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Abstract: Problem statement: There are two types of implant fixation in hip joint replacementcemented and cementless. The cemented types are, in general, more popular due to concerns of
possible inability of cementless implants achieving maximum primary stability for bone integration.
The concern is more significant in cases where there are major losses of cancellous bone stock and
thinning of the trabeculae due to osteoporosis. Approach: Three Computed Tomography (CT) images
of human hip joints were obtained from a hospital. The first patient showed osteoporotic condition
based on DEXA scan of the bone. The second was registered for total hip replacement due to
significant deterioration of the cartilage covering the bone ends. The third dataset was from a patient
with no reported skeletal diseases and was used as control. Three dimensional models of the femora
were reconstructed from the CT images and hip arthroplasty using cementless stem was simulated.
Finite element method was used to analyze the stability of the implant through a specialized algorithm
to measure micromotion at the bone-implant interface. Bone properties were assigned on an elementby element basis and loads simulating stair climbing were used. Results: Hip stems fixed in the control
and osteoarthritic femoral model showed minimum interface micromotion. For the osteoporotic bone
there is a progressive reduction in surface area feasible for bone in growth.
Conclusion/Recommendations: Bone quality affects the stability of femoral components used in hip
replacement and therefore the bone-implant integration potential. Cementless hip stem should not be
used in patients with osteoporotic condition as the deterioration of bone tissues lead to an increase in
interface micromotion.
Key words: Hip joint replacement, cementless stem, bone quality, osteoporosis, osteoarthritis, finite
element analysis
INTRODUCTION
Total replacement of the hip joint is one of the
most common procedures in orthopaedic surgery. Even
though the procedure is regarded by many as one of the
most successful, complications may still occur postsurgery[1-8]. Loosening of the femoral component is one
of the failures associated with thigh pain with revision
surgery the only option to relieve pain and regain
mobility[9-11]. Micromotion at the interface between the
implant and the bone is thought to be the reason behind
this major complication. If the magnitude exceeded a
certain threshold limit, fibrous tissue layer would form
at the interface at the expense of bone formation[12-14].
Interface micromotion would increase as a result and

the vicious cycle continues until the implant eventually
loosened.
There are many factors that can cause excessive
interface micromotion such as implant design, surgical
technique, types of fixation, unphysiological loading
condition and bone and joint diseases[15-18]. Skeletal
diseases such as osteoporosis and osteoarthritis alter the
bone’s properties and its ability to provide adequate
fixation. Osteoarthritic changes mainly concentrated at
the articulating surface of the joint where the soft
cartilage tissues deteriorates due to age or injury[19]. The
properties of bone further away from the articulating
joint may or may not change. Osteoporosis, on the other
hand, is a skeletal disorder characterized by a
significant loss of bone stock and structural
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deterioration of bone tissues[20-22]. The bone becomes
fragile and more easily fractured under a sudden load
due to the thinning of the trabeculae.
Osteoarthritis is the most common cause of hip
disease leading to primary hip replacement because it
causes pain and can severely reduced mobility.
However, patients requiring hip arthroplasty also
sometimes suffer from osteoporosis[19]. As osteoporotic
bone is significantly weaker than healthy ones, it affects
the decision in terms of selection of a suitable hip
implant for replacement. It has been suggested that
patients with osteoporosis would be better off having
cemented hip stems to provide strong primary
fixation[20,22]. However, it was also reported that
cementless stems were also reliable for elderly patients
with poor bone stock[23].
The study on bone quality for replacement joint
surgery is important as it has been found to influence
the extent of stress-shielding-a situation where bone
resorbs in areas where it is not adequately loaded. This
is evident where severe bone loss was found in poorer
quality bones than in healthy ones[24,25]. In terms of
achieving primary stability, it is unknown if the weaker
bone stock causes more micromotion and instability of
the replaced hip. In general, stronger bone is preferred
for stability with cemented stems regarded as the gold
standard for fixation[25]. Cementless fixation is less
popular as it has been assumed to provide less fixation
strength. The use of cementless stems in osteoporotic
bone for replacement surgery has therefore been
avoided due to the weak condition of the bone.
In this study, finite element method was used to
analyze the effect of bone quality on interface
micromotion and therefore stability of a replaced hip
joint. Two computed tomography (CT) image datasets
of hip joints with different skeletal diseases were used
in the analysis and compared with the ones
reconstructed from a CT dataset of a normal healthy
femoral bone. A specialized validated algorithm which
calculates micromotion at the bone-implant interface
was used to predict instability of the femoral
component.

models of the three femoral bones were reconstructed
and meshed with solid tetrahedrals.
After reconstruction of the bone models, the size of
a suitable femoral stem was identified for each bone
model using a fit-and-fill concept. The size of the canal
was measured to determine the diameter of the stem to
be used. The best size that fits the normal bone was
135 mm, whilst the osteoporotic femoral model had a
canal size of 150-15 mm larger than the normal bone
due to the thinning of the cortical bone (Fig. 1). The
osteoarthritic femoral model had a smaller canal of
120 mm. Generic hip stem models with cylindrical
features were developed with the diameter that matched
the three femoral bones. The implants were then
positioned inside their respective bone canals and the
necks of the implants were angulated according to the
anteversion angles of their original intact bones. The
stems were assigned a linear isotropic material
properties resembling titanium alloy (110 GPa), whilst
the properties of the bone was 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[26]:
E = cρ3

where, c = 3790 MPa.g−3 cm9. This relationship was based
on the assumption that cancellous and cortical bones are
simply at different ends of a continuous spectrum.

MATERIALS AND METHODS
CT datasets from two patients suffering from
ostoearthritic of the hip joint were used in this study.
The Young Adult T-score of one of the patients, which
is the World Health Organization (WHO) criterion for
osteoporosis, also showed marked osteoporosis in all
regions of the femur. Another CT dataset of a normal
healthy femur was taken as control. Three dimensional

Fig. 1: Outlined view of the osteoporotic femur with a
150 mm diameter straight cylindrical stem
inside (left) and a normal femoral bone with
135 mm stem (right)
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The three simulated arthroplasty models were loaded
using a published dataset which includes muscle forces
(Fig. 2). The dataset was obtained from the work of
Duda[27] in which muscle and joint forces for two
physiological activities, walking and stair climbing,
were measured using telemetry (Table 1).
An in-house experimentally validated computer
algorithm[28] was used to measure micromotion at the
interface and predict instability of the stem. This
algorithm calculates the displacement of the stem
relative to the endosteal surface of the bone by
subtracting displacement values between corresponding
nodes at the interface. Non-linear contact analysis was
used by assigning target and contact surfaces between
the individual parts of the model. The constraint
associated with no penetration is implemented by
transforming the degrees of freedom of the contact node
and applying a boundary condition to the normal
displacement.
In order to check for instability, interfacial bone
loss was simulated in areas where micromotion
exceeded the threshold micromotion limit of 100
microns. The new models with simulated interfacial
bone loss were then loaded in the same stair climbing
mode. The iterations were continued until either a
stable state micromotion was achieved or loosening was
predicted.

The Canal Flare Index (CFI) was calculated for the
three bone models using the technique proposed by
previous researchers[29]. The ratio of the canal diameter
at two locations -20 mm above the lesser trochanter and
the isthmus-was calculated from the anteroposterior
view.
RESULTS
Figure 3 shows slice-through models of the three
bones, together with their corresponding stiffness
distribution. There was a large decrease in stiffness in
the osteoporotic bone as well as significant reduction in
thickness of the cortex compared to the healthy bone.
The osteoarthritic femur showed a high stiffness value
in the medial and lateral cortex.
The values of the Canal Flare Index (CFI) are
shown in Table 2. The VHP bone had CFI of 3.6, the
osteoporotic bone had CFI of 2.3 and the osteoarthritic
had CFI of 6.2.
Figure 4 shows contour plots of micromotion under
simulated physiological stair climbing using the
validated algorithm. Figure 4 shows larger micromotion
at the bone-implant interface for the osteoporotic
model compared to the control VHP bone model.

Fig. 2: Location of the muscles attachment used by
Duda[28,29]
Table 1: Maximum loading configurations in stair climbing activity
used by Duda[27]
Force (N)
X
Y
Z
Joint contact force
-476.4
-486.8
1898.3
Abductor
563.1
231.4
-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 24.9
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

Fig. 3: Young’s Modulus of the three bones-normal
(left), osteoporosis (middle) and osteoarthritic
(right)
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Table 2: The canal flare index of the three bones
Normal
Oateoporotic
Osteoarthritic

3.6
2.3
6.2

Fig. 4: Micromotion results for the hip stem implanted
in the normal bone (left), osteoporotic (middle)
and osteoarthritic (right)

Fig. 6: Micromotion for the hip stem relative to the
osteoporotic bone for the 2nd, 3rd and 4th
iteration showing an increase insurface area
unfeasible for bone growth
The results of the surface area unfeasible for bone
ingrowth are shown in Fig. 5. The results showed that
the cementless straight cylindrical stem was unstable in
the osteoporotic bone; the surface area unfeasible for
bone ingrowth increased from 18% in the first iteration
to 78% in the fourth iteration. Figure 6 shows the
contour plots of micromotion for the osteoporotic
model showing the predicted instability of the stem.
DISCUSSION

Osteoporosis is a major skeletal disorder
characterized by the structural deterioration of bone
tissues. This includes significant loss of cancellous
bone stock, thinning of the trabeculae and thinning of
the outer cortex. This is in stark contrast to
Fig. 5: The reduction of surface area feasible for bone
osteoarthritis where the apparent density seemed to be
growth
increasing in the trabecular region resulting in greater
stiffness, yield strength and energy absorption[19].
Special attention is therefore required in cases
The distribution of micromotion was, however, similar
involving hip replacement of the bone with osteoporotic
between the two models, with larger micromotion
condition. Due to the significant alteration in the
observed at the proximal and distal part of the stem.
material and mechanical properties of the cortical and
The difference in magnitude of micromotion between
cancellous bone, primary fixation may not be as strong
osteoporotic and normal bones ranged from a factor of
as in those without osteoporosis. Cementless approach
3 to a maximum of about 4. The maximum
to hip arthroplasty may not be appropriate and has been
micromotion found for the osteoporotic model also
very much avoided in this situation.
reached 250 microns.
1991
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To the author’s knowledge, there are no published
reports comparing the primary stability of prostheses
inside normal bone and bone with osteoporotic
condition using finite element method. However, there
are several reports showing preference of good bone
quality to poor bone stock. In a follow-up study by Kim
and Kim[30], the authors reported that the AML stems
used in younger patients had much lower frequency of
loosening and revision rates compared to older patients.
They have attributed the success to good bone quality,
among other things. Other researchers[31] reported that
femoral prosthesis loosening after seven years could be
predicted by bone quality at the time of implantationwith loosening more likely if the bone quality was poor.
A retrieval study[32] on various types of cemented and
cementless stems showed that the extent of bone loss
depended on the density of the bone; the less dense the
bone was pre-operatively, the greater the extent of bone
loss. This trend was also found by Kerner et al.[24] in his
study on bone remodeling using a straight cylindrical
AML cementless prosthesis.
In this study, three CT datasets of the hip joint
were obtained from a local hospital. Two of them were
registered for arthroplasty due to osteoarthritis of the
hip joint. One of them also suffered from osteoporosis
as proven by the DEXA scan. Our calculated CFI
showed that the osteoporotic bone was of type C with
stovepipe characteristics, whilst the osteoarthritic model
had a champagne-fluted appearance of type A bone.
The normal bone was categorized as type B bone with
CFI between 3.0-4.7[23].
For the osteoporotic bone, surgeons may have less
of a choice in terms of a suitable hip stem to register
compared to the one without osteoporosis. This is
because primary stability has to be achieved for proper
bone healing process. Unstable femoral components
will result in the formation of fibrous tissue layer at the
bone-implant interface[12,13]. The fibrous layer will
increase micromotion at the interface with eventual
loosening of the component.
In order to achieve primary stability, cemented
stems are normally used. It has been regarded as the
gold standard for implant fixation. However,
cementless stems are gaining popularity due to the
conservation of bone stock, with reported long-term
success rate[10,11]. Rigid fixation is achieved through
micro and macrofeatures in the proximal or distal end,
or both.
Although there are many reported success on the
use of cementless stems in hip arthroplasty, many are
still skeptical on its use especially in patients with poor
bone stock[17-19]. Our finite element analysis showed
that the osteoporotic bone, which had reduced bone

stiffness and thinning of the cortex on the anterior and
posterior sides showed significantly larger micromotion
particularly in the distal area. Minimum contact with
endosteal cortices and reduced cortical stiffness could
be the reason for this. The FE study also showed that
patients who have had cementless hip replacement due
to osteoarthritis with stronger bone stock should have
fewer problems in terms of stability compared to those
with poorer bone stock.
CONCLUSION
The stability of a cementless straight cylindrical
femoral stem in osteoporotic femur was compared with
two other femoral models with stronger bone stock. An
in-house experimentally validated micromotion
algorithm was used to predict instability of the femoral
stems under simulated stair-climbing activity. The
results showed that straight cylindrical stem using a
cementless approach was not suitable for replacing a
hip joint in an osteoporotic femur.
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