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Abstract

Loss of fixation at cement-bone interface is known to contribute to aseptic loosening, but very little
is known about the mechanical damage response of this interface. An in vitro study using cement-
bone specimens subjected to shear fatigue loading was performed and the progression of stiffness
and creep damage at the interface was measured using digital image correlation techniques. Stiffness
and creep damage localized to the contact interface between cement and bone. Interface creep damage
followed a three-phase response with an initial rapid increase in creep, followed by a steady state
increase, concluding in a final rapid increase in creep. The initial creep phase was accompanied by
an increase in interface stiffness suggesting that there was an initial locking-in affect at the interface.
There was a decrease in interface stiffness as further creep damage progressed. Power law models
were reasonably successful in describing the creep and stiffness damage response and were a function
of loading magnitude, number of loading cycles, and contact area at the cement-bone interface. There
was more micro-crack damage to the cement when compared to the bone and this localized along
the interface. These findings indicate that damage to the cement-bone interface could be minimized
by improving cement-bone contact and by strengthening the fatigue resistance of the cement.
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Introduction

Poly(methylmethacrylate) cement is commonly used to fix total joint replacement components
and relies on good interlock between the cement and bone. A great deal is known about the
mechanical response of cement and bone to mechanical loading and a large body of work exists
regarding factors that affect the strength of the cement-bone interface (3,6,7,9,15,17). From a
clinical perspective, the loosening process is often accompanied by a degeneration of the
cement-bone interface resulting in extensive fibrous tissue formation or loss of bone (5,16).
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These phenomena trigger subsequent excessive interface motion (24) and excessive migration
of the prosthetic components (12) ultimately leading to aseptic loosening of the implant (24).
Improved mechanical fixation of the cement-bone interface could postpone mechanical
loosening and is therefore one of the key factors involved in the survival of cemented
components.

The relationship between mechanical loading and the motion at the cement-bone interface is
not well understood. Micromotion is widely used to describe the mechanical response of the
interfaces to loading, usually referring to a small magnitude of motion (1,8,11). The location
of micromotion measurement is often far away from the interface, with the actual interface
motion inferred from global measurements. Hence, it is very difficult to use these studies to
deduce the local mechanical behavior in a reliable way. Recently, the micromechanics of the
cement bone interface loaded in quasi-static tension and compression was explored with the
finding that motion localizes at the contact interface between cement and bone (18).
Furthermore, the interface was found to be quite compliant, with interface motions on the order
of 5 microns for a 1 MPa applied stress in both tension and compression.

While quasi-static loading conditions are of interest, fatigue loading, with the potential for
progressive damage would be much more relevant as a possible loosening mechanism in total
joint replacements. In addition, efforts to model the damage response of cemented implant
systems (10,19,20,22) could be further enhanced by a better understanding of the fatigue
damage micromechanics of the cement-bone interface. In this research, a series of shear fatigue
experiments was performed on cement-bone interface specimens and the mechanical response
at the cement bone interface was monitored using digital image correlation techniques. From
this, three research questions were developed. First, what is the interface damage response of
the cement-bone interface when subjected to shear fatigue loading? Second, can we the damage
response be predicted based on loading magnitude or morphology? Third, is there more damage
to the cement or to the bone and can this be related to interfacial creep or stiffness damage?

Specimen Preparation

Specimens of rectangular-prism shape containing bone, cement and the interface between
cement and bone were prepared from proximal, fresh frozen human femurs (seven donors,
mean age 75, range 50 to 90, three male). The femurs were cemented using thermal and
haemodynamic conditions that simulate the surgical implantation of a cemented femoral hip
component in total joint replacement (21). The femoral neck was cut at the calcar, a broach
was used to prepare the canal followed by brush lavage with irrigation, insertion of a distal
plug, pressurization of the cement, and immersion of femur into a 37°C blood analog solution.
PMMA bone cement was introduced (Surgical Simplex P, Stryker Corp., Mahwah, NJ) at room
temperature (21°C) into the canal using a cement gun. As the cement mantle could be thin in
places (1-3 mm), a replica Exeter stem, fabricated from PMMA was inserted instead of a metal
stem to allow for adequate cement for mechanical gripping following sectioning. Following
cement cure, the femurs were soaked in a blood analog solution for four days before sectioning
to create rectangular-prism shaped specimens with cross sections of 3.98 + 0.17 mm by 7.93
+0.16 mm.

Determination of Contact Area Between Cement and Bone

Specimens were scanned in a micro-CT scanner (SCANCO Medical AG, Basserdorf,
Switzerland) at 12 micron isotropic resolution. Interface contact area (CA) was estimated using
an image processing technique that included segmentation of cement and bone into discrete
3D bodies, dilation of the cement body by two voxels (24 microns), followed by determination
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of the Boolean intersection between the cement and bone. This intersected volume was then
divided by the amount of the dilation operation (24 microns) to result in an estimate of contact
area between cement and bone. Further details of this approach have previously been presented
(18).

Experimental Apparatus and Digital Image Correlation Measurements

The shear loading apparatus consisted of an environmental chamber with calcium buffered
physiologic saline (37°C), shear loading grips, and a CCD camera (7.3 micron/pixel) to capture
motion during loading (Figure 1). Digital image correlation (DIC) was used to measure motion
at six discrete zones along the interface between the cement and bone. Sample locations were
40 by 40 pixels (0.085 mm?2) and RMS error for the DIC system was 0.000395 mm (18). The
vertical motions of the cement and bone sampling zones were averaged (three for cement and
three for bone), and the difference between cement and bone vertical motion, defined here as
interface shear displacement, was used as the primary outcome measure of cement-bone
interface shear motion. The applied apparent stress was calculated as the applied load divided
by the nominal interface area (~32 mm3).

Shear Fatigue Testing and Analysis

Fatigue testing was performed in load control using a sinusoidal loading regime with R-ratio
of 0.1 and a loading frequency of 3 Hz. DIC image data were collected at 10, 100, 1000, 3000,
10000, 33000, and 50000 cycles or until an external LVDT limit reached 0.185 mm. The LVDT
limit on motion was chosen to impart damage to the specimens without causing complete
fracture. At each designated sampling cycle (n), the loading rate was reduced to 0.25 Hz, and
the CCD camera was synchronized with the mechanical test frame with images captured at
5Hz to result in approximately 20 DIC image sequences at each sampling cycle. If the
specimens reached the external LVDT limit, the test was stopped, and a final low-load test was
attempted to determine the final mechanical response.

Fatigue load magnitude was based on the initial stiffness of the specimen (k;), from which an
estimate of single-cycle shear strength was determined (from a series of preliminary static tests
to relate specimen stiffness to shear strength). Applied fatigue stress was then chosen as 50%
of the estimated shear strength, so that specimens with greater initial stiffness had a higher
applied load. A total of 25 specimens were used for fatigue testing.

The interface shear stiffness (k) was determined at each sampling cycle (n) by determining
the slope through the rising shear stress versus DIC-based interface displacement data (Figure
2). The interface creep displacement at each sampling cycle (5. ;) was then calculated as the
intersection of the shear stiffness line with the x-axis. The interface displacement (i) during
loading was determined for each sampling cycle as the difference between the peak
displacement and the creep displacement (see Figure 2).

Measuring Fatigue Induced Cement-Bone Damage

The initial (pre-test) and final damage to the cement and bone was determined for each fatigue
loaded test specimen. Prior to fatigue loading, to document bone damage, specimens were
immersed in 0.1% calcein for 12 hours followed by a 10 minute rinse in deionized water.
Specimen surfaces were then sanded to remove surface stain, revealing any microcracks in
bone. Next, specimens were immersed in a fluoresecent dye penetrant (Aquackeck, Sherwin
Inc, South Gate, CA) for 10 minutes followed by a 10 minute rinse. Epifluorescence image
capture was performed at 5.8 micron resolution for all four faces of the specimen containing
the interface between cement and bone. Following fatigue testing, this same procedure was
repeated to document post-test damage to cement and bone.
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Cement and bone cracks were manually traced and measured for length (Image Pro, Media
Cybernetics, Bethesda, MD). Crack number, average length, and length sum were determined
from the four exposed faces of each specimen. The initial and final image sets were
superimposed to allow for discrimination of new crack versus growth from pre-existing cracks.
Measurements were divided into pre-existing cracks (before loading), growth from preexisting
cracks, new cracks, and total crack growth. Total crack growth was the sum of growth from
preexisting cracks and new cracks.

Statistical analysis and development of power-law models

Results

Based on the observation that there was often a maxima in the stiffness response during shear
fatigue loading (see Figure 5B), the relationship between interface stiffness and interface creep
was fit to a cubic curve and the interface creep at the maximum stiffness for each specimen
was estimated by finding the maxima along this curve. This was defined as the interface creep
at the stiffness maxima. Step-wise power-law regression models were used to relate the
interface creep response (dependent variable) with normalized applied displacement (3, =
Tmax/Ki), number of loading cycles (n) and interface contact area (CA) as shown in Equation 1.

K
5;10’(%) ntcaM

i

Eqn 1

Additional step-wise regression models were used to relate changes in interface stiffness (k)
with interface creep damage response (8¢) and interface contact area (CA) as shown in Equation
2. This response was divided into rising stiffness and falling stiffness components.

k=10'6XcAM Eqn 2

Finally, paired t-tests were used to compare damage to the cement and the bone (length sum
measurements) with Bonferroni corrections for multiple sampling.

Of the 25 fatigue test specimens, 13 completed the 50,000 cycle loading protocol, 9 reached
the LVDT limit and the test was suspended, and three specimens reached the LVVDT limit, but
fractured prior to the final DIC measurement set. General descriptive statistics for the
experiments are listed in Table 1. The DIC response (Figure 3) illustrated a clear discontinuity
in the displacement field at the cement-bone interface during the fatigue loading process. In
addition, the response at the top, middle, and bottom sampling regions indicated that there was
a near uniform shear displacement response along the interface. The shear displacements of
the bulk cement and bone were negligible.

The general shear fatigue response (Figure 4) was characterized by changes in both the interface
creep response and interface stiffness response. The creep damage response followed the
traditional power-law type response with an initial large early creep response, followed by a
steady creep rate; this response represents the first two phases of the three phase failure response
(14). The stiffness response followed an early increase in stiffness to a peak in stiffness,
followed by a gradual decrease in stiffness suggesting an accumulation of mechanical damage
with the number of loading cycles. In many specimens the maxima of the interface stiffness
corresponded to the inflection of the creep response (e.g. Figure 4).

There was a wide range of interface creep responses (Figure 5A). Interface stiffness plotted as
a function of interface creep (Figure 5B) revealed a maxima in the stiffness response for 15 of
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the 25 shear fatigue specimens. The interface creep at the maxima of stiffness occurred over a
relatively small range of creep magnitudes (0.024 mm £ 0.009 standard deviation). Hence,
there seemed to be a creep limit beyond which the specimen deteriorated leading to a reduction
in stiffness. Note that the specimens that did not have a maxima in stiffness generally did not
reach the 0.024 mm interface creep level.

Using the regression models, the creep damage response followed a power-law response with
significant contributions from the normalized applied displacement (8; = tmax/ki), number of
loading cycles (n), and interface contact area (CA) (Table 2). Greater initial applied interface
displacement (p<0.0001), greater number of loading cycles (p<0.0001), and lesser interface
contact areas (p<0.0001) contributed to greater interface creep magnitudes. Overall, 68% of
the interface creep response could be explained by these three parameters (r2=0.68, p<0.0001).
The third and final phase of rapid increases in creep damage with continued cyclic loading was
noted in a number of the specimens (Figure 5A), suggesting that failure was imminent in
specimens that had interface creep magnitudes in the 50 to 100 micron range.

The regression model for the stiffness response was divided into two components using the
interface creep at the stiffness maxima (24 microns of creep) as a dividing point (Table 2;
Figure 5.B). For the rising interface stiffness response, we found that greater interface stiffness
(r?=0.46, p<0.0001) was associated with increasing interface creep (p=0.0155) and greater
contact area (p<0.0001). For the falling interface stiffness response, we found that greater
interface creep (p<0.0001) and lower contact area (p<0.0001) contributed to decreased
interface stiffness (p<0.0001, r?=0.73).

Fatigue damage (Figure 6) resulted in cracks in the cement that were orientated at 45 degrees
to the loading direction, consistent with a shear damage response (4). Cracks in the cement and
bone occurred close to the interface in all cases. Significantly more pre-existing damage was
found in the cement when compared to the bone (p=0.0003) as measured by crack length sum
(Table 3). The majority of crack growth was from new cracks (83% of length sum for cement
and 77% for bone). There were significantly more new cracks and total crack growth in the
cement when compared to the bone (p=0.0052). Cracks were generally short (average less than
0.10 mm in length) and were much more numerous in the cement when compared to the bone.
There was a weak, but significant correlation (r?=0.33, p=0.01) between interface creep at the
end of the test and crack growth in the cement. There was no correlation between interface
creep at the end of the test and crack growth in the bone (r2=0.02, p=0.60).

Discussion

The damage response of the cement-bone interface was characterized by creep damage that
localized to the contact interface between cement and bone. Initial creep damage was associated
with stiffening of the structure suggesting that early in the loading process there was a locking-
in effect. As creep damage continued to accumulate, beyond some limit, there was a decrease
in interface stiffness. This limit level was confined to a relatively constant magnitude
suggesting that there was some physical interface displacement level above which the damage
response changes from a locking-in effect to a loss of stiffness combined with a greater creep
damage response. It is possible that this initial rise in stiffness is due to initial closing of gaps
at the cement-bone interface. It is also possible that the creep response of the bulk cement or
bone contribute to the increase in stiffness by allowing for better conformity at the interface.
Computational modeling efforts that include the microstructure of the interface and relevant
damage and creep models of the bulk materials will be crucial to aid our understanding of the
physical phenomena measured in these experiments.
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We found that the interface creep damage response could be related positively to loading
magnitude, number of loading cycles, and for interface morphologies that had reduced contact
between the cement and bone. The finding that loading magnitude and number of loading cycles
contribute to interface creep response has been previously reported (14), although interface
motion was inferred from global specimen response. The greater interface creep response for
specimens with less cement-bone contact suggests that the creep behavior is related to the size
and distribution of gaps at the interface. The results of the present study also show that the
changes in interface stiffness could be related to the progression of interface creep and the
interface contact area. Higher interface stiffness was associated with increased contact area
which is consistent with previous work relating interface contact area and interface stiffness
(18).

There was more micro-crack damage to the cement when compared to the bone and this was
focused at the contact interface. Away from the interface there was not appreciable damage.
Further, specimens with a larger final interface creep displacement also tended to have more
cement damage. The amount of cement damage was quite variable and there are likely many
other factors that contribute to the amount of cement damage including details of the interface
morphology, load level, and number of loading cycles. But these factors likely interact in ways
that cannot be captured by simple regression relationships. Models that can incorporate cement
damage from fatigue loading (23) may be very useful in understanding these interactions and
also how the damage is related to changes in interface stiffness and creep.

There are several limitations to this work, with lack of a biological response to accompany the
fatigue process as a primary limitation. Itis likely that bony remodeling changes based on stress
and local fluid pressure levels would effect the damage response of the interface (2). This work
was based on laboratory prepared specimens and that these specimens may not represent the
full spectrum of cement-bone interfaces prepared in clinical practice. Specifically, these
specimens were prepared with ideal conditions for bone preparation, distal plugging and
cement pressurization. Therefore, these specimens likely represent optimal cement-bone
interface conditions. The shear loading conditions, while relevant, were restricted to one plane
of mation (longitudinal), and other complex mixed-mode loading conditions would certainly
alter the fatigue damage response.

The contact estimates made here using micro CT likely overestimate the true contact area
between the cement and bone. In a preliminary study, the CT dilation/intersection approach
was compared to a stereology approach on the same CT data sets. While there was a strong
correlation between the two approaches (r = 0.87), the CT dilation/intersection approach
resulted in 36% greater average contact areas when compared to a stereology approach.
Because both techniques are limited to the 12 micron resolution of the CT scanner, it is likely
that small gaps (< 10 microns) between cement and bone are not included in these
measurements.

There has been substantial interest in developing pre-clinical models to understand the
loosening mechanisms of joint replacements. Waide and coworkers (25,26) have developed a
mechanical analog of loosened cement-bone interfaces through inclusion of a silicone
elastomer at the interface. While this approach provides information regarding the end stages
of the biological process to loosening, it cannot fully describe the loosening process. Efforts
have been made to develop finite element based damage models (19,20) for the cement-bone
interface using existing experimental data (13,14). The modeling approaches appear promising
and could be improved further through the data produced in this study that does not have the
confounding effects of micromotion measurements away from the interface. Indeed, when we
compared the external LVDT measurements with local interface motions measured using
digital image correlation, we found average errors in the measurement of final creep damage

J Orthop Res. Author manuscript; available in PMC 2009 December 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mann et al.

Page 7

of 53%. That is, the LVDT measurement was always larger than the actual interface motion
(average: 0.018mm; range: 0 to 0.060mm). This is likely due to micromotions that can occur
at the specimen grips.

The results from this study suggest that if creep damage could be limited to below
approximately 24 microns at the cement-bone interface, there would be little chance of loss of
fixation at this interface. Functionally this could be achieved by reducing stress magnitudes at
the cement-bone interface through optimization of stem design and stem placement, reduction
in patient weight, reducing number of loading cycles (although this would generally be
impractical), and by improving interlock between cement and bone. The mechanical interlock
is perhaps the only factor in which the surgeon has control via improved cementing techniques
that encourage cement apposition with the bone. Migrations of this low level (24 microns)
would be difficult to measure clinically, even with the higher resolution capabilities of
radiostereometric (RSA) analysis. Therefore, failure of this interface in the early stages would
be difficult to detect. In addition, the fact the cement damage was prevalent at the cement-bone
interface from fatigue loading suggests that cement is not fully optimized to support realistic
loading conditions. Efforts to improve fatigue crack propagation characteristics of the bulk
cement could also improve the strength of the cement-bone interface.

In summary, for the cement-bone interface subjected to shear fatigue loading we found that
stiffness and creep damage were localized to the contact interface between cement and bone.
Interface creep damage followed a three-phase response with an initial rapid increase in creep,
followed by a steady state increase, concluding in a final rapid increase in creep. The initial
creep phase was accompanied by an increase in interface stiffness suggesting that there was
an initial locking-in affect at the interface. Following this, there was decrease in interface
stiffness as further creep damage to the interface progressed. Power law models were
reasonably successful in describing the creep and stiffness damage response and were found
to be a function of loading magnitude, number of loading cycles, and contact area at the cement-
bone interface. Finally, there was more damage to the cement when compared to the bone and
this was localized along the interface.
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Figure 1.

Experimental apparatus used for loading of the shear fatigue specimens. Digital image
correlation measurements were made at discrete points on each side of the interface, indicated
here as white squares.
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Definitions used to describe shear fatigue response of the cement-bone interface.
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Digital image correlation (DIC) measure of vertical displacement at three sampling lines across
the cement-bone interface (A, B, and C) for a representative sample. The large jump in
displacement occurs at the interface between cement and bone in each case. The number of
loading cycles for each line is indicated and data are shown for the beginning of the loading
cycle (10% of maximum load) in each instance.
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Figure 4.
Example of interface creep and stiffness response as a function of loading cycles measured by
DIC for shear fatigue loaded specimens.
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Figure 5.

Interface creep as a function of loading cycles for the shear fatigue loaded specimens (A).
Straight lines are drawn between individual DIC data points. Interface stiffness as a function
of interface creep for the fatigue loaded shear specimens (B). Mean (vertical line) and standard
deviation limits (bounds of box) for the interface creep that corresponds to the stiffness maxima
point is included. Solid data lines represent specimens with clear reductions in stiffness during
the later stages of loading. Dashed data lines represent specimens that did not have a clear
reduction in stiffness during the later stages of fatigue loading.
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Cement Cement

Parameter Left Image Right Image
Applied stress, t,,..(MPa) 4.0 3.3
Initial displacement, 6, (mm) 0.012 0.021
Number of loading cycles 50,000 4,131
Final creep displacement, 5, (mm) 0.026 0.097
Cement crack growth (mm) 0.5 12.6
Bone crack growth (mm) 0.2 0.5
Figure 6.

Examples of post-fatigue loaded specimens reveal micro-damage to the cement (small arrows)
for a specimen with minimal damage (left) and extensive damage (right). The large arrows
indicate shear loading direction.
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Descriptive statistics of the experiment test parameters from the cement-bone shear fatigue tests (24 specimens).

Test Parameter Mean Standard Deviation Minimum Maximum
Estimated strength (MPa) 4.86 3.07 0.59 11.60
Interface stiffness (k, MPa/mm) 147.9 77.8 479 340.2
Applied stress (z;,,, MPa) 243 1.53 0.28 5.82
Number of loading cycles (n) 36,800 19,700 259 50,000
Initial interface displacement (6; mm) 0.016 0.005 0.004 0.024
Contact area (CA, mm?) 46.1 275 6.94 100.7
Interface creep at stiffness maxima (mm) 0.024 0.009 0.014 0.04
Interface creep at end of test (mm) 0.079 0.055 0.015 0.272
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