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Abstract

We compared equivalent stress and strain energy density (SED) to bone mineral density
(BMD) in the femur after  total  hip arthroplasty (THA) using subject-specific finite
element analysis (FEA). Equivalent stress and BMD were maintained in the distal femur
after THA, whereas both decreased in the proximal femur. A significant correlation was
observed between the rates of changes in BMD and equivalent stress before and after
THA. Therefore, FEA can predict adaptive bone remodeling after mechanical loading
changes. Additionally, we evaluated the effects of two different types of stem geometries
(Zweymüller-type stem and fit-and-fill-type stem) on load distribution and BMD using
the same method. Equivalent stress and BMD in the medial side of the proximal femur
were significantly lower with the Zweymüller-type stem than with the fit-and-fill-type
stem. Therefore, FEA can assess the effects of stem geometry on bone remodeling after
THA. Moreover, we evaluated the effects of bone geometry on load distribution and
BMD after  THA.  Equivalent  stress  in  the  medial  side  of  the  proximal  femur  was
significantly lower in the stovepipe model implanted with large tapered wedge-type
stems than in the champagne flute and intermediate models, and there was a significant
loss of BMD in the stovepipe model. Therefore, a large tapered wedge-type stem and
stovepipe femur may be associated with significant proximal BMD loss.

Keywords: finite element analysis, dual-energy X-ray absorptiometry, bone remodel-
ing, hip, arthroplasty
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1. Introduction

Periprosthetic bone loss, i.e., a decrease in bone mineral density (BMD) around an implant,
is a major concern following total hip arthroplasty (THA) [1, 2]. Severe periprosthetic bone
loss  may  contribute  to  aseptic  loosening  of  the  prosthesis  or  the  risk  of  periprosthetic
fracture [3] and presents serious problems if revision surgery becomes necessary [4]. Several
studies  have  reported  that  BMD decreases  following THA,  particularly  in  the  proximal
femur [5, 6]. Most changes in BMD occur during the first postoperative year, and subse-
quently,  BMD  is  maintained  [7–9].  This  phenomenon  is  considered  to  be  an  adaptive
remodeling  response  of  the  bone  structure  to  alter  its  stress  environment  owing to  the
presence of an implant. Therefore, mechanical stress may be associated with the patterns of
BMD changes. In particular, in cementless THA, an optimal fit of the stem into the meta-
physeal region of the femur has been reported to lead to a reduction in periprosthetic bone
loss [10].

Wolff [11] proposed that trabecular bone in the proximal femur adapts to external mechanical
loads. This structural change is caused by bone remodeling, which couples bone resorption by
osteoclasts and bone formation by osteoblasts [12]. It is generally accepted that bone tissue can
detect and respond to its mechanical environment, but the exact mechanical signal that drives
remodeling remains controversial [13]. Various biomechanical parameters have been investi-
gated to determine the remodeling stimulus. Huiskes et al. [14] examined whether strain
energy density (SED) controls bone remodeling. Carter et al. [15] examined stress, and Stulpner
et al. [16] examined equivalent strain as signals for remodeling. Adachi et al. [17] proposed
that the driving force of remodeling is the local nonuniformity of the scalar function of stress.
The existence of various theories indicates that the mechanism of bone remodeling is not well
understood.

Subject-specific finite element (FE) models based on geometry and mechanical properties
derived from computed tomography (CT) scans have been described in several studies [18–
20]. Furthermore, relationships between results of subject-specific finite element analysis (FEA)
and bone density have been investigated previously. Cody et al. [21] performed subject-specific
FEA and bone density measurements for predicting the fracture load of the femur. Tawara et
al. [22] evaluated vertebral strength using subject-specific FEA and BMD. We previously
examined the usefulness of subject-specific FEA, which was validated by BMD changes, after
THA. We found that equivalent stress through subject-specific FEA correlated with BMD
changes before and after THA [23]. The distribution of mechanical loads within the femur after
THA might be influenced by the stem geometry and the femur structure. Our previous results
suggest that subject-specific FEA could be used to evaluate the effects of stem and femoral
geometry on adaptive bone remodeling after THA [24].

This chapter initially provides general information on subject-specific FEA and then
presents a brief overview of our work regarding adaptive bone remodeling after THA.
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2. Finite element analysis

2.1. Finite element analysis and bone mineral density

It is difficult to assess the stress and strain distributions throughout the entire bone using
simplified mathematical models or implanted prostheses or through experiments with
cadaveric tissue. An alternative approach to analyze bone mechanics is the FE method, which
can accommodate large intersubject variations in bone geometry and material properties [25].
When the ability to perform three-dimensional FE contact analysis is available, subject-specific
geometry should be analyzed. This provides the opportunity to examine normal populations
of individuals and populations with specific injuries or other pathologies. Ultimately, patient-
specific modeling might be used in surgical planning and large-scale studies of treatment
efficacy [26]. As mentioned above, we investigated the relationships between the FEA results
and BMD. Several previous studies have described the application of FEA for investigating
bone-remodeling patterns around implants. However, most of these were not subject-specific
models. Weinans et al. [27] reported that subject-specific FE models might be useful for
explaining variations in bone adaptation responsiveness among different subjects.

Figure 1. Diagrams of (a) collarless VerSys Fiber Metal MidCoat, (b) SL-PLUS, and (c) Accolade TMZF stems. (a) Col-
larless VerSys Fiber Metal MidCoat (Zimmer Inc., Warsaw, IN) is a fit-and-fill-type stem composed of titanium alloy
with fiber-metal porous coating at the proximal region. (b) SL-PLUS (Smith & Nephew Inc., Memphis, TN) is a Zwey-
müller-type stem composed of titanium alloy with a dual taper, rectangular, and trochanteric wing design. (c) Acco-
lade TMZF stem (Stryker Orthopaedics, Mahwah, NJ) is a cementless tapered wedge-type stem composed of beta
titanium alloy with a proximal hydroxyapatite-coated porous surface and a distal smooth-finished surface.
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We investigated 24 patients (16 women and 8 men) who underwent primary cementless THA
using the same fit-and-fill type of prosthesis (collarless VerSys Fiber Metal MidCoat, Zimmer
Inc., Warsaw, IN) (Figure 1). Collarless VerSys Fiber Metal MidCoat is a stem composed of
titanium alloy with a fiber-metal porous coating at the proximal region. Patients were excluded
from the study if they were receiving systemic estrogen, vitamin D, or bisphosphonate for
osteoporosis. The mean patient age at surgery was 63 years (range, 44–82 years). After surgery,
all patients were allowed to use a wheelchair, with full weight bearing, on postoperative day
1, and gait exercise was performed as soon as possible [23]. BMD was assessed with dual-
energy X-ray absorptiometry (DEXA) using the Hologic Discovery system (Hologic Inc.,
Waltham, MA). Baseline DEXA measurements were performed 1 week after surgery as
reference, and subsequent measurements were performed at 3, 6, and 12 months postopera-
tively. Patients were placed in the supine position, and the affected leg was maintained in 20 °
internal rotation to minimize measurement errors. DEXA measurements were performed
using the “array prosthetic” mode, which excludes metal from analysis of the regions of
interest (ROIs). ROIs were defined according to Gruen’s system [28]. The pixel size was 1.1 ×
0.56 mm.

Figure 2. Finite element mesh of the femur. Three-dimensional FE models are constructed using 1- to 4-mm tetrahedral
elements for the trabecular and inner cortical bone. The outer surface of the cortical bone is represented with three no-
dal-point shell elements having a thickness of 0.3 mm.

CT scans of the femurs of all patients were performed pre- and postoperatively (1 week after
surgery). The scanner settings were approximately 140 kV and 300 mA, with a slice thickness
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of 2 mm, pixel resolution of 512 × 512, and voxel size of 0.70 × 0.70 × 2 mm. Three-dimensional
FE models of the femur and stem were constructed according to pre- and postoperative CT
data using the Mechanical Finder ver. 6.0 software (Research Center of Computational
Mechanics Inc., Tokyo, Japan). This software creates FE models after considering individual
bone shape and density distribution [29]. We used a global threshold algorithm for determining
the bone area with a threshold of 200 mg/cm3 and with manual correction if necessary. We
applied a closing algorithm in addition to the global threshold algorithm for determining the
bone area when the density was extremely low [29]. In addition, the global threshold algorithm
was applied to determine the stem area with a threshold of 2,000 Hounsfield units. We used 1
to 4 mm tetrahedral elements to construct three-dimensional FE models for the trabecular and
inner cortical bone. The outer surface of the cortical bone was represented with three nodal-
point shell elements having a thickness of 0.3 mm (Figure 2). The FE models of the femur
consisted of approximately 600,000 elements in addition to 200,000 elements for the stem. Bone
density was determined according to CT density values, using a calibration equation (Table 1).
Additionally, the elastic modulus of the bone was determined according to bone density values,
using the equations proposed by Keyak et al. [18, 30] and Keller [31] (Table 1). Poisson’s ratio
of the bone was assumed to be 0.40. The stem was an isotropic titanium alloy, and it had an
elastic modulus of 109.0 GPa and a Poisson’s ratio of 0.28. The models assumed a completely
bonded interface between the stem and bone. The models were restrained at the distal end of
the femoral shaft, and loads were applied to the femoral head and greater trochanter. We
applied a load of 2400 N to the surface of the femoral head at an angle of 15° to the femoral
axis and applied a load of 1200 N to the greater trochanter at an angle of 20° [32, 33]. Linear
FEA was performed. Equivalent stress and SED were analyzed in ROIs 1–7 and were compared
with the DEXA data.

Bone density Elastic modulus (MPa)

ρ = 0 0.001

0 < ρ ≤ 0.27 33,900ρ2.20

0.27 < ρ < 0.6 5307ρ + 469

0.6 ≤ ρ 10,200ρ2.01

� g cm3 = H .U . + 1.4246 × 0.001 1.508 H . U . > − 1= 0.0 H . U . ≤ − 1
H.U. represents CT density values in Hounsfield Units. The elastic modulus of the bone is determined according to
computed tomography density values, using the equations proposed by Keyak et al. [18, 30] and Keller [31].

Table 1. Equations used for calculating the elastic modulus of the bone.

Changes in the BMD of the femur during the first postoperative year are shown in Figure 3.
BMD was maintained in ROIs 3, 4, 5, and 6, whereas it significantly decreased in ROIs 1, 2, and
7 by 19, 11, and 27%, respectively, 12 months after THA. The changes in BMD noted in this
study were similar to those reported in other studies [34, 35].
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Figure 3. The median percentage change in bone mineral density (BMD) after surgery with the fit-and-fill-type stem.
The periprosthetic BMDs at 3, 6, and 12 months after total hip arthroplasty (THA) are expressed as percentage changes
from the baseline BMD measured at 1 week after surgery. BMD is maintained 12 months after THA in regions of inter-
est (ROIs) 3, 4, 5, and 6, whereas it has significantly decreased by 19, 11, and 27% in ROIs 1, 2, and 7, respectively,
12 months after THA (*p< 0.05).

The pre- and postoperative equivalent stress and SED are shown in Figure 4. The equivalent
stress and SED were maintained in ROIs 3, 4, and 5, whereas both decreased in ROIs 1, 2, 6,
and 7 after THA (Figure 5). The lowest values of equivalent stress, SED, and relative BMD were
observed in ROI 7 (p < 0.05). There was a relatively strong correlation between equivalent stress
and BMD changes (R = 0.426, p < 0.01), whereas there was a weak correlation between SED and
BMD changes (R = 0.183, p = 0.053) (Figure 6).

Figure 4. Distributions of equivalent stress and strain energy density (SED) in the femur. Equivalent stress and SED are
maintained in the distal femur after total hip arthroplasty, whereas both decreased in the proximal femur.
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Figure 5. Strain energy density (SED), equivalent stress, and bone mineral density (BMD) 12 months after total hip ar-
throplasty. In ROI 7, equivalent stress, SED, and relative BMD show the lowest values of all regions examined.

Figure 6. Scatter plots of the relationships (a) between bone mineral density (BMD) and equivalent stress and (b) be-
tween BMD and strain energy density (SED). The periprosthetic BMD at 12 months after total hip arthroplasty (THA)
is expressed as the percentage change from the baseline BMD measured at 1 week after surgery. Postoperative equiva-
lent stress and SED are expressed as percentage changes from the preoperative values. (a) Equivalent stress has a rela-
tively strong correlation with the changes in BMD (R = 0.426, p < 0.01). (b) SED has a weak correlation with the changes
in BMD (R = 0.183, p = 0.053).

Periprosthetic BMD loss may be related to changes in the mechanical loading environment.
The purpose of this study was to investigate the relationships between periprosthetic BMD
loss and changes in the mechanical loading environment after cementless THA according to
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subject-specific FEA. This subject-specific FEA exhibited a significant correlation between
BMD changes and equivalent stress. After THA, the stress load is transferred to the distal femur
through the stem rather than to the periprosthetic bone owing to the high elastic modulus of
the stem [36, 37]. Therefore, equivalent stress in the proximal femur may decrease after stem
implantation. These results are consistent with those of previous studies [20, 33]. We investi-
gated the effect of a porous-coated titanium-alloy fit-and-fill-type stem on bone remodeling
after THA. Although this implant is designed to achieve proximal fixation, equivalent stress
and BMD decreased postoperatively at the proximal femur. These results indicate that load
transmission to the proximal femur may not be sufficient for maintaining BMD.

The present study demonstrated that equivalent stress correlates with BMD changes in the
femur 12 months after THA. In this study, CT scans were performed from all patients pre- and
postoperatively, and subject-specific FE models were constructed to investigate bone hetero-
geneity by using the equations proposed by Keyak et al. [18, 30] and Keller [31]. Our results
suggest that the rate of changes in equivalent stress could be an important factor for BMD
changes.

The strain-adaptive bone-remodeling theory has been used to simulate BMD changes after
THA; Huiskes et al. [14] reported that the SED distribution indicates the regions where
resorption and apposition are expected. However, other studies have reported that bone
remodeling can be better predicted with stress parameters than with strain parameters.
Simulation results and clinical data have shown that there is a positive correlation between
average equivalent stress and BMD [38, 39]. Therefore, controversy still exists with regard to
whether equivalent stress or SED is an appropriate parameter for evaluating bone remodeling.
Our results suggest that a decrease in equivalent stress caused a decrease in BMD in the
proximal femur after THA.

2.2. Effects of stem geometry

A number of factors, such as geometry, roughness and coating of the stem, technique of
preparation, and bone quality, influence initial stability or primary fixation. Femoral stems
with various geometries are currently in use. The implant shape has been shown to determine
cortical contact and initial stability [40]. Our recent study showed that differences in stem
design could affect the postoperative BMD loss of the proximal femur [41]. We studied the
effects of stem geometry on BMD changes and equivalent stress in the femur after THA.

We investigated 20 patients who underwent primary cementless THA for osteoarthritis or
osteonecrosis of the hip. Of these patients, 10 underwent THA with a Zweymüller-type stem
(SL-PLUS; Smith & Nephew Inc.), and the other 10 underwent THA with a fit-and-fill-type
stem (collarless VerSys Fiber Metal MidCoat; Zimmer Inc.) (Figure 1). The mean age of the
patients at the time of THA was 63 years (range, 54–72 years) in the Zweymüller-type stem
group and 64 years (range, 57–69 years) in the fit-and-fill-type stem group. There was no
significant difference in age between the two groups. In the Zweymüller-type stem group, all
patients were diagnosed with osteoarthritis, while in the fit-and-fill-type stem group, eight
patients were diagnosed with osteoarthritis, and two were diagnosed with osteonecrosis. We
compared equivalent stress and BMD between the two groups.
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In the preoperative models, no significant differences in equivalent stress were observed
between the two groups. In the postoperative models, maximum equivalent stress was
observed in ROI 4, and minimum equivalent stress was observed in ROI 1 in both groups. In
ROI 4, equivalent stress was significantly higher in the Zweymüller-type stem group than in
the fit-and-fill-type stem group (p < 0.05). On the other hand, in ROI 7, equivalent stress was
significantly higher in the fit-and-fill-type stem group than in the Zweymüller-type stem group
(p < 0.05) (Figure 7).

Figure 7. Comparison of equivalent stress between the fit-and-fill-type stem and Zweymüller-type stem groups. The
equivalent stress in ROI 4 is higher, and the stress in ROI 7 is lower in the Zweymüller-type stem group than in the fit-
and-fill-type stem group *p< 0.05.

Changes in the BMD of the femur during the first postoperative year are shown in Figure 8.
In both the Zweymüller-type stem and fit-and-fill-type stem groups, BMD decreased in ROIs
2, 6, and 7, whereas BMD was maintained in ROIs 3, 4, and 5. In ROIs 6 and 7, BMD was
significantly lower in the Zweymüller-type stem group than in the fit-and-fill-type stem group
(p < 0.05). In ROI 1, the fit-and-fill-type stem group showed a continuous decrease in BMD for
12 months after surgery, while the Zweymüller-type stem group showed a decrease in BMD
up to 6 months after surgery and then showed an increase 12 months after surgery. In ROI 4,
BMD was significantly lower in the fit-and-fill-type stem group than in the Zweymüller-type
stem group at 3 months after surgery (p < 0.05); however, there were no differences in BMD
between the two groups at 6 months or 12 months after surgery [24].

Stress at the proximal femur was lower, and stress at the distal femur was higher in the
Zweymüller-type stem group than in the fit-and-fill-type stem group. BMD at the proximal
femur was significantly lower in the Zweymüller-type stem group than in the fit-and-fill-type
stem group (p < 0.05). The FEA results and postoperative BMD changes in the femur suggest
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that implantation of the Zweymüller-type stem leads to insufficient load transmission to the
proximal femur and may be associated with proximal BMD loss. These findings indicate that
subject-specific FEA can assess the effects of stem geometry on adaptive bone remodeling after
THA.

Figure 8. Median percentage change in bone mineral density (BMD) after surgery in the fit-and-fill-type stem and
Zweymüller-type stem groups. The periprosthetic BMDs at 3, 6, and 12 months after surgery are expressed as percent-
age changes from the baseline BMD measured at 1 week after surgery (*p< 0.05).

2.3. Effects of bone geometry

Noble et al. [42] demonstrated the femoral anatomy variations in the mediolateral and
anteroposterior dimensions and the need for multiple stem designs to achieve a close fit. Close
adaptation of the prosthesis to the bone geometry is required to achieve optimal primary
stability and secondary biologic fixation [43]. We studied the effects of bone geometry on BMD
changes and equivalent stress in the femur after THA.

We investigated 20 patients who underwent THA using the Accolade TMZF stem (Stryker
Orthopaedics) after reviewing the preoperative anterior-posterior hip radiographs of 90
consecutive patients who had undergone THA using the Accolade TMZF stem (Figure 1). The
width of the proximal femoral canal on the operated side was measured from preoperative
anterior-posterior hip radiographs, and Noble’s canal flare index (CFI) was calculated for each
patient [42]. Based on Noble’s classification, the femurs were divided into the following three
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groups of femoral canal shapes: champagne flute (CFI ≥ 4.7), intermediate (CFI 3–4.7), and
stovepipe (CFI < 3). Among the 20 study femurs, 7 had a champagne flute canal shape, 5 had
a stovepipe shape, and 8 had an intermediate canal shape. The 8 femurs with an intermediate
canal shape were randomly selected from among the remaining 78 hips with an intermediate
canal shape to balance the groups for analysis.

The mean percentage changes in equivalent stress in each ROI between the pre- and postop-
erative femur models were calculated from the FEA results, and they are plotted in Figure 9.
Between-group differences in the pattern of postoperative changes in equivalent stress were
identified, and specific differences were observed in ROIs 6 (p = 0.01) and 7 (p = 0.02). Post hoc
analysis indicated that the decrease in equivalent stress in ROI 6 was significantly greater in
the stovepipe group (−63.8%) than in the champagne flute group (−38.8%) and intermediate
group (−47.2%) (p = 0.01). Additionally, the decrease in equivalent stress in ROI 7 was signifi-
cantly greater in the stovepipe group (−70.9%) than in the champagne flute group (−53.7%) and
intermediate group (−51.4%) (p = 0.03).

Figure 9. Comparison of the relative percentage changes in equivalent stress between the pre- and postoperative femur
models for the three femoral canal shape groups. Postoperative relative percentage changes in equivalent stress in each
region of interest compared to that of the preoperative models. Dots in the box plot show the outliers (*p = 0.02, **p =
0.01).

BMD changes in the femurs during the first postoperative year are shown in Figure 10.
Significant between-group differences in BMD were evident in ROIs 6 (p = 0.01) and 7 (p = 0.04).
In ROI 6, a marked decrease in BMD was identified only in the stovepipe group during the
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first postoperative year; the ROI 6 BMD showed a significantly higher decrease in the stovepipe
group (−14.3%) than in the champagne flute group (−1.4%) and intermediate group (+3.6%) (p
= 0.01). A postoperative decrease in ROI 7 BMD was evident in all the groups during the first
postoperative year (champagne flute group, −23.1%; intermediate group, −22.7%; and stove-
pipe group, −36.5%). Additionally, the ROI 7 BMD showed a significantly higher decrease in
the stovepipe group than in the other two groups (p = 0.045). BMDs in ROIs 1 and 2 were
relatively lower in the stovepipe group than in the champagne flute and stovepipe groups
during the first postoperative year; however, the differences were not significant.

Figure 10. Comparison of bone mineral density (BMD) in the three femoral canal shape groups. The periprosthetic
BMDs at 3, 6, and 12 months after surgery are expressed as percentage changes from the baseline BMD measured at
1 week after surgery (*p = 0.04, **p = 0.01).

The percentage changes in equivalent stress in each ROI were positively correlated with the
postoperative BMD changes (Figure 11). A significant correlation was observed between
equivalent stress and BMD changes (p < 0.01), and the adjusted R2 value showed that the
percentage changes in equivalent stress (adjusted R2 = 0.79) could predict the postoperative
BMD changes in our simulation model.
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Figure 11. Scatter plot illustrating the relationship between the percentage changes in equivalent stress and postopera-
tive bone mineral density (BMD). The 21 points plotted in this scatter plot display the average relative percentage
changes in equivalent stress (finite element analysis results) and BMD for the three femoral canal shape groups. A
significant correlation is observed between equivalent stress and BMD changes (adjusted R2 = 0.79, p < 0.01).

The FEA results and postoperative BMD changes of the femur suggest that the combination
of a large, tapered wedge-type stem and stovepipe femur may be associated with proximal
BMD loss. Our simulation-based outcomes predicted a stronger stress-shielding effect in the
stovepipe femur group than in the other groups. These results indicate that subject-specific
FEA can assess the effects of bone geometry on adaptive bone remodeling after THA.

The present studies have limitations. First, the interface condition between the stem and the
femur in the FEA model was assumed to be fully bonded. Consideration of the surface
properties of the implant and degree of stem fixation would be useful for constructing realistic
models. Second, the maximum length of the tetrahedral elements (4 mm) was relatively large,
and therefore the elements might straddle the boundary between the cortical and cancellous
area in the FE models. Therefore, the elastic modulus of the elements straddling the boundary
would contain some errors.
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3. Summary

We focused on equivalent stress as a mechanical parameter associated with adaptive bone
remodeling and found that equivalent stress changes were positively correlated with postop-
erative BMD changes in the femur. BMD and equivalent stress were maintained in the distal
femur and decreased in the proximal femur after THA. Thus, the proposed subject-specific
FEA is useful for evaluating adaptive bone remodeling after THA and could predict BMD
changes after THA. Furthermore, subject-specific FEA can be used to evaluate the effects of
stem geometry and bone geometry on bone remodeling and can help in the understanding of
the altered mechanical environment after THA.
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