J. Med. Biol. Eng. (2017) 37:686-694
DOI 10.1007/540846-017-0266-9

CrossMark

@

ORIGINAL ARTICLE

Understanding Hip Fracture by QCT-Based Finite Element

Modeling

Hossein Kheirollahi' - Yunhua Luo'?

Received: 28 October 2015/ Accepted: 8 June 2017 /Published online: 19 June 2017

© Taiwanese Society of Biomedical Engineering 2017

Abstract Hip fracture has become a common health
problem among old people. Understanding hip fracture
mechanics is the first step to effectively prevent hip frac-
ture. The objective of this study was to investigate the
combined effect of reversed stress/strain patterns in femur
(during single-leg stance and sideways fall) and the inho-
mogeneous material properties of femur bone. We con-
structed 40 subject-specific femur finite element models
from medical quantitative computed tomography and used
them to identify high risk regions in the femur induced by
the two loading configurations. The obtained results
showed that compared to the single-leg stance, in the
sideways fall the highest stress and strain occurred at dif-
ferent locations; and the tensile-compressive stress status
was also completely reversed. Previous studies have found
that a bone has different strength at different anatomic
sites, and at the same site it has different compressive and
tensile strength. Our study suggested that, in addition to the
large magnitude of impact force induced in falling, the
abnormal stress/strain patterns produced by the non-habit-
ual loading condition in falling may be another external
contributor to hip fracture.
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1 Introduction

The femur is the longest bone in the human body. For the
elderly, especially for those who have osteoporosis, the
femur is prone to facture during walking and falling. Inci-
dence of hip fractures is continuously increasing and has
become a common health problem for the elderly over the
world. Hip fracture is associated with 20% chance of death,
25% chance of long term disability and less than 50% chance
of full recovery [1]. The devastating sequelae of hip fracture
have motivated us to develop biomechanical models to
understand hip fracture mechanics, so that more effective
prevention and protection measurements can be designed.

Hip fracture is dominantly determined by the stress and
strain distributions in the femur, which are affected by a
number of factors such as the subject’s height, weight,
femur size, and bone inhomogeneous material properties.
All these factors are subject-dependent. Therefore, a sub-
ject-specific finite element model is necessary to accurately
predict femur stresses and strains [2—6]. High stress and
strain regions in the femur are the potential locations of
crack initiation in hip fracture. Knowledge of high stress/
strain regions in femur during normal walking and falling
helps us to understand its mechanical behavior and failure
mechanism. A number of image-based finite element
models have been developed for studying hip fractures.
They were mainly developed from dual-energy X-ray
absorptiometry (DXA) or quantitative computed tomogra-
phy (QCT). DXA-based FE models are inherently two-
dimensional (2-D) and they are not able to faithfully rep-
resent bone geometry and material distribution. Therefore,
three-dimensional QCT-based FE models were used in our
studies of hip fracture.

QCT-based finite element models have been applied to
predict potential fracture location, bone strength, fracture
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load, and stress/strain distribution [2-6]. The global max-
imum stress or strain has been used in evaluation of hip
fracture risk, which may not be clinically helpful, as clin-
ical observations have revealed that the majority of hip
fractures often occurred at the narrowest femoral neck, the
intertrochanteric, and the subtrochanteric cross-section [7].
Therefore, in our study, we focused on the above three
critical regions to evaluate fracture risk.

2 Materials and Methods

In this section the procedure for constructing QCT-based
FE models is described, which includes the acquisition of
femur QCT scans, produce of femur geometric models,
generation of finite element meshes, assignment of material
properties, finite element analyses with ANSYS (Ansys,
Inc., USA), and stress/strain extraction over the three
critical regions of interest (ROI).

2.1 Femur QCT Scans

QCT scans were acquired of the entire femur using the CT
portion of a Biograph 16 PET/CT system (Siemens Med-
ical Solutions, Knoxville, TN). This CT system is equiva-
lent to a Siemens Sensation 16. Images were acquired in
spiral mode using a 120 kVp, 175 effective mAs technique
with the CARE Dose4D option enabled. Data were
reconstructed using 3 mm slice thickness and in-plane
resolution of 0.5 pixel/mm with B40s kernel. The scanned
QCT images were stored in the format of Digital Imaging
and Communications in Medicine (DICOM). Each voxel in
the QCT scan has an intensity (or grey scale) expressed as
Hounsfield Unit (HU), which is correlated to bone density
[8, 9]. Femur QCT images of 20 subjects (10 females and
10 males, both right and left femur, totally 40 femurs) were
scanned at the Winnipeg Health Science Centre in an
anonymous way under a human research ethics approval.
The statistics of the subjects are provided in Table 1.

2.2 Femur Geometric Model and Finite Element
Mesh

Geometrical models of the femurs were produced from the
acquired QCT images using Mimics (Materialise, Leuven,
Belgium). The QCT images (in DICOM format) of a

Table 1 Statistical

characteristics of subjects Age (years) 62.6 £7.1
Height (cm) 156.9 + 12.1
Weight (kg) 537 £ 69
BMI (kg/cm?) 269 £52

subject were imported to Mimics for segmentation
(Fig. 1a) and a 3-D geometric model of the femur was
constructed (Fig. 1b). With the 3-D geometric model, a FE
mesh was generated using the 3-matic module in Mimics
(Fig. 1c). The 4-node linear tetrahedral element SOLID72
in ANSYS was used in this study. To investigate model
convergence, FE models with different maximum element
edge lengths were created. For each FE model, the maxi-
mum von Mises stress at the narrowest femoral neck cross-
section was calculated under the same loading and
boundary conditions. The maximum element edge length
that produced converged finite element solutions was
obtained and used in all the rest FE simulations. A typical
convergence curve of von-Mises stress is displayed in
Fig. 2.

2.3 Assignment of Material Properties

Bone material properties were considered as inhomoge-
neous and isotropic in this study. The inhomogeneous
isotropic mechanical properties of the bones are obtained
from the CT data using a mathematical relationship
between CT numbers and mechanical properties of bone.
The following empirical equation was used to determine
bone ash density (p,s,) from HU number [3, 10]:

Pash = 0.04162 + 0.000854 HU (g/cm®) (1)

Bone elasticity modulus and compressive yield stress
are derived from bone ash density by [11],

(@) (b) () (d)

Fig. 1 Subject-specific QCT-based finite element model: a QCT scan
of the subject’s femur, b 3-D geometric model generated from the
QCT scans, ¢ 3-D finite element mesh, and d inhomogeneous material
property (elasticity modulus)
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Fig. 2 Convergence of maximum von Mises stress with element size
(femoral neck)

E = 10,500 p*3° (MPa) (2)
oy = 116 p29° (MPa) (3)

The tensile yield stress is considered as 80% of the com-
pressive yield stress [12]. A constant Poisson’s ratio
(v = 0.4) was considered [13, 14]. To assign material prop-
erties, elements were grouped into several discrete material
bins using Mimics (Materialise, Leuven, Belgium), which
were used to approximately represent the continuous distri-
bution of the inhomogeneous bone mechanical properties. To
determine the maximum number of material bins, conver-
gence study was performed. Models with different material
bins were created for the convergence study. For each FE
model, the maximum von Mises stress at the smallest femoral
neck cross-section was calculated under the same loading and
boundary conditions. The minimum number of material bins
that generated converged finite element solutions was
obtained. Figure 1d shows the isotropic inhomogeneous
distribution of bone elasticity modulus.

2.4 Finite Element Analysis Using ANSYS

The finite element model of the subject’s femur with the
assigned material properties was output from Mimics, and
then imported to ANSYS for finite element analysis. Loading
and boundary conditions simulating the single-leg stance and
the sideways fall were considered. To simulate the single-leg
stance statue, 2.5 times of the patient’s body weight was
applied as a distributed load on the femoral head [15] and the
femur was fixed at the distal end [5, 13], see Fig. 3a,

FSt(mce =2.5w (N), (4)

where w is the subject’s body weight in Newton (N). To
simulate the sideways fall, the distal end of the femur and
the femoral head were constrained [6, 16] (see Fig. 3b).
The impact force induced in the sideways fall and applied
on the greater trochanter (Fig. 3b) was estimated by
[15, 17]:
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Flmpacr = 8.25w (1,}7[_0) (N)7 (5)
where £ is the height of the subject in centimeter (cm). The
above loading and boundary conditions were applied to a
group of nodes using ANSYS Parametric Design Language
(APDL) codes. After importing the QCT-based FE model
with the loading and boundary conditions, finite element
analysis was performed and finite element solutions were
obtained. In all the analyses, stresses and strains were
obtained for the subjects.

2.5 The Three Critical Cross-Sections on the Femur

Hip fractures usually occur at one of the three locations,
i.e., the femoral neck, the intertrochanteric, and the sub-
trochanteric as shown in Fig. 4. According to clinical
observations, 49% of hip fractures are intertrochanteric,
37% are at femoral neck, and 14% are subtrochanteric [7].
Therefore, the narrowest femoral neck cross-section (SFN
CS), the intertrochanteric cross-section (IntT CS), and the
subtrochanteric cross-section (SubT CS) are the three most
critical cross-sections where a fracture is likely to occur. In
our study, the three critical cross-sections were determined
in the following steps. The femoral neck-shaft angle was
first determined. The neck-shaft angle is the angle between
the femoral neck axis and the femoral shaft axis. This angle
traditionally is measured on radiography images or 2-D
images projected from CT/MRI data. The method uses an
over-simplified femur geometry and thus may introduce
large errors, especially in the selection of a proper mea-
surement plane [18-20]. In our study, the neck-shaft angle
was measured using a 3-D measurement technique based
on a set of fitting functions. The shapes of particular parts
of the femur were approximated using geometric entities
such as circle, cylinder, and sphere, which are able to better
fit to the actual geometry, and the geometrical relationships
among these entities were used to estimate the neck-shaft
angle.

Maximum Von Mises Stress

0 20 40 60 80 100 120
Number of material bins

Fig. 3 Convergence of von Mises stress at femoral neck with
material bins
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(a)

Fig. 4 Loading and constraint conditions during a single-leg stance
and b sideways fall

First, a sphere was fitted to the femoral head, and the
center of femoral head was determined. Then, the femoral
neck axis and the femoral shaft axis were identified by
applying the “fit ruled surface direction” function on the
femoral neck and shaft. All fitting functions were applied
using the 3-matic module in Mimics. The neck-shaft angle
was measured by the 3-matic module in Mimics (Fig. 5).
With the femoral neck shaft-angle, the intertrochanteric
cross-section and the narrowest femoral neck cross-section
were found using in-house computer codes [21, 22]. The
narrowest femoral neck cross-section was chosen as the
cross-section of the smallest area at femoral neck, and the
intertrochanteric cross-section was chosen as the cross-
section that has the largest area in the intertrochanteric
region [23]. By using ANSYS APDL codes, a plane per-
pendicular to the femoral neck axis was determined, and
the area of the cross-sections was calculated (Fig. 6).
Planes with the smallest and the largest areas were chosen,
respectively, as the smallest femoral neck cross-section and
the intertrochanteric cross-section. The subtrochanteric
cross-section was located at 5 cm below the lesser tro-
chanter [24] (Fig. 6).

3 Results and Discussion

3.1 Convergence Study

The convergence of finite element solutions is usually
achieved by refining the finite element mesh. The maximum

Fig. 5 Neck-shaft angle measured by the fitting functions in the
3-matic module of Mimics

Fig. 6 The three critical cross-sections of femur: the smallest femoral
neck cross-section (A-A), the intertrochanteric cross-section (B-B),
and the subtrochanteric cross-section (C—C)

von Mises stress at the narrowest femoral neck was moni-
tored to judge whether a convergence had been achieved, or
not. The typical convergence curve in Fig. 2 shows that the
maximum von Mises stress at the narrowest femoral neck
converged with the maximum element edge length smaller
than 8 mm. Therefore, in the construction of all femur FE
models, the maximum element edge length was set to 8 mm.

To study the convergence in the assigned inhomoge-
neous material properties, a number of femur FE models
with different number of material bins were created. The
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Table 2 Average maximum von Mises stress (MPa) at the smallest femoral neck cross-section (SFN CS), the intertrochanteric cross-section
(IntT CS), and the subtrochanteric cross-section (SubT CS) for 40 femurs in the single-leg stance and sideways fall

Single-leg stance Sideways fall

SEN CS IntT CS SubT CS SEN CS IntT CS SubT CS
Range 28.5-43.6 26.3-59.7 33.4-97.7 257.2-159.7 31.8-79.3 19.3-42.5
Average 30.3 42.5 62.7 78.4 59.5 41.3

19.912¢ 1.22748 35.8594

In.zz« ; -.97484 31.875

‘ 14.5257 \ -7.28717 27.8906
11,8469 ‘ -11.599% 23.9063
9.15815 . -15.9118 19.9219
& S -20.2241 15.9375
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21,0894 2.88542 75.3907
£1.7558 -£.14096 67.0139
14221 -$.16724 58.6372
- 2.08845 -14.1927 50.2604
-6.24521 -20.2201 41.38837
-15.5789 -26.2465 33.507
. -£4.9125 -22.2729 25.1302
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Fig. 7 Stress distribution (MPa) during the single-leg stance: a tensile stress, b compressive stress, ¢ von Mises stress; and in the sideways fall:
d tensile stress, e compressive stress, f von Mises stress
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loading and boundary conditions were kept the same in FE
models. For each FE model, the maximum von Mises stress
at the narrowest femoral neck was monitored. The repre-
sentative convergence result in Fig. 3 shows that a con-
vergence was achieved with the number of material bins
larger than 50. Therefore, 50 material bins were used in all
the femur FE models.

3.2 Change in the Location of the Maximum
Stresses and Strains

The average maximum von Mises stresses at the three
critical cross-sections (i.e. the smallest femoral neck, the
intertrochanteric and the subtrochanteric cross-sections) for
the 40 femurs are provided in Table 2. The distributions of
tensile, compressive and von Mises stress over the femur in
a typical case are displayed in Fig. 7. The average maxi-
mum effective strains at the three critical cross-sections are
listed in Table 3.

By comparing the stress patterns in the single-leg stance
configuration (Fig. 7a—c) with those in the sideways fall
(Fig. 7d—f), it can be seen that the locations of maximum
tensile, compressive and von Mises stresses are completely
different. For example, Fig. 7b shows that in the single-leg
stance configuration, the proximal medial side of the femur
had the highest compressive stress; however, in the sideways
fall, the same region had the highest tensile stress. From
Table 2, in the single-leg stance configuration, the sub-
trochanteric cross-section had the highest von Mises stress,
followed by the intertrochanteric and then the smallest
femoral neck cross-section. However, in the sideways fall
the smallest femoral neck cross-section had the highest (and
also the largest increase in) von Mises stress, followed by the

intertrochanteric and the subtrochanteric cross-sections. The
stress at the subtrochanteric cross-section was even smaller
than that in the single-leg stance configuration.

Based on the Wolff’s law [25, 26], a bone in a healthy
human body will adapt to withstand the long-term loading.
If the loading on a particular bone increases, the bone will
remodel itself over the time to become stronger to resist
that sort of loading. If the law is applied to a single bone, it
can be interpreted that the portion of the bone that sustains
larger stresses over the time will have higher bone density
and larger ultimate (or yield) stress than the other portions
[27, 28]. The single-leg stance configuration is apparently
the habitual loading condition for the human body, which
thus governs the density distribution and local strength of
the femur. Based on the Wolff’s law and the stress level in
Table 2, the subtrochanteric cross-section is expected to
have the highest bone density, and the narrowest femoral
neck cross-section should have the lowest BMD. By using
QCT Pro (Mindways, Austin, USA), we obtained the
average volumetric BMD of the subjects over the three
cross-sections. The BMD at the smallest femoral neck
cross-section is 5089 & 71.8 mg/cm3, the inter-
trochanteric cross-section 571.2 &+ 54.1 mg/cm3, and the
subtrochanteric cross-section 910.0 + 70.7 mg/cm®. Based
on Egs. (2) and (3), the subtrochanteric cross-section has
the highest elasticity modulus and yield stress; and the
narrowest femoral neck cross-section and the inter-
trochanteric cross-section have lower strength. In the
sideways fall, the impact force is not a habitual loading for
the human body, and the stress distributions produced by
the impact force are abnormal. Tables 2 and 3 show that
the weakest femoral neck had the highest stress and strain
level in the sideways fall.

Table 3 Average maximum effective strain (x 10_6) at the smallest femoral neck cross-section (SFN CS), the intertrochanteric cross-section
(IntT CS), and the subtrochanteric cross-section (SubT CS) for 40 femurs during the single-leg stance and sideways fall

Single-leg stance

Sideways fall

SFN CS IntT CS SubT CS SFN CS IntT CS SubT CS
Range 626.2-852.9 432.1-746.3 726.4-932.2 882.5-1644.2 577.3-873.9 450.4-622.3
Average 538.8 598.3 817.9 1198.8 677.4 558.3

Table 4 Average maximum tensile and compressive stress for 40 femurs in the femoral neck during the single-leg stance and sideways fall

Single-leg stance

Sideways fall

Maximum tensile

stress (MPa) stress (MPa)

Maximum compressive

Maximum tensile
stress (MPa)

Maximum compressive
stress (MPa)

28.6 38.2

Location Superior femoral neck

Inferior femoral neck

102.6 79.8

Inferior femoral neck Superior femoral neck

@ Springer



692

H. Kheirollahi, Y. Luo

Superior
Maximum §.41912
Tensile Stress .925171
§.15981
=1.90041
2.90048
-4.72599
.64116
=7.57187
1.28184
=10.4072
Anterior (122516
-132.8427
~1.12681
-16.0782
-2.29612
-18.9129
-3.65545 3
\ -21.7495
-4.91477
~24.5851
Maximum
(a) Compressive Stress (b)
10.1108 MaXIInum -.17188¢
o 7085 Compressive Stress S
6.82117 -6.7257

§.19149

2.55182

1.91i14

(272468

-1.26721

-2.00688

-4.64656
Maximum

Tensile Stress (o)

-10.0029

-12.2801

-16.5572

¢

-19.3245

1

9

-22.11138
-16.289

T -29.6662

(d)

Fig. 8 Stress distribution (MPa) at the smallest femoral neck cross-section during the single-leg stance: a tensile stress, b compressive stress;

and in the sideways fall: ¢ tensile stress, d compressive stress

3.3 Reverse of Tensile-Compressive Stress Status
over the Smallest Femoral Neck Cross-Section

The average tensile and compressive stresses for the 40
femurs and their corresponding locations over the nar-
rowest femoral neck cross-section during the single-leg
stance and sideways fall are provided in Table 4. The
distributions of tensile and compressive stresses over the
narrowest femoral neck cross-section in a typical case are
displayed in Fig. 8. The results showed that the superior
side of femoral neck experienced high tensile stress in the

@ Springer

single-leg stance, but had high compressive stress in the
sideways fall; the inferior side sustained high compressive
stress in the single-leg stance configuration, but received
high tensile stress in the sideways fall. Therefore, the
compressive-tensile stress status over the femoral neck in
the sideways fall was completely reversed.

Cortical and cancellous bones have different strengths in
tension and compression. Cancellous bone has significantly
higher strength in tensile testing [2]. While cortical bone
usually has considerably higher compressive strength. The
average ratio of cortical bone tensile to compressive yield



Understanding Hip Fracture by QCT-Based Finite Element Modeling

693

strength has been reported as 0.56 by Reilly et al. [14] and
as 0.62 by Bayraktar et al. [2]. The superior side of femoral
neck is dominated by cancellous bones that are more
favorable to sustain tensile stresses, but large compressive
stresses occurred in this region during the sideways fall. In
addition, the cortical bone at the superior side of femoral
neck is thin, especially for osteoporosis patients. Under the
action of large compressive stress, the thin cortical shell at
the superior side is likely to buckle. After the buckling, the
femoral neck will have much smaller bending moment of
inertia and cross-section stiffness, thus, the failure will
propagate to the inferior side. The experiment studies
conducted by Bakker et al. [29] using cadaveric femora
showed that most femur fractures indeed started from the
superior side of the femoral neck.

4 Conclusion

In this paper, the stress and strain patterns in the proximal
femur during the single-leg stance and sideways fall were
studied by subject-specific finite element models con-
structed from the subjects’ femur QCT scans. The
obtained results showed that compared to the habitual
physiological loading condition (i.e. the single-leg stance),
in the sideways fall the locations of maximum stress and
strain in the femur were changed in such a way that the
weakest part of the femur (the femoral neck) had to
withstand the largest stress/strain induced by the impact
force; what made the situation even worse is that the
compressive-tensile stress status in the femur, especially
at the femoral neck, was totally reversed from the
habitual loading condition. The impact force induced in
the sideways fall usually has a larger magnitude compared
with the habitual physiological loading. In the sideways
fall, the shift in the location of maximum stress/strain and
the reverse of tensile-compressive stress status created the
most unfavorable situation for the femur to withstand the
impact force.
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