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Abstract

Patient-specific musculoskeletal models (MSM) can improve the
selection and positioning of revision total hip arthroplasty (THA)
during preoperative planning. By accounting for muscle
weakening due to surgical procedures, MSMs provide more
accurate load data for finite element models in preclinical testing.
This paper presents a preclinical study using finite element
analysis (FEA) to investigate the effects of changes in hip
parameters — femoral neck angle, antetorsion and femoral offset
— on implant longevity after revision. 57 proximal femur CAD
models, based on MRI scans of a patient, were used to create
femoral implants with unique parameter combinations. FEA
simulations of stair climbing, which accounted for reaction forces
of the hip joint, showed that all parameter changes affected the
stress distributions, with the increase in antetorsion having the
strongest effects on bone-implant interface stresses.
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1. Introduction

The number of total hip replacements (THR) performed in Germany each year is steadily
increasing [1, 2]. The number of revision procedures, i.e., the replacement of an implanted hip
with a new implant, is also increasing accordingly. The main cause for subsequent revisions is
implant loosening [1]. Pre-clinical tests are crucial in predicting the durability of femoral stems’
fixation because this failure mode often results from mechanical complications [3]. Mainly, Finite
Element (FE) simulations are conducted, in order to analyse the debonding and failure of the
interface, to simulate the occurring damage in bone and implant or to determine the longterm
durability of the implant [4—6]. Due to functional purposes that the final implant configuration
should be well adjusted to the patient’s biomechanics, a preoperative planning process based
on medical imaging is carried out with the aim of determining the optimal setup of the
prosthesis, i.e., the most suitable combination of hip implant parameters (e.g., neck-shaft angle
(NSA), (femoral) offset or antetorsion angle (AT)) for the patient prior to every (revision) THR.
Nevertheless, there is a high probability of muscular dysfunction, particularly after a revision
THR, which manifests itself in a pathological gait pattern, such as the Trendelenburg gait [7].
The reason for this is an implant configuration that is not optimally adjusted to the weakened
muscular siuation of the patient [8], which leads to protracted and, in the worst case,
incomplete rehabilitation. The non-optimal implant placement is due to the shortcomings in the
preoperative planning process, which mainly focuses on the bony structures and the fit of the
implant for them and does not sufficiently consider the effects on the muscular parts. Therefore,
a new, comprehensive approach to the preoperative planning of revision THR (or, more
precisely, to the identification of the design of the revision implant) would be of great benefit in
terms of patient needs. The integration of preoperative simulations could significantly improve
the postoperative results of revision THA. Musculoskeletal human models (MHMs) can be
used to investigate the effects of various changes in hip parameters on the muscular side [9,
10]. However, the optimal implant setup always results as a balance of considering effects
between muscular and bony structures or implant. In order to consider the effects of the various
selectable parameters for revision implants on the anchoring of the implant in the bone, a FE
analysis should therefore be carried out in addition to musculoskeletal human simulation.
These results can then be used to develop a comprehensive simulative approach to determine
the optimal revision hip implant configuration for specific patients. The research question in
this contribution is: How do the adjustable parameters for hip revision implants influence the
stresses occurring in a patient's bone and implant structure in the case of a revision THR?

2. Materials and Methods

For a revision THR, the cement-in-cement technique has been reported to be employed in
a considerable proportion of the number of cases where cemented components were revised [11].
This technique consists of recementing the prosthetic component into the well-fixed mantle to
prevent the complications associated with the removal of an intact cement mantle during the
revision THR [12]. When used for various clinical purposes (e.g., replace a broken stem in an
intact mantle, increase the acetabular exposure), as long as the old cement mantle remains
intact at least in the two more distal thirds of the implant, it is less time consuming and has
highly satisfactory postoperative outcomes [11, 13]. Thus, in this study the cement-in-cement
technique is used for evaluation.

2.1. Finite Element models

The FE models were set up using Ansys® Mechanical software. Based on an MRI scan of

a subject, the left femur was extracted to a volumentric model (STL file) using a process called
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“Segmentation” [14]. In this volumetric model, the trabecular (soft part of the bone) and cortical
bone (hard part of the bone) was modelled (see Figure 1A). The challenge in this task is the
modelling of the proportion of the trabecular bone from the whole bone. The trabecular bone
was designed by scaling and remodeling the cortical geometry until obtaining a smaller solid,
then used to extract the interior cortical volumes. A study conducted by Dorr et al. [15] was
used as a reference for setting up this cancellous bone model. The subject’s femoral cortex
was scaled until the medial-lateral cortical index would fall between the mean values
determined in the study. The medial-lateral cortical index is given by the difference between
the diaphyseal diameter and intramedullary canal diameter divided by the diaphyseal diameter,
in a section located 10 cm below the mid lesser trochanter (see Figure 1B). The final 3D femoral
geometry used in this work has a medial-lateral cortical index equal to 0.54.
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Figure 1: (A) Subject’s femur model geometries. (I) STL file of the subject’s cortical bone generated from MRI
image. (II) CAD geometry of the cortical bone, displaying the proximal femur longitudinal axis. (Ill) Proximal
and distal trabecular bone geometries, (B) Section view with indications of the dimensions used for the
medio-lateral cortical index.

The cement mantles were assumed to consist of Polymethylmethacrylat (PMMA) and were
built in two steps. First, single mantles of primary THR were designed with a minimum
thickness of 2-5 mm to follow the recommendation for optimum mantles thickness from
Ebramzadeh et al. [16]. The maximum thicknesses didn’t exceed 5 mm in any of the models.
Afterwards, new-cement mantles were designed around the stems, all of them with minimum
mantle thickness of 1 mm, proximally, and maximum thickness of 3.5 mm in more distal
regions. As revision THR implants, 125 mm length Exeter stems were used in this study due
to progressive increase in the use of short-stems in elective THAs in Germany [1] and the
satisfactory outcomes of cement-in-cement femoral revision THR with this stems pointed out
in recent studies [17, 18]. The implants were positioned in the bone model aligned to the
proximal femur shaft axis. The interface contacts were set as perfectly bonded. The chosen
material parameters of the different parts of the model are based on different studies available
in literature [5, 19-22], which are summarized in Table 1. Isotropic materials were considered
for the characterization of the cement mantles, the femoral stem, and the prosthetic head. All
geometries were meshed using quadratic tetrahedral elements. The mesh elements’ size and,
therefore, the number of mesh elements was defined after convergency studies based on the
von Mises stresses for the implant. In order to make the stress distributions in the stem-cement
interface less sensitive to the fraction of nodes per unit area, a finer discretization was ensured
by locally defining the edge size of the elements adjacent to the interface as 1.65 mm.
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Table 1: Chosen material properties for several parts of the FE model based on [5, 19-22]

Elastic properties

Model part Poisson’s ratio Elastic modulus Shear modulus
Femoral Cortex vxy = 0.58 Exx = Eyy = 17 Gpa Gyz = Gzx = 3.28 Gpa
Vxz = Vyz = 0.31 Ez = 11.5 GPa Gxy = 3.63 GPa
vxy = 0.093 Exx = 373 MPa Gyz =24 MPa
Trabecular bone vxz = 0.149 Eyy = 203 MPa Gyxy =22 MPa
vyz = 0.098 Ez = 340 MPa Gxz = 24 MPa
Old PMMA v=03 E =2.08 GPa
New PMMA v=0.3 E=2.12 GPa
Stem v=0.3 E =200 GPa
Prosthetic head v=0.23 E =380 GPa

2.2. Revision hip implant variation

As previously mentioned, the main varying parameters in hip revision implants to adjust the
prosthesis towards the patients are the NSA, offset and AT. Based on the previous study by
Scherb et al. [9] investigating the influence of the adjustable parameters for the muscles via
musculoskeletal simulation, the parameter combinations were chosen similar. Five NSAs -
110°, 117°, 120°, 125°, 150° - four offsets — 30, 35, 40, 50 mm — and 3 ATs — 8°, 18°, 38° -
were selected as parameter values. For each parameter combination, an individual hip revision
implant model was created, an example is shown in Figure 2. As decribed in section 2.1, each
created implant model was inserted in the modelled bone aligning the stem shaft axis and
proximal femur shaft axis and assigning the material parameters (Table 1). Thus, 57 FE models
with individual virtually implanted hip revision implant into the patient femur resulted.

30 mm 35 mm 40 mm 50 mm

100 mm

Figure 2: Stem models with 125° NSA and varying offset. The dashed red lines are axial to the stems’ necks and
form a 125° NSA with the solid red lines. The solid red lines are the stem’s shaft axes which were aligned
to the proximal femur shaft axis.



2.3. Load Analysis

Lastly, the external applied force to the implants has to be inserted for the FE analysis.
These were determined using musculoskeletal simulation in OpenSim [23] (Figure 3). The
same MHM from Scherb et al. [9], which is characterized by an patient-specific modelled
anatomy and muscles in the hip area [24], was used. The real subject for this model was
recorded in a motion capture laboratory performing different activities of daily living (e.g,
walking, standing up from a chair, stair climbing etc.). After transferring the motion data to the
MHM, it was observed the highest hip joint contact forces occurred during the stair climbing.
Thus, under the assumption that the highest stem-cement-bone interface stresses and
accordingly the highest load for the implant and bone would occur with the highest hip joint
contact forces, the stair climbing was chosen for further analysis.

The different parameter combinations of NSA, offset and AT of the FE models (57 in total)
were remodelled in the MHM and under consideration of the captured stair climbing motion,
the resulting hip joint contact force was simulated. The highest occurring force in this simulation
was extracted and applied to the corresponding FE model, performing a static FE analysis. In
the FE analysis, the occurring stresses in the stem-cement interface and the stress distribution
in the cement mantles are investigated.

Figure 3: Musculoskeletal simulation of stair climbing and application of resulting hip joint contact force on hip
revision implanted FE models

3. Results
3.1. Stem-cement interfacial damage

For evaluation of the stem-cement interfacial damage, a parameter called stem-cement
interfacial damage extent is used. The stem-cement interfacial damage extent is defined as
the percentage of nodes at the interface where the calculated averaged tensile and shear
stresses exceed mean strength values for tensile stress (2.81 MPa) and shear stress (1.39 MPa)
[6]. For the models with AT angles 8° and 18°, none of the stress values found were superior
to the interface strengths. Regarding the models with 38° AT, the quantified interface damage
due to both tensile and shear stresses varied similarly when only one of the hip parameters
(NSA or offset) is modified. Observing the results for models with the same offset, both the
percentages of shear and tensile failure decrease with the increase in the NSA until reaching
125°, except for tensile failure in the models with 50 mm offsets (see Figure 4a). The increase
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in the NSA from 125° up to 150° results in the increase of the damage extension in the models
with 30 mm offsets. When studying the results of models with the same NSA, as illustrated in
Figure 4b, it can be noticed that as the offset increases, until it is equal to 40 mm, the percent
damage decreases, except in the tensile damage case for models with a 50 mm offset. From
the 40mm to the 50mm offset, the percentage of interface failure increases. Furthermore, the
damage extent due to shear stresses is more expressive than the damage due to tensile
stresses. The peak stresses reach the highest values in the models with 38° AT, and, between
the 8° and 18° models.
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Figure 4: Variations of the shear and tensile stem-cement interface failure extent at AT 38° with (a) offset
alterations and (b) NSA alterations

3.2. Stress distribution in the cement mantles

The intercomparison of the stress distributions in the mantles is done following a similar
method to the one proposed by Lennon and Prendergast [5], where volume percentages under
a specific stress level limit is utilized. A stress level superior 3 MPa is considered critically as
it is the limit the cement can withstand 10 million load cycles. In this study, instead of relying
on stressed cement volume percentages, the percentages of nodes are used. For all stress
limits considered, the percentage points difference between the node percentages determined
for both mantles in each model remained inferior to 10%.

Those results show that in all stress limits considered, the variation in AT angles from 8° to
18° does not exert an expressive influence on the node percentages and, therefore, on the
stress distributions (see Table 2). However, there is a considerable change in these values
with the increase in the AT up to 38°, where the number of nodes with occurring stresses over
3 MPa increases from nearly 0 % (8° and 18° AT) to more than 10 % (38° AT) for both new
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and old cement mantle. For constant NSA values, alterations in the femoral offset don’t result

in strongly linear node percentages variations. The same occurs for variations in the offset or
NSAs at constant AT angles.

Table 2: Node percentage mean values for the new and old cement mantles of models with the same AT
Old Cement Mantle New Cement Mantle
AT 0-1MPa 1-2MPa 2-3 MPa >3 MPa 0-1 MPa 1-2 MPa 2-3 MPa >3 MPa
38° 35.57% 28.82% 18.00% 16.79% 39.27% 30.20% 30.17% 11.29%
18°  75.44% 20.59% 2.10% 0.86% 80.31% 17.80% 16.76% 0.00%
8° 79.94% 16.75% 1.69% 0.74% 82.29% 15.77% 14.73% 0.19%

3.3. Contour of stress
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Figure 5: Stress contours given in the implant components of the model at NSA 110° and offset 35 mm and a)
AT 18° and b) AT 38°

The stress contours in bone and implant structures show similarity in models with 8° and
18° AT angles (Figure 5a). For these configurations, the highest stresses in the stems are in
the middle sections at the lateral and medial regions, and the necks' medial and lateral sides.
In prosthetic heads, higher stresses occur at the faces contacting the stems. Old mantles
exhibit highest stresses in the proximal region, mainly on the medial side, and on the lateral
side in the distal and middle regions. New mantles show highest stresses at the lateral side
near the stems' tip and in the middle region, and at the anterior side in the proximal region.
The femoral cortex has highest stresses on the lateral side in the middle and distal regions,
while the trabecular bone's highest stresses are mostly above the lesser trochanter. The stem-
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cement interface has highest shear stresses in the proximal section and highest tensile
stresses at the medial side in the proximal region and the lateral side in the middle region.

For models with 38° AT angles, highest stresses in the stems are at the anterior and
posterior sides in the middle and distal regions (Figure 5b). The prosthetic heads show higher
stresses at the faces contacting the stems. Old mantles have highest stresses at the medial
side in the proximal section and the anterior side in the middle and distal regions. New mantles
exhibit highest stresses at the anterior and medial sides in the proximal region, and the anterior
side in the middle and distal sections. The trabecular bone's highest stresses are above the
lesser trochanter, mainly on the posterior and anterior sides, and more distally on the anterior
side. The femoral cortex shows higher stresses on the posterior side below the lesser
trochanter. For the stem-cement interface, highest shear stresses are in the proximal section,
with highest tensile stresses at the posterior side in the proximal region and the anterior and
lateral sides.

Peak stress values indicate that tensile maximum principal stresses in the cement mantles
exceed the ultimate tensile strength limits (36-47 MPa) for some models with 38° AT, but this
affects a small proportion of the cement (less than 2% above 8 MPa). Peak stresses in stems
are below 300 MPa, and in femoral heads below 20 MPa. Trabecular bone models have peak
stresses below 21 MPa. In cortical geometries with 38° AT, peak tensile stresses exceed
average ultimate tensile strengths (51 MPa transverse, 133 MPa longitudinal) but affect a small
percentage of nodes, with only 12.1% above 51 MPa and 3.7% above 100 MPa.

4. Discussion

The comparison between the implant designs has shown that the best outcomes happen
for all the models with 8° and 18° AT angles, which did not present tensile or shear failure
when comparing the stress levels at their interfaces. Additionally, both implant model groups
presented the lowest and very similar peak shear and tensile stresses, which did not vary
significantly with the alterations in the NSAs and femoral offsets.

However, the same did not occur for the 38° AT models, in which the maximum failed
percentage due to shear (8.46%) and tensile stresses (3.92%) occurred for the 110° NSA and
35 mm offset implant. It can be inferred that the non-linearity observed in the node percentages
is potentially the result of the differences in the orientation and magnitudes of the hip reaction
forces configured in each model under analysis and, therefore, in the manner in which the
loads are transmitted to the models. Despite those non-linearities, it is evident that the
parameter combinations with the 40 mm offset and/or the 125° NSA resulted in the lowest
failed percentages among the models with 38° AT in both failure modalities.

The intercomparison of stress distributions in the mantles could be accurately executed
because of the small differences in the total volume of cement around the stem. Their
distributions were also found to be less sensitive to the variations in the AT from 8° to 18° when
compared with the effects of the increase in any of these values to 38°. These smaller
antetorsions resulted in models with the smallest concentrations of stresses above 3 MPa in
both new and old cement mantles, with the mean value of node percentages determined for
each AT group being inferior to 1%, indicating improved chances of long-term stability when
considering the 10 million cycles of stair climbing.

On the other hand, the distributions of stresses above 3 MPa in the models with 38° AT are
considerably higher, where the average of the node percentages within this stress range is
superior to 11% for the new mantles and 16% in the old mantles. The sudden peak in the
tensile stresses of the old and new cement mantles with the increase in the offset from 35 to
40 mm in the model with 8° AT and 117° NSA might have been the result of the insufficient
mesh element size in the region where the highest loads were transmitted. However, this result
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was not discarded because it still allowed the comparison between the stress distributions
through both mantles in the model, and because the node percentages determined for this
model are very small while 3 MPa is a stress level with chances of failure slightly superior to
zero, not very critical for the long-term stability evaluation conducted in this work.

Furthermore, there is a stronger linearity in the manner the distributions of stresses above
3 MPa take place with variations in the NSAs and femoral offsets in the models with 38.2° AT,
where chances of failure have presented the tendency to decrease with the simultaneous
increase in the NSA and offset up to 125° and 40 mm, respectively. As for the extent of the
stem-cement interface damage, the models presenting at least a 125° NSA or a 40 mm offset
have the lowest concentrations of stress levels associated with probabilities of fatigue failure.

Additionally, in terms of the comparison of the stress distributions between the mantles
contained in each model, it was noticeable that the stresses in these structures are very
similarly distributed, with the percentage points difference between the node percentages
determined for both mantles being inferior to 10%. This proximity in the stress distributions
might be explained by the geometrical similarity between mantles and their close load-bearing
capacity due to the proximity in the Young’s Modulus attributed to the old-cement mantle
(2.08 GPa) and the new-cement mantle (2.12 GPa).

5. Conclusion

The selection of an optimum combination of hip parameters for the muscle function of a
patient after revision THA can be done with simulations of ADL using patient-specific MSM that
is scaled into the patient’s bone geometries. However, for a more complete comprehension of
the operative outcomes, it is important to inspect the stress distributions in the implant
components. For this matter, preclinical tests based on FE analysis can be conducted where
FE models are configured with the load data from the ADL simulation results and femur bone
CAD geometries obtained from MRI images.

The present work was, therefore, an example of how FE models can be used to analyse
the influence that hip parameters have on the stress distributions in the bone-implant interface.
The method for estimating the long-term stability of the cemented stem fixation after cement-
in-cement revision of the stem in THA allows a fast comparison of the stress distributions
between different FE models and made evident that AT, NSAs, and femoral offsets have the
potential to influence the chances of stem-cement and cement bulk failure. However, the most
expressive change in the stress distributions is observed for the increase in the AT. Thus, the
results of this work in combination with the results of Scherb et al. [9] show that a
comprehensive approach integrating musculoskeletal simulation and FE simulation can help
the clinicians to design a revision hip implant optimally suited for a certain patient, both
incorporating the long-term stability of the implant and the load on the weakened muscles.
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