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Simulation of Adaptive Bone Remodeling with Abaqus/Standard

Summary

In the adaptive bone remodeling process, the density of
bone tissue changes over time according to the load it
sustains. Elevated loads produce increases in bone den-
sity while reduced loads cause reduction of bone density.
The long term success of an orthopedic implant can be
better predicted by including this process in the design
workflow.

In this Technology Brief, we demonstrate the Abaqus/
Standard implementation of one of the leading bone re-
modeling algorithms. User subroutine USDFLD is em-
ployed to capture solution dependent material properties,
and the approach is used in the analysis of a total hip re-
placement design.

Background

Healthy bones adapt to mechanical stimulus in a process
known as bone remodeling. More specifically, the appar-
ent density of bone tissue is directly related to the load it
bears over time. For example, after long periods in a mi-
crogravity environment astronauts experience a loss of
bone density because of skeletal unloading, while most
professional tennis players experience a gain of bone
density in their playing arm because of the repetitive load-
ing applied over many years.

The bone remodeling process is an important concern in
the orthopedic implant industry. When an implant is used
to treat trauma or chronic osteoarthritis, a portion of the
bone is replaced. The altered stress state in the bone
leads to a remodeling of the remaining bone tissue. Since
implants are made of metals such as titanium and cobalt-
chromium, they are much stiffer than the surrounding
bone tissue; they subsequently bear more load than the
bone they replace. As a result, the remaining bone tissue
can eventually lose most of its structure. This effect,
known as stress shielding, can cause loosening of the
implant and eventually failure of the fixation. Hence, the
extent to which the bone tissue is able to maintain its ap-
parent density is an important measure of long-term im-
plant success.

The slow pace of bone remodeling adds to the difficulty
of experimental studies; for this reason and others, simu-
lation through finite element analysis is an ideal way to
study the process. For a numerical analysis to be realistic,
it must incorporate a proper remodeling theory. Among
the many available, the strain adaptive remodeling ap-
proach developed by Huiskes, et al. [1] has been com-
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pared with in vivo studies with moderate success and has
been used by many researchers to compare implant de-
signs.

In this Technology Brief, the theory presented in [1] is im-
plemented in Abaqus and a remodeling simulation is com-
pleted. Only a single analysis is required, without the
need for complicated post processing efforts. This ap-
proach facilitates the inclusion of bone remodeling simula-
tion in the workflows of implant designers, researchers,
and physicians.

Analysis Approach

Implementation of the bone remodeling algorithm

Bone tissue exhibits a direct relationship between its den-
sity and mechanical properties. Density can be calculated
with data obtained from medical images such as CT
scans. The mechanical properties of the tissue compris-
ing a complete bone will vary not only spatially, but also
temporally as the tissue density changes with the remod-
eling process. In this study a cubic relationship between
the bone density and Young's modulus was defined



based on the work of Carter and Hayes [2]. The spatial
non-uniformity was captured in Abaqus by making the
material properties dependent on field variables.

In the strain adaptive bone remodeling theory, bone tis-
sue density is a function of strain energy density. Abaqus
user subroutine USDFLD, which allows for the definition
of solution-dependent field variables at an element inte-
gration point, is ideal for such situations.

In this approach, material properties are defined with field
variable dependence; the field variable is computed in the
subroutine based on the solution from the previous incre-
ment. Thus by treating the bone density as the field vari-
able to be computed in USDFLD, the bone mechanical
properties are allowed to vary with density.

A schematic relationship between bone density and re-
modeling signal is shown in Figure 1. In particular, a “lazy
zone” exists around a reference signal level; this repre-
sents an inactive region in which bone density does not
change. When the remodeling signal is above or below
the lazy zone, bone density starts to increase or decrease
accordingly. In this study, strain energy density per unit
mass was used as the remodeling signal. The rate of den-
sity change depends on user-chosen constants and the
representative area of the bone tissue, which is a function
of bone density.

Total Hip Replacement Model

In this application, the geometry of an intact human femur
bone and a total hip replacement stem were imported into
Abaqus/CAE. An extrusion cut was made to the femur to
remove the femur head. This operation mimics the surgi-
cal procedure of a total hip replacement. Both the femur
and the implant were meshed with second order tetrahe-
dral elements (C3D10M).

Realistic boundary conditions were applied to the proxi-
mal and distal ends of the femur-implant assembly [3].
Abductor and joint forces were applied to the control
points of coupling constraints, which distribute the forces
to affected regions. Rough contact was defined between
the implant and bone tissues, assuming the existence of
the full bonding that results from bone ingrowth into the
porous scaffold on the implant surface. Initial bone den-
sity distribution was applied as an initial condition. The
exterior of the femur head and femur shaft was assumed
to be cortical bone, while the inside of the femur head
was assumed to be trabecular bone. Two loading condi-
tions and two implant materials were analyzed.

Results and Discussion

Predicted bone loss patterns with different implant materi-
als and loading magnitudes are shown in Figure 2. Ele-
ments in which bone density is lost have been removed
from the plots. Clinical observations show that most bone
loss due to stress shielding happens near the lesser tro-

“lazy zone”

Bone Density Change

Figure 1: Bone density change as a function of the model-
ing signal

chanter area [4]; this is verified by the simulation results,
which show bone loss in the interior region around the
lesser trochanter (Figure 2a).

Stress shielding is known to be caused by the stiffness
difference between the bone and implant. The simulation
results show that when the implant material is changed
from titanium, which is much stiffer than bone tissue, to a
softer polymer material, there will be significantly less
bone loss (Figure 2b). Combined with a fatigue analysis,
an implant designer will be able to use the current work-
flow to determine an optimized implant modulus that pro-
vides less bone loss and longer implant fatigue life.

Bone loss is also affected by the magnitude of the applied
loading. Figure 2c shows the titanium implant result with a
35% load reduction. The simulation results showed more
bone loss than with the full load (Figure 2a), especially in
the exterior region of the femur. This is why patients are
encouraged to move as much as they can after surgery
so that bone density is maintained. It also suggests that in
situations where the patient is restrained from vigorous
exercise, a different implant design may result in less
bone loss.

Conclusions

Abaqus/Standard provides the tools necessary to model
solution dependent material properties. As applied to or-
thopedic implants, this capability allows for the inclusion
of adaptive bone remodeling in the design process. Physi-
cians, researchers, and designers are thus afforded a tool
to compare the performance of different implant designs
under different loading conditions via virtual experiments.
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Figure 2: Predicted bone loss patterns - (a) an implant made of titanium, (b) an implant made of ultra high molecular
weight PMMA, and (c) the titanium implant with 35% load reduction
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Abaqus References

For additional information on the Abaqus capabilities referred to in this brief, please see the following Abaqus 6.11 docu-
mentation references:

e Analysis User Subroutines Reference Manual

— USDFLD: User subroutine to redefine field variables at a material point, Section 1.1.49
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