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Abstract
A novel porous titanium foam implant has recently been developed to enhance biological fixation
of orthopaedic implants to bone. The aim of this study was to examine the mechanical and
histological characteristics of bone apposition into two different pore sizes of this titanium foam
(565 and 464 micron mean void intercept length) and to compare these characteristics to those
obtained with a fully porous conventionally sintered titanium bead implant. Cylindrical implants
were studied in a rabbit distal femoral intramedullary osseointegration model at time zero and at 3,
6, and 12 weeks. The amount of bone ingrowth, amount of periprosthetic bone, and mineral
apposition rate of periprosthetic bone measured did not differ among the three implant designs at
3, 6, or 12 weeks. By 12 weeks, the interface stiffness and maximum load of the beaded implant
was significantly greater than either foam implant. No significant difference was found in the
interface stiffness or maximum load between the two foam implant designs at 3, 6, or 12 weeks.
The lower compressive modulus of the foam compared to the more dense sintered beaded implants
likely contributed to the difference in failure mode. However, the foam implants have a similar
compressive modulus to other clinically successful coatings, suggesting they are nonetheless
clinically adequate. Additional studies are required to confirm this in weight-bearing models.
Histological data suggest that these novel titanium foam implants are a promising alternative to
current porous coatings and should be further investigated for clinical application in cementless
joint replacement.
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Introduction
While traditional cementless fixation technology works well in many applications in total
hip and knee arthroplasty 1–3, there are specific circumstances and applications where
existing technology has been suboptimal. Specifically, cementless fixation in compromised
femoral bone in the setting of total hip arthroplasty remains problematic, as is cementless
fixation of the tibial component in total knee arthroplasty. Similarly there exists a need for
improved osseointegration of the components in the setting of revision hip and knee surgery
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Cementless fixation for both the hip and knee 4–6 has several advantages over cemented
joints 7–10. Cementless fixation utilizes osseointegration, a structural connection between
bone and the implant surface to achieve fixation 11. Viable bone ingrowth into a porous
coated implant provides direct skeletal attachment with dynamic remodeling and repair
capabilities. Extensive research has focused on understanding and enhancing bone-implant
fixation. Porous coatings for joint replacement components require sufficient roughness and
porosity to enhance mechanical stability through bone osseointegration. The
osteoconductivity of the coatings can be improved by having interconnecting channels that
allow for enhanced osseointegration. Improvements in processing techniques have provided
new porous materials with both increased porosity and interconnecting channels between the
pores 12–14. However, whether these new materials improve bone ingrowth and thereby
implant fixation remains unknown.

For example, a novel porous titanium foam implant has recently been developed using
powder metallurgy techniques to apply titanium powder onto polyurethane foam (Smith and
Nephew Inc., Memphis, TN). The aim of this study was to examine the mechanical and
histological characteristics of bone apposition into two different pore sizes of this material
and to compare those characteristics to those obtained with a fully porous conventionally
sintered titanium bead implant. Our null hypothesis was that no significant differences
would exist in the mechanical and histological responses of porous foam compared to
porous beaded implants.

Materials and Methods
Porous Implants

Three types of cylindrical, 5 mm diameter, 25 mm long, fully porous coated implants were
investigated (Smith and Nephew Inc., Memphis, TN) (Fig. 1). The first type was a sintered
monoblock of commercially pure titanium beads, with a mean void intercept length (MVIL)
± standard deviation of 117.1 ± 5.0μm and 34.3% average porosity. The titanium bead
implants were produced using a cylindrical mold and 300 micron nominal diameter
commercially pure titanium beads. The second implant type was a monoblock of large pore
size titanium foam with a cell diameter of ~900 μm, an interconnecting pore diameter of
~300 μm (MVIL of 565.1 ± 170.6 μm), and an average porosity of 74.4%. The third implant
type was a monoblock of small pore size titanium foam (cell diameter ~600 μm,
interconnecting pore diameter ~200 μm (MVIL of 464.4 ± 95.4 μm), and 79.0% average
porosity). MVIL and porosity measurements were determined by 2D metallography
techniques. The titanium foam implants were produced by coating an open-celled
polyurethane foam scaffold with layers of binder and fine spherical commercially pure
titanium powder meeting ASTM F-67 requirements. The structure was then heat-treated to
burn out the polymer scaffold and bind the powder together into a continuous reticulated
structure. The structure is then shaped, additional powder layers are added as needed and the
structures is sintered to obtain the mechanical and structural characteristics required. All
implants were sintered using similar sintering cycles and cleaned, passivated and sterilized
(gamma, 25–45 kGy) according to methods used for commercial product. Energy dispersive
x-ray analysis of implants confirmed a lack of surface contaminants post-processing.

Experimental Model
After IACUC approval, bilateral knee medial parapatellar arthrotomies were performed on
121 30-week-old New Zealand male rabbits 14–17. After anesthesia induction, access to the
knee was gained via a medial parapatellar incision extending proximally and distally to
expose the distal-medial aspect of the femur. Tendinous and ligamentous attachments to the
medial aspect of the patella were exposed and transected to enable access to the articulating
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anterior surface of the distal femur. A hole was drilled at the intercondylar notch into the
medullary cavity of the distal femur, using a drill bit whose diameter was 0.1mm smaller
than the diameter of the implant. The hole was drilled to a depth sufficient to allow the
implant to be flush with the articulating surface. The canal was reamed manually and the
implant was press-fit, after which the incision was closed in two layers using standard
techniques. Rabbits were allowed unrestricted cage activity post-operatively. Sixteen and 5
days prior to necropsy, rabbits were given calcein and xylenol orange, respectively, via IV
injection. Euthanasia was performed in accordance with American Veterinary Medical
Association guidelines, at 0, 3, 6, and 12 weeks. Time points were chosen based on
previously published studies using an implant with similar dimensions in this rabbit model
15,16. Time zero data was necessary to measure the amount of bone impacted into the
implant during surgery and to determine the basal mineral apposition rate of the animals.

An unpaired design with an (n=6/implant/time point), was used to examine the histological
characteristics of bone apposition at four different time points: 0, 3, 6, and 12 weeks.
Unfortunately, seven rabbits did not receive adequate perfusion of the fluorochrome labels,
so an additional seven rabbits were included in the study to maintain an (n=6/implant/time
point) for the fluorochrome analysis. This led to an increase in the sample size of some
backscattered electron imaged groups from (n=6/implant/time point) to n=10 at 6 weeks and
n=8 at 12 weeks for the beaded implant, and n=9 at 6 weeks and n=7 at 12 weeks for both
the small and large pore foam implants.

Backscattered Electron (BSE) Imaging
Following euthanasia, the distal femurs of 43 rabbits were trimmed with a band saw and the
soft tissue was dissected away. Femurs were fixed in 70% ethanol, dehydrated in ascending
grades of ethanol to absolute, and cleared in xylene using an automated tissue processor
(VIP Tissue Tek, Global Medical Instrumentation Inc, Ramsey, MN). The infiltration
solutions and embedment in methyl methacrylate was performed according to a published
technique 18. Polymerized blocks were cut into six, 2 mm-thick sections, on a water-cooled,
high-speed saw, using a diamond-edged blade. The undecalcified sections were ground and
polished to an optical finish using a variable-speed grinding wheel.

Six sections from each femur, totaling 516 sections, were examined in a scanning electron
microscope using a backscattered electron (BSE) detector at 30X magnification and the
following operating conditions: 20 mm working distance, 30 kV accelerating voltage, 200
μm aperture setting, 0.78 A filament current, and 100 nA emissions current. Six sections
from each femur were analyzed with BSE for area of bone ingrowth within the porous
implant and area of periprosthetic bone located within one millimeter circumferentially from
the bone-implant interface (Fig. 2), using a semi-automated routine (Image J, NIH image).
Additional calculations of percent void area filled with bone and percent total area filled
with bone were also performed for comparison with previously reported bone ingrowth
literature, utilizing BSE imaging 13,14,19–22. The percent void area filled with bone was
calculated as the area occupied by bone divided by the available void space. The void space
included the area occupied by bone and marrow. The percent total area filled with bone was
calculated as the area of bone divided by the total space. The total space included the area
occupied by implant, bone, and marrow.

Fluorochrome Analysis
After BSE imaging, six undecalcified sections from each of the 72 femurs, totaling 432
sections, were attached to plastic slides and ground and polished to a thickness of about 70
μm. The sections were viewed at a magnification of 200X under a mercury lamp microscope
for evidence of fluorochrome double-labeled trabeculae in periprosthetic and ingrown bone.
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Images were analyzed using a commercial histomorphometric system (Bioquant, Nashville,
TN). Five measurements were made along the span of each double label and five double
labels were measured for both the ingrown and periprosthetic bone of each section. The
thickness of newly mineralized bone at the surface of the trabeculae was averaged along the
length of the active bone-forming surface, divided by the eleven day labeling interval, and
expressed in units of microns per day.

Push-out Testing
A paired study design (n=7) was used to evaluate the mechanical characteristics of the bone-
implant interface for the three implant designs at 3, 6, and 12 weeks. Following necropsy,
the femora were removed from the limbs and wrapped in PBS-soaked gauze, and stored
frozen at 20°C until testing. Soft tissue was dissected from the femora on the day of testing.
Due to the large number of samples (126 femora), testing was performed over nine loading
sessions. The distal femurs of 63 rabbits were dissected and placed in a metal potting jig to
align the bones and embed the distal femurs in dental cement using a previously published
setup 14, resulting in a jig clearance of 0.2 mm. Push-out testing was performed using a
servo-hydraulic load frame (MTS Bionics Test Machine) in displacement control at a rate of
0.1 mm/second with a 2224 N load cell. The load-displacement curves were used to
determine the interface stiffness (the slope of the curve) and the load at ultimate failure.

MicroCT Failure Analysis
After push-out testing, a subset of 27 femurs (n=3/implant/time point) were imaged in a
microCT (Scanner u-CT 35, Scanco Medical, Switzerland) using the following operating
conditions: 70 kVp, 114 μA, integration time 300 ms, and resolution 37 μm. Reconstructions
of the images were visualized using 3-D software (ZIBamira 2008, Zuse Institute Inc.,
Germany) to determine the mode of failure: at the bone-implant interface, in the implant
(within the coating or substrate of the beaded implant and anywhere within the foam
implants), or within the adjacent bone.

Statistical Analysis
Data were screened using a Shapiro-Wilk normality test. All data passed this test, and
therefore were analyzed using parametric statistics. Histological data were analyzed with an
ANOVA followed by pair-wise comparisons of means using an independent group Student’s
t-test. For mechanical data, a paired Student t-test was performed within each time point to
compare the three different implants. For multiple pair-wise comparisons, p-values were
adjusted using a Tukey procedure. Analyses were performed using SAS software (SAS 9.1,
Cary, NC), with significance set at p<0.05.

Results
Fifteen animals were excluded from the study due to the following complications: proximal
fracture during operation (n=13), dislocation (n=1), and anesthesia (n=1). Of the thirteen
fractures that occurred during or after implantation, nine were beaded implants, three were
large pore foam implants, and one was a small pore foam implant. Intraoperative fractures
have also been reported by other groups using implants with similar dimension in this model
15,16. The animals were replaced and therefore the power of the study was not affected by
the exclusions.

Backscattered Electron (BSE) Imaging
Time zero data showed no significant differences in the area of bone impacted at surgery
among the three porous implant designs (Table 1). No significant difference existed in the
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area of bone ingrowth measured among the three implant designs at 3, 6, or 12 weeks (Fig.
3). Histological characteristics of osseointegration were similar among the three implants,
with cancellous bone distally (Fig. 4) and cortical bone proximally (Fig. 5), in direct
apposition to the coatings. For all three implant designs, the area of bone ingrowth measured
at 3, 6, and 12 weeks was significantly greater compared to the area of bone impacted during
surgery at time zero (p<0.001). Also, the area of bone ingrowth was greater at 12 weeks than
at 6 weeks in the foam implants (large pore foam: p=0.002; small pore foam: p=0.057) and
beaded implant (p=0.204), although only significant in the case of the large pore foam
(Table 1). Bone ingrowth was observed within the distal, middle, and proximal regions of all
implants, although the middle region generally had the least area of osseointegration. A sub-
analysis of the distal region, which contained the most cancellous periprosthetic host bone,
gave similar findings to the results from the complete data analysis that included all three
regions of the implant (proximal, middle, and distal). Time zero data indicated no significant
differences in the area of periprosthetic bone at surgery among the three porous implant
designs (p>0.594) (Table 2). Similarly, no significant differences in the area of
periprosthetic bone were found among the three implants at 3, 6, or 12 weeks (p>0.139). In
all three implant designs, the area of periprosthetic bone was greater at 3, 6, and 12 weeks in
vivo compared to time zero. Although, this difference from time zero was only significant at
3 weeks in the sintered beaded implant (p=0.002) and at 3, 6, and 12 weeks in the large pore
foam (p<0.009) and was approaching significance in the small pore foam at six weeks
(p=0.077) (Table 2).

Fluorochrome Analysis
A significantly greater MAR was measured in the bone ingrowth compared to the
periprosthetic bone of the small (p=0.004) and large pore (p=0.037) foam implants at 12
weeks (Fig. 6). No significant differences were found in the MAR of bone impacted into the
porous coating at surgery between the three porous implant designs (Table 3), or in the
MAR of bone ingrowth after 3 or 12 weeks. However, at 6 weeks, the MAR of the bone
ingrowth was significantly greater in both the small (p=0.006) and large (p=0.019) foam
implants compared to the sintered beaded implant. The MAR of bone ingrowth was greater
after 3 weeks compared to the MAR measured in bone impacted into the porous implants.
This difference was only significant for the small pore foam implants, where the bone
ingrowth MAR measured at 3 (p=0.001) and 6 (p=0.019) weeks was significantly greater
compared to the MAR of bone impacted at time zero. Also, no significant difference was
found in the MAR of the periprosthetic bone measured among the three implant designs at 0,
3, 6, or 12 weeks (Table 3). The MAR of periprosthetic bone was greater after 3 weeks
compared to time zero for the sintered beaded (p=0.014) and foam (p<0.001) implants.

Push-out Testing
After 6 weeks in vivo the interface stiffness of the sintered beaded implant was 61% greater
than the large pore foam (p=0.020) and 79 % greater than the small pore foam (p=0.014)
(Table 4). After 12 weeks in vivo the stiffness of the beaded implant was 57% greater than
the large pore foam (p=0.033) and 75 % greater than the small pore foam (p=0.012). No
significant difference in stiffness existed between the two foam implants at any of the three
time points. The maximum load of the beaded implant was 36% greater after 3 weeks than
the large pore foam, although the difference was not significant (p=0.086). By 12 weeks, the
maximum load of the beaded implant was 105% greater than the large pore foam (p=0.003)
and 79% greater compared than the small pore foam (p=0.047) (Table 4). No significant
difference in maximum load existed between the two foams at any of the three time points.
In general, interface stiffness and maximum load increased over the course of the
experiment in all three types of implants. The stiffness at 12 weeks was greater than at 3
weeks for the beaded (p=0.007) and large pore foam (p=0.065) implants. The maximum
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load was also greater after 12 weeks than at 3 weeks in the beaded (p<0.001) and large pore
foam (p=0.025) implants (Table 4).

MicroCT failure mode analysis
Failure occurred at the bone-implant interface in 8 of 9 sintered beaded implants (3 each at 3
and 12 weeks and 2 at 6 weeks). At 6 weeks, one beaded implant exhibited failure within the
bone. One third of both foam implant types failed as a result of crushing of the metal at the
proximal end of the specimen during push-out testing. For the large pore foam implants at 3
weeks, one had proximal failure in the implant and distal failure in the bone; one had
proximal failure at the implant and distal failure at the bone-implant interface, and one failed
at the bone-implant interface. At 6 weeks, one large pore foam specimen failed in the
implant and two failed at the bone-implant interface. At 12 weeks, one specimen failed at
the bone-implant interface, one specimen failed in the implant and the third specimen failed
distally at the bone and proximally at the bone-implant interface. For the small pore foam
implants at 3 weeks, failure occurred in two specimens at the bone-implant interface; failure
could not be determined for one specimen because the microCT scan was corrupted. At 6
weeks, one small pore foam specimen failed in the implant, one specimen failed at the bone-
implant interface, and one specimen failed distally at the bone and proximally at the bone-
implant interface. At 12 weeks, in the small pore foam implants, failure occurred in two
specimens at the bone-implant interface and in one specimen in the implant (Fig. 7).

Discussion
The BSE imaging and fluorochrome analysis data supported the null hypothesis. The
histological response to bone apposition was not significantly different between the sintered
beaded implants and the two different titanium foam implants. The MAR of bone ingrowth
and periprosthetic bone was greater after 3 weeks than at time zero, likely due to the
regional acceleratory phenomenon reported by Frost 23, which suggests that injury and
healing factors initiated by the trauma of surgery and implant placement influences the bone
response.

The push-out testing data did not support the null hypothesis; the mechanical response to
bone apposition was significantly greater in the sintered beaded implants than in the titanium
foam implants. After 12 weeks in vivo, the interface stiffness and maximum load of the
sintered beaded implant was significantly greater than either of the foam implants. The
greater interface stiffness and maximum load suggest that at 12 weeks the sintered beaded
implants were more stable within the bone prior to onset of interface failure than the
titanium foam implants. No differences in interface stiffness or maximum load were found
between the two different foam implants at any of the time points in the study, suggesting
the difference in pore size between the two titanium foams did not affect the mechanical
response. The failure mode of the foam implants suggests that push-out testing may not have
been the most appropriate method to compare mechanical characteristics of bone apposition
between the implants, due to the difference in compressive modulus 24,25 between the foam
implants (~3 GPa) and the more dense sintered beaded implants (~10 GPa) 26.

A limitation of the current study is that the lapine distal femoral intramedullary implant
model is not a weight bearing model 14–17 and is therefore inadequate to determine the long-
term outcome of a load bearing implant. However, the model provides valuable information
about the initial host response to a porous implant. Also in this intramedullary model, the
proximal end of the implant is against cortical bone in a load sharing situation that the foam
implants were never intended to experience, unlike the stiffer beaded surface. Therefore,
comparing the foam implants to the beaded implants in the proximal region had the potential
to skew the results for the entire specimen. However, a subanalysis conducted only for the
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distal region yielded similar histological results to those including all three regions
(proximal, middle, and distal).

Using this animal model, Deglurkar et al. 14 recently reported that the distal region of
trabecular tantalum metal implants (Zimmer, Warsaw IN) with similar dimensions and
geometry had a median percent bone ingrowth compared to the void space at 4 weeks of
(10.4%), 8 weeks (7.8%), and 12 weeks (12.3%) 14, which was similar to our results for the
titanium foam implants. At 12 weeks trabecular tantalum metal implants had comparable
average push-out values for load (−900 to −740N) and interface stiffness (~1750 ± 500 N/
mm) 14 to titanium foam implants we measured though, the stiffness of our foam implants
were at the lower range of what was reported for the trabecular metal implants.

Unlike the present study where failure occurred within the titanium foam coating, the failure
mode reported for the trabecular metal implants was within the bone. This difference in
failure mode may be attributed to the increased porosity of the titanium foam implants
(74.4% and 79.0%) compared to the trabecular metal (66%) 14; however, both titanium foam
implants (~3 GPa) 26 have a similar compressive modulus to that reported for trabecular
tantalum coatings (~2.5 to 3.9GPa) 13,27. Although, the failure mode analysis of the
trabecular metal 14 may have been limited in that it was conducted on methyl methacrylate
embedded sections. This method might introduce preparation artifact and does not allow for
analysis of the intact specimen following push-out testing, neither of which are limitations
with microCT imaging.

Conclusions
These data suggest that in this animal model, the mechanical and histological characteristics
of bone apposition into the titanium foam implants were comparable to that of trabecular
metal implants. Also, our data demonstrate that bone apposition with the two titanium foam
implant designs were similar to that of a clinically successful porous coating sintered
titanium beads. Although the mechanical characteristics of the porous titanium foam
implants were inferior to the sintered beaded implants in push-out testing, the similar
compressive modulus to trabecular tantalum coatings, suggests that these porous implants
are nonetheless clinically adequate. Additional studies with the titanium foam coating
material bonded to a rigid metal substrate are required to confirm this in weight-bearing
models. Histological data from our study suggests that these novel titanium foam implants
are a promising alternative to current porous implants and should be further investigated for
clinical application in cementless joint replacement.
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Figure 1.
Photograph of the three types of cylindrical, 5 mm diameter, 25 mm long, fully porous
coated implants investigated: sintered monoblock of commercially pure titanium beads with
34.3% average porosity (A), monoblock of large pore size titanium foam with 74.4%
average porosity (B), monoblock of small pore size titanium foam with 79.0% average
porosity (C).
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Figure 2.
Backscattered electron images (30X) were analyzed for the area of bone ingrowth, within
the implant and for the area of periprosthetic bone, one millimeter of host bone
circumferentially from the bone-implant interface.
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Figure 3.
Backscattered electron images (30X) of the three different implants: sintered beaded (A),
large pore titanium foam (B), and small pore titanium foam (C) implants, at 6 weeks post-
implantation.
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Figure 4.
Backscattered electron images (100X) demonstrate extensive bone ingrowth after 12 weeks
in all three implant designs: sintered beaded (A), large pore titanium foam (B), and small
pore titanium foam (C) implants.
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Figure 5.
At the proximal end of the bone, bone ingrowth originating from periprosthetic cortical bone
was observed in BSE images (30X): a large pore titanium foam implant at 3 weeks post-
operation (A) and a sintered beaded implant at 6 weeks post-operation (B).
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Figure 6.
Fluorescent microscopy images (200X) were used to measure the mineral apposition rate.
The fluorochrome labels, calcein (green) and xylenol orange (orange) can be observed near
the metallic implant (black) at six weeks in a large pore titanium foam implant (A) and in a
sintered beaded implant (B).
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Figure 7.
MicroCT images used to determine mode of failure after push-out testing. Crushing of the
metal implant proximally occurred during push-out testing in a small pore titanium foam
implant at 6 weeks (A). During push-out testing, a sintered beaded implant failed proximally
within the bone (B) and a small pore titanium foam implant failed distally within the bone;
both had been in vivo for 6 weeks. A large pore titanium foam implant in vivo for 12 weeks,
failed at the bone-implant interface (D) during push-out testing.
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