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Abstract
Purpose Management of segmental rim defects and bone
mineral density (BMD) loss in the elderly prior to total hip
replacement is unclear within classification systems for ace-
tabular bone loss. In this study, our objectives were (1) to
understand how a reduction in BMD in the elderly affects
the oversizing of a press-fit cup for primary fixation and (2)
to evaluate whether the location of the segmental defect af-
fected cup fixation.
Methods A finite element (FE) model was used to simulate
and evaluate cup insertion and fixation in the context of seg-
mental rim defects. We focused on the distribution of patients
over age 70 and used BMD (estimated fromCT) as a proxy for
aging’s implications on THR and used probabilistic FE anal-
ysis to understand how BMD loss affects oversizing of a
press-fit cup.
Results A cup oversized by 1.10 ± 0.28 mm provides suffi-
cient fixation and lower stresses at the cup-bone interface for
elderly patients. Defects in the anterior column and posterior
column both required the same mean insertion force for cup
seating of 84% (taken as an average of 2 anterior column and 2
posterior column defects) compared to the control configura-
tion, which was 5% greater than the insertion force for a su-
perior rim defect and 12% greater than the insertion force for
an inferior rim defect.

Conclusions A defect along the superior or inferior rim had a
minimal effect on cup fixation, while a defect in the columns
created cup instability and increased stress at the defect
location.

Keywords THA revision . Cup stability . Finite element
analysis . Monte Carlo simulation . Total hip replacement .

Under-reaming

Introduction

Total hip replacement (THR) is one of the most commonly
performed orthopaedic procedures to improve the mobility
and relieve pain at the hip in patients suffering from osteoar-
thritis of the hip [1]. Approximately 10% of patients with THRs
have complications ten to 15 years after the procedure and often
require revision arthroplasty [2]. When the prosthesis fails, it is
often accompanied by significant acetabular bone deficiency
that was not augmented prior to primary THR or developed
after arthroplasty [3]. Thus, it is necessary for the orthopaedic
surgeon to evaluate and understand how acetabular deficiency
may compromise cup fixation to reduce the risk of revision.

Current classification systems, Paprosky and the American
Academy of Orthopaedic Surgeons (AAOS), are used bymost
orthopaedic surgeons to assess the bone stock of the acetabu-
lum for primary or revision THR. In case of extensive bone
loss following acetabular revision such as acetabular defects
classified as Paprosky type 3A, several effective approaches
have been cited in the literature. These approaches vary sig-
nificantly based on the study and include elliptical trabecular
metal cups and trans-acetabular screws [4], modular ring sys-
tem MRS-Titan combined with acetabular defect reconstruc-
tion [5], and cementless trabecular titanium acetabular modu-
lar implants [6].
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In the presence of a segmental acetabular defect, classified
as Paprosky type I defects, whether the ‘gold standard’ press-
fit cup can provide sufficient fixation is unclear [7]. It is well
understood that under-reaming, cup design (such as circum-
ferential rims) [8], and screw fixation can be valuable in pro-
viding both mechanical stability and biological fixation in
both primary and revision arthroplasty. However, determining
an ideal surgical approach for a specific patient is not a precise
science. Unsurprisingly, management of hip fractures in oste-
oporotic patients can prove to be a difficult task. D’Imporzano
et al. have reported that since osteoporotic patients have more
acetabular fragility fractures, dedicated implants should be
implemented [9]. It is truly important to understand the ideal
treatment of elderly patients with fractures or initiation of
fractures.

Factors that influence the cup fixation are numerous and
have proven to be indicative of successful outcomes with
THR [10–12]. Factors such as age-related bone loss of the
pelvis [13] and size and location of acetabular defect [12] have
been identified as important components in determining cup
fixation and stability; however, management of these factors is
not entirely clear.

In the past decade, finite element (FE) analysis has been
applied with great success in orthopaedics to analyze prob-
lems such as implant design, bone remodeling, fracture
healing, and the interactions at the bone–implant interface.
This paper highlights further how probabilistic FE analysis
can potentially help surgeons develop guidelines for under-
reaming in THA specific to certain age groups with acetabu-
lum rim defects.

In this study, our objective was to first understand how a
reduction in pelvic bone mineral density (BMD) in the elderly
affects the ideal oversizing of the endoprosthesis for primary
fixation. We then evaluated whether the location of the seg-
mental defect affected cup fixation. Our aim is to shed light on
how segmental rim defects and pelvic BMD loss should be
managed in the elderly to provide a better cup fixation.

Material and methods

Probabilistic finite element analysis

A FE model of the pelvis, previously validated in our labora-
tory [11, 14–16], was used to determine the optimum under-
reaming for elderly patients. To develop our FE model, we
used a metal alloy cup (Ti-6Al-4V) with a diameter of 58 mm
that matched previous in vitro cadaveric studies [14, 15].

After the 3D bone surface was extracted, the model was
then imported into the 3-Matic software package (Materialise,
Leuven, Belgium), and a FEmesh of the pelvis was generated.
We evaluated the Young’s modulus for every element of mesh
using a power relationship developed by Keller et al. [17] for

both trabecular and cortical bone. We imposed a Poisson ratio
of 0.3 and Young’s modulus value of 17 GPa for the largest
Hounsfield unit (HU) from the CT scan, which was in range
with values obtained by Taddei et al. for the femur [18]. The
development of the FE model along with the final inhomoge-
neous 3D reconstruction of the pelvis is shown in Fig. 1.

Based on previously established methodology [19], we di-
vided the acetabular body into three clinically relevant zones
(shown in Fig. 2) where loosening of the endo-prosthesis can
occur. All CT data was obtained from a unique study per-
formed by Wodzislawski et al. [19] which is most relevant
to this study. The frequency distributions for each zone are
shown in Fig. 2. We focused on the distribution in patients
over age 70 since these patients are the largest demographic
for THR and used BMD as a proxy for aging’s implications on
THR. We assessed the normality of the CT data measured by
Wodzislawkski et al. by performing a Shapiro–Wilk’s test.
The critical value for the Shapiro-Wilk’s test at a 0.05 signif-
icance level for nine samples is 0.829. Since our test statistic
W was 0.955, 0.932, and 0.963 for zones I, II, and III, respec-
tively, we found that the data was normally distributed.
Microsoft Excel 2013 (Microsoft Corporation, Redmond,
WA) was used for all statistical analysis.

The model was imported into ANSYS 13.0 (Ansys Inc.,
Canonsburg, PA, USA), and a simulation was performed
using probabilistic FE analysis. The Monte Carlo simulation
solved the model by randomly sampling from the range of
bone densities given by the distributions in each of the three
zones [19]. We solved for the optimum reaming diameter for
100 configurations to obtain a stable cup bone interface, de-
fined by the percentage of surface contact, amount of
micromotion, and von Mises stress distribution. A frequency
distribution of the optimum under-reaming diameters was
generated and assessed for normality using the Shapiro-Wilk
test. We applied a 1600 N load that simulates one leg stance
during fast walking to compute the von Mises stress distribu-
tion and contact surface area. The model of the acetabular cup
was inserted with a 15 degree anteversion and 45 degree in-
clination. We computed the contact surface area and insertion
force required to ensure seating, which was measured as the
percent of rebound of the cup upon insertion. The technical
details of the biomechanical validation and processing of the
osseous FE model have previously been published [14, 15].

Finite element analysis of segmental acetabular defects

The defects along the acetabular rim were generated to fit the
AAOS classification of minor type I segmental defects. A
summary of how the FE model was generated in comparison
to previously validated in vitro experiments is shown in Fig. 3.
Using a U-shaped profile we created six defects by rotating the
volume 60 degrees around the plane of the acetabular rim. The
parametric volume, which was 20mm in depth and width, was
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subtracted from the intact reconstructed pelvis. The defects
were rounded at the edges to avoid false stress concentrations.
The mean and standard deviation of the Young’s modulus for
the bone removed to create each defect was calculated and
compared using a 2-tailed Student t test. The acetabular cup
position was identical to that described for the probabilistic
finite element analysis. We then applied a 1600 N load that
simulates one leg stance during fast walking to compute the
von Mises stress distribution and contact surface area.

Results

Optimal under-reaming for elderly patients

The optimum under-reaming diameter for a press-fit cup was
computed by the probabilistic FE analysis for 100 random
configurations of patients over age 70, and the frequency

distribution is shown in Fig. 4. The average optimum under-
reaming value was 1.10 mm with a standard deviation of
0.278 mm, and under-reaming values ranged from 0.63 mm
to 2.13mm. The Shapiro-Wilk test (W = 0.923) confirmed that
the optimum under-reaming values for the various pelvic bone
density configurations fell within a normal distribution. To
evaluate the amount of stress on the acetabulum with a
press-fit cup resulting from under-reaming variation, the von
Mises stress yield was measured for under-reaming of
0.63 mm and 2.13 mm (Fig. 4). As the under-reaming in-
creased from 0.63 mm to 2.13 mm, the stress on the inferior
rim of the acetabulum increased by 136.63%.

Segmental rim defects and cup fixation

To study the effect of six different segmental rim defects with-
out repair on press-fit cup fixation, the contact surface area,
insertion force for cup seating, and peak stresses were

Fig. 1 FE model development
for an intact rim: a Reamed pelvis
reconstructed from CT; b
Frequency distribution of the
Young’s modulus; c FE model
fitted with the simulated cup; and
d Polar displacement imposed to
account for the cup under-
reaming
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measured (Table 1). All measurements were scaled to our
control configuration of a press-fit cup in an intact pelvis prior
to constructing the segmental defects. Thus, the contact sur-
face area between the cup-bone interface was measured as the
percentage reduction from our control configuration. The

insertion force for cup seating was also measured as a percent-
age of insertion force required for the control configuration.

For our control configuration, a maximum peak stress was
noted on the posterior-inferior region of the cortical acetabular
rim, and stresses were lower in the subchondral bone (Fig. 4).

Fig. 2 Pelvis is divided into three clinically relevant zones in the frontal
and diagonal planes where failure of the endoprosthesis may arise.
Average bone density in each zone is measured via CT within the
frontal plane for patients over age 70 prior to THR to generate a normal

distribution of each zone for probabilistic finite element analysis. Monte
Carlo Simulation solved for the optimum under-reaming of 100
configurations by randomly sampling from each zone’s bone density
distribution

Fig. 3 (1) FE model was previously validated by performing in vitro
studies where a segmental defect was created along the superior rim of
the acetabulum. CT scan of the pelvis was performed and imported into
MIMICS, and the defect was created using a Boolean subtraction
between the 3D model and the CAD volume. (2) Cementless press-fit

acetabular cup was inserted into the acetabulum. (3) FE analysis was used
to evaluate contact surface, cup insertion force, and stress distribution
with different loading profiles. Five other segmental defects were
created along the acetabular rim and evaluated for the same properties
to understand the implications of the location of a segmental rim defect
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For all six defects, the maximum peak stress was located at the
same location as the control configuration (Fig. 5). A defect
located along the anterior column (defects 5 and 6) generated
increased stress near the location of the defect compared to
other segmental rim defects.

The stiffness of the acetabular rim was evaluated by deter-
mining the Young’s modulus of the bone removed to create
each defect. Compared to the rest of the acetabular rim, the
superior rim (defect 1) had the largest Young’s modulus of
5.78 GPa, while the inferior rim had the smallest Young’s
modulus of 4.27 GPa. The order of the stiffness for the defects

from greatest to least was: superior rim, posterior column,
anterior column, and inferior rim (Table 1). The difference
between the average Young’s modulus of the anterior and
posterior columns was statistically significant (P < 0.05,
paired t-test).

A defect in the superior rim (defect 1) resulted in a 31.6%
reduction in contact surface area at the cup-bone interface
(Table 1). Similar to the superior rim, a defect in the inferior
rim (defect 4) also resulted in a markedly decreased contact
surface area of 31.4% and required the least insertion force for
cup seating compared to the other segmental rim defects.

Fig. 4 Von Mises stress
distribution (MPa) under a load of
1600 N, which simulates one leg
stance during fast walking: a a
normal acetabulum with an intact
rim and cementless press-fit
acetabular cup, b acetabulumwith
bone mineral density (BMD) loss
for under-reaming of 2.13 mm, c
acetabulum with BMD loss for
under-reaming of 0.63 mm; d
Frequency distribution of the
results obtained with the
probabilistic FE analysis with an
overlapping normal distribution
curve calculated from the mean
and variance of the optimal under-
reaming diameter for 100 pelvic
configurations of elderly patients

Table 1 Six segmental rim
defects were created (labeled in
Fig. 2), and the corresponding
contact surface area reduction,
average Young’s modulus of the
defect, and insertion force for cup
seating compared to that of an
intact rim were solved for

Defect
position

Location Contact surface
reduction (%)a

Average Young’s
modulus (GPa)

Required load for
fixationb

Peak von Mises
stress (MPa)

1 Superior rim 31.6 5.78 79 627.97

2 Posterior column 21.3 5.36 85 819.93

3 20.1 5.71 83 695.83

4 Inferior rim 31.4 4.27 72 893.18

5 Anterior column 28.6 4.80 85 798.07

6 31.6 4.13 83 628.81

a Compared to a cementless press-fit acetabular cup inserted into an intact rim, bValues were scaled such that
100% was equivalent to the insertion force required for cup seating of an intact rim
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Defects in the posterior column (defects 2 and 3) resulted in a
contact surface area reduction of 20.7%, which was less than
any other segmental rim defect. Defects in the anterior column
and posterior column both required the same insertion force
for cup seating of 84% (approximated as an average of both
anterior defects and both posterior defects, respectively) com-
pared to the control configuration, which was 5% greater than
the insertion force for a superior rim defect and 12% greater
than the insertion force for an inferior rim defect. Defects in
the anterior column (defects 5 and 6) significantly compro-
mised the contact surface area of the cup-bone interface,
resulting in a 30.1% contact surface area reduction compared
to the control configuration.

Discussion

The management of acetabular defects can be challenging
since determining the amount of acetabular bone loss that will
compromise the mechanical stability of the cup is not always
clear [20]. Currently, surgeons quantify the bone loss by using
centre edge angle measurements obtained from false-profile
radiographs and AP radiographs, but there is significant vari-
ation in inter-observer reliability with this method [21]. In this
paper, we performed probabilistic FE analysis to determine
the optimum under-reaming in elderly patients. We then used
a subject-specific FE model to understand how the location of
segmental rim defects affects cementless press-fit cup fixation.

Based on our Monte Carlo simulation of optimum under-
reaming for elderly patients, we found that a more stable fix-
ation can be achieved if we under-ream by 1 mm rather than
2 mm in patients older than 70. Our study suggests that prob-
abilistic FE analysis may be used to develop guidelines for
under-reaming specific to certain age groups since the preva-
lence of hip replacements has increased among most age
groups.

Based on our analysis of various minor segmental rim de-
fects, we found that defects located along the anterior or pos-
terior columns produced the highest stress concentration
around the defect. Defects in the anterior column produced a
greater stress concentration centered near the defect compared
to defects in the posterior column, suggesting that the anterior
column may be more important than the posterior column for
cup fixation. Harnroongroj et al. previously suggested that the
anterior column is vital for pelvic stability in a biomechanical
study of human cadaveric pelvises [22]. A defect in the supe-
rior or inferior rim had similar peak stresses to the control
configuration with no increase in stress near the defect loca-
tion. Thus, defects in the superior or inferior rim may not
require additional mechanical augmentation.

Defects in the anterior and posterior columns both required
an increased insertion force for cup seating compared to de-
fects in the superior or inferior rim. The inhomogeneous dis-
tribution of stiffness around the acetabular rim explains the
differences in insertion force for cup seating. The large stiff-
ness of the superior rim is required since this is where the main
load transfers occur [23]. Hence, a segmental defect along the
superior rim will require a significantly reduced insertion
force for cup seating. The lower stiffness of the acetabular
columns may explain the greater prevalence of fractures at
the columns in the clinical setting [24]. An orthopaedic sur-
geonmay consider augmentation of a defect along the anterior
column prior to cup implantation since the anterior column
has a lower stiffness than the rest of the rim.

A larger contact surface area between the implant surface
and the acetabulum facilitates stable biological fixation [25].
For defects in the posterior column, a greater contact surface
area of the press-fit cup was maintained in comparison to

Fig. 5 VonMises stress distribution (MPa) for six segmental rim defects
with a press-fit cementless acetabular cup when a load of 1600 N is
applied, simulating a one-leg stance during fast walking
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defects in the anterior column. The largest reduction in contact
surface area was for defects along the superior or inferior rim
located primarily at the iliac and ischial facets, respectively.
These locations have been identified in the literature as the
critical regions to obtain the tightest press-fit; thus, mechanical
augmentation of superior and inferior rim defects may im-
prove biological fixation and reduce the risk of micromotion
[23]. However, unlike defects along the columns, defects in
the superior or inferior rim do not affect the vonMises stresses
at the acetabulum.

Differences between the parameters measured in this study
for various segmental rim defects suggest that management
must vary based on the defect location. If a segmental defect
is along the superior or inferior rim, the use of a press-fit cup
does not substantially reduce the initial cup fixation, as mea-
sured by the von Mises stress distribution and insertion force
required for cup seating. Previous studies have shown that
under-reaming by greater than 2 mm can improve cup fixa-
tion, but increases the risk of fracture since the stresses gener-
ated along the rim can approach the yield strength of osteopo-
rotic bone [14, 17]. The balance between the increased fixa-
tion and greater risk of fracture achievedwith increased under-
reaming is still not very well understood.

In our analysis on various rim defects, we used a single
normal hemi-pelvis to perform the experiment. If the pelvis
were affected by a severe pathology such as osteoporosis, it
would dramatically change the mechanical characteristics of
the bone. Future development of this model may include the
influence of both BMD loss with aging and segmental rim
defects. This would require further investigation.
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