proximal interfaces of
the defect for all groups (Fig. 3A-i, -ii, -iii). A small quantity of miner-
alized bone and osteoid formed in the proximal side of the implants in
the 1-month group (Fig. 3A-i). A proximal bone defect that bridged
through the pores to the middle of the implants was observed in the 3-
month group. Mineralized bone was more extensive and homoge-
neously distributed in the peripheral and intraporous regions
(Fig. 3A-ii). Six months after surgery, the mature lamellar bone became
evident within the pores of the implants on the proximal side, inter-
locking tightly with the titanium struts and forming continuous struc-
tures (Fig. 3A-iii).

Bone grew from the outer surface of the implants into the pores and
matured gradually, indicating that the bone that bridged across the
defect was in an ongoing growth process induced by the implant.
Quantitative measurements of the mineralized bone, osteoid, and bone
in-growth in the regions of interest confirmed the histomorphological
findings. Fig. 3A shows a significantly higher bone in-growth and
implant-bone contact ratio at the implants in the 3- and 6-month groups
than in the 1-month group (**p < 0.01). The mineralized bone ratio was
significantly higher in the 6-month group than in the 1-month (**p <
0.01) and 3-month (*p < 0.05) groups. The osteoid bone ratio was
significantly higher in the 1-month group than in the 3- and 6-month
groups (**p < 0.01).

3.8. Three representative patients

3.8.1. Case 1: A 19-cm spinal defect caused by a chordoma

One month after the last surgery, the patient was able to walk
independently with full weight-bearing (S1 Appendix, Fig. S2A). The
process of bone formation on the scaffold surface is shown in Fig. 4A and
B. An obvious mineralized callus was present at the interface between
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the scaffold and the T9 and L3 vertebral bodies 3 months after surgery
(Fig. 4B—i, blue arrows). The callus thickened and mineralized as the
bone grew (Fig. 4A-iii, -vi, and Fig. 4B-ii, -vi, blue arrows). During the
follow-up period, no instability of the implant-bone complex, such as
loosening, subsidence, or displacement of the implant, or other me-
chanical complications were observed. The patient is currently enjoying
a high postoperative quality of life (S1 Appendix, Fig. 52).

3.8.2. Case 2: An 11-cm femur defect caused by osteomyelitis

One month after the last surgery, the patient could walk with full
weight-bearing. The process of osseointegration between the implant
and the host bone is shown in Fig. 5 (A-F). A callus was present at the
interface between the scaffold and distal femur 8 months after the
scaffold implantation surgery (Fig. 5D, blue arrow). A thick mineralized
callus had formed and completely bridged the large bone defect on the
outer surface of the scaffold 20 months after the last surgery (Fig. SF,
blue arrow). During the 20 months of recovery time, no limitations of
walking or prosthetic mechanical complications were observed. No
loosening or fracture of the implant was observed, and no callus ab-
sorption occurred.

3.8.3. Case 3: A 7-cm defect caused by an osteosarcoma

Micro-CT and histological analyses were performed at the site of the
implant-bone contact area (Fig. 6, blue arrows). Histological analysis
revealed a high bone growth ratio (87% + 0.78) into the porous network
(Fig. 6C). Micro-CT analysis revealed that the porous implant achieved
good integration with the host bone at the interface of the proximal
defect (Fig. 6D and E, blue arrows), with bone trabeculae extending
toward the distal part.

4. Discussion

In this study, to precisely reconstruct patient-specific large bone
defects caused by tumors, infections, or trauma, we proposed a
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Fig. 4. A spine defect reconstructed by a three-dimensional (3D)-printed porous Ti6Al4V implant (Case 1). (A) (i-vi) Radiographs of the reconstructed 19-cm spine
defect at 1 (i), 3 (ii), 7 (ii), 12 (iv), 24 (v), and 32 (vi) months after implantation. Blue arrows indicate the newly formed bone in the implant-bone interface or on the
outer surface of the implant. (B) Computed tomography images of the reconstructed 19-cm spine defect at 3 (i), 7 (ii), 12 (iii), 28 (iv), 32 (v), and 36 (vi) months after
implantation. Blue arrows indicate the newly formed bone in the implant-bone interface or on the outer surface of the implant.

treatment strategy comprising a one-stage implementation of individu-
alized porous implants in the absence of allogeneic/autogenous bone
grafting, based on “implant-bone” interface fusion, instead of “bone-
bone” interface fusion [25-27]. Our postoperative results indicated that
the individualized porous implants had sufficient mechanical integrity
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to maintain the immediate stability of the defect site. At an average of
28.44 months, long-term biomechanical stability of the implant-bone
complex was achieved, with extensive bone formation and reinforcing
osseointegration in all patients. Fig. 7 provides a comparison of our
“implant-bone” interface fusion method with other “bone-bone” fusion
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Fig. 5. A femur defect reconstructed by a three-dimensional (3D)-printed porous Ti6Al4V implant (Case 2). Radiographs of the reconstructed 11-cm femur defect
after the last surgery (A), and at 2 (B), 5 (C), 8 (D), 14 (E), and 20 (F) months after implantation. Blue arrows indicate the osseointegration between the scaffold and

host bone.

methods to treat large bone defects. After examining the radiographic
data of 26 patients with various bone defects, we found that the
“implant-bone” interface fusion occurred by bone growing through the
porous implants or by a mineralized callus that bridged the outer surface
of the porous implants (S1 Appendix. Fig. S3). In addition to post-
operative immediate biomechanical stability, the animal experiment
revealed that the implant-bone complex improved the mechanical sta-
bility. Most importantly, histological analyses revealed that the bone
grew into the pores of the implants and gradually matured to achieve
“implant-bone” interface permanent fusion, rather than growth through
the porous implants for complete “bone-bone” fusion.

The three-point bending test is commonly used to evaluate the me-
chanical properties of long bones. This test assesses the bending fracture
load and stiffness, ultimate stress, and elastic modulus of the specimens.
In this study, we examined the ultimate fracture load of the implant-
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bone junction to determine the osseointegration strength in the three
groups. We found that there was sufficient biomechanical strength 3
months after implantation of the porous implant. Notably, FEA of the
three-point bending test revealed that the peak stress of the implant-
bone complex was located at the edge of the bone that was in contact
with the implant. These results further verify the safety of using 3D-
printed porous titanium implants for the reconstruction of large bone
defects.

We found that a gradual transition from osteoid to the mineralized
bone, with increased bone bridging and infiltration distance into the
implant interior pores from the peripheral site, occurred in all groups,
indicating that the newly formed bone could remodel and progressively
mature. The white parts at the bottom of Fig. 3. (i-iii) images is the
intraporous region that with no bone ingrowth. The histologic analysis
demonstrated that osteogenesis started from the proximal femur
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Fig. 6. A femur defect reconstructed by a three-dimensional (3D)-printed porous Ti6Al4V implant (Case 3). Photographs of the implant-bone complex specimen from
the (A) Lateral and (B) Anteroposterior views. Blue arrows indicate the site of the implant-bone contact area. (C) Histological images of the implant-boneimplant-
bone interface, showing a high degree of new bone growth into the porous network. Micro-computed tomography images of the implant-bone contact area on the (D)

Median sagittal, (E) Coronal and (F) Transverse sections.

implant-boneimplant-bone interface and infiltrated the distal part of the
scaffold under axial stress conduction stimulation [28,29]. Our histo-
logical images also revealed that reliable osseointegration was achiev-
able through bone growth into the interconnected pores to a certain
extent, achieving a “implant-bone” interface fusion rather than
extending completely through the scaffold. In our animal experiment, at
most, half of the length of the scaffolds was filled with bone tissue.
However, compared with the osseointegration in the 3-month group, the
intrapore bone tissue in the 6-month group included more mature
lamellar bone and a larger bone volume, probably because of continuous
axial stress stimulation and micromotion in the
implant-boneimplant-bone interface [28-31]; gradual bone in-growth
and remodeling eventually provided stability for the implant-bone
complex. However, in our study, the micromotion in the
implant-boneimplant-bone interface decreased and finally disappeared
as the stability of the implant-bone complex increased, and bone growth
in the pores halted, which explains why the bend-force resistance of the
3- and 6-month groups was not significantly different during biome-
chanical testing. Osteogenesis mainly exhibits a contact osteogenesis
pattern, by which bone forms directly on the implant surface during the
osseointegration process [32]. We found that osteogenesis mainly
occurred on the porous scaffold side rather than on the fixed plate side.
In addition to the stress shielding effect of the fixed plate [33,34], this
phenomenon may be attributed to the porous structure being more
suitable for bone formation as it circumvents the stress shielding of the
solid implant; however, high porosity and interconnectivity enhances
bone and vascular in-growth [35,36].

The patient in Case 2 had a typical long bone posttraumatic osteo-
myelitis, which is involved in approximately 10% of all open fractures
and 1% of all closed fractures [37]. An accurate reconstruction of the
defect by the individualized implant resulted in immediate limb stability
and limb length restoration; the patient regained walking ability early
after surgery. The stress stimulus caused by early load-bearing in
walking promoted bone growth in the implant-boneimplant-bone
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interface. Bone regeneration began with the formation of the woven
bone, with a less organized and mineralized structure in the early stage
(Fig. 5). Newly formed bone further remodels and matures with
continuous stress stimulation [38-40], resulting in a more stable
implant-bone complex. Another critical factor for the successful
osseointegration in Case 2 is the biomembrane induced by the cement
spacer, which maintains a well-defined void for later placement of the
porous implant and provides structural support to the complex [41-43].
The richly vascularized biomembrane promotes vascularity and cortic-
alization by secreting vascular endothelial growth factor, transforming
growth factor p-1, bone morphogenetic protein 2, interleukin-6, and
interleukin-8 [41,42,44].

The advantages of our method over the Masquelet technique lie in
the avoidance of a long healing time and autogenous bone donor site
morbidity. The development of deformities has been reported with the
Masquelet technique; this is due to the initiation of weight-bearing
before the fracture has healed, and the nonrigid construct [45], which
can be minimized by our individualized porous implant.

Although no osteogenesis promotion by the biomembrane was
detected in the spinal bone defects, the postoperative radiographic re-
sults of Case 1 revealed satisfactory osseointegration at the implant-bone
adjacent site. The osseointegration time differed between spinal and
limb bones with porous implants. The radiographic images of Cases 1
and 2 revealed that osseointegration between the spinal bones and the
implant was almost complete at 3 months after surgery, whereas that
between the limb bones and the implant was almost complete at 5
months after surgery. Notably, no instability was observed at the 36-
month follow-up. Our treatment of large segmental spinal defects
demonstrated that the complete bridging of the bone through the porous
scaffold, achieving “bone-bone” fusion, was not indispensable for suc-
cessful treatment. The feasibility of this key idea was emphasized by the
results of the histological and micro-CT analyses shown for Case 3, in
which a high degree of new bone grew into the porous network and was
tightly integrated. The satisfactory bone fusion at the implant-bone
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Fig. 7. Schematic diagram and characteristic comparison of the implantation methods for the treatment of large bone defects: (A) Ilizarov, (B) Masquelet, (C)

Titanium mesh, and (D) Our “implant-bone” interface fusion method.

adjacent site, which is stimulated by continuous stress postoperatively
(38-40), also maintains the long-term stability of the implant-bone
complex. Long-term follow-up results of all patients in our study
revealed that firm “implant-bone” fusion was obtained in the implant-
boneimplant-bone interface. And we did not use any autogenous/allo-
geneic bone grafts, additional growth factors, or osteoinductive agents
with the individualized porous implants, thus saving costs and avoiding
autologous/allogeneic bone-related complications. Certainly, the
absence of bony bridge connection in this study may lie in that the
observation time is not long enough, the porous structure design of the
porous implant, or the absence of any bone graft material and growth
factors. But the study proved it to some extent that complete bony bridge
connection is not an indispensable condition for permanent biome-
chanical stability or permanent reconstruction. “Implant-bone interface
fusion” may also achieve the therapeutic purpose, after all, the
complication of “implant-bone complex” unstability does not occur in
any of our patients who treated by the 3D-printed porous Ti6A14V
implants till now.

Based on the clinical outcomes of all our patients treated by the 3D-
printed porous implants, we found the 3D-printed porous implants are
more suitable than the traditional implants for bone defect whose
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anatomical shape is irregular or size is large. On the whole, the appli-
cation range of 3D-printed porous implants is wide, including bone
defect of different sites and pathogenesis. However, some limitations are
worth noting. Although the large bone defects were stably reconstructed
by the individualized porous implants, local recurrence of the tumor or
infection was found in some patients. Hence, in the future, we will apply
anti-infection and anti-tumor functionalization technologies for the
porous titanium alloy implants [44-48] to our “implant-bone” interface
fusion method for better treatment of large bone defects.

Our study presents a “implant-bone” interface fusion concept for the
treatment of large bone defects, which utilizes only the individualized
porous implant to treat large bone defects caused by various diseases
and conditions and to systematically study its long-term therapeutic
effects and osseointegration characteristics in humans and animals. Our
results provide compelling evidence for the clinical use of individualized
porous implants to treat large bone defects and suggest that this
approach is effective for the treatment of various types of large bone
defects.
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5. Conclusions

In this work, we successfully achieved the immediate and long-term
biomechanical stability by the individualized porous implants without
autogenous/allogeneic bone graft or any osteoinductive agents in the
treatment of the large bone defects caused by varies of pathogenesis in
patients. It was also revealed by the animal study that the bone can grow
into the pores to a certain extent and remold gradually, resulting in a
long-term mechanical stable of the implant-bone complex to a certain
level. Furthermore, the study demonstrated a new “implant-bone”
interface fusion concept for large bone defect treatment, differing from
the classical idea of “bone-bone” fusion method.

Significance statement

A large bone defect is a lack of bone tissue in an area where bone
should normally exist. Lack of bone tissue can be caused by trauma,
infection, or surgery to remove a tumor. A large bone defect was always
treated using bone graft based on the traditional “bone-bone” concept,
which has obvious disadvantages. We developed a three-dimensional
(3D)-printed individualized porous implant for the treatment of a
large bone defect based on the “implant-bone” interface fusion concept
and studied its long-term effects in 26 patients and in an animal model.
We found that our 3D-printed individualized porous implants can
effectively treated large bone defects without the disadvantages in the
methods based on the traditional “bone-bone” concept, confirming the
feasibility of the new “implant-bone” interface fusion concept for large
bone defect treatment.

Data and materials availability

All data associated with this study are present in the paper or the
Supplementary Materials.

CRediT authorship contribution statement

Teng Zhang: Writing — original draft, designed the study, conducted
the animal surgeries and most of the animal experiments, prepared the
manuscript. Qingguang Wei: conducted the animal surgeries and most
of the animal experiments. Hua Zhou: conducted the animal surgeries
and most of the animal experimentsm. Zehao Jing: conducted the ani-
mal surgeries and most of the animal experimentsm. Xiaoguang Liu:
Formal analysis, conducted the animal surgeries and most of the animal
experiments, analyzed the results. Yufeng Zheng: Supervision, super-
vised the project. Hong Cai: Formal analysis, analyzed the results. Feng
Wei: conducted the patients’ surgeries. Liang Jiang: conducted the
patients’ surgeries. Miao Yu: conducted the patients’ surgeries. Yan
Cheng: analyzed the results. Daoyang Fan: conducted the animal sur-
geries and most of the animal experiments. Wenhao Zhou: conducted
the animal surgeries and most of the animal experiments. Xinhong Lin:
conducted the animal surgeries and most of the animal experiments.
Huijie Leng: Formal analysis, conducted the three-point bending tests
and finite element analysis. Jian Li: conducted the patients’ surgeries.
Xinyu Li: Formal analysis, conducted the three-point bending tests and
finite element analysis. Caimei Wang: designed and fabricated the
scaffolds. Yun Tian: conducted the patients’ surgeries. Zhongjun Liu:
Supervision, supervised the project, contributed to the discussion.

Declaration of competing interest
None.
Acknowledgments

Funding: The authors acknowledge the grant from the Ministry of
Science and Technology of the People’s Republic of China (grant

3669

Bioactive Materials 6 (2021) 3659-3670

number 2016YFB1101501) and Beijing Municipal Science & Technol-
ogy Commission (Project Z181100001718195). We also received
research and financial support from the Beijing AKEC Medical Co., Ltd.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioactmat.2021.03.030.

References
[1] J. Gage, A. Liporace, A. Egol, M. McLaurin, Management of bone defects in
orthopedic trauma, Bull. Hosp. Jt. Dis. 76 (2018) 4-8.
V. Chadayammuri, M. Hake, C. Mauffrey, Innovative strategies for the
management of long bone infection: a review of the Masquelet technique, Patient
Saf. Surg. 9 (2015) 32, https://doi.org/10.1186/513037-015-0079-0.
Z. Yang, H. Tao, Z. Ye, L. Jin, N. Lin, D. Yang, Bone transport for reconstruction of
large bone defects after tibial tumor resection: a report of five cases, J. Int. Med.
Res. 46 (2018) 3219-3225, https://doi.org/10.1177/0300060518774992.
J.I. Dawson, R.O. Oreffo, Bridging the regeneration gap: stem cells, biomaterials
and clinical translation in bone tissue engineering, Arch. Biochem. Biophys. 473
(2008) 124-131, https://doi.org/10.1016/j.abb.2008.03.024.
P.R. Stafford, B.L. Norris, Reamer-irrigator-aspirator bone graft and bi Masquelet
technique for segmental bone defect nonunions: a review of 25 cases, Injury 41
(Supplement 2) (2010) S72-S77, https://doi.org/10.1016/50020-1383(10)70014-
0.
P.V. Giannoudis, H. Dinopoulos, E. Tsiridis, Bone substitutes: an update, Injury 36
(Supplement 3) (2005) S20-S27, https://doi.org/10.1016/j.injury.2005.07.029.
G.A. Ilizarov, The tension-stress effect on the genesis and growth of tissues: Part II.
The influence of the rate and frequency of distraction, Clin. Orthop. Relat. Res. 239
(1989) 263-285, https://doi.org/10.1097,/00003086-198902000-00029.
A.V. Gubin, D.Y. Borzunov, L.O. Marchenkova, T.A. Malkova, I.L. Smirnova,
Contribution of G.A. Ilizarov to bone reconstruction: historical achievements and
state of the art, Strateg. Trauma Limb Reconstr. 11 (2016) 145-152, https://doi.
org/10.1007/511751-016-0261-7.
A. Masquelet, N.K. Kanakaris, L. Obert, P. Stafford, P.V. Giannoudis, Bone repair
using the Masquelet technique, J. Bone Joint Surg. Am. 101 (2019) 1024-1036,
https://doi.org/10.2106/JBJS.18.00842.
T. Sugita, T. Aizawa, N. Miyatake, A. Sasaki, M. Kamimura, A. Takahashi,
Preliminary results of managing large medial tibial defects in primary total knee
arthroplasty: autogenous morcellised bone graft, Int. Orthop. 41 (2017) 931-937,
https://doi.org/10.1007/500264-016-3339-4.
L. Bénichou, A. Caillot, A. Veyssiere, H. Traore, S. Khouri, H. Bénateau, Bicortical
reconstruction of a large calvarial bone defect with Hydroset osteoconductive
cement and titanium mesh. A preliminary study, Rev. Stomatol. Chir. Maxillofac.
Chir. Orale 115 (2014) 377-381, https://doi.org/10.1016/j.revsto.2014.07.008.
T.T. El-Hadidi, H.M. Soliman, H.A. Farouk, M.A.E. Radwan, Staged bone grafting
for the management of segmental long bone defects caused by trauma or infection
using induced-membrane technique, Acta Orthop. Belg. 84 (2018) 384-396.
C.M. Misch, Complications of autogenous bone grafting, in: S.J. Fraum (Ed.),
Dental Implant Complications: Etiology, Prevention and Treatment, Wiley Online
Library, 2015, pp. 332-361, https://doi.org/10.1002/9781119140474.ch16.
Y. Gao, Y. Ou, Q. Deng, B. He, X. Du, J. Li, Comparison between titanium mesh and
autogenous iliac bone graft to restore vertebral height through posterior approach
for the treatment of thoracic and lumbar spinal tuberculosis, PloS One 12 (2017),
e0175567, https://doi.org/10.1371/journal.pone.0175567.
X. Wang, F. Luo, K. Huang, Z. Xie, Induced membrane technique for the treatment
of bone defects due to posttraumatic osteomyelitis, Bone Joint Res 5 (2016)
101-105, https://doi.org/10.1302/2046-3758.53.2000487.
A. Berner, J. Henkel, M.A. Woodruff, R. Steck, M. Nerlich, M.A. Schuetz, D.
W. Hutmacher, Delayed minimally invasive injection of allogenic bone marrow
stromal cell sheets regenerates large bone defects in an ovine preclinical animal
model, Stem Cells Transl. Med. 4 (2015) 503-512, https://doi.org/10.5966/
sctm.2014-0244.
A. Cipitria, J.C. Reichert, D.R. Epari, S. Saifzadeh, A. Berner, H. Schell, M. Mehta,
M.A. Schuetz, G.N. Duda, D.W. Hutmacher, Polycaprolactone scaffold and reduced
rhBMP-7 dose for the regeneration of critical-sized defects in sheep tibiae,
Biomaterials 34 (2013) 9960-9968, https://doi.org/10.1016/].
biomaterials.2013.09.011.
J.C. Reichert, M.E. Wullschleger, A. Cipitria, J. Lienau, T.K. Cheng, M.A. Schiitz, G.
N. Duda, U. N6th, J. Eulert, D.W. Hutmacher, Custom-made composite scaffolds for
segmental defect repair in long bones, Int. Orthop. 35 (2011) 1229-1236, https://
doi.org/10.1007/s00264-010-1146-x.
W. Wang, K.W.K. Yeung, Bone grafts and biomaterials substitutes for bone defect
repair: a review, Bioact. Mater. 2 (2017) 224-247, https://doi.org/10.1016/j.
bioactmat.2017.05.007.
1. Eldesouky, O. Harrysson, H. West, H. Elhofy, Electron beam melted scaffolds for
orthopedic applications, Addit. Manuf. 17 (2017) 169-175, https://doi.org/
10.1016/j.addma.2017.08.005.
J. Lv, P. Xiu, J. Tan, Z. Jia, H. Cai, Z. Liu, Enhanced angiogenesis and osteogenesis
in critical bone defects by the controlled release of bmp-2 and Vegf: implantation of
electron beam melting-fabricated porous Ti6al4v scaffolds incorporating growth
factor-doped fibrin glue, Biomed. Mater. 10 (2015), 035013.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]


https://doi.org/10.1016/j.bioactmat.2021.03.030
https://doi.org/10.1016/j.bioactmat.2021.03.030
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref1
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref1
https://doi.org/10.1186/s13037-015-0079-0
https://doi.org/10.1177/0300060518774992
https://doi.org/10.1016/j.abb.2008.03.024
https://doi.org/10.1016/S0020-1383(10)70014-0
https://doi.org/10.1016/S0020-1383(10)70014-0
https://doi.org/10.1016/j.injury.2005.07.029
https://doi.org/10.1097/00003086-198902000-00029
https://doi.org/10.1007/s11751-016-0261-7
https://doi.org/10.1007/s11751-016-0261-7
https://doi.org/10.2106/JBJS.18.00842
https://doi.org/10.1007/s00264-016-3339-4
https://doi.org/10.1016/j.revsto.2014.07.008
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref12
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref12
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref12
https://doi.org/10.1002/9781119140474.ch16
https://doi.org/10.1371/journal.pone.0175567
https://doi.org/10.1302/2046-3758.53.2000487
https://doi.org/10.5966/sctm.2014-0244
https://doi.org/10.5966/sctm.2014-0244
https://doi.org/10.1016/j.biomaterials.2013.09.011
https://doi.org/10.1016/j.biomaterials.2013.09.011
https://doi.org/10.1007/s00264-010-1146-x
https://doi.org/10.1007/s00264-010-1146-x
https://doi.org/10.1016/j.bioactmat.2017.05.007
https://doi.org/10.1016/j.bioactmat.2017.05.007
https://doi.org/10.1016/j.addma.2017.08.005
https://doi.org/10.1016/j.addma.2017.08.005
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref21
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref21
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref21
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref21

T. Zhang et al.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

J.P. Schmitz, J.O. Hollinger, The critical size defect as an experimental model for
craniomandibulofacial nonunions, Clin. Orthop. Relat. Res. 76 (2018) 4-8, https://
doi.org/10.1097/00003086-198604000-00036.

C. Mauffrey, B.T. Barlow, W. Smith, Management of segmental bone defects, J. Am.
Acad. Orthop. Surg. 23 (2015) 143-153, https://doi.org/10.5435/JAAOS-D-14-
00018.

M. Viceconti, S. Olsen, L.P. Nolte, K. Burton, Extracting clinically relevant data
from finite element simulations, Biomech. (Bristol Avon) 20 (2005) 451-454,
https://doi.org/10.1016/j.clinbiomech.2005.01.010.

C.H. Tsai, C.H. Hung, C.N. Kuo, C.Y. Chen, Y.N. Peng, M.Y. Shie, Improved
bioactivity of 3D printed porous titanium alloy scaffold with chitosan/
magnesium—calcium silicate composite for orthopaedic applications, Materials
Basel 12 (2019) 203, https://doi.org/10.3390/mal2020203.

C.L.A. van Houdt, D.A. Cardoso, B.A.J.A. van Oirschot, D.J.O. Ulrich, J.A. Jansen,
S.C.G. Leeuwenburgh, J.J.J.P. van den Beucken, Porous titanium scaffolds with
injectable hyaluronic acid-DBM gel for bone substitution in a rat critical-sized
calvarial defect model, J. Tissue Eng. Regen. Med. 11 (2017) 2537-2548, https://
doi.org/10.1002/term.2151.

T. Zhang, Q. Wei, D. Fan, X. Liu, W. Li, C. Song, Y. Tian, H. Cai, Y. Zheng, Z. Liu,
Improved osseointegration with rhBMP-2 intraoperatively loaded in a specifically
designed 3D-printed porous Ti6Al4V vertebral implant, Biomater. Sci. 8 (2020)
1279-1289, https://doi.org/10.1039/CO9BM01655D.

D. Lee, A. Erickson, A.T. Dudley, S. Ryu, Mechanical stimulation of growth plate
chondrocytes: previous approaches and future directions, Exp. Mech. 59 (2019)
1261-1274, https://doi.org/10.1007/s11340-018-0424-1.

M. Ikegame, Y. Tabuchi, Y. Furusawa, M. Kawai, A. Hattori, T. Kondo,

T. Yamamoto, Tensile stress stimulates the expression of osteogenic cytokines/
growth factors and matricellular proteins in the mouse cranial suture at the site of
osteoblast differentiation, Biomed. Res. 37 (2016) 117-126, https://doi.org/
10.2220/biomedres.37.117.

S. Irandoust, S. Miiftii, The interplay between bone healing and remodeling around
dental implants, Sci. Rep. 10 (2020) 4335, https://doi.org/10.1038/541598-020-
60735-7.

R.M. Wazen, J.A. Currey, H. Guo, J.B. Brunski, J.A. Helms, A. Nanci, Micromotion-
induced strain fields influence early stages of repair at implant-boneimplant-bone
interfaces, Acta Biomater. 9 (2013) 6663-6674, https://doi.org/10.1016/j.
actbio.2013.01.014.

J.E. Davies, Mechanisms of endosseous integration, Int. J. Prosthodont. (IJP) 11
(1998) 391-401.

M.C. Kennady, M.R. Tucker, G.E. Lester, M.J. Buckley, Stress shielding effect of
rigid internal fixation plates on mandibular bone grafts. A photon absorption
densitometry and quantitative computerized tomographic evaluation, Int. J. Oral
Maxillofac. Surg. 18 (1989) 307-310, https://doi.org/10.1016/50901-5027(89)
80101-8.

R. Maity, S. Majumder, A. Roychowdhury, S. Saha, Effect of plate geometry
modifications to reduce stress shielding during healing stages for tibial fracture
fixation, J. Long Term Eff. Med. Implants 28 (2018) 131-140, https://doi.org/
10.1615/JLongTermEffMedImplants.2018027269.

A. Cheng, D.J. Cohen, A. Kahn, R.M. Clohessy, K. Sahingur, J.B. Newton, S.L. Hyzy,
B.D. Boyan, Z. Schwartz, Laser sintered porous Ti-6Al-4V implants stimulate

3670

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Bioactive Materials 6 (2021) 3659-3670

vertical bone growth, Ann. Biomed. Eng. 45 (2017) 2025-2035, https://doi.org/
10.1007/510439-017-1831-7.

P. Sapienza, L. Di Marzo, A. Cucina, C. Burchi, V. Corvino, A. Mingoli, A. Cavallaro,
High-porosity and normal-porosity prostheses. Differences in growth factor release,
Minerva Cardioangiol. 46 (1998) 141-148 [in Italian].

M.J. Patzakis, C.G. Zalavras, Chronic posttraumatic osteomyelitis and infected
nonunion of the tibia: current management concepts, J. Am. Acad. Orthop. Surg.
13 (2005) 417-427, https://doi.org/10.5435/00124635-200510000-00006.

X. Huang, R. Das, A. Patel, T.D. Nguyen, Physical stimulations for bone and
cartilage regeneration, Regen. Eng. Transl. Med. 4 (2018) 216-237, https://doi.
org/10.1007/540883-018-0064-0.

J. Lin, G. Huang, W. Ye, C. Zhu, J. Gao, G. Liu, H. Jiang, B. Wu, Z. Ding, Effect of
stromal cell-derived factor 1a/cysteine X cysteine receptor 4 signaling pathway on
axial stress stimulation promoting bone regeneration, Zhongguo Xiu Fu Chong Jian
Wai Ke Za Zhi 33 (2019) 689-697, https://doi.org/10.7507/1002-
1892.201811031.

E.Y.S. Chao, N. Inoue, Biophysical stimulation of bone fracture repair, regeneration
and remodelling, Eur. Cell. Mater. 6 (2003) 72-84, https://doi.org/10.22203/
eCM.v006a07, discussion 84.

A.C. Masquelet, T. Begue, The concept of induced membrane for reconstruction of
long bone defects, Orthop. Clin. N. Am. 41 (2010) 27-37, https://doi.org/
10.1016/j.0¢1.2009.07.011, table of contents.

K.W. Chong, C.Y. Woon, M.K. Wong, Induced membranes — a staged technique of
bone-grafting for segmental bone loss: surgical technique, J. Bone Joint Surg. Am.
93 (Supplement 1) (2011) 85-91, https://doi.org/10.2106/JBJS.J.01251.

P. Pelissier, A.C. Masquelet, R. Bareille, S.M. Pelissier, J. Amedee, Induced
membranes secrete growth factors including vascular and osteoinductive factors
and could stimulate bone regeneration, J. Orthop. Res. 22 (2004) 73-79, https://
doi.org/10.1016,/50736-0266(03)00165-7.

P. Pelissier, D. Martin, J. Baudet, S. Lepreux, A.C. Masquelet, Behaviour of
cancellous bone graft placed in induced membranes, Br. J. Plast. Surg. 55 (2002)
596-598, https://doi.org/10.1054/bjps.2002.3936.

X. Wang, F. Luo, K. Huang, Z. Xie, Induced membrane technique for the treatment
of bone defects due to posttraumatic osteomyelitis, Bone Joint Res 5 (2016)
101-105, https://doi.org/10.1302/2046-3758.53.2000487.

T. Zhang, W. Zhou, Z. Jia, Q. Wei, D. Fan, J. Yan, C. Yin, Y. Cheng, H. Cai, X. Liu,
H. Zhou, X. Yang, Y. Zheng, Z. Liu, Polydopamine-assisted functionalization of
heparin and vancomycin onto microarc-oxidized 3D printed porous Ti6Al4V for
improved hemocompatibility, osteogenic and anti-infection potencies, Sci. China
Mater. 61 (2018) 579-592, https://doi.org/10.1007/540843-017-9208-x.

T. Zhang, Q. Wei, H. Zhou, W. Zhou, D. Fan, X. Lin, Z. Jing, H. Cai, Y. Cheng,

X. Liu, W. Li, C. Song, Y. Tian, N. Xu, Y. Zheng, Z. Liu, Sustainable release of
vancomycin from micro-arc oxidised 3D-printed porous Ti6Al4V for treating
methicillin-resistant Staphylococcus aureus bone infection and enhancing
osteogenesis in a rabbit tibia osteomyelitis model, Biomater. Sci. 8 (2020)
3106-3115, https://doi.org/10.1039/C9BM01968E.

D.Y. Fan, Y. Tian, Z.J. Liu, Injectable hydrogels for localized cancer therapy, Front.
Chem. 7 (2019) 675, https://doi.org/10.3389/fchem.2019.00675.


https://doi.org/10.1097/00003086-198604000-00036
https://doi.org/10.1097/00003086-198604000-00036
https://doi.org/10.5435/JAAOS-D-14-00018
https://doi.org/10.5435/JAAOS-D-14-00018
https://doi.org/10.1016/j.clinbiomech.2005.01.010
https://doi.org/10.3390/ma12020203
https://doi.org/10.1002/term.2151
https://doi.org/10.1002/term.2151
https://doi.org/10.1039/C9BM01655D
https://doi.org/10.1007/s11340-018-0424-1
https://doi.org/10.2220/biomedres.37.117
https://doi.org/10.2220/biomedres.37.117
https://doi.org/10.1038/s41598-020-60735-7
https://doi.org/10.1038/s41598-020-60735-7
https://doi.org/10.1016/j.actbio.2013.01.014
https://doi.org/10.1016/j.actbio.2013.01.014
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref32
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref32
https://doi.org/10.1016/S0901-5027(89)80101-8
https://doi.org/10.1016/S0901-5027(89)80101-8
https://doi.org/10.1615/JLongTermEffMedImplants.2018027269
https://doi.org/10.1615/JLongTermEffMedImplants.2018027269
https://doi.org/10.1007/s10439-017-1831-7
https://doi.org/10.1007/s10439-017-1831-7
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref36
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref36
http://refhub.elsevier.com/S2452-199X(21)00142-0/sref36
https://doi.org/10.5435/00124635-200510000-00006
https://doi.org/10.1007/s40883-018-0064-0
https://doi.org/10.1007/s40883-018-0064-0
https://doi.org/10.7507/1002-1892.201811031
https://doi.org/10.7507/1002-1892.201811031
https://doi.org/10.22203/eCM.v006a07
https://doi.org/10.22203/eCM.v006a07
https://doi.org/10.1016/j.ocl.2009.07.011
https://doi.org/10.1016/j.ocl.2009.07.011
https://doi.org/10.2106/JBJS.J.01251
https://doi.org/10.1016/S0736-0266(03)00165-7
https://doi.org/10.1016/S0736-0266(03)00165-7
https://doi.org/10.1054/bjps.2002.3936
https://doi.org/10.1302/2046-3758.53.2000487
https://doi.org/10.1007/s40843-017-9208-x
https://doi.org/10.1039/C9BM01968E
https://doi.org/10.3389/fchem.2019.00675

	Three-dimensional-printed individualized porous implants: A new “implant-bone” interface fusion concept for large bone defe ...
	1 Introduction
	2 Materials and methods
	2.1 Implant design and fabrication
	2.2 Experimental animal handling
	2.3 Surgical procedures
	2.4 Radiographic analyses
	2.5 Micro-CT analysis
	2.6 Three‐point bending test
	2.7 Finite element analysis
	2.8 Fluorescent labeling analysis
	2.9 Histologic analysis
	2.10 Large bone defect treatment with individualized porous implants in patients
	2.10.1 Case 1: A 19-cm spinal defect caused by chordoma
	2.10.2 Case 2: An 11-cm femur defect caused by osteomyelitis
	2.10.3 Case 3: A 7-cm pelvis defect caused by osteosarcoma


	3 Results
	3.1 General observations
	3.2 Radiographic analyses
	3.3 Micro-computed tomography analysis
	3.4 Three-point bending test
	3.5 Finite element analysis
	3.6 Fluorescent labeling analysis
	3.7 Histologic analysis
	3.8 Three representative patients
	3.8.1 Case 1: A 19-cm spinal defect caused by a chordoma
	3.8.2 Case 2: An 11-cm femur defect caused by osteomyelitis
	3.8.3 Case 3: A 7-cm defect caused by an osteosarcoma


	4 Discussion
	5 Conclusions
	Significance statement
	Data and materials availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


