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Abstract
The “damage accumulation” phenomenon has not been quantitatively demonstrated in clinical
cement mantles surrounding femoral hip stems. We stained transverse sections of 11 postmortem
retrieved femoral hip components fixed with cement using fluorescent dye-penetrant and
quantified cement damage, voids, and cement-bone interface gaps in epifluorescence and white
light micrographs. Crack density (Cr.Dn), crack length-density (Cr.Ln.Dn), porosity, and cement-
bone interface gap fraction (c/b-gap%) were calculated, normalized by mantle area. Multiple
regression tests showed that cement damage (Cr.Ln.Dn. & Cr.Dn.) was significantly positively
correlated (r2=0.98, p<0.001) with “duration of use” and body mass index (“BMI”) but not cement
mantle “porosity”. There were significant interactions: “duration of use”*”BMI” was strongly
predictive (p<0.005) of Cr.Dn.; and “duration of use”*”porosity” was predictive (p=0.04) of
Cr.Ln.Dn. Stem related cracks accounted for approximately one fifth of Cr.Dn and one third of
Cr.Ln.Dn. The mean c/b-gap% was 13.8% but it did not correlate (r2=0.01, p=0.8) with duration
of use. We concluded that duration-dependent fatigue damage accumulation occurred during in
vivo use. BMI strongly influenced cement crack length and the rate of new crack formation over
time. Voids did not increase the rate of crack initiation but appeared to have promoted crack
growth over time. Although not progressive, substantial bone resorption at the cement-bone
interface appeared to be common.
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Introduction
Several series of in vitro and in silico studies of cemented femoral stem function in total hip
arthroplasty (THA) (Cristofolini et al., 2003; McCormack and Prendergast, 1999; Race et
al., 2003; Stolk et al., 2004) have been predicated upon the assumption that fatigue damage
accumulation occurs in clinical cement mantles. This assumption seemed reasonable since
previous workers had documented the existence of fatigue cracks in revision-retrieved
cement (Culleton et al., 1993; Topoleski et al., 1990) and in postmortem retrieved stem/
cement/bone constructs (Jasty et al., 1991). However, the commonly described “damage
accumulation” phenomenon has yet to be quantitatively demonstrated in clinical cement
mantles. On the contrary, Bishop et al (Bishop et al., 2009), who examined an impressively
large number of cemented total hip arthroplasty (THA) postmortem retrievals, reported that
there was no sign of damage accumulation related to in vivo duration of use.

Along with the assumption of damage accumulation, it has long been thought that cement
voids cause stress concentrations and initiate cracks in clinical mantles, leading to fatigue
failure. A further factor that naturally fits within the damage accumulation scenario is
patient obesity. It would seem likely that patients with a higher body mass index (BMI)
would generate higher stresses in their cement mantles leading to greater fatigue damage
rates.

The unproven status of the damage accumulation scenario, combined with the suspected
roles of cement porosity and patient obesity, led us to our primary research question: (1)
Does cement mantle damage correlate with in vivo duration of use and is it influenced by
cement mantle porosity or patient body-mass-index (BMI)?

The function of the cement mantle is to support the stem within the bone. Therefore, in
considering damage accumulation within the cement mantle, it is appropriate to consider
also the mechanical competence of the stem/cement and cement/bone interfaces. Previous
workers have suggested that cement damage originates at the stem-cement interface (Jasty et
al., 1991), which prompted our second research question: (2) Does cement damage
preferentially develop at the stem-cement interface?

Several previous studies of retrieved cemented components have suggested that the cement
bone interface remains “intact” (Jasty et al., 1991; Maloney et al., 2002), but in vivo
measurements have shown periprosthetic bone loss (Burchard et al., 2007; Damborg et al.,
2008; Venesmaa et al., 2003). This prompted our final research question: (3) Do gaps at the
cement-bone interface correlate with in vivo duration of use?

Methods
Specimen acquisition and dating

Eleven postmortem retrieved cemented femora were obtained en bloc from SUNY Upstate
Medical University’s Anatomical Gift Program and from the University of Alabama –
Birmingham retrieval program. Donor age, sex, height, BMI, type of implant, and duration
of use were collected (Table 1). One undated implant (donor k) was also included in our
dataset; since that particular stem type (Muller curved) had not been implanted since the
1980’s, it was assigned 20 years duration of use. Mean donor age was 82.5 years (SD 7.8;
range 67–93 years), mean age at operation was 74.7 years (SD 12.3; range 53 – 88.5 years),
and mean implant duration of use was 7.9 years (SD 6.7; range 0.2 – 20+ years).

The study sample was random in that it represented the continuous set of those implants that
came into our possession for which we could obtain, or in one case deduce, the date of

Race et al. Page 2

J Biomech. Author manuscript; available in PMC 2012 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



implantation. The sample was “selected” in that we waited until the accumulated set
included several longer-term specimens in order to investigate our primary research question
regarding duration of use.

Assessment of cement damage and mantle morphology
All constructs were radiographed and then assessed by an experienced total joint surgeon
(THI) for radiographic signs of loosening (Table 1). Subsequently, constructs were
transversely sectioned using a water irrigated silicone carbide abrasive blade (Isomet 2000,
Buehler, Lake Bluff, IL, USA). Quantification of cement damage was based on the analysis
of four transverse sections per donor bone, the locations of which were defined by the length
of each stem: a proximal section was made at the level of the lesser trochanter; a distal
section was made 10 mm proximal the tip of the implant; and two further sections were
made evenly spaced between the proximal and distal ones. The resulting sections were
stained using a fluorescent dye penetrant (Aqua Check WB200, Sherwin Inc., South Gate,
CA, USA) in order to show cement microcracks with maximum contrast (Figure 1). The
proximal transverse surfaces were soaked in the dye penetrant for 10 minutes and then
rinsed with water for 1 minute to remove excess dye. Whole section bright-field and
epifluorescence images were then generated at a resolution of 5.7microns/pixel for each
section. These composite images were automatically captured and tiled using a digital
camera (Spot RT Monochrome, Diagnostic Instruments Inc., SterlingHeights, MI) and
epifluorescence microscope (Nikon SMZ800, Nikon Instruments Inc., Melville,NY) with
ring illuminator, mounted to a computer-controlled milling machine (Benchman 2000, Light
Machines, Manchester, NH).

Cement mantle cracks were manually identified on the epifluorescence images and digitally
traced for each section. Crack lengths were then determined using ImagePro (Media
Cybernetics, Silver Spring, MD, USA).

The areas of the cement mantle, mid-mantle porosity, and cement-bone interface gaps were
quantified in each section using a stereological technique. A randomly positioned regular
point grid was digitally superimposed upon the bright-field images using ImagePro (Media
Cybernetics, Silver Spring, MD, USA). Areas were then calculated from point counts for
cement, porosity, and cement-bone interface gap (Figure 2). Note that the cement-bone
interface gap was that between the cement mantle and adjacent bone (trabecular or cortical)
rather than that between the mantle and the cortex.

Data analysis
In order to answer our first research question, regarding damage accumulation, total cement
damage for the four sections of each specimen was normalized by total cement mantle area,
giving estimates for crack number density (Cr.Dn) and crack length density (Cr.Ln.Dn).
Cr.Dn was defined as the number of measured cracks divided by the sum of the measured
mantle areas. Cr.Ln.Dn was defined as the sum of measured crack lengths divided by the
sum of the measured mantle areas. Similarly, “porosity” was defined as the sum of measured
void areas divided by sum of the measured mantle areas. These data were then used to
generate least-squares-fit multiple regression models with “duration of use”, “BMI”,
“porosity”, and the mean-centered interaction terms “duration of use”*”BMI” and “duration
of use”*”porosity” as a predictors. The simple predictors tested whether there was a
proportional increase in damage associated with an increase in each predictor. The
interaction terms tested for the possibility that the rate of proportional increase in damage
for one interacting predictor was changed by the value of the other (for example, a
significant positive interaction between porosity and duration of use would show that the
rate of damage accumulation over time increased with increasing porosity).
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Our second research question concerned the distribution of cement damage. We divided the
cement cracks into two categories, those that involved the stem-cement interface and those
that did not. Stem versus non-stem crack densities were compared using paired t-tests.

Our third research question, regarding the integrity of the cement-bone interface over time,
was answered by testing the correlation between “cement-bone interface gap” (normalized
by cement mantle area) and “duration of use”.

Results
Radiographically, ten of the eleven implants were judged to be well fixed and one was
obviously loose (donor implant h, Table 1). Cement damage was observed in all sections,
but varied considerably in degree; Figure 1 shows epifluorescence images of two proximal
sections representing the extrema of cement damage. The smallest micro-cracks that could
be reliably observed were 28 microns in length (5 pixels in the digital images). The largest
cracks were over 1mm in length. The average of the per-donor-bone mean crack lengths was
0.163mm (0.028 SD, range 0.097–0.194). Again considering per-donor-bone means, cracks
which involved the stem (average 0.302mm, 0.180 SD, range 0.109–0.731), were
significantly (p=0.014) longer than those that did not (average 0.142mm, 0.021 SD, range
0.096–0.165). Stem related cracks that extended to the cement-bone interface (through-
cracks) were found in all of the retrieved mantles bar one (implant h, Table 1), mostly in the
proximal section. The average of the per-donor-bone mean through-crack lengths was
0.53mm (0.40 SD, range 0.076–1.2). Mean through-crack length was not always greater
than the mean length of the remainder of the stem related cracks (7 of 10 cases) and there
was no significant difference (p = 0.066).

Damage accumulation and the effect of BMI and cement porosity
The mean normalized cement damage measures were: Cr.Dn. 0.56/mm2 (0.34 SD, range
0.28 – 1.47); Cr.Ln.Dn. 0.093mm/mm2 (0.058SD, range 0.037 – 0.228). Mean porosity was
3.0% (3.0 SD, range 0.1 – 8.6).

The multiple regression models were strongly predictive of cement damage (r2=0.98,
p=0.0003 for both Cr.Dn. and Cr.Ln.Dn.). Cement damage was significantly positively
correlated with “duration of use” and “BMI” but not “porosity” (Figure 3, Table 2). The
regression models included significant interaction terms (Table 2): “duration of use”*”BMI”
was strongly predictive of Cr.Dn.; and “duration of use”*”porosity” was predictive of
Cr.Ln.Dn.

Cement cracks at the stem-cement interface
The majority of cement damage did not involve the stem (Table 3). Stem related cracks
accounted for approximately one fifth of Cr.Dn and one third of Cr.Ln.Dn.

Gap fraction at the cement-bone interface with duration of use

Cement-bone interface gap area did not correlate (r2=0.01, p=0.77) with duration of use
(Figure 4). The mean gap area, normalized by cement mantle area, was 13.8% (5.5 SD,
range 4.8 – 27.1). This was significantly (p = 0.0010) greater than the 4.4% maximum areal
gap that could be theoretically expected without bone resorption (based on a typical
volumetric curing shrinkage of PMMA cement of about 6.7% (Gilbert et al., 2000) and
assuming adequate lavage).

Race et al. Page 4

J Biomech. Author manuscript; available in PMC 2012 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Our data quantitatively demonstrated that duration-dependent fatigue damage accumulation
occurred within the cement mantles surrounding femoral stems during in vivo use.
Furthermore, BMI strongly influenced crack extension and the rate of new crack formation
over time, indicated by increasing Cr.Ln.Dn. and Cr.Dn. respectively.

Limitations
Our study was based on a fairly small, somewhat older, group of donors from the United
States of America. We did not know the surgical technique used or what comorbidities there
may have been. As a result, prudent caution should be exercised in extending our
conclusions to the wider population of cemented THA recipients.

We chose BMI rather than simply weight because we thought it likely to be a better
predictor of the severity of mechanical stresses (load per unit area): BMI normalizes weight
(which is proportional to load on the implant) by the square of height (which is roughly
proportional to bone cross-sectional area). Clinical evidence of the effect of BMI on revision
rates is mixed. Some clinical studies have shown that BMI correlated with revision risk
(Münger et al., 2006; Röder et al., 2008) others that it did not (Lübbeke et al., 2010). Ideally,
we would have included donor activity level as an additional predictor but the data were not
available. The finding that cement damage appeared to be predicted by duration of use and
BMI without reference to activity level was intriguing. It is possible that our study sample
all had similar activity levels since, in the USA, cemented hips are generally selected for
older and less active patients.

It is possible that some through cracks originated at the cement-bone interface, so our tally
of stem-initiated cracks may be overestimated.

In considering the physical significance of porosity related damage, it was difficult to
determine whether a given void was causally or incidentally involved in a crack that
traversed it. Thus, testing the correlation between porosity and void-related crack measures
could not have helped in determining whether those voids caused the cracks to initiate. We
dealt with this issue by including porosity as a predictor in the regression models for cement
damage.

Cement areas and gap/pore areas were stereologically estimated rather than absolutely
measured. The repeatability of the randomly placed regular point grid was investigated
during a previous study (Messick et al., 2007). Ten measurements were made of a transverse
section of a cemented stem with 6.6% porosity (which was of similar magnitude to the
porosity (3%) and interface gaps (14%) quantified in the current study). The coefficient of
variation (COV = SD/mean) for porosity was 0.07 and that for total cement area was 0.006.

Relation to previous studies
Previously published quantitative studies of cement damage following in vivo service have
used white light microscopy/digital-imaging of whole transverse sections (Bin and Noble,
2009; Bishop et al., 2009; Kawate et al., 1998). However, these techniques were only
suitable to observe substantially opened cracks and were thus incapable of observing the
early stages of fatigue damage development. Scanning electron microscopy (SEM) can
resolve cracks at a much earlier stage of development, and has been used in qualitative
studies of in vivo cement damage (Jasty et al., 1991; Maloney et al., 2002). However, SEM
is cumbersome to utilize across whole sections and the required dehydration can introduce
artifacts, making quantitative studies challenging. The present study is the first to
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systematically quantify cement damage in en bloc retrieved mantles using the dye-penetrant
techniques that are normally used by engineers to highlight early fatigue damage.

Clinical relevance
The formation of cracks in the cement mantle has two potential consequences relevant to
implant failure: debris generation (previously demonstrated by crack surface polishing in
clinical samples (Culleton et al., 1993)) and fluid/debris transport. The latter effect is
particularly relevant if cyclic stem motions cause fluid to be pumped from the joint space to
the cement-bone interface via a through crack. The finding that the majority of cracks were
related not to the stem-cement interface but to the cement-bone interface indicated that the
cement-bone interface can be directly compromised by local cement failure.

Our data suggest that reducing a patient’s BMI could reduce the initiation and growth of
cracks and thus positively impact the longevity of their hip arthroplasty.

The historical observation of fatigue cracks in clinical cement mantles led to the
development of methods to improve the fatigue resistance of cement, most commonly
through porosity reduction. Pores have been shown to initiate cement cracks in damage
accumulation studies of isolated cement specimens (Murphy and Prendergast, 2002) and
simplified laboratory models (McCormack and Prendergast, 1999) and, unsurprisingly,
porosity reduction has been shown to improve static strength and fatigue life (Lidgren et al.,
1984; Lidgren et al., 1987). However, a lack of demonstrable clinical benefit led R. S. Ling
to describe porosity reduction as “clinically irrelevant” (Ling, 1998). Subsequent reports
from the Swedish Hip Arthroplasty Register (Malchau et al., 2000) showed that vacuum
mixing increased the relative risk of revision in the first 5 post-operative years and reduced
it subsequently. Our data suggest that porosity reduction may not reduce fatigue crack
initiation but might be of long-term benefit by reducing crack growth rates. We suggest that
improvements in the fatigue resistance of the bone cement itself are likely to produce more
substantial clinical benefits than did porosity reduction.

From the measures of cement-bone interface gaps, we concluded that, although not
progressive, substantial bone resorption at the cement-bone interface is a common
occurrence after cemented THA. This conclusion was supported by the frequent observation
of trabecular shaped concavities within the cement at the mantle periphery (Figure 2). A
substantially smaller cement-bone interface gap was observed in one long-term specimen
(donor bone j, Table 1; Figure 1) that displayed clear signs that the bone had remodeled into
extensive apposition to the mantle. This indicated that post-implantation bone loss, whilst
common, is not universal. The fact that widespread bone resorption from the interface
appeared to occur rapidly post-op, but not progress, suggested that some bone resorption
may be initiated by the operative procedure itself rather than as a response to fatigue loading
or stress-shielding. If the mechanism for this postoperative resorption could be identified
and mitigated, it may improve cemented THA longevity.
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Figure 1.
Epifluorescence images (with zoomed sections below) showing lesser trochanter level
sections: (left) a short-term lower BMI donor (“b” in Table 1) showing minimal cracking;
and (right) from a long-term, higher BMI donor (“j” in Table 1) showing extensive cracking.
Both of these specimens were radiographically well fixed.
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Figure 2.
White light image of a partial transverse section illustrating the stereological method
(randomly placed regular point grid) used to estimate the areas of the cement mantle, cement
bone gaps and porosity. Note the trabecular shaped defect in the cement mantle (arrow),
which was strongly suggestive of bone resorption.
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Figure 3.
Bivariate plots of cement damage (top Cr.Dn, bottom Cr.Ln.Dn) versus duration of use,
BMI and porosity fraction. The plots are overlaid with the profiles of the regression models
(solid lines) along with 95% confidence intervals (dashed lines). Results of the multiple
regression analyses are shown in Table 2.
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Figure 4.
Chart showing area of gap at the cement-bone interface (normalized by cement mantle area
to give “gap fractions”) versus duration of use: there was no significant correlation. Solid
line shows linear fit, dashed line 95% CI on fit (R2 = 0.010, p = 0.77).
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Table 3

Crack density (Cr.Dn) and crack length density (Cr.Ln.Dn) with paired comparisons between cracks that
involved the stem and those that did not.

All cracks Stem Not Stem p (stem=not stem)

Cr.Dn (#/mm2) 0.56 ± 0.34 0.11 ± 0.14 0.45 ± 0.21 < 0.0001

Cr.Ln.Dn (mm/mm2) 0.093 ± 0.058 0.030 ± 0.034 0.063 ± 0.029 0.0005
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