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Abstract

Bone loss caused by stress shielding etattic implants is a concerias it canpotentially lead to
longterm implant failure. Surface coating and reducing structural stiffeéssiplantsare two ways

to improve bone ingrowth andosteointegration Additive manufacturing, through selective laser
sintering(SLS) or electron beam melting (EB#)netallic alloys, can produce porous implants with
bone ingrowth regions that enhance osteointegration and improve clinical outcomes. Histology of
porous Ti@\l4V plugs of two pore sizes with and without electrochemically deposited hydroxyapatite
coating, implanted in ovine condyles, showtat bone formation did not penetrate deep into the
porous structure whilst significantly increased bone growth along temh pore surfaces
(osteointegration)was observedFinite Element simulations, combig new algorithms to model
bone ingrowth and the effect of surface modification on osteoconduction, werdied with the
histology results. The results showed stresilsling of porous implans made fromconventional
titanium alloy due to material stiffness and implant geometry, limiting ingrowth and
osteointegration. Simulations for reduced implant material stiffness predicted increased bone
ingrowth. For low modulusTitanium-tantalum alloy TF70%T& reduced stress shielding and
enhanced bone ingrowth into the porous implant was found, leading to improved mechanical
interlock. Algorithms predicted osteoconductive coating to promote both osteointegration and bone
ingrowth into the inner poresvhen they were coatedThese newrinite Elementlgorithms show

that using implant materials with lower elastic modulusteoconductive coatingsr improved
implant design could lead to increased bone remodelling that optistissue regeneration, fulfilling

the potential of enhanced porosity and complex implant desigrasle possibleby additive layer

manufacturing techniques.

Keywords: osteointegration, osteoconduction, porous scaffold, implant design, finite element

analysis biomaterial coating



1. Introduction

The treatment of patients with major bone loss, due to trauma or tumour, using traditional implant
designs, is often difficult due to the limited quality and quantity of bone stock rema[aing]. In
segmental bone defects of the proximal femur, a massive impkardften used to replace the
femoral metaphysis and part of the diaphysi$e physical demands on theimplants are high,
leading to aseptic loosening as the main mode of implant failuréhese cases,x¢racortical bony
bridging and ingrowth, where bone grows from the transection site onto the surface of the implant
to achieve osteointegration, improves the survivorship of implants at 10 years from 75 to3J8 %
Finite element analysi (FEA) showed that this improvédne ingrowthresults in a reduction in

fracture risk of the implant stem, and a more natural stress distribution to the fdn).

Bone ingrowth and osteointegration is a multifactorial process involving implant sugeez
bioactivity of the substrate, and mechanical propertjg Titanium alloy (Ti6Al4V) lisutinely used

as animplant material due to its high fatigue strength, capacity for osteointegrationjri@gness

and corrosion resistancfs]. Recent advares in electron beam meltinEBM)and selective laser
sintering (SLS)additive manufacturing) have enabled the fabrication of porous implants using
Ti6Al4V that can result in bone ingrowth of up to 56%8]. Porous structures have lower structural
stiffness, reducing the mismatch between the implant and the adjacent bor@]. The reduction of
overall structural stiffness of the implaimproves the mechanical stimulus for bone regeneration
and reduces the effect of stress shieldiji®, 37]. Ti6AI4V ks an elastic modulus that is 10 times
higher than that of cortical bone and newoqus, low modulus Titanium alloys which are now

available, can potentially increase bone ingrowth further [9, 10].

Surface modification of implants using biomimetic materiahproves biological response and bone
implant fixation[11, 12] through preferential osteoblastic differentiation along the coated surfaces
(osteoconduction). Usually these coatings are afg

but in sstantially porous structures, only the outer pore surfaces will be treated. An alternative



method is via solution based calcium phosphate coatings, but these have shown mixed results. The
amount of bone ingrowth did not significantly change for mandibutiefects [8], but did
significantly increase in femoral diaphyseal defect implfht$. The loading conditions are different

for the two implant sites, suggesting that the contribution of surface modification to improve
osteointegration may depend on thdoading conditions, especially when porous additively
manufactured scaffolds are used. Electrochemical coating of porous implant scaffialde using
SLSwith hydroxyapatite (HA)resulted in significantly increased bone ingrowth into implajit3,

14]. Therefore, the contribution of surface coating combined with the geometry of the pores and the
modulus of the material should be considered for the design or analyses of extensive porous
implants made using additive manufacturing. In order to reduce #iance of testing in animals

predictive models are required.

Satic FEA modelsvaluatethe performance of implants by assessing the mechanical environment
for bone adaptation at the initial stage after surgery. However, the load carried by the bone
increases with bone ingrowth, affecting the mechanistinulusfor further bone remodelling in the
porous biomaterialg§15]. In order to obtain information about the remodelling process, adaptive
bone simulations are preferred, especially fae longterm performance of the implan{16, 17]
Moreover, these simulations can be used to determine the optimum implant design for each site, as
they are applicatiorspecific [18].Several methods have been developed to model the remodelling
process, including the usaf continuum damage mechanics, mechanoregulatory algorithms, daily
stress, and adaptive elasticity theory. Strain energy density (SED) is commonly used as the
remodelling stimulus, comparing the stimulus value against a reference value, and is directly
correlated with changes in bone density9-21]. Changes inbone density around an implant have
been predicted for internal remodelliNd6, 22, 23] and are assaoated with changes in bone density
rather than changes in borghape.Bone ingrowth in porous iplants has been modelled to predict
remodelling at equilibrium stat§l7, 22, 24], but yield little information on the progression of bone
formation associated with adaptive shape changeshich has beenobserved clinicallyas
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extracorticalbone formationadjacent to segmental prosthesiSurrent algorithms based on SED are
not able to predictthe progression obone ingrowth into substantially porous structures made by
additive manufacturing.To predict the progression of external bone formatiam segmental
prostheses a connectivity matrix was used to control the sequential laying down of new bone in a
soft tissue envelope of elemeniso called osteoconnectivitypround a grooved implant collar,
giving improved time correspondence with claigesults[25]. However, the contribution of the
presence of coating has not been modelled in porous or textured implah&seffect of pore size

and material properties have not been optimised for bone ingrowth and osteointegration of
substantially poras implants made by additive manufacturindg-urthermore, ann vivo study has
shown that an implant design that is optimised by assuming the presence of osteointegration may
not be valid, as the animal study showed only localised bone apposition alongtoatedimplant
surface 6, 27]. Bone ingrowth occurred throughout theoatedimplant, indicating the importance

of combining the response to a surface that imparts bioactivity with the osteoconnectivity in an FE
model This shows the importance of deweping a F&E model that can predict the amount of bone

ingrowth and osteointegration.

The main aim of this study was to understand how to achieve osteointegration and ingrowth in
porous implants, and optimise them using HA coating, geometry (pore aimbnaterial properties

to maximise bone formation and osteointegration. This study quantified stress shielding and bone
ingrowth based on implant design and materi&he contribution of osteoconductive coating in
increasing osteointegration and bone fornmii is modelled, by varying parameters of the
osteoconnectivity algorithm of bone adaptation developed for extracortical bone formatad,
verifying them with data observed in the experimental studies. The contribution of coating has not
been modelled previously for porous or textured implants. The use of the osteoconnectivity imodel
suitable to model bone formation in the critical sidefect model as bone growth is largely
intramembranous, similar to extracortical bone formation in a segmental prosth&€sisachieve

these aims, the remodelling results predicted by the FEA models weeified with histology results

5



of Ti6AI4V plugs dfvo pore sizesimplanted into trabecular boneln the FB model, the material
properties of the implant and presence of coating were varied to determine if the implant

performance could be improved.

2. Materials and methods

2.1. Animal model

PorousSLScaffolds with pore sizes of 700 and 1566 were designedmanufacturedand tested

in vivoin amature ovine femoral condyle criticalze defect modelHig. 3 as part of a larger study of

the parameters that affect bone ingrowtfThe ingrowth of bone ith and without the presence of
hydroxyapatite coatings was investigat¢ti3]. The twopore sizes were incorporated into one
implant, with 8 mm diameter and 14.5 mm length. Bilateral critical size defects were created in the
medial femoral condyleef both the right and left hind limbs of 6 sheepphe implants were press
fitted, the remaining tissues and periosteum repaired and the sheep allowed to recover with
unrestricted weight bearingAnimal care and all procedures were carried out in accordance to the
UK Animals (Scientific Procedures) Act 198&lerpersonal and projedicences from the UKHome

Office following revievby thelocal animal welfare and ethical research committee

The implants were retrieved for histological analysis after 6 weeks. Excess soft tissue was removed
and fixed in formalin before the specimens were dehydrated. The plug implants were then
embedded in hard grade acrylic resin and sectioned longitudinallyolitain thin sections
approximately 80vm thick to yield a total of 6 slices each for the coated and uncoated implants. The
sections were stained in Toluidine Blue and Paragon to identify soft tissue and bone respectively.
Stained slides were imaged undetight microscope (Axioskop, Carl Zeiss, Welwyn Garden City, UK).
The surface integration was determined by importing the images into ImageJ (v1.51, National
Institute of Health, Bethesda, USA), and the length of implant with direct bone contact measured

and normalised by the total implant surface lengthsing thresholding and freeform methads



Backscattered scanning electron microscopy (BSEM) was used to examine the structure of bone

formed (JEOL 3500C, Tokyo, Japan).
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Fig.1. (A) Radiographs of the inamted porous scaffold$14.5 mm length, 8 mm diameter). (B) 3D
solid models. (C) Transverse cuts taken across the plates; dimensions in mm.

2.2. Finite element analysis

Separate F&Emodels of the implant with the two pore sizes were developed with the pludanigd

in trabecular bone as in the experiments. Using rotational symmetry, geometry, and repeating
patterns, only a quarter slice was simulated to reduce computational €ig2j. The 1500m pore

size quarter model had dimensions of 5 mm x 5 mm x 2@ and was loaded by a uniform
diametric pressure load of 200 N, corresponding to the peak axial force ob@dbweight BW) in

ovine stifle[28]. Axial loading was applied, as in vivo data combined with musculoskeletal modelling
conducted in ovine dlie joint showed that the bending components accounted for less than 20% of
the axial force 28], and would be negligible in the condyles of the knees where normal force is
predominately transmittedThe 700mm pore sizemodel measured 5 mm x 5 mm x 1 mMm388.9 N

load was used for the 70®n model, scaled according to the widfhihe 1500 and 706m models
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have porosities off0% and 75% respectively. Tied nodal contact was assumed throughout the
model. The bone and the titanium plug were modelled with ispttohomogenous material
properties (BoneElastic modulus E£5 GPaP o i s s 0 m= 8.34rTé6AI4VD110 GPasx 0.34)

[28]. Soft tissue of uniform initial modulus (0.5 G#a,0.3) was assumed to fill the volume within

the plug[19]. Static stressraalysis was conducted to investigate mesh convergence. The geometries
were meshed using linear tetrahedral elements for the soft tissue and linear hybrid mesh for bone
and titanium Fig.2B) for improved geometrical conformity. The solution converged fesimsizes

of 0.06 mMm and 0.03 mm (<5 % stress <change at

million and 2.78 million elements for the 1500 and 70 plug models respectively.
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A parametric study was conducted by varying the material properties of the plug models to
investigate bone remodelling for different implant materials70% Ta alloy (67 GP2P], and PEEK

(3.8 GPa) were selected as reference values; additionally material properties were varied in the
model using 50 (Wi ) , 40, and 25 GPa. The Poallsnaterials s r at i

exceptas0.38 for PEEK.

2.3. Bone remodelling simulabn

The enhanced 3D bone formation and adaptation model, termed osteoconnectivity, was used to
predict the changes in bone formation and understand the growth prof&ss The algorithm was
developed for intramembranous bone growth, which is applicabtetlie critical size defect ovine
model. The modelenforces thatremodelling of boneoccurs only adjacento existing bone and
subsequent remodelling of bone occurs next to elements that have begun adagitiagrevious

time step This concept, named heras connectivity, is different from the standard adaptive
elasticity theory and most other mechanotransduction algorithms that permit all elements to adapt
concurrently or add elements at the periosteal surface. The osteoconnectvity model is based on the
adaptive elasticity theory, where bonadapiation is driven by strain energy density (SBBY) unit

mass[19, 30]:

p 1 Q YOO p 1 Q 1)

A reference value of 0.003g' wasused for k, the critical SEDhe dead zone where no remodelling
occurs wasassigneda 10% bandwidth fod [19]. Whenthe SED is lower or higher than the dead
zone, the tissue density changes via resorption or apposition respectivelgh@hge in density was
computed using Eqg. 2, antsed to update the stiffness matrix usinglensitymodulus relationship
(E = 3796°) [31]. The remodelling rate B was set as 1gdmased on literature data [. An upper
threshold for bone formatiom ¢, was set asorresponding tdl2GPa, the average elastic modulus of

the trabeculae[32]. Additionally, a conductivity algorithm wasleveloped andused to model lhe



effect of osteoconductionin coated implantshby modifying the remodelling law to preferentially
allow soft tissues in contact with the coated implant surfaces to form bdhe. levels oftissue
strain required for bone to form was reduced for the elengatjacent to the implant surface. k
was set at QJg! with no bandwidth d = 0), and a remodelling rate B ofgem® was assumed, to
model the increased bone formation due to the osteodantive coating, lowering the threshold

SED and increasing the remodelling rate

Q” o
—, 6'YooqQ m » (2)
Qo0

The simulations were conducted using an initial fixedn-dimensionaltime step of 0.lcomputer
time units (ctu)until the number of remodelling elements remained unchangatitime = 50 ctu.
Thereafter, adaptive stepping at 1.2x of the previous step was used, for computational effigiency
the rate of changeslows asymptotically towards equilibrium, elgpne dersity increased by6.4%
from 100 ctu to 1000 ctu. For humans it was found previously that a ctu of 4.0 corresponds
approximately to 1 year B. However, the time correspondence for sheep has not bestablished
in literature andfor this study histologyresults were only available at one time point, after 6 weeks.
The iterative simulations were conducted using thé\ Baftware MSC.Marc 2017.0 (MSC Software

Corporation, Santa Ana, CA, USA).

2.4. Verification of FA models

The FEA predictions for two modedsth different pore sizeswith and without osteoconduction,
were compared withhistology results for the experiments. A threshold was applied to display areas
of bone with a minimum tissue density of 1 dB2]. Quarter slices of the PEnodels were created

by varying the angle of the cut in 10° incremeriigy(2A), to replicate the histological cuts. For each
histology slice, two FEcuts with the closest plug pattern were selected. The\ Bkices were
imported into ImageJ, and convedéo greyscale images for analysis. The extent of osteointegration

for each slice was computed by measuring the length of the implant in contact with bone,
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normalised by the total inner surface perimeter of the implant. The mean value was validated with
the results reportedby Mumith et al.[13]. Standard deviations were calculated using OriginPro 2016

(OriginLab Corp., Northampton, MA).

3. Results

3.1. Bone remodelling predictions

The remodelling patterns predicted for the uncoated cases were similar for bothgimes Fig.3A,

B). In the uncoated cases, bone ingrowth was limited to the circumference, around the outer pores
and struts. The bone ingrowth was highest on top of the implant (loading direction), and decreases
towards the sides. For the coated implantghen osteoconductiortogether with osteoconnectivity

was modelled, bone formation reached the centre of the implant, surrounding all the the struts
forming a thin layer of bone over the surface of the porous implgig. 3C, D). Howeverthe
remodellng pattern within the centre of the pores remained similar to the uncoated castés
limited bone ingrowth The use of conductivity caused the volume of bone formation to increase
from 34% and 23% 45% and 38%for the 1500 and 70@m plug sizes respegtly. The average
apparent density of the soft tissue increased from 0.75 to 0.79%and 0.66 to 0.73 gcrhfor the

larger and smaller pores respectively.
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Fig. 3. 3D view of bone remodelling in soft tissue scaffidequilibrium with plate and bone
removed for visualisatiorfA) 700 plug size, uncoated. (B) 1580 plug size, uncoated. (C) 700
plug size, coated with osteoconductive material. (D) H@@(lug coated with osteoconductive
material. Insets show cuts across pore (soft tissue) centitl, tive location of the struts marked in

grey.

Transverse cuts of the adaptiveABBodel s t aken at 45 show the pro
remodelling from the boneKjg.4). For the uncoated 706m implant Eig.4A), bone remodelling

was restricted tahe outer pore. All tissue in the outer pore was remodellind@fctu. The highest

density (12 GPa), representing bone, was at the edge of the plates, in contact with the existing bone,

while the least remodelling occurred around the fillet of the striRemodelling continued beyond

20 ctu until all the bone became fully dense. In the coated %#®® model, remodelling and
osteointegration of the outer pore occurred more rapidly thimm the uncoated case &0 ctu Fig.

4C), leading to higher bone densitt 20 ctu, bone formatiorhad progressed to the inner pores,

along the coated surface of the plates and webs of the inner struts. At equilibrium, osteointegration
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had occurred along all the implant surfaces. Bone ingrowth within the inner pores wadllimitee

coated implant surface.

For the uncoated 1506m model, the volume of bone formed and its density increased with time in
the outer pore as it wasot restrictedby the location of the strutsHig.4B). At equilibriumpone
ingrowth just about realced the corner of the plates at the inner strut on the outer pore. Bone
ingrowth showed a density gradient, with decreasing modulus towards the strut, unlike the
homogenous bone density in the 708n model. The bone ingrowth pattern was similar in the
coated 1500m implant Eig.4D). However, bone formed on the top of the inner plate and the web
at 10 ctu before remodelling occurred at the fillet. 2@ ctu, remodelling spread to the underside of
the inner web and plate, but aldo the outer plates. At equilibrium, the elements adjacent to the
coated implant have the highest densities. The main geometrical changes occurBgdichy, and
only changes in tissue density were observed thereafter.ebsed bone growth was predicted for
the FEA models that included osteoconductivity, where bone formed on the surface of struts deep

within the porous implant.
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3.2. Verification of finite element simulations

Fig. 5 shows the qualitative comparison between the numerical results at equilibrium and the
histology of the animal studyFor the 700nm cases, bone formation was observed in the outer
pores of the implant for both the experimental andA-Eesults of coated ad uncoated implants
(Fig.5A, C). For the uncoated implariig.5A), no bone ingrowth was predicted for the inner pores,
corresponding well with the histology result. The 7®® model with osteoconduction showed a

thin layer of bone growth localised algrthe struts with a high degree of osteointegration, with
some variations but overall similar to the histology resuftigy.6C). This agreed well with both the
histology and the backscattered scanning electron microscopy (BSEM) result of a coatenh 700
implant. The BSEM image shows the pores of the scaffold partially filled with lamellar bone attached

to the implant coating (Fig. 6). The histology and SEM results suggest a thicker layer of bone
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formation at the surface of the coated implants of up to 286 compared to the FEA prediction of
150 mm thicknessFor the 1500mm pore size, the simulations predicted a partial filling of the outer
pore for both coated and uncoated cases, which appedightly higher than observed from the
histology resultsKig 5B, D). The histology for the coated implant showed a layer of bone growth

adjacent to the implant, which the conductivity model predicted weitj(GD).
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Fig.5. Comparison of bone ingrowth between histology and numerical results in (Api/fldg sze
uncoated (B) 1500mm plug size, uncoated C) 700m plug size, HAoated and (D) 1500/ plug
size, HAcoated.Bone and soft tissue are stained red and pink irhielogical analysisespectively.
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Fig.6. Backscattered Scanning electnmicroscopy (BSEM) image of cresstion of retrieved,
coated 700rrm porous plug.

The extent of surface integration observed from the histology slices and predicted by e FE
simulations is compared in Fig. From the histology results, similar levelssofiface integration
were found for both pore sizes of the uncoated implants at 10% and 11% for the 1500 anth700
implants respectively. Histology for the 1500 and 1®9 coated implantshowed75% and 80% of

the pore surfaces osteointegrated respectivelvhich was significantly higher than the uncoated
cases. No statistical significant difference between pore sizes was found. AlmeoEEls predicted
similar levels of bone growth of 19% and 23% of surface integration for the 1500 amain700
uncoated plug respectively, which is an over prediction by about 10%. For the coated models, the
FEA results predicted a significantly higher amount of surface integration of 93% for the /600

and 97% for the 70@m plug, approximately 15% higher than the histologsuits.
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Fig.7. Comparison of the extent of surface integration between the histology (Exp) and simulation
(FB®) resultsError bars represent standard deviation.

3.3. Parametric variation of material properties

Fig.8 shows the extent of bone ingrowth at equilibrium for varying material properties (stiffness) of
the implant. The change from Ti6Al4V (110 GHgB8A) to uncoated Fr0%Ta alloy (67 GHeig.8B)
showed an increase in ingrowth volume for the #@@ case fom 23% to 59%, with additional bone
formation concentrated around the plates. The web of the inner struts exhibited some

osteointegration, but not at the fillets or on the underside of the first strut. For the M&®0
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uncoated model, the increase in ostatégration was limited to the outer pore, leading to an
increase in ingrowth from 34% to 56%. A region without bone ingrowth can be seen just above the
second strut. The inclusion of osteoconduction for the 67 GPa material increased bone formation to
65% a&ad 66% for the 700 and 1508m implants respectively. This corresponded to increased
osteointegration along the coated surface, but there was additional ingrowth in the inner pore for
the 1500 nm case [ig. 8B). For an assumed implant material of 50 GRé&énstss (TiNi), bone
formation occurred in all pores, with additional ingrowth and denser bone compareithedr
70%Ta alloy. However, osteointegration and bone formation were absent directly below the first
layer of struts for the 700m case [Fig.8C).Osteoconduction increased ingrowth by less than 4%,
leading to 92% and 79% bone volume for the 700 and 1&®©0implants respectively. Similar
remodelling patterns were observed for the 40GPa material, but with increased ingrowth (not
shown). Full ingrowthof dense bone throughout the porous implant was observed for both the

coated and uncoated cases for PEEK (3.8 GRp3D) and a 25 GPa material (not shown).
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Fig.8. Bone remodelling and osteointegration at equilibrium (16Q) for different implantmaterial
properties (stiffness) and coating. (A) Ti6Al4V, 110GPa. {®pdia, 67GPa. (C)-Nj 50GPa. (D)
PEEK, 3.8GPa.
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The remodelling curves for the 15@® pore sizeshow the change in average tissue density with
computation time Fig. 9). A decreasen the stiffness of the implant material increased the
remodelling rate and led to higher average density. The amaunck rate ofbone formation was
enhanced in the stiffer materials where osteoconductivity was applied, and led to a higher average
tissuedensity at equilibrium. The contribution of the coating was largest for the two Titanium alloys
as the final density increased by 5% to reach 0.79 and 0.92 fjanmplants with material stiffness

of 110 and 67 GPa respectively. Lowering the modulus edsed the contribution of
osteoconduction. For 50 and 40 GPa materials, osteoconduction increased the average tissue
density by 3% and 2% to reach 1.20 and 1.05%9@spectively. For the 25 GPa material, the tissue
density converged to 1.41 gchat equilibrium for the uncoated case. The addition of
osteoconduction increased the density by 0.6%. For PEEK, the tissue density saturated at .47 gcm

for both the uncoated and coated cases, the upper limit set for bone density.

Average tissue density (gcm ™)

Cannectivity Condutivity
110GPa =mms= 110GPa
876Pa -———87GPa
50GPa -==-=-50GFa
20GPa B — ]
e 25GP0 mmmes 25GPa
PEEK === PEEK

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Time (ctu)

Fig.9. Change in avage tissue density with time for different implant material properties (stiffness)
and the influence of H&oating (osteconductivity) for 150@m sized plugs.

4. Discussion

In this study, finite element simulations were combined with new algorithms to mbdele
ingrowth (osteoconnectivityand the effect of surface modification on osteoconduction, in order to
predict bone ingrowth into porousitanium implants The numerical results weneerified against

histology from animal modelswhere bone ingrowth andsteointegration were measured. The
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effect of an osteoconductive coating was to induce bone formation along the inner porous surface
but this only added marginally to the levels of bone ingrowth. There was an effect of the pore
geometry on bone ingrowthrad a more open pore structure adjacent to the original bone interface

is advocated.

Porous titanium alloys have recently beemanufacturedby foaming and sinteringprodudng
interconnected pores and a complex surface topography to enhance bone ingf88jtiHowever,

it is difficult to alter the size of the pores and optimise the geometry of the prosthesis with these
materials[27]. The use of selective laser sintering in the manufacture of titanium alloy prostheses
allows functionally graded porosity toebused in a single prosthesis. In order to provide the
appropriate strength, these may be joined to solid metal made by the same process. However it is
unclear if the rules associated with bone ingrowth on surfaces of conventional implants apply to

implants which are substantially more porous.

A recent method to design scaffolds utilisedmputed tomography(CT) mechanical testing, and
statistical analysis to predict the effects pdre size, porosity, strut thickness, and topology on the
elastic modulus ad compressive yield strength of additively manufactured porous biomatg8d]s
Whilst this approach is extremely valuable to minimize the mismatch in the structural stiffness of the
implant to the bone[7], it does not relate the porous structure tbe level of bone ingrowth and
osteointegration.At present, it is unclear if the shape and size of pores used to construct implants
can be optimised for bone ingrowth, as the literature reports contradictory resiis\wild et al.

[35] used 5 differentdttice designs with pore sizes between 700 and 1860 and showed the
maximum of bone ingrowth to be below 40% and not significantly different between the designs, in
noncriticalsized defect bridging in calvarial bones of rabbits. However, btise$ stucture was
shown to cause more ingrowth than tetrahedron structures in canine fenmiZiisMoreover, an

animal study has shown localised and limited bone ingrowth, demonstrating that it is insufficient to
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assume the occurrence of osteointegration throughalie implant in the optimisation of design

[27].

Histological analysis conducted on uncoated porous 700 and B&9@lugs implanted in ovine
condylar defect models after 6 weeks showed the amount of osteointegration (at a level of 10% of
the available surface) was similar and independent of pore[4&k Osteointegration increased to
above 75% when the implants wendA coated. The PEmodels use SED as the driver for
remodelling and wereverified with the histology results, predicting similar amounts of
osteointegration for the uncoated plugs for both pore sizEgy.(4). Modelling osteoconduction
predicted a signifiant increase in osteointegration for the coated models, in line with the histology
results. The simulated bone remodelling patterns were similar to the histology results with bone
ingrowth limited to the outer pores for the uncoated cases, and osteoimatiégn observed along the
coated surfacesHig.5). The FEremodelling results showed limited bone ingrowth into inner pores,
even when the implants were Hzoated. While the use of a biomimetic coating increased
osteointegration significantly, ingrowth meained less than 50% and bone formation was localised
around the coated strutg¢Fig. 6) These remodelling patterns are caused by stress shielding of the
Ti6Al4V struts, which lowers SED in the inner por@sating porous Ti6AI4V enhanced

osteointegrationof the inner pores surfacebut did not promote significant bone ingrowth.

The limited bone growth in the inner pores as predicted by th&mREdels agrees with results from
studies that have evaluated bone ingrowth in animals using similasfleaible, uncoated implant
designs[27, 36, 37]. The 23% ingrowth predicted in the 70®n model (300mm strut size, 75%
porosity) is consistent with the reported ingrowth of 19.23 + 6.39% in a cylindrical implant 7.5mm in
diameter (strut size of 20@m, cross sectio 700 x 700im and 83.5% porosity), after 8 weeks in
non-critical sized defects in calvarial rabbit bof36]. The 34% ingrowth predicted in the 156fh

model is higher than ingrowth of 1528% obtained using a 53% porous structure with pore sizes
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between800 and 1500vm in sheep mandible[87], but is within the range of ingrowth reported in

porous scaffold$27].

The developed-EA models consistently overestimated the amount of osteointegration by about 10
— 15%. This could be due to limitations of theodels or biological reasons. TheARBodel was
developed as a quarter slice by exploiting symmetry and repeating pattern of the implant design.
This assumed that the slice is located away from the implant edges. Phyarédiction inFig.5is a
reconstrugion from repeating slices and shows the locations where remodelling could occur, which
does not happen perfectly as the biological response is subtific and multifactorial. The
orientation of the implant may also be rotated during surgery but tB& model here represented

the case with the highest amount of ingrowtfhe histology results were obtained at 6 weeks, and
were compared with equilibrium REesults. It isalsopossible that bone remodelling in the implants

in the ovine model had not reaed equilibrium.

The ingrowth across the middle of the struts was highest in the loading direction, but remodelling
volume was limited to the outer strut$-ig.3 insets). Bone formation occurred in pores near the first
column of struts for the 700m implant, which was absent in the 1500n implant. This could be
caused by the slightly higher load/volume ratio of 788 implant, resulting in more load transfer to

the soft tissue. The bone formed in the outer pore was fully dense for thexi#tObnplant, without a
density gradient that penetrated further in the 1500n case Fig.4, 8). Moreover, the extent of
osteointegration Fig.5) depends on the surface area available. The higher surface area to volume
ratio for the 700 thanfor the 1500mm implant suggests that the former should have exhibited a
higher amount of osteointegration even in the uncoated case. Theselt suggests that the
placement of the outer layer of struts is critical in optimising the extent of osteointegration,
dependingon the material used; the smaller plug size would benefit from struts located nearer the
centre of the implant. Nevertheless, the advantage with the current 60 model is improved

mechanical interlock due to full osteointegration at the outer pores.réfuge, moving the location
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of the struts of the 1500y implant towards the circumference of the implant could improve

osteointegration without sacrificing bone ingrowth.

The results showed stress shielding of conventional titanium alloy due to matéfiabss and
implant geometry, limiting ingrowth and osteointegratiossessment of the influence of a
reduction in the apparent mechanical properties of fully ldsehring porous titanium implants in
mandibular bone defects indicated the importance ofvéy modulus porous structures to promote
increasedbone ingrowth[37]. To improve bone ingrowth in the implant, materials with lower
modulus were investigated to reduce stress shieldiRgg.(8). Simulations for reduced implant
material stiffness predictedhcreased bone ingrowthGood results were predicted for the use of
uncoated Titaniuntantalum alloy T70%Ta, as ingrowth was predicted to exceed 50% for both pore
sizes. The ingrowth into the inner pores of the 700 implant suggests that its structurstiffness is
slightly lower than that of the 1506m implant. The use of osteoconduction caused bone ingrowth
into the inner pores of the 1506m model, suggesting that the SE@s initially borderline below

the threshold. The regions without bone ingrowth, located above the struts in the &B0énodel,
suggest that stress shielding imposas importanteffect. Although coating had a significant effect

on bone formation on the surface of therier poresthey were never completely filled in with bone

in conventional titanium alloy for both pore simvestigated again suggesting that stress shielding
imposes an important effectn the FBB model, the use of PEEK allowed the formation of fadigse

bone, as its material stiffness is similar to that of bone. Investigating different modulus values for
hypothetical materials between titanium alloy and PEEK demonstrated increased ingrowth and
remodelling rate, due to increased load distribution thie soft tissue associated with a reduction in
stress shieldingHig.9). Very good ingrowth was predicted for moduli between-480 GPa, but no
such material at the present time exists which can be used for the manufacture of implants by 3D

additive mamfacturing methods.
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The contribution of an osteoconductive coating to ingrowth was the highest on the %087 GPa
implant and promoted bone formation in the inner pores, marginally higher than that for the 700
mm case. However, the contribution of ostamnduction reduces with decreasing modulus, as the
driver for bone remodelling increase and osteoconduction does not lead to additional bone ingrowth
into the middle of the pores. The use of coating in lower modulus materials only increased the
densificaton of tissues adjacent to the implant, but this contribution became insignificant when full

ingrowth was achieved below a material stiffness of 25GPa.

Biologically, PEEK not as effective as titanium and titanium alloys in promoting ostegjration,
nevertheless, complete bone ingrowth would lead to mechanical interlock, which is beneficial for
load transfer. The saturation of the tissue density for PEBKg® is the result of the threshold
placed on the remodelling of bone, to prevent unrealistiméalensity from forming. Histological
analysis yields no information about the quality of the bone formed in the implants, and given that
the plugs were implanted in the condyles and surrounded by trabecular bone, it was necessary to
limit the density of he bone formedAs itanium-based alloys are known to enable bone formation
on their surface[36] and for this reason osteointegration of bone with the implant was assumed
when remodelling of bone occurred adjacent to the implahio limitations of thistsidy are that

the tissue density of the thin layer of bone formed on the coated implants (Fig. 6) was not quantified
and that bone volume formation was not measured in 3D. MiCiio scans can be conducted to
obtain the volume of bone formation within a spfic region of interest (ROI) to compare the
performance of different bone implants [27, 37]. It has been reported that measuring bone
morphology a distance of 1mm away from the surface of the implant caused little artefact [27]. The
pore sizes used in thistudy were 1000 microns and below, and the bone formed on the coated
implants was rather thin and localised (Fig. 5, 6), which would lead to imaging art&factifferent
implant designs with thicker layers of bone formation, bone morphometric arsaljisi micreCT
scans could be conducted [27The histology and SEM results suggest a thicker layer of bone
formation at the surface of the coated implants than predicted by the Fa#ther work should
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explore the use of novel imaging techniques, such as ultrasound spectroscopgnoCT, to
guantify the quality of bone growth at different time pointgy refine the algorithmand for the
computation time units in the F&E model to be correlated with bone formation in real time.
Geometrical changes to the design of the implant could be investigated while assessing their long

term fatigue strength and failure strain.

5. Conclusion

ThedevelopedFnite Elementmodels were able to predict thkevel of osteointegration and bone
ingrowth into porous implantswhich are based on two novel algorithms that modelled the
sequential laying down of bone and the effect of osteoconductive coating. The limited bone
ingrowth into the pores was found to b#ue to the stress shielding of the stiff outer struts of the
implant, leading to lowstrain energy densityn the inner implant pores. Significantly increased
osteointegration was observed along the implant surfaces coated with HA, but only a smalléncreas
of overall bone ingrowth. Finite Element simulations for lower implant material stiffness predicted
significantly increased bone ingrowth for70%Ta, a Titanium alloy with lower elastic modulus. In
combination with an osteoconductive coating, good aétgegration and bone ingrowth was
predicted. Further improvements could be achieved by lowering the stiffness of the implant, either
using materials with lower elastic modulus or through changes to the implant ddsigralgorithms
developed in this stug could be used to design substantially porous implants, predjdione
ingrowth. Empirical designs based on bone formation in animal studies could be optimised prior to
testingin viva The \erification of these FB models was utilisedh anin vivomodd but the loads

and forces associated with implants in human could be used with these algorithms to investigate

more functiona) substantially porougmplants in humans.
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