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Abstract: The aim of this study is to investigate the effect of porous tantalum material in repair tibial defects caused
by firearm injuries in a rabbit model. A multifunctional biological impact machine was used to establish a rabbit tibial
defect model of firearm injury. Porous tantalum rods were processed into a hollow cylinder. Kirschner wires were
used for intramedullary fixation. We compared the differences of the bone ingrowth of the porous tantalum material
by gross observations, X-rays and histological evaluations. The radiographic observations revealed that fibrous tis-
sue covered the material surface after 4 weeks, and periosteal reactions and new bone callus extending materials
appeared after 8 weeks. After 16 weeks, the calluses of the firearm injury group were completely wrapped around a
porous tantalum material. The group with the highest Lane-Sandhu X-rays cores was the firearm injury and tantalum
implant group, and the blank control group exhibited the lowest scores. The histological evaluations revealed that
the presence of new bone around the biomaterial had grown into the porous tantalum. By the 16th week, the areas
of bone tissue of the firearm injury group was significant higher than that of non-firearm injury group (P<0.05). The
comminuted fractures treated with tantalum cylinders exhibited greater bone ingrowth in the firearm injury group.
In conditions of firearm injuries, the porous tantalum biomaterial exhibited bone ingrowth that was beneficial to the
treatment of bone defects.
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Introduction tary medicine. Orthopedic implant is one of the
most important applications of porous biomate-

Porous biomaterials have been developed to rials [7-9]. During the treatment of limb frac-

enhance the biological fixation of bone defects
in orthopedic medicine [1-3]. A new type of
porous tantalum biomaterial was manufac-
tured by the Zimmer Corporation [4, 5]. Clinical
results showed that this type of porous tanta-
lum was able to support rapid and extensive
bone ingrowth. Porous tantalum has approxi-
mately 70% to 80% porous and an average
pores size and stiffness which is similar to bone
tissue [6]. This material can be made into com-
plex shapes and used as implants in recon-
structive orthopedics and other surgical dis-
ciplines.

The repair and reconstruction of bone defects
caused by firearm injuries are a key topic mili-

tures in war trauma, the restoration of limb
function often plagues orthopedic surgeons
[10, 11]. Because of the limited bone ingrowth,
structural allografts are prone to failure. Bone
replacement materials for the repair of these
large defects should ideally exhibit bone
ingrowth in this complicated biological environ-
ment. Because porous tantalum possesses
favorable mechanical and biological properties,
it has been used in hip and knee artificial joint
revisions in which larger bone defects are
apparent [12]. However, few studies have
explored the efficacy of porous tantalum in the
repair of bone defects caused by firearm inju-
ries. The aim of the current study was to charac-
terize the use of this biomaterial for implants
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Figure 1. Porous tantalum biomaterial specifications.
The height was 10 mm, the outer diameter was 8
mm, and a 2.0 Kirschner wire was passed through
a central hole with a 2.1 mm diameter hollow area.

for the treatment of bone defects in a small ani-
mal model of firearm injuries via radiographic
and histological methods.

Materials and methods
Animals

Thirty-six New Zealand white rabbits (either
sex, weighing 3 + 0.2 kg) were provided by the
Experimental Animal Center of the Fourth
Military Medical University, Xi’an, China. There
were no significant differences between the
individuals. All experiments were approved by
the Ethics Committee of the Fourth Military
Medical University and were performed in
accordance with the regulations described in
the committee’s guiding principles manual. The
animals were randomly divided into the follow-
ing three groups: firearm injury and tantalum
implant group (group A), non-firearm injury and
tantalum implant group (group B), and firearm
injury control group (group C).

Porous tantalum biomaterial

Porous tantalum rods were provided by Zimmer
Corporation (Trabecular Metal Technology, Inc.
Parsippany, NJ). According to the diameters of
the upper and middle tibia, the porous tanta-
lum was mechanically processed into hollow
cylindrical biomaterials. The cylinders were pre-
fabricated to match the defect sizes with
heights of 10 mm, outer diameters of 8 mm
which is the average diameter of rabbits’ tibias
and inner diameters of 2.1 mm to allow for the
introduction of an intramedullary 2.0 mm
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Kirschner wire (Figure 1). The actual measured
porosity of the biomaterial was approximately
60-75%. All test samples were cleaned in deter-
gent with neutralizers. The samples were then
packaged and sterilized by steam.

Animal model of firearm injury

A firearm injury model was created with a multi-
functional bio-impact device. The device was
provided by the Department of Oral and
Maxillofacial Surgery of the School of
Stomatology, Fourth Military Medical University
[13, 14]. We primarily used this test machine to
launch high-speed projectiles. The projectiles
were launched into the proximal end of the tube
head, and steel ball missile shells were made
for projectile loading. We placed a laser speed
sensor between the transmitting tubes and the
tibias of the rabbits (the distances between the
tubes and tibias were 30 cm). The laser pen
was used to precisely aim, and the self-excited
solenoid valve was opened. The skin of the ani-
mal was prepared and weighed before the inju-
ry. In the experiment, the animals were anes-
thetized with 2% sodium pentobarbital (1 ml/
kg) via the ear vein and were randomly assigned
to receive a left or right leg injury. We hung the
injured animals upside down on shelves.
Nitrogen pressure was used to control the pro-
jectile velocity. The energy of the injury was cal-
culated based on the projectile’s quality and
speed [15]. Subsequently, the parameters of
the biological impact machine were adjusted
(the steel balls were 4 mm in diameter and
weighed 0.24 g, the nitrogen pressure was 1.0
MPa, and the projectile velocity was 776.9 +
19.7 m/s). Finally, the launching of the projec-
tile to hit the target relied on a pressure value
controlling compressed nitrogen in the multi-
functional bio-impact system. A penetrating
wound was made in the animal’s lower leg, and
the firearm fractures were of the open commi-
nuted fracture type (Figure 2A). Hemostasis
was induced with compression bandages 30
minutes after the injuries.

Debridement and porous tantalum implant
surgery

Based on the principles of the treatment of fire-
arm wounds, debridement was performed 6
hours after the injury [16]. Saline and hydrogen
peroxide were used to flush the wound, and the
necrotic tissues and muscles were removed.

Int J Clin Exp Med 2015;8(4):5055-5064
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Figure 2. Images of the rabbit tibia firearm wounds (A). Image from a firearm injury group rabbit during porous tan-
talum implant surgery. Intramedullary Kirschner fixation was used, and fracture chips were placed at the two ends
of the biomaterial (B).

Additionally, a drain was placed in the wound
and the wound was not initially closed. The ani-
mals were injected intramuscularly with sodium
penicillin (400 thousand U/12 h) continuously
for one week. Delayed sutures were applied on
the third day after injury. Subsequently, the
injured limb was placed in a plaster slab for
stabilization.

Firearm injury and tantalum implant group:
Seven days after the firearm injury, the wound
was opened during a second surgery. The obvi-
ously necrotic tissue was debrided, and the
porous tantalum cylinder was placed to correct
the bone defects. In preliminary experiments
used to establish the model, the comminuted
fractures of the tibias exhibited various shapes,
and the average bone defect was 1.02 + 0.16
cm as measured with a standard ruler. We
removed a small amount of bone chips and
using a bone-ribbing rongeur, pruned the sharp
end of tibial fracture to ensure that the length
of the bone defect was about 1 cm. A surgical
incision was made in the tubercle of the tibia.
We made a hole with an electric drill in the cor-
tical bone of tibia. A 2.0-mm Kirschner wire was
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pushed into the bone marrow cavity. Next, the
Kirschner wire was pushed through the porous
tantalum biomaterial and inserted into the
lower end of the tibia and a saw blade was used
to saw off the tail of the Kirschner wire. The
bone defect was replaced by the porous tanta-
lum cylinder, and other bone fragments were
placed at the two ends of the biomaterial
(Figure 2B).

The non-firearm injury and tantalum implant
group: The left or right lower limb was randomly
chosen, and a 2-cm skin incision was made
based on percutaneous touch positioning of
the upper tibia. The subcutaneous tissue was
cut layer by layer, and the surrounding blood
vessels and nerves were carefully protected.
The surgeons bluntly dissected along the mus-
cle space to fully expose the tibia. Subsequently,
a 1-cm segment of the defect was measured,
and an oscillating saw blade was used for a
transverse osteotomy. Saline solution was
applied throughout the process to cool the saw
and to ensure the complete interception of the
bone segments. The resected diaphysis seg-
ment of the tibia was removed, and porous tan-
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talum material was used to fill the bone defect.
The Kirschner wire fixation was applied in the
same manner described for group A. The bleed-
ing in the wound area was stopped, and hydro-
gen peroxide and sterile saline were used to
flush the cut. Next, the wound was closed in
steps. A subcutaneous injection of sodium pen-
icillin was administered to avoid infection dur-
ing the 5 days of postoperative care.

The firearm injury control group also underwent
Kirschner intramedullary fixation and firearm
wound debridement. No biomaterial was
applied to repair the bone defect. Injections of
sodium penicillin were administered for seven
consecutive days after surgery to prevent infec-
tion. In all three groups of animals, the legs
were supported with plaster, and the plaster
was removed after 4 weeks. The Kirschner
wires were removed when the animals were
killed.

General observations

The animals were observed after the operation
in terms of their diet, activity, local wound heal-
ing and other systemic conditions. Four animals
from each group were killed at 4, 8 and 16
weeks after wounding. The changes in the bio-
material surfaces and their relationships with
the tissue grafts were observed.

X-ray examination

Tibial X-rays were taken at four time points:
immediately after the surgery, and in the 4th,
8th and 16th weeks. The extents of the repairs
of the bone defects were observed by two expe-
rienced orthopedic surgeon and a radiologist,
who scored the X-ray films from each group at
the different time points independently using
the Lane-Sandhu scoring criteria.

Van Gieson (VG) staining

After the removal of the Kirschner fixations,
general observations and histological evalua-
tions were sequentially performed on the same
specimen. The bone specimens were fixed
using 80% ethanol for at least 1 week, decalci-
fied and embedded with plastic. Thereafter,
three complete 7-10 um thick slices were
acquired with a using Leica2500 slicer. Each
specimen was cut along the longitudinal axis of
the porous tantalum. Image acquisitions and
assessments of bone callus growth were per-
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formed under an optical microscope after Van
Gieson (VQG) staining. Image Pro Plus 6.0 image
software was used to process and analyze the
data. The percentages of new bone tissue
areas inside the porous tantalum biomaterial
were used for statistical analyses (new bone
tissue/porous tantalum cylinder area x 100%).

Statistical analyses

Software SPSS 17.0 was used for the statistical
analyses. The date are reported as the means
+ SEMs. The statistical analyses were per-
formed with a single factor analysis of variance
(one-way ANOVA) test. Student-Newman-Keuls
method was further used as post hoc test to
detect between-group differences. P<0.05 was
considered statistically significant.

Results
General observations

Each group of animals gradually recovered in
terms of dietary intake, and the wounds healed
well. One rabbit with firearm injury died from
wound infection. The surfaces of the speci-
mens were covered with fibrous tissue after 4
weeks. A small amount of fibrous callus forma-
tion from the bone fragments was observed in
group A after 8 weeks. The bone calluses were
filled with bone defect areas, and the experi-
mental material junction edge progressively
extended to both ends of the material. After 16
weeks, new bone callus had adhered to the bio-
material, and the bone and biomaterial were
tightly connected. At both ends of the fracture
fragments, the bone calluses had exhibited
substantial formation, and new bone had com-
pletely wrapped around the porous tantalum
cylinder. The ends had formed complete bony
connections, and the application of pressure to
the two ends revealed no relative movement.
The bone callus surrounding the biomaterial in
group B was less than that of group A. The rab-
bits in group C exhibited different degrees of
limb shortening deformities; in two cases,
fibers wrapping around the fracture and pseu-
do articulation formation were observed.

X-ray examination

Four weeks after the operations, all of implant-
ed biomaterials were clearly visible in the tibial
defect areas. The control group exhibited small
areas of high-density patchy shadows in the
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Figure 3. X-ray photographs of the tibia of a rabbit in the firearm injury and implanted tantalum group: after surgery
(A); after 4 weeks (B); after 8 weeks (C); after 16 weeks (D). Image from the non-firearm injury and implanted tanta-
lum group at 16 weeks after surgery (E). Image from the firearm injury control group after 16 weeks (F).
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Figure 4. The X-ray bone defect Lane-Sandhu score
results for each group after 4 weeks, 8 weeks, and
16 weeks. "P<0.05 vs Group A.

bone defect areas. No new bone shadows were
be observed in either the of the porous tanta-
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lum groups at the 4th week after the opera-
tions (Figure 3B). In the 8th week after the
operations, high-density shadows were ob-
served around the bone fragments at the two
ends of the porous tantalum material in group
A (Figure 3C). The interface of the fracture frag-
ments and the biomaterial gradually blurred,
and the periosteal reaction observed in group A
was greater than that observed in group B.
However, the Lane-Sandhu scores revealed no
significant differences (P>0.05). Over time, the
shadows of the periosteal reactions significant-
ly increased and gradually extended to cover
the surface of the biomaterial in group A by the
16th week. (Figure 3D). The two ends of the
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Figure 5. The firearm injury and tantalum implant group in the 16th week, Van Gieson dyed x 16 (A); firearm injury
and tantalum implant group: Van Gieson dyed x 100 (B); non-firearm injury and tantalum implant group: Van Gieson
dyed x 100 (C).

bone fracture had formed a complete connec-
tion by synostosis. In contrast, group B exhibit-
ed small areas of high-density shadows that
were primarily located around the two ends of
the biomaterial (Figure 3E).

The images from group C revealed a series of
periosteal reactions during the 8th week.
However, after 16 weeks, we found six end scle-
roses in the areas of the tibial bone defects, a
decrease in peripheral bone density and non-
union (Figure 3F). The Lane-Sandhu X-ray
scores of the three groups (Figure 4) after 16
weeks revealed that the group A had the high-
est scores and group C had the lowest. The
scores across the three groups were signifi-
cantly different (P<0.05).
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VG staining

In the 4th week after the operations, the bone
defect areas of the three groups exhibited
extensive fibrous tissue formation. In group A,
fibrous septa and inflammatory responses were
observed at the interface between the bioma-
terial and the bone. After 8 weeks, the bone
ingrowth had progressed slightly into the edges
of porous tantalum cylinders in both groups A
and B. The red-dyed new bone and fibrous tis-
sue grew along the pore walls. By the 8th week,
the percentages of new bone filling the porous
tantalum were not significantly different
between groups A and B. At the 16th week,
abundant new bone ingrowth into the pores of
the biomaterial was observed, and some woven
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Figure 6. Percentages of new bone filling the bioma-
terial at 4, 8 and 16 weeks. "P<0.05.

bones were interconnected. In group A, the cal-
luses grew from the periphery into the porous
tantalum until the tantalum was completely
wrapped (Figure 5A). Group A exhibited more
red-dyed new bone within pores than did group
B, and this difference was more evident in this
period (Figure 5B, 5C).

The morphological analyses of the areas of new
bone filling the biomaterial in the 16th week
revealed that the firearm injury group exhibited
significantly more biomaterial filling than did
the non-firearm injury group (P<0.05; Figure 6).

Discussion

In modern military warfare, the penetrating
wounds and transient cavity effects caused by
high-speed projectiles lead to limb fractures.
This is a major issue in military medicine. The
traditional methods of treating bone defects
include the following: autogenous bone,
allograft bone, and tissue-engineered bone
transplantation. Because people continually
explored the treatment of bone defects, the
superiority of various forms of bone graft sub-
stitutes gradually stood out. Porous tantalum
(trabecular metal) has attracted wide-spread
attention due to its relatively high friction coef-
ficient, good ductility, low modulus of elasticity,
strong corrosion resistance, excellent biocom-
patibility and its non-inflammatory interactions
with the surrounding tissues following in vivo
implantation [4]. An increasing number of appli-
cations that exploit the excellent features of
porous tantalum have been developed includ-
ing such as spinal interbody fusion [17], ankle
fusion [18, 19] and reconstruction of articular
cartilage [20]. Therefore, we speculated that
porous tantalum could also be applied to recon-
struct bone defects caused by firearm injuries.

Because the diameters of conventional bullets
are larger than the transverse diameters of the
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legs of small animals, penetrating wounds
inflicted by such bullets in small animal models
cannot be effectively treated and the mortality
rate is high. We measured the diameters of the
upper tibial segments of New Zealand white
rabbits (weight 3 £ 0.2 kg) and found the aver-
age diameter was approximate 8 mm. Thus, we
needed to use small steel balls to create a pen-
etrating wound model. The projection systems
of the biological impact machine has been suc-
cessfully applied in canine maxillofacial firearm
injury experiments [14]. Therefore, we used this
projection system to establish a rabbit tibial
bone defect firearm injury model. In the pre-
experiment, we adjusted the projectile velocity
and the energy of the injury by manipulating the
qualities of the steel ball and the pressure of
the nitrogen. By analyzing and comparing the
result, we chose the best conditions (i.e.,, a 4
mm, 0.24 g ball, a nitrogen pressure of 1.0
MPa, and a projectile velocity of 776.9 + 19.7

m/s).

Stability seems to be an important factor that
influences the healing of a firearm wound, par-
ticularly when the wound involves an open frac-
ture. In this condition, the reconstruction
requires rigid fixation. External fixators have
been widely used in the treatment of open frac-
tures caused by firearm injuries, and distrac-
tion osteogenesis has been reported in dog
experiments [21]. However, the high incidences
of pin tract infections, loosening, stiff joints
and other complications have also been report-
ed. In contrast to the non-firearm injury experi-
ments of Chou [22], we required strict anti-
infection treatments of the firearm injury-
induced open wound. We used two phases of
wound debridement to remove the necrotic
skin and tissue. In the second phase of debride-
ment, we applied intramedullary Kirschner wire
fixation. Only one case of wound infection
occurred in the firearm injury group, and the
skins of the other animals healed within a
month.

The outer periosteum is often destroyed in fire-
arm fractures. In contrast to the use of locked
plates attached to the bone surface [23, 24],
intramedullary fixation results in superior
reductions of the damage to the periosteum.
Bullens [25-27] used porous tantalum intra-
medullary fixation to repair large bone defects
in sheep femurs and achieved good biome-
chanical performance. Stability is also an
important factor that affects fracture healing.

Int J Clin Exp Med 2015;8(4):5055-5064
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In this study, the length of the bone defect was
approximately 1 cm, which accounted for
approximately 10% of the total length of the
rabbit tibia. The Kirschner wire maintained the
longitudinal biomechanics, and tubular plaster
was used to prevent rotation in the first four
weeks. The combined effect of these two meth-
ods was satisfactory. However, for small ani-
mals, the increase in the length of the bone
defect influences the primary stability. This
might limit the use of this technique. In the clin-
ic, the percentage of the length of the entire
bone is often much higher than this value. This
method might not be applicable in such cases,
because this kind of reconstruction would likely
fail in the long term.

In this study, the X-ray results at the 4th week
revealed in conspicuous differences between
the groups in terms of the percentages of bio-
material exhibiting bone ingrowth. After 8
weeks, the radiological results revealed abun-
dant external callus around the tantalum cylin-
derimplantin the firearm injury group. This sec-
ondary bone healing caused by the relative
instability of the reconstruction with a Kirschner
internal fixation induced more callus formation.
This phenomenon is well known in fracture
healing studies. The percentage of bone signifi-
cantly increased in the firearm injury group as
indicated by the histological analyses.

Bone defect repair primarily depends on the
host bone cells invading the material gaps. This
invasion was sustainably increased in terms of
the bone ingrowth observed in the firearm inju-
ry group at the 16th weeks, but the results
showed no significant increase in the non-fire-
arm injury group. The percentage of bone tis-
sue areas inside the biomaterials in the firearm
injury group was significant higher than that of
non-firearm injury group. This phenomenon can
be explained as follows. The bone chips of the
comminuted fractures in the firearm injuries
that were implanted in both ends of the mate-
rial increased the contact area between the
host bone and porous tantalum. Although the
porous tantalum biomaterial was blocked at
the edge and exhibited reduced porosity, in the
organizational environment of the firearm
wounds which involved muscle tears, this alter-
ation in the porosity of the biomaterial did not
affect the bone ingrowth process.

In tantalum cylinder reconstruction, the bone
probably does not need to reach the center of
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the defect to achieve adequate stability. The
fractures induced by firearm injuries led to the
formation of more external callus as shown in
our histological analyses. However, the forma-
tion of bone defects in the non-firearm injury
group relied on osteotomy. The host bone was
completely dependent on clean bone fracture
ends for the porous tantalum material to grow.
Thus, among these two conditions, the firearm
injury group exhibited faster bone ingrowth, but
this result requires further evaluation involving
long-term observations.

Conclusion

The use of biomaterials to repair bone defects
is a long and complicated process. This pro-
cess depends on porosity and the ability to
induce bone ingrowth. This process is related
to the body’s own regulation and expression of
osteogenic factors. This study was based on a
firearm injury model in small animals and the
use of intramedullary Kirschner fixation which
provided stability to the porous tantalum bio-
materials. Porous tantalum bone ingrowth
characteristics that are favorable for the treat-
ment of bone defects induced by firearm inju-
ries. Moreover, this experiment provided a the-
oretical basis for the application of porous tan-
talum biomaterial to the repair of large bone
defects.
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