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Abstract

Experimental tests and computational modeling were used to explore the fluid dynamics at the
trabeculae-cement interlock regions found in the tibial component of total knee replacements
(TKR). A cement-bone construct of the proximal tibia was created to simulate the immediate post-
operative condition. Gap distributions along nine trabeculae-cement regions ranged from 0 to
50.4um (mean=12 um). Micro-motions ranged from 0.56 to 4.7um with a 1 MPa compressive load
to the cement. Fluid-structure analysis between trabeculae and cement used idealized models with
parametric evaluation of loading direction, gap closing fraction, gap thickness, loading frequency,
and fluid viscosity. The highest fluid shear stresses (926 Pa) along the trabecular surface were
found for conditions with very thin gaps and large closing fractions; much larger than reported
physiological levels (~ 1-5 Pa). A second fluid-structure model was created with provision for
bone resorption using a constitutive model with resorption velocity proportional to fluid shear rate.
A lower cut-off was used, below which bone resorption would not occur (50 1/s). Results showed
that there was initially high shear rates (> 1000 1/s) that diminished after initial trabecular
resorption. Resorption continued in high shear rate regions, resulting in a final shape with bone
left deep in the cement layer, and is consistent with morphology found in postmortem retrievals.
Small gaps between the trabecular surface and cement in the immediate post-operative state,
produce fluid flow conditions that appear to be supra-physiologic; these may cause fluid induced
lysis of trabeculae in the micro-interlock regions.

1. Introduction

Approximately 600,000 total knee replacements (TKR) are performed each year in the
United States [1] and the number of joint replacements is expected to rise dramatically to
over 3 million/yr by 2030 [2]. TKR is a very successful procedure with substantial
improvement in patient functional status and quality of life. Most patients (85%) are
satisfied with the results of surgery [3]. For patients that require a revision, aseptic loosening
is the leading cause, with an 8-year revision rate of 5% [4, 5] based on total joint registry
data. For patients 55 or younger, the revision rate increases dramatically to 11% at 8 years
[6]. This is of particular concern because 50% of primary TKR will be performed in patients
under 65 within the next few years [7]. Also of concern is the fact that the ratio of the
number of revision to primary arthroplasties, or revision burden, does not appear to be
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decreasing with time [8]. Substantial efforts have been made to improve function of knee
replacements, particularly with regards to knee kinematics, surgical alignment, and
development of new bearing couples. One area that has received much less attention is the
mechanism of loss of fixation of cemented TKR with in-vivo service. Avenues to
understand how the loosening process occurs could lead to new approaches to improve short
and long term survival of cemented TKR.

A recent study of postmortem-retrieved total knee replacements shows that there is loss of
micro-interlock at the cement-bone interface and this occurs by resorption of the trabeculae
that were initially embedded in the cement layer [9]. The pattern of bone resorption is not
uniform, and occurs preferentially at the extent of penetration of the cement layer into the
bone, at times leaving fragments of bone deep in the cement (Figure 1). Loss of strength of
the cement-bone interface with time of in-vivo service has been documented for tibial trays
of total knee replacements [10]. Loss of interface stiffness, manifested as increased micro-
motion, has also been measured in cemented hip replacements following in vivo service[11].
It would be reasonable to expect that the loss of fixation is related to loss of strength and
stiffness following in-vivo service.

The mechanism of loss of trabeculae-cement interlock is not known, but in previous
experiments in which cement-bone constructs were mechanically loaded [12], we noted
efflux and influx of fluid at the trabeculae-cement interface. High fluid flow magnitudes (20
mm/s) and pressures (53000 Pa) have been shown to cause osteolysis in the absence of
debris [13]. It is possible that encasing the trabeculae with cement could result in a state of
supra-physiologic fluid flow when the joint replacement is loaded, and that this in turn could
cause a local osteolytic response. Because it is extremely difficult to quantify the local fluid
flow experimentally for very small length scales (tens of microns), we propose to use finite
element modeling capabilities that account for fluid-structure interactions at the level of the
trabeculae-cement interface.

The goals of this research project were to (1) experimentally quantify the presence of
interface gaps and micro-motion between trabeculae and cement, (2) determine morphologic
and loading conditions that cause high fluid velocity, pressure, and shear stress at the
trabecula/cement interface, that could be responsible for trabecular osteolysis, (3) determine
‘homeostatic’ shear rate/stress levels at the bone surface using fluid dynamic simulations of
postmortem cement-bone constructs, and (4) implement a bone surface resorption algorithm
using information gained from Goal 3 to determine if the resorption pattern found in
trabeculae-cement regions is consistent with postmortem retrievals.

2. Methods

A combination of experimental tests and computational modeling was used to explore the
fluid dynamics at the trabeculae-cement interface found in the tibial component of total knee
replacements (TKR). There is no existing experimental data on the micro-level morphology
of the trabeculae-cement interface from TKR and no measures regarding how much these
interfaces move when loaded. This is addressed in Section 2.1. Using this experimental data,
idealized trabeculae-fluid-cement multi-physics analyses are performed using a parametric
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modeling approach in Section 2.2, to determine morphologic and environmental factors that
contribute to high fluid flow and pressure. This data is also compared to existing literature
on the response of cells or animal models to physiologic and supra-physiologic flow rates. In
section 2.3, the concept of a *homeostatic’ fluid shear rate level on bone adjacent to the
cement mantle is explored by modeling fluid flow of well-fixed postmortem retrieved hip
replacements that were functionally loaded in a previous laboratory investigation. Data from
these models could provide information as to fluid shear rate or stress magnitudes are
present in functioning joint replacements. Corresponding experimental data does not exist
yet for postmortem knee replacements, but it would be reasonable to anticipate that the
biological response to bone to fluid flow would be similar for the hip and knee. Finally, in
section 2.4 the load-induced fluid flow around a representative trabeculae-fluid-cement
construct was determined and a bone surface resorption algorithm was applied using the
information generated in Section 2.3.

2.1 Experimental Gap Distribution and Micro-motion for the Immediate Post-operative

Condition

A laboratory-prepared cement-bone construct of the proximal tibia was created to simulate
the immediate post-operative condition using an approach that would be representative of
clinical practice. A proximal cadaveric tibia (51 year old male, 118 kg, 188 cm) from the
SUNY Upstate Anatomical Gift Program was cut in the transverse plane, cleaned using
pulsatile lavage and warmed to 37 deg C in a blood analogue solution. PolymethyI-
methacrylate cement (PMMA, Simplex, Stryker Orthopaedics, Mahwah, NJ) was hand
mixed and applied to the cut bone surface in a doughy state. A plastic spatula was used to
press the cement into the trabecular bone bed and a metal tray was pressed onto the cement
surface. A tibial tray component was not used for this laboratory preparation because the
trabeculae-cement interface was of interest rather than the whole construct. A segment of the
cement-bone interface was cut using an irrigated silicon carbide blade to produce a small
specimen with 8x8mm cross section. The cut trabeculae-cement surface was polished and
high resolution reflected white light microscopy (1.3 pm/pixel) was used to document the
morphology along the trabeculae-cement interface (Figure 2).

The specimen was prepared for mechanical loading by first adding optical texture to the
surface using acrylic spray paint. The specimen was then attached to a mechanical test frame
and loaded in axial compression to 1.0 MPa using displacement control (2 mm/min).
Loading consisted of three pre-conditioning cycles (0.02 MPa tension to 1 MPa
compression), followed by image collection (1.8 um/pixel) during the fourth cycle at 4 Hz.
Digital Image Correlation (DIC, Rapid-Correlator, Xstream Software, Ottawa, Ontario,
Canada) was used at pairs of sampling points on each side of the trabeculae-cement interface
to document micro-motion (Figure 2). The sampling pairs were spaced at approximately 200
pum intervals along the regions of interest and the total micro-motion and shear and normal
motion components were calculated.

2.2 An Idealized Trabeculae/Fluid/Cement Computational Model

An idealized trabeculae-fluid-cement mesh (Figure 3A) was created based on the
experimental data (Section 2.1). The 2-D plane strain model included fluid-structure
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interactions because the bone (E=17 GPa, v=0.3, p=1850 kg/m”3) and cement (E=3 GPa, v
=0.3, p=1200 kg/m”"3) were deformable structures that interacted with the fluid when
loaded. The fluid component was either water (1 = 0.001 Pa-s, p=1000 kg/m”3) or marrow
[14] (u=0.1 Pa-s, p =1250 kg/m”3) and was considered to be newtonian and incompressible.
The Reynolds number was estimated to be consistent with laminar flow conditions; a
maximum of Re=0.42 for water with 14 mm/s flow rate and a 0.03 mm gap, assuming
annular flow.

Finite element meshes were constructed such that there were at least 3 elements spanning
the fluid filled gap between cement and bone (Figure 3B). Models with thinner gaps
required more total elements (Table 1) because of local mesh refinement at the interface.
The solid triangular elements used a second order (quadratic) formulation, with six nodes
per element. The fluid used Lagrange P2-P1 triangular elements [15]. That is, second order
(quadratic) elements were used for the velocity components, while linear elements were
used to model the pressure. As the simulation assumes that the fluid is incompressible, it is
important to note that the P2-P1 fluid formulation satisfies the Ladyzenskaja-Babuska-
Brezzi (LBB) condition [16].

Fluid-structure interactions (FSI) analyses (COMSOL, Burlington, MA) used an arbitrary
Lagrangian-Eulerian (ALE) approach [17] with fluid flow using an Eulerian description and
solid mechanics formulated using a Lagrangian description. A time dependent, monolithic,
two-way, fully coupled approach was used in COMSOL for the FSI simulation. The
coupling is defined along the FSI boundary with no-slip boundary conditions for the fluid
such that the velocity of the fluid (v¢) is equal to velocity of the solid moving wall (vy). In
addition, the stresses across the fluid-structure interface are in equilibrium.

A fully coupled non-linear solver used a damped version of Newton’s method (damping
factor of 1) with time stepping determined automatically using a backward differentiation
formula (BDF). A direct solver (PARDISO) was used for all models with RAM storage use
of less than 2 GB. Five iterations were allowed per time step; if convergence was not
achieved, the time step was automatically reduced and repeated. The initial time step was set
to 0.001 s, although this could be reduced with the auto time-step function of the solver.

The trabecular bone was fixed at the base. The bone and cement material interfaces were
impermeable to fluid flow and there were no-slip boundary conditions between the fluid and
solid elements. There was an open boundary for fluid flow at the bottom of the model with
fluid pressure set to zero. The model was loaded using ‘displacement control’, in the axial or
shear directions (Figure 3A), by moving the cement relative to the bone using a sinusoidal
loading pattern. A phase shift of -n/2 was used so that initially ramping of displacement
would be gradual (see example in Figure 6). This facilitated solution convergence at the
initial time steps.

A full factorial design of experiments (DOE) approach [18] was used to explore the effect of
loading direction (axial or shear), fluid viscosity (water or marrow), gap thickness (5 um or
30 um), gap closing fraction (10% or 80% of the gap thickness), and loading rate (1 Hz or 4
Hz). The viscosity of the fluid in the gaps is not known; water and marrow were chosen to
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span possible viscosity magnitudes. The choice of gap thickness and closing fraction were
made to span the experimental measurements made in Section 2.1. Loading rate would
represent conditions possible in active gait (0.125 s to peak load) or much slower loading
(0.5 s to peak load). A total of 32 (25) runs were completed. Outcome measures included
maximum fluid shear stress at the bone surface, fluid velocity, and fluid pressure in the gap.
Shear stress was calculated as the product of shear rate and fluid viscosity.

Additional studies in support of this approach included a mesh refinement (sensitivity)
study, assessment of number of loading cycles on fluid-structure response, and the effect of
fixing the trabecula to the cement over a segment of the structure.

2.3 Fluid Flow Modeling of Torsionally Loaded Cement-Bone Constructs From Retrieved
Hip Replacements

There is evidence that the cement-bone interface for cemented hip replacements is not
bonded during in-vivo service and that functional loading of these interfaces causes interface
micro-motion [11, 19]. Note that comparable data is not available for knee replacements.
The small gaps that form at the interfaces are typically not filled with soft tissue (unless
there is very large motion) and are likely filled with fluid. We propose here to simulate the
fluid flow response to loading at the cement-bone interfaces of postmortem retrieved hip
replacements. The goal is to estimate fluid flow magnitudes that may exist along the bone
surface during normal in-vivo conditions. In a previous experiment, 10mm transverse
sections from 11 post-mortem retrieved hip replacements (Table 2) were loaded in torsion
and the micro-motion between the cement and cortical bone was measured [11]. Idealized
multi-physics (fluid/structure) finite element models (COMSOL) were created for each case
using the major and minor dimensions of the transverse sections and the median thickness of
the cement-bone gap. An elliptical shape was assumed for the cement cross section. A gap
around the cement was created with uniform thickness and was assigned saline properties
(0.001 Pa-s viscosity). The outside of the fluid gap was fixed as a rigid wall. This was
considered a reasonable first estimate of the cortical bone response as induced fluid
pressures were very small in comparison to stiffness of the cortical bone ring surround the
cement. Typical model characteristics are shown in Table 1. The cement was displaced in
the models (relative to the bone) using the experimentally determined normal and shear
micro-motions as input (Table 2). The induced fluid flow was simulated during the loading
cycle (1 Hz) and the maximum shear rate along the wall of the bone was calculated.

2.4 Simulating Fluid Flow Around Representative Cement-Trabecular Bone Construct

A recent retrieval study [9] suggests that there is focal loss of trabecular bone (Figure 1)
during in-vivo service of the cement-bone interlock region. To investigate the fluid flow and
possible fluid driven resorption mechanism, a 2D plane strain mesh was created for a small
segment of the trabeculae-cement interface (Section 2.1) with an initial 15 um fluid gap
between the cement and bone (Figure 4a). As was used in Section 2.2, a multiphysics
simulation (COMSOL) was performed including fluid-structure interactions where the
cement and bone were deformable structures and the fluid behaved in a laminar flow regime.
Typical model characteristics are shown in Table 1. A cyclic (1 Hz) 1 MPa axial load with
small transverse component (0.02 MPa) was applied to the top of the cement; this induced
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fluid flow within the gap and load transfer to trabeculae. The trabeculae were fixed below.
Note that the top of the trabecula was fixed to the cement in this simulation. In contrast to
the previous models, this model was loaded in ‘load control’ with applied forces in place of
displacements. This approach was chosen because it would be more likely to result in an
increase in micro-motion when coupled to a bone resorption process. A displacement control
loading case (where micro-motion was fixed) would likely cause reduced fluid shear as the
bone resorption process progressed. Further, if the trabecula were not attached to the bone, a
‘load control’ scenario could not be used, as physically the cement would collide with the
bone. A Newtonian (water) fluid layer (1 = 0.001 Pa-s) was assumed. Boundary conditions
were the same as those applied in Section 2.2.

To simulate the resorption process at the trabecular surface, we used the ‘homeostatic’ shear
rate values (~50/s) calculated from Section 3.3 results as a cut off level, below which
resorption would not occur. This served as the basis for a bone surface resorption algorithm
(Figure 4b). We assumed that for shear rates > 50/s, resorption rate (surface velocity) was
proportional to the shear rate. In this way, regions with higher shear rates (Figure 4c) would
result in higher rates of bone loss (as has been observed experimentally in a rat model [4]).
The resorption rate was chosen such that there was a substantial loss of bone in 18 ‘months’.
This was chosen because we have found substantial loss of trabecular bone in this short time
period (1-2 years) in retrievals [20]. The algorithm was adapted to successive COMSOL
fluid dynamic simulations for each time step (indicated here as a virtual ‘“month’) by
resorbing bone at a rate (Figure 4c) proportional to local fluid shear rate, remeshing, and
continuing the fluid-structure simulation. Simulations were stopped just prior to the point
where the cement would come into contact with the bone. In our simulation approach, wall-
wall contact could not be simulated.

3.1 Experimental Gaps and Micro-motion

Mean gap thickness ranged from 5.3 to 20.2 um (Table 3) for the nine sampling regions. The
minimum gap thickness was 0 pm (direct apposition) and the largest gap was 50.4 um. There
were areas of direct apposition in all sampling regions. Mean micro-maotions for the 9
regions with a 1 MPa compressive load ranged from 0.56 pm to 4.71 pum. The smallest
micro-motion was 0.1 um and largest was 5.5 pm. The majority of the sampling regions had
more shear motion compared to normal (opening or closing) motion. Notable exceptions
were sample regions A and H where there was more closing motion than shear, as would be
expected because these interface regions were orthogonal to the loading direction. It is also
interesting to note that we could observe fluid pumping in and out of the trabeculae-cement
interfaces when loading. This provides further evidence that the interfaces are not bonded
and that fluid is likely to occupy these small gaps in-vivo.

3.2 ldealized Fluid Flow Around Trabeculae

Axial loading (Figure 5A) resulted in a near uniform fluid velocity along the interface gap
and highest pressure near the top of the trabecula. Results are shown here at t=0.25s for a 30
um gap with 80% gap closing fraction, loading frequency of 1 Hz, 0.1 Pa-s fluid viscosity.
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For the shear loading case (Figure 5B), there was an asymmetric response with fluid egress
on the right side of the bone and ingress on the left side during the loading phase, followed
by a reversal during the unloading phase. The highest fluid velocity and shear rate during the
loading phase was near the bottom right segment of the interface. The highest fluid pressure
during loading in shear was along the mid-body of the trabecula. Peak magnitudes occurred
at approximately 0.6 s of the 1 s loading cycle (Figure 6A). The bone von Mises stresses
were small (4 MPa) and greatest near the fixed base and were in phase with the fluid shear
loading (Figure 6B). Cement stresses were very small (Figure 6C). Note that the shape of the
fluid shear rate versus time response varied greatly depending on geometry and loading
parameters. For example, with the same geometry loaded to 0.1 gap closing fraction, there
was a symmetric ‘double hump’ fluid shear rate response.

The DOE regression analyses (Table 4) show that each of the five input parameters has a
significant effect on at least one of the three outcome measures (shear stress, fluid velocity,
pressure). Increasing viscosity results in higher shear stress and pressure. Increasing gap
closing fraction resulted in an increasing in shear stress, pressure, and fluid velocity.
Increasing loading frequency resulted in increase fluid velocity. Fluid shear stress, velocity,
and pressure were always highest when the closing fraction was large (0.8), and the loading
frequency was high (4 Hz) (Table 5).

To verify that the first loading cycle was representative of the steady-state response, the
effect of number of loading cycles was analyzed for the shear loading case (30 um gap, 0.8
GCF) through continuous loading for 10 cycles and assessing differences in shear rate
response at 1 and 10 cycles. For the two peaks in shear rate, errors were very small (0.24%
for peak 1 and 1.32% for peak 2).

A mesh sensitivity study was conducted with numbers of degrees of freedom (DOF) ranging
from 7300 to 62000 for the model shown in Figure 3 with a 30 um gap. Peak bone stress and
fluid shear rate were used as the primary outcome metrics. The extremely fine mesh with
62000 DOF was used as the ‘exact’ answer to which other results were compared. With
9300 DOF, bone stress and fluid shear rate ‘errors’ were 7.9% and 6.3%, respectively. These
reduced to 0.4% and 0.6% with 21000 DOF. Further refinement to 36000 DOF resulted in
errors of 0.7% and 0.07%. These results show that models with ~20,000 DOF were
sufficient to capture the peak stress and flow rate measures.

The effect of fixing the top of the trabecula to the cement, such as is used in Section 2.4, was
assessed for a shear loading model with a 30 um gap. The fixed case (Figure 6 D-F) resulted
in reduced fluid shear rates, but substantially increased bone and cement stresses. Note that
the bone and cement stress response mirrored the applied displacements, while the fluid
flow had two peaks for each loading cycle due to egress and inflow.

3.3 Fluid Shear Rate for Retrieved Hip Replacements

In the fluid-structure study of experimental retrieved cement-bone interfaces from hip
replacements, gap thicknesses ranged from 68 um to 570 pm. Shear (2 to 664 um) and
normal (0.8 to 160 um) micro-motions spanned a broad range [11]. For the 11 constructs,
the peak fluid shear rate (Table 2) at the bone surface from gait loading was 39.5/s (24 SD)
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with a range of 5.1 to 79 1/s. From this analysis, a *homeostatic’ shear rate of 50 1/s was
chosen to represent conditions below which bone resorption would not be anticipated.

3.4 Simulating Resorption

For the trabeculae-cement models developed (Section 2.4), at ‘time zero’, representing the
immediate post-op condition, there were very high shear rates along much of the trabecular
bone surface (Figure 7A). Peak shear rates occurred at 0.25 s of the 1 second loading cycle.
Implementing bone loss via the resorption algorithm, there was a dramatic drop in fluid
shear rate and nominal increase in bone stress and displacement of the cement relative to the
bone (Figure 8) within the first few simulated ‘months’. Bone resorption continued in focal
regions until 18 ‘months’ when erosion of the bone was nearly complete in two locations.
The late increased displacement of the bone, resulted in much higher fluid shear rates, which
in turn increased the rate of bone loss and higher trabecular bone stress (Figure 7B).

4. Discussion

The results of this study show that there are very small gaps at the interface between cement
and trabecular bone in the immediate post-operative state (using laboratory prepared
specimens as an analogue). When loaded, there are small, but measureable micro-motions
between the trabeculae and cement. The small gaps between the trabecular surface and
cement in the immediate post-operative state, combined with the induced micro-motions
from loading of the joint, produce fluid flow conditions that appear to be supra-physiologic.

Several studies have explored fluid flow on bone or bone cells at physiological levels. Peak
fluid shear stress at the trabecular surface surrounded by marrow for mechanically loaded
vertebral trabecular bone at physiologic levels, has been estimated to be on the order of 1-5
Pa [14]. Low-magnitude/high-frequency vibration known for its anabolic effect on bone,
results in fluid shear stresses in trabecular bone marrow of between 0.5 and 5.0 Pa [21]. Cell
co-cultures subjected to oscillatory fluid flow (1 Pa shear stress) result in conditions of
decreased osteoclastogenesis [22]. Osteocytes subjected to pulsatile fluid flow (0.7 Pa shear
stress) produced conditioned medium that also inhibited osteoclast formation [23]. The
calculated “homeo-static’ fluid shear stresses along the bone surface of retrieved cemented
hip replacements (Section 2.3) in the present study would be in the range of 1.0 Pato 7.9 Pa
(for marrow). The shear stress magnitudes are similar to those cited above, suggesting that
fluid shear stresses in this range may conducive to bone formation or normal turnover.

In contrast, the results of the idealized trabeculae-cement models suggest that loading can
produce fluid shear stress and pressures that are several orders of magnitude larger than
what would be considered physiologic. Fahlgren and coworkers [24] has shown that cortical
surface pressures of ~53000 Pa and estimated flow velocities of 20 mm/s can cause
extensive bone resorption using a rat model. McEvoy [25] showed that cultured
macrophages, subjected to pressures of 35000 Pa increased cytokine production and bone
resorption. High capsular pressure and implant motion were found to generate high flow
rates (14 mm/s), using a computational fluid dynamic simulation to explore osteolysis along
the proximal-lateral edge of total hip replacements [26]. Magnetic resonance imaging (MRI)
has been used to measure the flow [27] around a canine bone implant with provision for
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micro-motion resulting in development of a sclerotic rim of bone with a gap between the
implant and bone [28, 29]. Fluid velocity magnitudes of up to 14 mm/s were measured for
these conditions. There are other examples of fluid induced bone lysis in the literature;
subchondral bone cyst growth has been associated with fluid pressurization [30] and
osteolysis due to pumping fluid through holes of cementless acetabular components has
been associated with high fluid pressure and flow [31].

The flow and pressure magnitudes described above are in the same range as the maximum
values found in this study (see Table 5), suggesting that the high fluid shear rates/stresses
are a plausible mechanism to initiate and evolve localized loss of trabecular bone that
interlocks with PMMA cement in joint replacements. The pattern of bone loss, with the
majority at the base of the trabecula in the Section 2.4 simulation, is similar to that seen in
some postmortem retrievals. Once the interface structure becomes unstable, it is likely that
the trabecula fails or buckles. Note that bone material failure was not simulated here. This
local loss of support could contribute to the progressive migration of the component for
cases where the implants loosen [32]. It should also be noted that other resorption patterns
are found in retrievals, some with complete loss of interlock between cement and bone.

While this work suggests that local fluid flow could be responsible for local trabecular
resorption, it is also possible or even probable that other mechanisms such as stress shielding
[33], monomer toxicity [34], heat or surgical necrosis [35, 36] also contribute to loss of
bone. In addition, it is likely that individual trabeculae may be appositional with cement and
well supported in some locations while having gaps in other locations [9]. More complex
experiments and models of the micro and macro structure would be useful to explore these
issues.

This project has several limitations. In this work, the experiments to determine interface
gaps and micromotion were taken from one donor bone. Different interlock conditions and
trabecular morphologies may result in different interface responses. However, for the
purposes of this work, documenting that gaps can be small and that there is micromotion
between the trabeculae and cement is sufficient to develop the concept of micromotion
induced fluid flow. The finite element meshes were simple compared to a full 3D structure,
but they do represent the typical features found in the interlock regions. In addition, they
capture the complex fluid-structure interactions of the trabecula-cement interface; which has
not, to the authors knowledge, been attempted previously.

The resorption algorithm was phenomenological by necessity because the osteoclast or
osteoblast cellular response to very high shear rates/stresses has not been explored.
However, we did incorporate a new shear rate limit into the constitutive model and this was
based on computational fluid dynamics of 11 postmortem retrieved hip replacements.
Specimens with very small and large interface gaps were included with corresponding small
and large micro-motions (200 fold range), but the fluid shear rates at the bone surface
spanned a much smaller range (10 fold range). This suggests that some level of fluid shear
rate homeostatis may exist at the bone surface adjacent to the cement. Another limitation
was that the exact nature of the fluid in the very thin cement-bone gaps is not known in
terms of constituents or viscosity. For the final simulation with bone resorption, we assumed
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saline was the fluid in the gap. There is not definitive proof that the high fluid stresses cause
increased osteoclastic resorption, but there are several laboratory studies that support this
concept [13, 24, 25].

The bone resorption simulation used load control and resulted in high fluid shear rates early
(with very thin gaps) and late (with large gaps, but increased motion). If the simulation were
performed in displacement control, there would be early resorption due to the very thin gap,
but this would diminish with time because the shear rate would decrease as the interface gap
widened. As a complete total knee replacement construct, there may be some regions that
experience constant or increasing loads with resorption, and others that may experience
reduced loading or displacement. In the case presented here, after the early high resorption
rate, resorption progressed at a near linear rate with time, followed by a period where there
was a combination of increased fluid shear rate coupled to increased construct displacement.
Studies of the fluid flow conditions for the trabeculae/cement interface following in-vivo
service (as opposed to immediate post-op condition as was simulated here) could help
determine conditions that result in long term interlock without excessive resorption.

Maintaining fixation of interfaces in joint replacements is critical for short and long-term
clinical function. This work explores ‘unnaturally high’ fluid flow as a mechanism that may
cause trabecular resorption found after in vivo service in regions where bone micro-
interlocks with cement. In summary, we found that there are thin interface gaps between
trabeculae and bone in the interlock regions of cemented knee replacements and these move
when loaded. Very thin gaps, with large closing fractions, and high loading rates were
associated with high fluid velocity, pressures, and shear stresses. The ‘supra-physiologic’
magnitude of these stresses was consistent with the literature for instances where osteolysis
would be expected. The “homeostatic’ shear rate level for postmortem retrievals of hip
replacements was much lower than the trabeculae-cement interlock regions and were of a
magnitude consistent with conditions for bone maintenance. Applying a relatively simple
resorption algorithm to the trabeculae-cement construct resulted in a resorption pattern that
was similar to postmortem retrievals. Further, the resorption was progressive under load
control conditions.
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Figure 1.
Cement-bone specimen taken from a region of interest (ROI) on the underside of the en bloc

retrieved tibial tray (A) showing trabeculae interlocked with cement (B). Spaces left by the
resorbed bone are evident (C) and are filled to improve clarity. Bone fragments away from
the trabecular bone bed are noted.
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Figure 2.
The trabeculae-cement interlock region from the proximal tibia from a laboratory prepared

specimen. Gap thickness and micro-motion measurements were made at 9 regions along the
interface. The black trace lines represent the regions where gap/micro-motion measurements
were made. Regions E and F were used as the basis for the modeling effort in Section 2.4.
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Figure 3.
Idealized trabecula-cement-fluid model (A) showing parameter levels. Inset image (B)

shows detail of the fluid gap finite element density.
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Figure 4.
Structure-fluid mesh (A) of the trabeculae-cement interface was loaded axially (1 MPa) with

a small (0.02 MPa) transverse load. A resorption algorithm (B) with 50 1/s shear rate cut-off
was used to define resorption velocity of the bone (C). Resorption, shown as a dotted line,
was proportional to shear rate (example numbers shown).
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Figure 5.
Fluid velocity, pressure, and shear rate at 0.25 s for axial (A) and shear loading (B)

conditions with an 80% gap closing fraction, loading frequency of 1 Hz, and 0.1 Pa-s fluid
viscosity. Red represents highest magnitudes, while dark blue represents 0 magnitude. *
indicates undeformed position of fluid-cement interface.
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Figure 6.
Fluid shear rate, bone von Mises stress, and cement von Mises stress for case with a 30 um

gap and shear loading (0.8 GCF). Cases with a full gap (left column) and fixed between the
cement and bone (right column) are shown.
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Figure 7.
Fluid shear rate (A) and Von mises stress in bone and cement for initial gap condition, and

after simulated bone resorption of 8 and 18 months.
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Maximum shear rate at the bone surface, von Mises stress in the trabecula, and displacement
of the cement relative to the trabecula are shown as a function of time.
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Characteristics of the fluid/structure models including element count, total degrees of freedom, typical time

steps to completion, and applied load type.

Idealized Idealized Torsionally Representative
Parametric Parametric Loaded Cement-
Model Model Cemented Hip | Trabeculae
(30 um gap) (5 um gap) Cross Section Construct
Method Section 2.2 2.2 2.3 2.4
Fluid elements 2200 8700 18900 4900
Cement 4400 18100 29100 5900
elements
Bone elements 2900 15600 - 5500
Degrees of 35000 227000 183800 94000
Freedom
Time steps 35-105 60-105 25-30 100

Applied load type

Displacement
control

Displacement
control

Displacement
control

Load control
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Design of experiments (DOE) analysis indicates significant relationships (p<0.05) between model parameters

and outcome measures. (+/- indicate positive/negative effect on outcome measures.)

Parameter Levels Shear | Pressure Fluid
Stress (Pa) Velocity

(Pa) (m/s)

R? 0.54 0.63 0.74

Viscosity (Pa-s) 0.001-0.1 + +

Gap closing fraction (GCF) | 0.1-0.8 + + +

Gap thickness (mm) 0.005 - 0.03 - +

Loading direction Axial - shear -

Loading frequency (Hz) 1-4 +

Viscosity * GCF + +

Viscosity * Gap -

GCF * Gap +

GCF * Load Direction

GCF * Frequency

Load Direction * Gap
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Parameters that result in the maximum fluid values of the three outcome measures.

Table 5

Shear Stress | Velocity Pressure
Magnitude 926 Pa 23.4mm/s 82000 Pa
Loading Shear Shear Axial
direction
Gap closing 0.8 0.8 0.8
fraction
Gap thickness 5 30 5
(um)
Load frequency | 4 4 4
(Hz)
Fluid Viscosity | Marrow (0.1 | Water (0.001 | Marrow (0.1
Pa-s) Pa-s) Pa-s)
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