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There is a current trend to propose cementless total joint arthroplasty (TJA) to younger
patients. These patients have more demanding physical activity resulting in an increased
failure rate of the implants. In particular for these type of patients, the desired service
life of the implant should be extended. The actual implant used do not fulfil this
requirement.

In this study, a new concept of orthopaedic implant is presented where the implant is
not only a structural support but also a local drug delivery system. The delivered drug is
meant to influence the bone remodeling in & way so as to compensate the effects of peri-
implant osteolysis. To test this concept, we extended an existing bone remodeling maodel
to include the effect of a drug. The results show that a more homogeneous bone density
distribution can be obtained around the implant. Implants used as drug delivery systems
could then be an alternative way to increase implant service life.
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INTRODUCTION

In reeent years, cementless implants appeared to
be more used in young patients. However, failure
rates of hip arthroplasty can exceed 30% after 15
years for patients younger than 50 years old [1].
The long term performance of implants has to be
increased.

The main cause of implant failure is loosening
following osteolysis caused either by stress

shielding [2] or by inflammatory reaction induced
by wear particles [3]. Besides the improvement of
the material and wear properties of the implant, a
new therapy using a systemic trcatment with
pharmaceutics targeting bone resorption, e.g.
bisphosphonates [4], has been recently considered.
However, the systemic use of drugs presents draw-
backs such as important side effects (e.g., throat or
stomach ulcers for bisphosphonates [3]) or diffi-
culties in determining the appropriate dosage.
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These difficulties could limit the use of the
pharmacological therapy in controlling the peri-
implant bone remodeling.

In order to solve those problems, we suggest a
new view of the use of implants. The implants
would not only be a structural support but also a
local drug delivery system. To realise this innova-
tive concept, the stem of a cementless implant
could be coated with a carrier (e.g., hydroxyapa-
tite) combined with a drug (e.g., bisphosphonate
[6]) which would enable local control of bone
remodeling.

In the present study, we numerically investigate
the concept of an implant used as a drug delivery
gystem. We modified an existing model developed
by our group for calculation of bone density
around an implant during remodeling [7]. The
effects of drugs were accounted for by locally
modifying bone remodeling parameters. We also
evaluated the advantage of a partial in comparison
to a full stem-biocoating. This last point is
motivated by the fact that the peri-implant bone
density is uneven. The optimal control of bone
remodeling in the implant surrounding could be
best achieved by a partial biocoating.

METHODS

Model of Bone Remodeling

Our bone remodeling model [8] takes into account
the bone inhomogeneity and bone transverse
isotropic symmetry by using two field variables:
the relative density ¢ and the anisotropy tensor M.
To relate the bone adaptation to the mechanical
stress environment, the relative density evolution ¢
is linked to the mechanical stimulus 1 applied to
the bone by a piecewise linear evolution relation
{Fig. 1). The anisotropy tensor M is kept constant
with time.

An  equilibrium zone, where bone neither
resorbs nor densifies is delimited by two threshold
stimuli 4, and ty, v, and vy are respectively the
slopes of the resorption and densification rates

La

d_@_d
dt

FIGURE 1 Bone relative density evolution in function of
mechanical stimulus.

versus 3. The bone density adaptation function is
then determined by the four parameters which are
Ve, i, v and 1fy (Fig. 1), The stimulus 1 was set to
a plastic yield stress [B], which is a way of
measuring the microdamage, since plastic defor-
mations are needed to create microcracks.

The equation describing the bone adaptation
behaviour in our model is [7]:
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Model of the Drug Effect

Drugs used to control the discase of bone
metaholism, e.g. bisphosphonates, affect the bone
turnover [6]. This can be modeled by transforming
the four main parameters v, @, Vg and 3y in
functions depending on the drug effect.

Ve(K) = Ve - K (2)

The factor & is a value between 0 and 1 which is
defined for each location in the bone and can be
dependent upon the drug concentration or other
biological properties. The dependencies for w.(x),
va(x), and 1u(x) are defined in the same way. The
implementation of the drug altered relative density
evolution (dg/dt) (Eq. (1)) has been achieved by
using a set of parameters v(x), (), va(x), and
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1hal(k) calculated with Eq. (2). The dependencies of
the parameters v {x), ¥,{x), va(x), and 154(x) upon
& will have to be experimentally determined. For
the present study, this dependency has been
arbitrarily set to a linear relation (Eq. (2)).

Application to Hip Arthroplasty
Geometry and FEM

The three-dimensional geometry of a proximal
fernur was reconstructed from CT scan slices. The
initial bone density distribution corresponds to the
density distribution as it has been measured just
after implantation of a THR implant. Then, a
finite element model of the bone-implant system
was obtained with a 3D mesh generator [9]. The
FE mesh was based on 8-node isoparametric
elements. The evolution equation was iteratively

Newpark, USA) analysis program. The forces
used to simulate muscle action on the head of the
implant have been experimentally determined
[10-12]

Glabal Drug Application

In order to validate the concept of biocoating,
three different sets of simulation were used. The
parameters were set so as to decrease bone
resorption. The first case called Fullcoat 1 was a
simulation run with

ﬂl}r{n = 0.5} = %

The second one called Fulleoat 2 was a simulation
run with

solved by custom-made software REM (7] driving ve(re = 0.5) i
ABAQUS (Hibbitt, Karlsson, & Sorensen Inc., ? e T
a -] [+
vlx) = vf2
wilx) = yd2
vk} = v /2
wile) = w2
vk = v/2
wilk) = w2
Partial 45

vi(K) = w2
i) = yf2

vix] = w2
Wk} = g2

Paetial 4

Panial 17467 Fidicont 3

FIGURE 2 Description of the different simulated coatings in reference to the Gruen zones (detailed in a) taken as pairs (1/7, 216,

3/5 and 4).
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The third one called Fulleoat 3 was a simulation
run with

Ve

A GG =

e and v.(k=0.3)
In all three cases, any other parameter was left at
the standard values of v, 1, vg, or ¥y,

Local Drug Application

For the study of local drug effect, v{x) and (k)
were varied at the same time in certain regions of
the fermur, as shown in Figure 2 and Eq. (3):

II||r-rr|:1‘¢ = ﬂr5:| = i; and \'r{ﬁ'. = ﬂ,j} ] 1|-_;-'- {3}

The parts of the femur that are not designated by
the arrows use the standard values of v, ¥, va,
or y.

Remodeling Parameter Values

The numerical values used in this study have been
experimentally determined [7, 13, 14]

v, = 2.800week™" and 4, =7.5.107°
vy = 0.805week™' and 15y =3.0-1072

A simulation of the bone remodeling using these
values was performed for reference and was
defined as standard (Std).

In order to visualize the results, we define the
Mean Relative Density (MRD) as the sum of the
densitics at all the nodes of the considered part
divided by the number of nodes present in the
considered part.

RESULTS

Global Drug Application

The three coated implants showed a higher MRD
than the standard implant (Fig. 3). The Fullcoat 1
and Fullcoat 3 ended up with higher MRDs than

the standard implant, whereas Fullcoat 2 reaches
equilibrium with the same MRD than the standard
case. All three full coatings needed longer times
to reach equilibrium than the standard case cor-
responding then to a decreased rate of bone
turnover. Decreasing 1, was more effective to slow
down bone resorption than decreasing v,.

For all Gruen zones and at any time, the MRD
was higher in the Fullcoat 3 case compared to the
standard (Fig. 4). The most marked differences
were located in zones 1 and 7 with a MRD 1.5 time
higher than in Std after 50 weeks. The resorption
rate (dg/dt) was 2.2 times higher in the standard
case than in the Fullcoat 3 case. When locally
observing the MRD evolution (Fig. 4), it was
ohserved that the bipgest difference between the
standard case and Fullcoat 3 was found in the
Gruen zones 1, 2, 6 and 7. The MRD of the zones
3, 4 and 5 was slightly higher in the Fullcoat 3 case
than in the standard case.

Local Drug Application

In order to demonstrate the advantage of a partial
biocoating concept, one global coating (Fullcoat
3) was compared with four partially coated
implants (Partial 1/7, Partial 2/6, Partial 3/5 and
Partial 1/2/6/7).

The cases Partial 1/7, Partial 2/6 and Partial 1,2/
6/7 resulted in a lower MRD than Fullcoat 3
(Fig. 5). Results showed that the cases Partial 3/3
and Partial 4 reach almost the same equilibrium
MRD as the standard while the other three keep a
higher MRD than the standard case.

A comparison of bone MRD between Fullcoat
3 or Partial 1/7 with the standard case was
performed by calculating the bone MRD differ-
ence for each node (Fig. ). In both coating cases,
most nodes have a higher MRD than in the
standard case. The Partial 1/7 case reached a
higher MRD in Gruen zones 1 and 7 compared
to the Fulleoat 3 case. The fully coated implant
case induced a bone slightly denser in the medial
proximal bone next to the implant and in the
lateral proximal outer region of the bone. The
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FIGURE 3 Evolution of the mean relative density in time for four cases being Standard (Std), 50% decreased 4, (Fullcoat 13, 50%

deereasad v, (Fulleoat 2), 50% decreased 4 and v, (Fulleoat 3).
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FIGURE 4 Comparison of the mean relative density evolution betwesn the 5td and Fullcoat 3.

main difference resided in the zones 2 and 6, in
particular in the lateral region next to the
implant, where the bone around the full coating

case is 10% denser as in Partial 1f7. In the
regions 3/5 and 4, the fully coated implant
resulted also in a denser bone as compared to a
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FIGURE 5 Comparison of the mean relative density evolution between local and global biocoating.
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FIGURE 6 Spatin]l MRD variation of Full coating and Partial coating compared to Std. Dark zone represents the highest
difference in bone MRD while clear zone represents slight difference.
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partial coating. In all cases, the denser bone was
mainly located in lateral part and the higher
increases were next to the implant.

DISCUSSION

There is a need to increase the life span of hip
implants especially for younger patients. To this
end, Shanbhag [4] studied the inhibition of wear
debris mediated osteolysis in a canine total hip
arthroplasty model by oral use of a bisphos-
phonate (alendronate sodium). Despite promising
results, the systemic use of bisphosphonates bears
some dangers like throat damage or uleer [5].
Therefore we propose to coat the implant with a
drug as bisphosphonate to create a local delivery
system. This allows to control the bone remodel-
ing around the implant. The basic underlying
assumption is that decreasing the bone resorption
in the early stage following a TJA could
considerably increase the stability of the implant
resulting in a longer implant service life. In the
present study, we tested this hypothesis by
extending a bone remodeling model for analysing
the effect of a drug coated on the implant
surface.

The decrease of the two resorption parameters
of the model 1, and v, were effective in increasing
the bone mean relative density around the
implant. However only the variation of 4, enables
maintenance of higher MRD up to the equili-
brium state. The influence of decreased v, lics
mainly in delaying bone resorption. For example,
in order to reach a MRD ¢=0.65, it took 40
weeks with a standard implant, 75 weeks with a
decreased v, (Fullcoat 2) while for the two cases
Fullcoat 1 (1), decreased) and Fullcoat 3 (3, and
v, decreased) the MRD stayed always above 0.65
(Fig. 3).

By comparing the evolution of the mean
MRD (Fig. 3), for the couples Std-Fullcoat 2
and Fullcoat 1-Fulleoat 3, the observed effect of a
decreased v, is to increase the time to reach the
equilibriurmn MRD. The consequence of this is that
at the same moment in the remodeling proocess

(for example week 50), the coating inducing a
decreased v, gencrated a bone of higher MRD
around the implant. This leads to the conclusion
that the ideal drug would be one that decreases .
in order to reach a higher equilibrium MRD and
decreases v; in order to reach the equilibrium by
keeping the highest possible MRD during the
remodeling process.

The distal part of the implanted femur tends to
increase its MRD with time (Fig. 4) which has
been associated to the stress-shiclding problem
[15]. In the Fullcoat as in the Partial cases, the
model indicated that the distal parts of the
implanted bone (zones 3, 4 and 5) were denser
than in the initial case whereas the proximal part
of the bone (zone 1, 2, 6 and 7) resorbed. This
leads to a situation which is biomechanically
unfavourable to the stability of the bone-implant
system [16]. Those observations lead to the
concept of partial biocoating.

Since the densification of the distal zones (3, 4
and 5) is not desirable, partial coatings were sim-
ulated successively in the zones (1, 7) and (2, 6)
and (1, 2, 6 and 7). Interestingly, in all three partial
coatings, the MRD in the modified zone was
higher than in the same zone for the full
biocoating. This result favoured the use of a local
coating compared to a full coating for the two
reasons that first a higher bone density is obtained
in the needed regions and second no decrease of
bone resorption is induced in the distal part of the
implant where an over densification already took
place.

Two clinical studies related the use of partially
coated implants. McAuley [17] showed that in the
case of an anatomical medullary locking hip
implant, the full coating results in less bone loss
in the proximal femur but a density increase in
the distal part of the femur. But the authors
admit themselves that those results are probably
particular to the design of this implant.
Rosenthall [18] compared the density evelution
in all Gruen regions around Multilock implants
where, some were proximally coated with hydroxy-
apatite while the others were not coated. They
could show that in any Gruen zone and at almost
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any moment, the density was higher in the
proximally ecated implant. These two studies
illustrate the conflicting results that can be
obtained in vive. This fact highlights the useful-
ness of a numerical model to estimate the
influenee of different implants on the peri-implant
bone remodeling,

The model used constant values to simulate the
effect of the drug. The decrease of drug activity
over time or the diffusion of drug in the bone were
not accounted for. These effects could modify the
calculated bone MRD. The diffusion of the drug in
the bone will be measured in an experimental
study and incorporated in the developed model.
Regarding the decrease of drug activity, this effect
is less important for bisphosphonate as it has been
shown that this drug iz not degraded during its
stay in the body [6].

CONCLUSION

In the first part of this work, we showed that
the new implant concept is able to modify
the equilibrium bone MRD. By decreasing the
resorption parameters, we observed a higher MRD
distribution and a different bone turnover com-
pared as to the standard case. By using the
developed model, the effect of modifying bone
remodeling parameters could be estimated which
brought useful information for specifying the
targeting for future drugs used in controlling the
bone remodeling.

In the second part, simulation of a partial
biocoating resulted in a MRD distribution which
was biomechanieally more favorable for a longer
service time than the one obtained for a full
coating. Therefore the concept of partial biocoat-
ing could be a promising technique to improve
the serviee life of implants and could be
particularly useful for young patients with
cementless implant.

Finally, the presented model was able to take
into account the action of bone turnover-modify-
ing drugs and to furnish suggestions for the choice

of drug which would provide the ideal peri-
implant bone density distribution.

Acknowledgements

This work was supported by Leenaards Founda-
tion Grant #309.

References

[1] Amstutz, H., Dorey, F, I, and Finerman, G. A. M. (1993).
Total hip archroplasty outcontes (Finerman, G. A. M.,
Dorey, F. I, Grigoris, P. and McKellop, H. A, Eds.),
Churchill Livingston, Mew York, pp. 55-63.

Huiskes, R. (1987). Finite element analysis of acetabular

reconstruction, Noncemented threaded cups, Acta Qrtfap.

Seand., 58, 620-625.

[3] Fricdman, R. I., Black, I., Galante, I, ©., Jacabs, I. J. and
Skinner, H. B. (1994). Current concepts in orthopaedic
biomaterials and implant fixation, fasir. Course Leet., 43,
233-255.

[4] Shanbhag, A. 5. Hasselman, C. T. and Rubasgh, H. E.
(1997). The John Charnley Award. Inhibition of wear
debris mediated osteolysis in a canine total hip arthro-
plasty model, Clin. Orthap., 344, 33-43,

[5]1 Elliott, 8§ M., McKnight, W., Davies, N. M,
MacNaughton, W. K. and Wallace, J. L. (1998).
Alendronate induces gastric injury and delays wleer
healing in rodents, Life Sci., 62, 77-91.

[6] Fleisch, H. (1995). Bisphosphonates in bone disease, from

the laboratory to the paticnt (The Parthenon Publiching

Group, 1995), 2nd edn,

Terrier, A. (1999), Adaptation of bone to mechanical stress:

theoretical model, experimental identification and ortho-

paedic applications, Physics Department, Swiss Federal

Institute of Technology, Lavsanne, PhD. Thesis No. 2043,

[B] Terrier, A., Rakotomanana, L., Ramaniraka, R. M. and
Leyvraz, P. F. (1997). Adaptation models of anisatropic
bone, Comp. Meth, Biomech. Biomed, Eng., 1, 47-59.

[8] Ruhin, P. J., Leyvraz, P. F., Aubaniac, J. M., Argenson,
J. M., Esteve, P. ond de Roguin, B, (1992). The
morphology of the proximal femur. A three-dimensional
radiographic analysis, J. Bome Joint Surg. [Br], 74, 28-32.

[10] Crowninshield, R. I and Brand, R. A. (1981). A
physiologically based criterion of muscle foree prediction
in locomotion, J. Biomechanics, 14, 793 -E01.

[11] Davy, D T., Kotzar, G. M., Brown, R. H., Heiple, K. G.,
Goldberg, V. M., Heiple, K. G. Jr., Berilla, J. and
Burstein, A. H, (1988). Telemetric fonce measurements
across the hip after total arthroplasty, J. Some Joie Surg.
[Am], 70, 45— 50,

[12] Goldberg, V. M., Davy, D, T., Lotzar, G. L., Heiple, K. G.,
Brown, R. H., Berill, J. and Burstein, A, H, (1988). fn vive
hip  forces. Non-cemented  tetal  hip  arthroplasty,
R. Fitzperald, Wew York, Raven Press, pp. 251 = 256.

[13] Mauvenberg, T., Bouxsein, M. L, Mikie, B. and Carter,
D, R. (1993). Using clinical data te imprave compntetiond!
bone remodeling theory, 39th Meeting Orthopaedic Re-
search Society, San-Fransisco, p. 1235

[2

7



IMPLANTS AS DRUG DELIVERY SYSTEMS: A NUMERICAL APPROACH 33

[14] Rubin, C. T. and Lanyen, L. E. (1985). Regulation of stems on adaptive bone remodeling, J. Bfomech. Eng.,
bone mass by mechanical strain magnitude, Calelf, Tirsue 1146, 393400,
Int., 37, 4112417, [17] McAuley, 1. P., Sychterz, C. J. and Engh, C. A. Sr. (2000).
[15] Van Rictbergen, B., Huiskes, R., Weinans, H., Sumner, Influence of porous coating level on proximal femoral
0. R, Turner, T. M. and Galante, J. O. (1993). ESB remodeling, A postmortem analysis, Clin Ortfep., 371,
Research Award 1992, The mechanism of bone remodel- 146153,
ing and resorption around press-fitted THA stems, [18] Rosenthall, L., Bobyn, J. D, and Tanzer, M. (199%). Bone
J. Biomechanics, 26, 369—382, densitometry: influence of prosthetic design and hydroxy-
[16] Weinans, H., Huiskes, R. and Grootenboer, H. J. (1594). apatite coaling on regional adaptive bone remodelling,

Effects of fit and bonding characteristics of femoral fnt. Orikop., 23, 325329,



