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Abstract Resurfacing Hip Arthroplasty (RHA) is one of the solutions for young
adults with hip osteoarthritis disease (OA). Despite the positive outcomes that were
achieved after RHA, the method also has its risks and complications. Early bone
failure might occur as consequences from the insertion of improper implant place-
ment. In this study, an inhomogeneous material model of femoral bone was developed
from CT-based images and reconstructed to represent resurfacing hip arthroplasty.
Different placement of implant was assigned to investigate the effects of the place-
ment to the bone adaptation. Comparison of the Drucker-Prager equivalent stress
between the femur bone models with the presence of implant in varus and valgus
was analyzed, hence to understand the possibility of bone failures after arthroplasty. A
RHA implant was assigned with material properties of cobalt-chromium. The finite
element study was simulating the condition of normal walking, with the loading
magnitude applied was based on the patient’s body weight. The RHA implant place-
ment is found to have a notable influence to the bone conditions especially on the
varus +18° placement with stress increment up to 36.31% in the lateral region of the
femur, also 31.61 and 19.34% in the medial region of the femur. Thus, the femoral
bone models implanted in varus placement shows a higher possibility of bone failures
in all conditions.
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1 Introduction

Osteoarthritis (OA) is known as one of the top disabling diseases in the world which
can occur at fingers, knees, and hips [1]. In regards to hip, the increment in cases for
young adults with hip OA disease should be taken as an important matter nowadays.
Despite the thought that hip OA disease only affecting the elderly, however, there are
huge numbers of people suffering the hip OA since their young age [2]. The young
adults with age under 65 years had to live with pain and disability for decades. A
recent study from the Netherlands reported that around 0.44% annual incidence of
people is suffering from the groin or hip pain with age between 15 and 60 years old
[3]. Meanwhile, in the Asian countries, the hip OA is far less well-known than within
the Caucasian population [4]. However, a study published by Takeyama et al. shows
that the number of consecutive patients who underwent the primary surgery for hip
OA in their institution is quite huge [5]. The patients were all Asian and a total of
978 hips from 843 patients with hip OA were investigated. The average age during
the time of surgery was 54.8 years. Thus it is important to extend further information
on the solution towards the young patients with hip OA.

Resurfacing hip arthroplasty (RHA) is one of the hip replacement surgeries that
replacing the damaged hip joint with a smooth metal surface. This method is suitable
for young adults with hip OA, as a way to solve their pain and disability prob-
lems [6-9]. Previously, the conventional method Total Hip Arthroplasty (THA) was
conducted. However, high failure rates were reported when the THA method is imple-
mented to the young adults [10]. The failure rates were really low after implementing
the RHA to the young adults with only 0.02% revision, 1 out of 440 resurfacing hips
performed from 384 patients [11]. Besides, the movement and walking pattern of
patients who underwent the RHA are also similar to the normal and healthy person
for every successful surgery, compared to the patients after THA [12].

Despite the benefits and high survival rates of RHA to young adults, still, the
method has its risks and complications. According to Shimmin et al. [13], several
complications that usually found after hip surgery (THA and RHA) are vascular
damage, thromboembolic disease, nerve palsies, dislocation of the femoral compo-
nent, heterotopic ossification, aseptic loosening, avascular necrosis, and femoral neck
fracture. However, the complication of femoral neck fracture only occurred in RHA
since the approach in this method is preserving the neck of the femoral bone [14—17].
Based on the Australian national audit on the first 3429 consecutive patients who
underwent the RHA, there were 50 cases of femoral neck fracture have been reported
[18]. The mean ages of patients for men and women are 62.05 and 56.17 respectively.
Also, the time of the fracture to occur after the surgery was around 15.4 weeks which
is considered an early-stage failure. Few factors that might contribute to the risk of
femoral bone failure have been discussed previously [18-20]. Nonetheless, one of
the important factors that might contribute to bone failure after RHA is the surgical
factor. The surgical factor is often associated with the placement of the RHA implant
during the surgical procedure. Different placement of the RHA implant might affect
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the bone condition and lowering the potential of bone survival, thus leading to the
utmost complication which is the failure of the bone.

Therefore, the present study aims to analyze the effects of RHA implant place-
ments towards the femoral bone adaptation of a hip OA patient using finite element
(FE) analysis. Several placements of RHA implant were developed in the anal-
ysis to predict the stress distribution within the proximal area of the femur, hence
understanding the possibility of bone failure after RHA.

2 Development of Inhomogeneous Model from CT-Images

The model of the femoral bone was developed from a computed tomography image
of a young adult with hip OA disease. The 47 years old patient is having a hip OA
on his left femur with a bodyweight of 87.6 kg. A CT-based image of the patient
was acquired in a standard DICOM format, before extracting the CT image by using
a biomedical software, Mechanical Finder v10. All the modeling procedures have
been conducted by using the software. Previous studies on FE analysis related to
biomechanics were using homogeneous types of bone models with several limitations
had been stated by the authors [21-24]. Thus, an inhomogeneous femoral bone model
has been used in this study as an improvement, also applying the suggestion made
by the previous literature. The development of the inhomogeneous bone model was
based on the linear relationship between gray scales area and the ‘apparent density’
of the CT image. The solid element of the femoral bone model was generated based
on the CT value before proceeds with the calculation of density. The calculation of
density was referred to the study made by Keyak et al. [25, 26] to estimate the young’s
modulus and bone mineral density (BMD) of the bone (Fig. 1). Table 1 shows the
estimation of young’s modulus and yield strength based on the density range of the
CT image.

3 Reconstruction of Resurfacing Hip Arthroplasty

In this study, there were 7 placements of RHA implants were developed to the
femoral bone model. The placement consists of 3 in varus placement zone, 3 in valgus
placement zone, and 1 in straight implant placement. The selected implant placement
(varus, straight, and valgus) in this study was based on the previous literature in which
the placements have been found in the patients who underwent the RHA.

There were 2 anatomical axes developed on the femoral bone which are the femoral
shaft axis and femoral neck axis. The femoral shaft axis is the axis that passing
through the center of the femoral bone shaft, while the neck axis is the axis that
passes through the center of the femoral bone head. The construction of the straight
implant placement of the bone was based on the anatomical axis of the femoral
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Fig. 1 Variation of young’s modulus and bone mineral density (BMD) of the hip OA patient

Table 1 Estimation of Density range Young modulus

young’s modulus and yield

strength of the p=0 E =0.001

inhomogeneous bone model 0<p=<027 E = 33900 p>20

(27] 027<p<0.6 E = 5307 p + 469
06<p E = 10200 p>%!
p=0 E =0.001
Density range Yield strength (MPa)
p<02 or = 1.0 x 102
02<p<0317 op =137 p!88
0317 <p o = 114 p!72

neck. The angle (degree °) between the anatomical neck-shaft axes will become the
reference axes in generating the varus and valgus implant placement.

The RHA implant is considered entering the varus placement zone when the
implant is inserted into the femoral bone more than the angle of anatomical neck-shaft
axes. As for the valgus placement, the implant is considered in the valgus placement
zone when it is inserted into the bone less than the angle of anatomical neck-shaft
axes [7]. In this study, there were 3 bone models have been developed to each zone
(varus and valgus) with increments of 6° orientation between each placement. Thus,
the developed placements were between the ranges of 6-18° in each zone. The
developed placement of the implant in this study was selected according to the zone
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(b)

(c)

(d

Fig. 2 RHA models with a straight placement, 0° b +6° varus ¢ +12° varus d +18° varus e —6°
valgus f —12° valgus and g —18° valgus

Table 2 Material properties of Cobalt-Chromium (CoCr) [28]

Model Young modulus | Poisson ratio | Critical stress | Yield stress | Density (g/cm?)
(GPa) (GPa) (GPa)
Implant | 230 0.3 0.94 2.7 8.28

where the implant can be located based on the existing cases reported by the medical
institution, where the average values of 6-18° were obtained. Figure 2 shows the
example of all models developed in this study with the reference of straight implant
placement (Fig. 2a). The type of RHA implant used in this study was the BHR with
a femoral head size of 50 mm. The material used for the implant is CoCr with the
properties as listed in Table 2.

4 Loading and Boundary Conditions

The loading and boundary conditions applied in this study are simulating the peak
load exerted to the femoral bone during the one-leg standing phase of the normal
waking condition. According to the experimental study conducted by Bergman et al.
[29], about 238% of human body weight will be exerted to the femoral bone head
as the hip contact force during normal walking. On another note, Heller et al. [30]
suggested that, the most influential muscle that produced the largest force during
normal walking is the abductor muscle force, with 104% of the human body weight.
Thus, the load magnitude and direction were applied according to both studies, which
acted at the femoral bone head for the hip contact force and the greater trochanter of
the femoral bone as the abductor muscle force.
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5 Effects of Implant Placement to the Femoral Bone
Adaptation

The results in this section were discussed by the resulting of Drucker-Prager equiv-
alent stress. Drucker-Prager yield criterion is a failure theory that suitable to the
applications with brittle and anisotropic behavior such as bones [27].

5.1 Variation of Drucker-Prager Equivalent Stress

Figure 3 shows the cross-section results of Drucker-Prager equivalent stress between
all femur bone models including the intact femur (Fig. 3a). Based on the illustration,
the stress shielding phenomena has occurred after the insertion of the RHA implant.
The stress reduction can be seen at the femoral head area of the implanted femur as
compared to the intact. The phenomenon occurred is believed due to the mismatch
of material properties between the bone and the implant. Most of the stress who
previously absorbed by the bone is currently taken by the metallic implant after RHA.
The stress shielding phenomena might contribute to bone resorption and affecting
the strength of the bone which might lead to other bone failures [31].

On another note, the illustration of stress distribution is different between the
implanted femur models. Despite the stress reduction that resulting from the stress
shielding phenomena, the unnatural increment of stress can be seen between all
implanted models. The unnatural increment of stress is believed due to the RHA
implant placement. The femoral head area of the femur with valgus placements
(Fig. 3c, e) shows lower stress compared to the femur implanted with straight and
varus placement (Fig. 3f, h). It is believed that the high concentrated load area at
the bone might lead to bone failure when it is exposed to a higher loading impact.

Fig. 3 Drucker-Prager equivalent stress of a intact femur b straight implant 0° ¢ —18° valgus d —
12° valgus e —6° valgus f 4-6° varus g +12° varus and h 418° varus
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Fig. 4 Comparison of the maximum Drucker-Prager equivalent stress for all models

Therefore, based on the illustration of stress distribution, the implant placement of
RHA is affecting the femoral bone condition.

The comparison of the maximum stress value of Drucker-Prager is as shown in
Fig. 4. The maximum stress shows an increasing pattern as the implant was oriented
from valgus to varus placement zone. The lowest stress value was found at the femur
implanted in valgus —18° while the highest stress value was obtained at the femur
implanted in varus +18°. The comparison between the implanted and the intact femur
shows that the stress has increased by 0.94% when the RHA implant was placed to the
valgus —18°. As for the straight implant placement, the stress has increased by 10%
and for the varus +18°, the stress has increased by 18.91%. Thus, it is understood
that the implant which has been placed into the varus placement zone might have a
higher potential in contributing to early bone failure.

5.2 Equivalent Stress Distribution Within Medial and Lateral
of the Femur

Three implanted femur models have been selected to compare the stress distribution
pattern with the intact femur. It is assumed that the intact femur is having a natural
stress distribution as the load was applied since there is no existence of other outsource
material. The femur model with valgus —18°, straight implant, and varus +18° has
been selected since the significant results were produced by the models. Figure 5
shows the comparison of stress distribution between the intact femur and the selected
models. The femur implanted in valgus —18° shows the most similar pattern of stress
distribution as compared to the intact femur in both medial and lateral regions. On the
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Fig. 5 Stress distribution along U-L within the lateral and medial aspect for a intact and straight,
b intact and valgus —18° and ¢ intact and varus +18°

lateral aspect, the stress pattern has exceeded the stress produced by the intact with
9.17%, which occurred in the middle region of the femur. As for the medial aspect,
stress reduction has produced by the implanted femur with —29.52% as compared
to the intact. The straight implant placement (Fig. 5a) also shows an almost similar
pattern of stress distribution compared to the intact femur. However, the stress in
the lateral aspect of the implanted femur is exceeding the intact by 23% while two
increments of stress are found at the medial aspect of the femur. In the proximal area
of the medial aspect, the stress of implanted femur has increased by 13.5% and in
the middle area, the stress has increased by 17%.

As for the femur model implanted in varus +18° (Fig. 5c), the stress distribution
pattern is showing a notable difference as compared to the distribution of the intact
femur. At the lateral aspect of the femur, the stress reduction can be seen in the
proximal area of the femur, however, the stress has increased by 36.31% at the
middle area of the femur. The medial aspect also shows a similar behavior with



Computational Analysis on Bone Adaptation ... 187

a notable difference in stress distribution has produced by the implanted femur.
Two increments of stress can be noticed at the proximal and middle areas of the
femur with 31.61% and 19.34% respectively which considered as inappropriate stress
distribution pattern. Proper stress distribution along the femur bone might enhance
the proper development of bone growth. In addition to that, it might also promote
long term bone stability [32].

6 Conclusion

The present study shows the importance of RHA implant placement to ensure the
femoral bone survival. Different placement of RHA implant demonstrates different
outcomes on bone adaptation. Several areas of the femoral bone is having a higher
stress concentration as consequences of the implant placement. A femoral bone with
an implant inserted in the varus placement might have a higher tendency for bone
failure. The finding is found to be similar to the recent study who emphasized the
importance of preparing the femoral resurfacing component to the surgeons during
the surgical procedure [33] while noted that the varus implant placement should be
avoided. On another note, Gamarra et al. mentioned in his study where the valgus
placement of the RHA implant appears to have a preventive effect against fracture
[34] which also supported the finding in this study.
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