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ABSTRACT

The most commonly reported failure modes of cementless hip stems are loosening
and thigh pain; both are attributed to the relative motion at the bone-implant
interface due to failure to achieve sufficient primary fixation. Accurate predictions
of hip stems’ stability are therefore crucial to the pre-clinical analyses of hip
arthroplasty. This study uses finite element technique to analyse the effect of
muscle forces on the predicted micromotion and therefore stability of cementless
femoral components. An in-house experimentally validated micromotion algorithm
was used in analyses simulating two of the most common physiological activities—
walking and stair-climbing. The results showed that models where muscle loads
were included had ten times larger micromotion than those modelled without
muscle loads. Ignoring muscle forces in any pre-clinical evaluation of femoral
stems are therefore not advisable as it will overestimate the stability of the stem.

Keywords: Hip arthroplasty, cementless stem, finite element, muscle loadings
primary stability, interface micromotion

1.0 INTRODUCTION

Primary stability is crucial to the short-term and long-term success of cementless
femoral prostheses. Unstable implants can cause complications such as thigh pain
[1-3] and the eventual loosening of the prosthesis [4-6]. Various design parameters
had been studied in order to achieve adequate stability in a hip arthroplasty using a
cementless technique [7-9]. However, the effect of including the muscle forces has
not received much attention. Due to the complexity of muscle loadings and
variations between patients, most experimental studies as well as finite element

* Corresponding author: E-mail: rafiq@fkm.utm.my
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studies did not include muscle forces in their models [10-15] and only a few
included either the abductor or the adductor muscles [16,17].

Using finite element (FE) techniques, several investigators reported that muscle
forces have an impact on stress distribution in the femur [18-20], whilst others
found that including the muscle forces is important for accurate predictions of
bone resorption [21]. Various other rescarchers presented FE studies related to
micromotion [22-27], but the effect of muscle loads on the accuracy of
micromotion predictions are still remain to be answered.

When analysing the effect of muscle loads, one consideration which is
important to micromotion predictions is the type of physical activity. Modelling
the changing load configuration during physiological gait cycle, running, and
stairclimbing as well as any other physical activities is not practical. Gait is clearly
relevant for a study on hip stem’s stability as this is the most common
physiological activity. Stairclimbing is another important activity due to a high
torsional load component which is thought to be particularly critical with respect
to interface micromotion [28]. As a consequence, previous works on hip
arthroplasty and micromotion had used either gait loading or stairclimbing loads.
However, the effects of these loadings on predicted micromotions had not been
evaluated.

In this study the effects of muscle loads on interface micromotion were
assessed to see whether or not it was important to include muscle loads when
predicting the stability of cementless hip stems. Loading configurations from two
of the most common physiological activities were used to identify the most
relevant and the most critical activity to the stability of cementless hip stems.

2.0 MATERIALS AND METHODS

A 3D model of the hip was constructed from the Visible Human Project (VHP)
Computed Tomography (CT) images using AMIRA software (Mercury Computer
Systems, Inc.). Segmentation of the 2D slices was carried out manually and
complied automatically to generate a 3D triangular surface mesh. The model was
then converted to solid tetrahedrals in Marc-Mentat (MSC Software) FE software.
A generic 3D CAD model of a stem with straight cylindrical design was also
constructed and meshed in solid tetrahedrals. The stem was aligned inside the
femur, and the neck of the femur was resected at about 10mm above the upper end
of the lesser trochanter to simulate hip replacement. The stem was assigned a
linear isotropic material properties resembling titanium alloy (E=110GPA, v=0.3),
whilst the properties of the bone were assigned according to the grey level values
of the CT dataset. An in-house algorithm was used to correlate the grey-level of
the CT images using the apparent density through cubic correlation proposed by
Carter and Hayes [29]:

E=cp’

where E = stiffness of bone (N/m?)
¢ = constant (3,790MPa.cm’/g”)
p = density of bone (kg/m”)
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This relationship is based on the assumption that cancellous and cortical bones are
simply at different ends of a continuous spectrum. A mesh convergence study was
carried out, and the model with 56,526 elements and 12,078 nodes were found to
be adequate to produce a converged solutions.

A direct contact method at the interface was used, where a constraint was
automatically imposed when a node contacted another node or surface. The
constraint equation is such that the contacting node is forced to be on the
contacted surface and allowed to slide, subject to the current friction conditions
and the calculated tolerance zone. If a node slides from one segment to another
during the iteration procedure, the retained nodes associated with the constraint
are changed and a recalculation is automatically made. For tensile separation, a
value of 10% of the maximum reaction force is used as the threshold limit.

Two separate published datasets (Table 1 and Table 2), both including muscle
forces, were used to study the effects of load configuration on the predicted
stability of cementless hip stems. The first dataset (Table 1) was obtained from the
work of Duda [18,19] in which muscle and joint forces for two physiological
activities, walking and stair climbing, were measured using telemetry. The second
datasct (Table 2) was from the work of Fisher ez al. [30], for the three distinct
phases of a gait cycle-the heel-strike, the mid-stance and the toe-off. The
directions of these muscle forces were derived from the geometric data extracted
from the VHP dataset, and the magnitudes of the muscle forces and the hip joint
contact forces were based on predictions by Brand and co-workers [31-32]. The
loads reported by Fisher er al. [30] were significantly higher than the values
measured by Duda and hence it was relevant to include both data sets in the
analyses.

Table 1: Location of the muscles attachment used by Duda together with
maximum loading configurations during walking and stair-
climbing [18, 19]

Normal Walking Configuration X Hamos Comgonents du) Z
Joint contact force -433.8 -263.8 1841.3
Abductor 465.9 34.5 -695.0
Tensor fascia lata, proximal part 57.8 93.2 -106.0
Tensor fascia lata, distal part -4.0 -5.6 152.6
Vastus lateralis -7.2 148.6 746.3

Stair Climbing Configuration X Y Z
Joint contact force -476.4 -486.8 1898.3
Abductor 563.1 2314 -682.1
Ilio-tibial tract, proximal part 84.4 -24.1 -102.8
Ilio-tibial tract, distal part -4.0 -6.4 135.0
Tensor fascia lata, proximal part 249 39.4 -23.3
Tensor fascia lata, distal part -1.6 -2.4 52.2
Vastus lateralis -17.7 180.0 1085.3
Vastus medialis -70.7 318.1 2145.8
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Table 2: Magnitudes of hip joint contact force and muscle forces for the
three phases of a gait cycle [30]

Force Components (N)

Force 1¥ phase 2" phase 3™ phase
(Heel strike) (Mid stance) (Toe-off)

X | ¥ Z X I ¥ 7 X Y Z
Joint e - 1722.5 - - 2056. < -219.3 | 2868.7
contact | 857.3 | 404.5 8613|2508 | 9 |6137
force
Gluteus | 234.8 | -37.6 | -334.9 | 1849 | 852 | 244 | 172.3 | -105 | 2038
maximus

484 | 262 | 937 | 422 | 4 | -81.7| 637 | 289 | -1133
Gluteus =8 17195 | 851 | 565 | 7.8 | 722 | 85 | 322 | 974
medius

713 | 113 | 812 | 621 | -142 | -66.4 | 923 | -40.4 | 87.1

109 | 10 | 214 | 215 | 7 | 452 254 | 07 | 516
Glutess: 1535121 | 218 | 262 | 51 | 428 | 302 | 44 | %a
minimus

195 | 0.8 | -17.2 | 37.6 | -11.1 | 31.9 | 432 | -186 | -332
Tlliopsoas | 0 0 0 | 06| 715 | 608 | 3.6 | 1606 | -1585
Piriformis | 75.8 | 26.0 | -35.5 | 113.4 | -61.6 | -38 | 110.5 | -70.1 | 22.4

21| 69 | 407 | 0 0 0 0 0 0
Adductor 0365 [ 427 | 0 0 0 0 0 0
magnus

15| 61 | @Ba | © 0 0 0 0 0

158 | 5.6 | 448 | 0 0 0 0 0 0

1 48 | <54 | @ 0 0 0 0 0
Adductor o35 5 0 0 0 0 0 0
minimus

183 | 25 | <Ll | § 0 0 0 0 0

23| 19 [ -B2 | 0 0 0 0 0 0

An in-house experimentally validated computer algorithm was used to measure
micromotion at the interface and predict instability of the stem. This algorithm
calculated the displacement of the stem relative to the endosteal surface of the
bone by subtracting displacement values between corresponding nodes at the
interface. From various threshold limits for bone ingrowth [15, 17, 33-34], a
minimum micromotion value of 50pm was chosen. During the first iteration of the
analysis, any areas with micromotion values lower than the threshold limit were
adjusted by removing the elements to simulate interfacial bone loss (Figure 1).
The iteration continues until either a stable-state interface micromotion was
achieved or the implant failed. Implant failure occurred if interfacial shear strength
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of 15MPa [35] was exceeded or the surface of the implant was encapsulated with
the threshold micromotion limit representing fibrous tissue.

Figure 1: FE models showing no interference gaps (left) and with interfacial
gaps with thickness of 500um (right)

3.0 RESULTS

Figure 2 shows the cut-through model of the femoral bone used in this study,
together with a picture taken from the CT dataset for comparison. The contour plot
from FE using an in-house bone properties algorithm shows stiffness distribution
within the femur, with stiff cortical bone of the long shaft showing higher stiffness
than the proximal area surrounding the greater trochanter. The results show
excellent agreement with the actual CT dataset used (lighter region corresponds to
higher density and stiffness).

Figure 2: The contour plots of stiffness of femoral bone using the bone
properties algorithm (left) and the corresponding image from
the VHP CT dataset

Figure 3 shows that, in general, the distribution of micromotion is similar
between loadcase 1 (with muscles) and loadcase 2 (without muscles), with the
magnitude of micromotion in loadcase 1 being larger than in loadcase 2. With the
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exception of the distal tip of the stem, distal regions are very stable compared to
the proximal half.

nan
= 5108
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3. 08
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Figure 3: Contour plots of micromotion for the three phases of the gait cycle
and for stairclimbing with muscle loads (top) and without muscle
loads (bottom)

55




Jurnal Mekanikal, June 2007

Table 3 shows that the areas with more than 50pm of micromotion are greater
by up to 6 times in loadcase 1 than that in loadcase 2 at all phases of the gait cycle.
For loadcase 1, the results for the heel-strike and the mid-stance are more or less
similar, with a small increase in micromotion for the toe-off phase of the gait
cycle. The difference in surface area exceeding the threshold limit is even greater-
up to 20 times more in loadcase 1 than in loadcase 2 for Duda’s loadcases.

Results using Duda’s loadcases also show that stair-climbing activity is more
critical than walking, because the surface area with micromotion beyond the
chosen threshold limit of 50um was doubled in stair-climbing. However, when
compared to Fisher’s toe-off phase of the gait cycle, the difference of the surface
area was small.

Table 3: Surface area with more than 50um of micromotion for the various

loadcases
Load Case Area > 50pum (%)
With muscle loads Walking Heel strike 6
Mid-stance -
Toe-off* 9
Toe-off** 6
Stair-climbing 11
Without muscle loads Walking Heel strike 1
Mid-stance 1
Toe-off* 2
Toe-off** 0
Stair-climbing 1

*Data from Fisher et al. [30]. **Data from Duda et al. [19]
4.0 DISCUSSION

The importance of including muscle loads in a study on hip arthroplasty is
apparent. Apart from adequate description of the stress-strain distributions in a
hip reconstruction [18-20] and accurately predicting bone resorption phenomena
[21], muscle loads are also important in predicting loosening failure of hip
arthroplasty. The FE results showed that ignoring muscle loads from FE analyses
will under-estimate the interface micromotion, thus under-estimating the fibrous
tissue formation and over-estimating the stability of the stems.

The results also showed that as the loading increased, the magnitude of
micromotion also increased, thus increasing the chance of instability. This is in
agreement with a study by Dickob and Martini [2] where patients who were
overweight by 30% or more were found to be twice more likely to loosen their
implants compared to patients with normal weight. Another follow-up study by
Kim and Kim [36] reported that lower hip joint forces in patients with light body
weight reduced the chance of implant loosening.

In Duda’s loadcases, the results showed that stair-climbing was more critical
because the surface area of potential fibrous tissue formation was almost twice as
much as that in physiological walking. However, when compared with the toe-off

56



Jurnal Mekanikal, June 2007

phase of the gait cycle from Fisher’s loadcases, the results were almost similar in
terms of magnitude, distribution of micromotion and surface area potential for
bone ingrowth. This shows that the amount of micromotion, and therefore the
stability, also depended on the loading vector, and not just by a specific type of
activity. Toe-off phase of the gait cycle could be as critical to micromotion as
stair-climbing. This has been confirmed by Pancanti ef al. [37], who reported that
for some patients, other tasks may be as critical as stair-climbing. Their
micromotion study showed that the inter-subject variability had much more
influence on the primary stability of cementless implants than the inter-task
variability. Another paper by Kotzar er al. [38] also reported similar findings
where in their telemeterized study, maximum torque during walking for some
patients was found to be larger than during stair-climbing.

The FE results were also consistent with clinical findings. With a straight
cylindrical stem design, distal regions normally have a higher potential for bone
ingrowth due to strong cortical support [39-42]. Measurement of Bone Mineral
Density (BMD) using Dual Energy X-ray Absorptiometry (DEXA) showed
maximum bone loss occurred in the proximal femur. Bone atrophy usually took
place around the greater trochanter area [17, 36, 43-45] and this is reflected in the
FE analyses with micromotion in excess of the threshold limit of 50um in the
proximal region. Once the threshold limit is exceeded, fibrous tissue will take
precedence over bone formation [46]. Optimum load transfer could not be
achieved, and over time, the cancellous bone in the unloaded region will resorbed
away.

Many have reported that the reason for such a phenomenon was the result of
stiffness mis-match between the implant and the bone [36, 43-45]. Normal
physiological loading could not be achieved with the Young’s modulus of the
implant exceeding five times the value of cortical bone. Problems with the rigidity
of endosteal implants have led to the development of a more flexible stems, the
so-called iso-elastic. The aim of iso-elasticity was to deform the implant and the
bone as one unif, thus maintaining the structure of the bone under common
loading conditions. In terms of maintaining bone stock, compliant stems have
been shown to be better than stiff stems. An in-vivo study on canine models
showed that reduced stem stiffness enhanced proximal load transfer thus reducing
proximal bone loss [46]. In another study of 14 patients, where 6 patients had
isoelastic implants, their overall BMD increased by a mean of 12.6%. For those
with a relatively stiff titanium implant, the BMD decreased by a mean of 27% in
the first year [47].

Though there seems to be an advantage of using isoelastic stems, several
authors reported that the use of these stems caused high rate of loosening. Two of
the now defunct hip prostheses, the RM prosthesis and the Morscher prosthesis,
showed a high rate of aseptic loosening at follow-up period of nine years [48]. A
later generation of isoelastic stems such as the prototype carbon fibre-reinforced
composite also suffer a similar fate [49]. The authors reported macroscopic
loosening and fibrous interface fixation for 92% of the implanted prostheses at 6
years post surgery. There seems to be a trade off between the rigid and flexible hip
stems. Rigid implant minimizes micromotion at the interface, which is crucial for
bone integration, but does not permit optimum load transfer to the bone. Flexible
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implant on the other hand allows semi-physiological load transfer to the bone, but
over time, causes unnecessary aseptic loosening due to excessive interface
micromotion.

5.0 CONCLUSION

The results from this study showed the importance of including muscle forces in
the prediction of hip stem stability. Failure to include muscle forces will
underestimate the interface micromotion, therefore overestimating the primary
fixation of femoral stems.
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