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Abstract
Lack of quantitative, biomechanical criteria to predict the risk of fracture for a bone affected by giant cell tumor (GCT) has 
made the decision for the necessary surgical technique a dilemma. The purpose of this study is to critically assess the useful-
ness of quantitative computed tomography (QCT) based structural rigidity analysis (QCSRA) and QCT-based finite element 
analysis (FEA) in predicting the fracture risk for long bones reconstructed with bone cement. QCSRA, QCT-based FEA, 
and in-vitro mechanical tests on five pairs of cadaveric distal femora were employed to quantitatively assess the compressive 
failure load of the human femur affected by GCT and reconstructed with bone cement. QCT was utilized to investigate the 
bone’s structural rigidity properties as well as to generate heterogeneous finite element models using written material map-
ping codes. In order to validate the QCSRA and QCT-based FEA results, their outcomes were compared with the results of 
in-vitro mechanical tests on human cadavers. Results of this study demonstrated an acceptable correlation between QCSRA 
fracture loads and fracture loads found in in-vitro mechanical tests on cadavers (R2 = 0.85). Also, QCSRA procedure is devel-
oped in order to estimate the axial stiffness and the maximum bending stiffness of the bone, employing the QCT-scans. It is 
shown that these two features, describing the structural rigidity, are linked to the experimental fracture loads (R2 = 0.72 for 
axial stiffness, R2 = 0.79 for maximum bending stiffness). Moreover, a good correlation was found between the fracture loads 
determined by QCT-based FEA and the experimental in-vitro fracture loads (R2 = 0.92). Results of this study confirm the 
usefulness of the applications of QCSRA and QCT-based FEA as clinically tools for predicting the failure load of a long bone.

Keywords  Bone fracture · Quantitative computed tomography · Structural rigidity analysis · In-vitro mechanical tests · 
Finite element analysis · Failure load · Cadaveric femur

Introduction

Giant cell tumor (GCT) of bone is a benign, but aggres-
sive lesion which has the potential for malignancy [1–3]. 
This tumor is prevalent in young people (20–40 years old), 
and GCT mostly affects the metaphyseal– epiphyseal area 
of long bones and the bones participating in the knee joints, 
i.e. the distal femur and proximal tibia are the first and sec-
ond persistent sites of this kind of tumor [2, 4, 5]. Treat-
ment of a bone affected by GCT is a truly challenging issue 
[6] because there is no clinical, radiological or histological 

dimension that allows the physician to predict the tumor 
progression or metastases [3]. Various methods including 
surgery, radiotherapy, and chemotherapy are used for the 
treatment of GCT [5]. A surgical process is still the most 
common treatment for GCT and usually includes tumor 
removal with the curettage technique and then defect recon-
struction, which may be challenging for the surgeon as there 
are many different approaches [7]. Reconstruction is per-
formed by filling the cavity with bone cement or graft, and 
in some cases where the size of the cavity is large the use 
of internal stabilizers including screws, plates, or nails is 
essential to reduce the risk of fracture [5, 8, 9]. One impor-
tant concern regarding the surgical process is that in most 
cases the technique of tumor removal and reconstruction 
is based solely on the surgeons’ experience [10, 11], and a 
fundamental problem after the reconstruction is postopera-
tive bone fracture [12]. The fracture risk of the bone can 
be quantified by evaluation of the size and location of the 
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tumor and through analysis of a patient’s bone mineral den-
sity (BMD) [13]. True assessment of the bone mineral den-
sity in the body can improve the prediction and detection of 
fracture risk as well as its treatment. Quantitative computed 
tomography (QCT) is the unique modality that measures the 
real bone density in a determinate volume (mg/cm3) with-
out the overlapping of others tissues, and differently from 
dual-energy x-ray absorptiometry (DXA), it allows a selec-
tive assessment of both trabecular and cortical bone [14]. 
Some of the advantages of QCT, compared to other imaging 
techniques, are as follows: volume density can be obtained, 
trabecular and cortical BMDs can also be separately deter-
mined, and its high sensibility for assessing trabecular BMD 
[14]. Structural rigidity is a property that integrates both 
the material and geometric properties of bone. Alteration 
in the structural rigidity of a bone, induced by the disease 
and afflicted with defects, can represent changes occur-
ring in the tissue’s material and geometric properties [15]. 
Quantitative computed tomography based structural rigid-
ity analysis (QCSRA) can be used to monitor changes in 
bone geometry and material properties by assessing axial, 
bending, and torsional rigidities [16]. These characteristics 
provide a fine biomechanical model of bone geometry and 
material properties [17]. QCT is more accurate and efficient 
than the DXA method, which does not differentiate between 
cancellous and dense bone, and other common radiographic 
procedures, such as an MRI, for predicting the risk of bone 
fractures [14]. QCT can be preferable to DXA-aBMD in 
clinical studies for predicting femoral strength [18]. In addi-
tion, QCSRA has shown greater sensitivity, 100% versus 
66.7%, and specificity, 60.6% versus 47.9%, than Mirels’ 
scoring criterion for predicting pathologic fracture in femo-
ral bone lesions [19].

Finite element analysis (FEA) and modelling have gained 
considerable attention in biomechanical research and can 
have wide applications. FE modelling can simulate different 
experimental conditions and develops much more data anal-
ysis than what can be done in a laboratory; thus, it decreases 
the time and expenses of in vivo and in-vitro experimenta-
tions. Accurate FE models of bone, using QCT images, can 
predict the fracture risk of a bone with a simulated defect 
similar to what is seen following GCT surgery [5]. Accord-
ingly, FE models can be a valuable tool to improve clinical 
fracture risk predictions in metastatic bone disease [20]. To 
date, there are few studies in which computer simulation 
approaches for GCT surgeries were utilized [12].

The main scope of this work was to evaluate the useful-
ness of QCSRA and QCT-based FEA through statistical-
based comparisons of data determined by the two different 
procedures on the fracture risk of a bone reconstructed with 
bone cement. In order to validate the QCSRA and QCT-
based FEA results, their outcomes were compared with the 
results of in-vitro mechanical tests on human cadavers.

Materials and methods

This study consists of both computational and experimental 
parts. The computational section is divided into two parts: 
QCSRA, and QCT-based FEA. In the QCSRA section, the 
failure load was calculated for the weakest cross-section 
of a long bone; in the QCT-based FEA section, the failure 
load was calculated when the displacement was applied to a 
distal femur model. In the experimental section, the cadav-
eric bone samples were loaded under uniaxial compression 
and the failure load was recorded for each sample. Finally, 
the results of the experimental section were used to check 
the validity of the results determined by the computational 
section.

Specimen preparation

In this study, ten (five pairs) cadaveric distal femoral bones 
(4 males and 1 female, aged from 39 to 64) were provided 
by the Central Bank of Organ Transplantation, University of 
Tehran, and all soft tissue around each sample was carefully 
removed by an orthopedic surgeon. Based on previous stud-
ies, the critical defect volumes at high risk of fracture were 
considered for the ratio of tumor to distal femur volume of 
40% to 60% [21, 22]. Therefore, in this study, the ratios of 
tumor volume to distal femur volume were considered to 
be: 30%, i.e. less than their critical values; 50%, i.e. an aver-
age of critical value; and 70%, i.e. more than their critical 
values (Table 1). Moreover, the tumor was simulated in: the 
medial and lateral; the epiphysis-metaphysis; and the epi-
physis (alone) regions. Table 1 provides detailed information 
about the cadaveric specimens, location, and size of cavities 
made by an orthopedic surgeon.

In each pair of specimens, part of the bone of the left 
femur was removed by an orthopedic surgeon, and the cav-
ity was carefully made and then filled with radiopaque and 

Table 1   Specifications of cadaveric samples, their age, size, and loca-
tion of cavity

Sample # Specification of sample Size (volume removed/distal 
femur volume) and anatomical 
location of cavity

1 64-Year-old male 30%, medial, epiphysis-met-
aphysis

2 58-Year-old male 50%, medial, epiphysis-met-
aphysis

3 39-Year-old male 70%, medial, epiphysis-met-
aphysis

4 34-Year-old male 50%, medial, epiphysis
5 46-Year-old female 50%, lateral, epiphysis-meta-

physis
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self-curing acrylic bone cement (Sulcem™ 3 Gentamicin, 
Sulzer Medica, Switzerland) (Fig. 1(1)). The right femur 
of the same individual was left intact and considered as the 
control sample.

QCT image processing

The defective femur samples were placed inside a container 
filled with water and QCT scans were carried out using a 
clinical scanner (Siemens-Somatom 64, 140 kV, 80 mAs, 
0.5 × 0.5 mm/pixel resolution, and 1 mm slice thickness). 
Consecutive images were also taken from the bone cross-
section by the QCT. A calibration phantom (Mindways Soft-
ware, Inc., San Francisco, CA) with five tubes and speci-
fied reference material densities were used to convert the 
Hounsfield units (HUs) to bone mineral density. Figure 1(2) 
presents a view of the scanner, imaging, as well as a section 
of a sample embedded in the imaging phantom.

Mechanical tests on cadaveric bones

Bone samples were mechanically tested by a dynamic test-
ing machine (Hct400/25, Zwick/Roellin, Germany). The 
specimens were loaded with a pre-load of 50 N at a quasi-
static rate of 1 mm/min in uniaxial compression until they 
failed [23–25]. An indenter made of steel with a diameter of 
20 mm and a flat surface was applied to the medial condyle 
of the samples, which were fixed in a cylinder with a diam-
eter of 70 mm (Fig. 1(3)). The length of the specimens was 
between 170 and 240 mm, and the mean size of the embed-
ded specimens was 40 mm. A load–displacement curve was 
recorded for each specimen. The maximum load in each 
curve was considered as the bone’s failure strength [24].

Structural rigidity analysis

Structural rigidity analysis was utilized to predict the failure 
load based on the weakest cross-sectional area of a long bone. 
In this method, a Matlab code written to convert the Houns-
field units (HUs) obtained from QCT images to bone mineral 
density (ρ) was used to determine the modulus of elasticity (E) 
of each voxel using the relationships that exist between bone 
mineral density (ρ, g.cm−3) and its modulus of elasticity (E, 
MPa) (Table 2) [26].

ImageJ software (version 1.50i) was used to identify the 
maximum and minimum principal axes for each cross section 
of the images taken from QCT-scans of the bone that were 
obtained with 1 mm slice spacing. Then, using another code 
written in Matlab, incorporating the relationships in Table 2 
and the equations below (Eqs. 1–4), the axial (EA) and bend-
ing (EI) rigidities at each trans-axial cross section was cal-
culated. The neutral axes’ positions ( ̄x , ȳ ), EA, and EI were 
found, using Eqs. 1, 2, 3 and 4, respectively:

(1)x̄ =

∑n

i=1
xiEiΔa

∑n

i=1
EiΔa

, ȳ =

∑n

i=1
yiEiΔa

∑n

i=1
EiΔa

Fig. 1   1 Preparation of cadaveric human bone samples (femur) with 
defects, filled with bone cement: A drilling bone samples, B con-
necting holes, C creating cavity, and D filling the cavity with bone 
cement; 2 QCT scanning and the calibration phantom; 3 Mechanical 

testing of ‘defected’ bone samples: A before failure (left femur), B 
after failure (left femur); and ‘intact’ bone samples: C before failure 
(right femur), D after failure (right femur); and 4 Numerical analyses: 
A QCSRA and B FE Models, Young’s modulus distribution

Table 2   Relation between bone density and its modulus of elasticity 
[26]

E–ρ relationship Density range

E = 33,900 ρ2.20 ρ ≤ 0.27
E = 5307 ρ + 469 0.27 < ρ < 0.6
E = 10,200 ρ2.01 ρ ≥ 0.6
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where ρ is the bone density, xi and yi are the distances of 
each pixel from the y and x axes, respectively, Δa repre-
sents each pixel’s area, Ei shows Young′s modulus of elas-
ticity of the ith pixel. Modulus weighted neutral axis and 
centroid, Eq. (1), were calculated based on the coordinates 
of the ith pixel, its modulus (Ei), area (Δa), and total num-
ber of pixels at the bone cross-sectional (n). Axial rigidity, 
Eq. (2), was calculated by summing the products of elastic 
modulus of each pixel (Ei) and its area (Δa). Bending rigid-
ity about y-axis, Eq. (3), is the sum of the products of the 
elastic modulus (Ei), square of the distance of the ith pixel 
to the neutral axis (xi

2), and the pixel area (Δa), and bending 
rigidity about x-axis, Eq. (4), is the sum of the products of 
the elastic modulus (Ei), square of the distance of ith pixel 
to the neutral axis (yi

2), and the pixel area (Δa) (Fig. 2) [16].
The cross section with the lowest structural rigidity, i.e. 

the lowest axial stiffness (EA) and the lowest bending stiff-
ness (EIMAX), were considered as the weakest cross sections 
[15, 16, 27]. Finally, the fracture load, FQCSRA, based on the 
QCSRA, axial, and bending rigidities of the weakest cross 

(2)EA =
∑

Ei(�)Δa

(3)EIy =
∑

[Ei(�).x
2

i
]Δa

(4)EIx =
∑

[Ei(�).y
2

i
]Δa

section were determined using the MATLAB code. In order 
to define FQCSRA, the structural stiffness parameters was 
merged with simple beam theory, as follows [16]:

where εCritical is the critical strain at bone failure, E is 
the average elastic modulus of the weakest cross section 
(N.mm−2), A is the cross sectional area (mm2); IMAX is the 
maximum moment of inertia (mm4) at the weakest cross 
section, y is the distance to the bone surface from geometric 
centroid, where critical stress occurs, and d is the distance 
from the applied load to the geometric centroid at the weak-
est cross sectional area. In defining a QCSRA based failure 
load (FQCSRA), the critical strain which identifies the onset of 
fracture (εCritical) was assumed to be 1.2% strain in compres-
sion, and 1% strain in tension [16, 28–30].

Finite element analysis

In the FEA, the failure load should be determined in order to 
be able to predict fracture risk [16]. For this purpose, Mim-
ics Software v10.01 was first employed to create a solid 3D 
model of a femur with bone cement inserted in it using QCT 
images. Then, the 3D model was imported to ABAQUS 
CAE 6.14, by considering an isotropic, linear elastic, but 
heterogeneous model of the bone; and an isotropic, linear 
elastic and homogenous model for the bone cement insert 
(Fig. 1(4)B). In the FEA material mapping codes, based on 
QCT images, were written in Python to automatically assign 
heterogeneous material properties to each element of the 
bone and bone cement. A Poisson’s ratio of 0.3 was assumed 
for the bone model [16]. The interface between the femur 
and cement was assumed to be tied [12]. Although hexahe-
dral are known to be more accurate than tetrahedral elements 
[25, 31], Due to the complexity of the geometry, quadratic 
ten node tetrahedral elements type was used in this study. 
The maximum stress, which occurred in the condylar region 
in all models, was used for evaluating the mesh quality. It 
was assumed that a suitable mesh density was obtained when 
the increase in the stress was less than 5% in two differ-
ent element sizes. The mesh density was selected based on 
a mesh sensitivity analysis; hence the number of elements 
and element size in each model were approximately between 
171,000–222,000 and between 0.8–2.3 mm, respectively. In 
this work, a static analysis was performed in the compu-
tational models and to mimic in-vitro tests conditions, the 
end of femur’s diaphysis were assumed to be fully fixed and 
represented the boundary conditions in the FE models, and 
An axial compressive displacement was applied on some 
nodes on the medial condyle of the bone, which were located 

(5)FQCSRA =
�Critical × EA × EIMAX
(

EIMAX + (EA × y × d)
)

Fig. 2   Schematic diagram illustrating the pixel-based QCSRA tech-
nique to calculate axial (EA) and bending (EI) rigidities. Each grid 
element is intended to represent one pixel
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on a circular shape region with the diameter equals to the 
indenter diameter, used in the experiment.

Statistical analysis

Linear regression analysis was used to compare the frac-
ture loads calculated by FEA, as well as by QCSRA, with 
the mechanical tests’ results. In this work, statistical differ-
ences between the resulting regression lines and the slope 
and interception of the y = x line were calculated. Linear 
regression was also performed for fracture loads resulting 
from the mechanical tests on cadaveric bones and structural 
stiffness parameters including EA and EIMax. The correlation 
coefficient (R2) was used as a criterion to compare each of 
the methods with the experimental test. Statistical analysis 
was performed using SPSS software V.21, and P values less 
than 0.05 (P < 0.05) were considered statistically significant.

Results

The mechanical tests failure loads for the defective and con-
trol femurs are shown in Table 3. Others results of this study 
are shown in Fig. 3.

Outcomes from this study demonstrated an accept-
able correlation between QCSRA fracture loads and frac-
ture loads found in the in-vitro cadaveric tests (R2 = 0.85) 
(Fig.  3A). Moreover, the results of regression analysis 
showed that the slope of the regression curve did not devi-
ate from the y = x line [FMech = 0.8734FQCSRA + 0.9558] 
(P = 0.72). In addition, the y-intercept was also shown to 
be not significantly different from zero (P = 0.30) (Fig. 3A). 
Good agreement was also observed between axial stiffness 
(EA), maximum bending stiffness (EIMax), and the experi-
mental fracture loads (R2 = 0.72, R2 = 0.79, respectively) 
(Fig. 3B, C). The finite element analysis, as stated above, 
was performed to find the fracture loads based on a lin-
ear elastic, isotropic, but heterogeneous model of bone; it 
showed a good correlation with the experimental fracture 
loads on cadaveric bones (R2 = 0.92) (Fig. 3D). Figure 3D 
indicates that the slope of the relationship between FEA 

failure loads and cadaveric test results is very close to 1 
[FMech = 1.0805FFEA + 0.109] (P = 0.34), and the y-intercept 
was also shown to be not significantly different from zero 
(P = 0.87).

Results of the QCSRA analysis method presented here 
also confirmed that bone generally fails at a strain of 1.2% 
in compression, which is independent of its Young modu-
lus of elasticity. Previous studies have also indicated that 
the fracture strain of bone is independent of its modulus of 
elasticity [16, 28–30]. The correlations in Fig. 3 indicate 
that the proposed methods, QCSRA and QCT-based FEA, 
were considered appropriate approaches for the prediction 
of fracture risk in a long bone affected, for instance, by giant 
cell tumor and reconstructed with bone cement.

Discussion and conclusions

In-vitro mechanical tests on human cadavers and FEA are 
crucial and helpful tools in determining an appropriate sur-
gical method within the scope of minimizing the risk of 
postoperative fracture [5, 20, 25, 31]. This research was con-
ducted to achieve a quantitative understanding of the failure 
load in a distal femur affected by GCT and reconstructed 
with bone cement by utilizing the QCT based FEA, QCT 
based structural stiffness technique, and in-vitro mechani-
cal tests on human cadavers to study uniaxial compressive 
load. The compressive axial load was applied to mimic the 
normal physical activity of standing [32]. In this study, con-
trol samples were used to assess the reduced failure load in 
defective femurs as compared to healthy femurs. Moreover, 
results of the defective bones simulated by FEA and QCSRA 
were compared with the data collected from mechanical test 
made on defective cadaveric samples.

Results of the experimental tests on each pair of healthy 
and defective bone showed that due to reduced structural 
bone properties, the maximum load of distal femora recon-
structed with the bone cement varied between 60 and 90% 
of the maximum load of a healthy bone, depending on the 
cavity size (see Table 3). As Figs. 3B, C show, good correla-
tions were resulted between structural rigidities, i.e. EA and 
EIMax, and experimental failure loads of cadavers (R2 = 0.72 
and R2 = 0.79 for EA and EIMax, respectively). This implies 
that calculation of structural rigidities, even without calcu-
lating the critical load by QCSRA (Eq. 5), can provide an 
acceptable prediction of the fracture load, and thus it can 
be employed as a convenient tool in predicting the fracture 
risk of a long bone.

One of the novel aspects of this study was the use of mate-
rial mapping codes in the finite element simulation to take 
into account bone heterogeneity, as opposed to the previous 
studies in which bone was assumed to be a homogeneous 
structure [25, 31, 33, 34]. Using material mapping codes, 

Table 3   Values of failure loads determined by mechanical tests for 
the defected and control femurs

Sample Failure load (N) 
(defected samples) 
mechanical tests

Failure load (N) 
(control samples) 
mechanical tests

64-Year-old male 2543 4253
58-Year-old male 4568 6441
39-Year-old male 4751 6104
34-Year-old male 5008.8 5625.6
46-Year-old female 3315 4697
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density and Young’s modulus were assigned to each ele-
ment in the finite element model based on their density. The 
advantage of using material mapping codes, based on QCT 
images, is an automatic allocation of heterogeneous mate-
rial properties to the bone. Thus, due to the fact that bone is 
a heterogeneous material, employing QCT based images in 
the in silico models can provide a more accurate prediction 
of bone mechanical behavior. Results of previous research 
have shown that non-homogenous material distribution is 
an important factor in determining the mechanical behav-
ior of biological tissues [34], and other studies have indi-
cated that the correlation coefficient in a non-homogenous 
model was better than a homogenous model (R2 = 0.79–0.88, 
R2 = 0.32–0.48, respectively) [15, 35]. Results of this work 

show that relatively high correlation coefficients between 
QCSRA and mechanical testing data were evident in frac-
ture loads (R2 = 0.72, 0.79 and 0.85, between EA, EI and 
QCSRA approaches, respectively, and cadaveric mechanical 
tests data). Results of this work are also in a good agreement 
with some previous clinical studies [16, 27]. The correlation 
coefficient between the results of the FEA, nonhomogeneous 
model, and in-vitro experimental failure loads obtained in 
mechanical tests on cadaveric samples, i.e. R2 = 0.92, were 
similar to those obtained in other FEA studies [16, 24, 27, 
36, 37]. The results of this study, despite some simplifica-
tions made in this work such as considering linear elastic 
properties and isotropic behavior for bone, imply that struc-
tural stiffnesses and finite element procedures are promising 

Fig. 3   Linear regression of: A experimental failure loads on cadavers 
vs. QCSRA loads; B experimental failure loads on cadavers vs. EA 
of the weakest cross section; C experimental failure loads on cadav-

ers vs. EIMax of the weakest cross section; and D experimental failure 
loads on cadavers vs. FEA loads
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approaches for assessing bone fracture risk (R2 = 0.85 for 
QCSRA and R2 = 0.92 for FEA compared to those of in-vitro 
mechanical tests data on cadavers).

Analysis of structural stiffness with simple beam theory 
can provide the fracture load for any bone cross-section 
based on QCT images. FEA presents stress and strain distri-
bution and can also provide a detailed assessment of fracture 
loads. The main advantage of QCSRA and FEA, which are 
based on fundamental principles of engineering mechanics, 
is their noninvasive nature, and that they can be used to reli-
ably identify patients at high risk of fracture [15]. Another 
important advantage of the proposed methods for predict-
ing bone fracture load is their patient-specific application 
enabling the inclusion of each specific bone geometry as 
well as its precise density and Young’s moduli distribution, 
which can provide a very good estimation of that specific 
bone strength and thus its fracture risk [16, 17].

One of the limitations of this work was to disregard 
muscles’ forces in the FE model as well as in the QCSRA 
method. Due to the diverse range of patients’ activities, the 
actual loads applied to the bones are unknown, therefore 
it is not possible to apply the actual clinical loads in FEA 
and QCSRA. Another limitation of the method presented 
in this research was that it exposes the patients to relatively 
high doses of radiation for getting QCT-scan images [15]. 
Despite the high accuracy of the finite element method, 
the time needed to calculate the fracture load using FEA 
for each sample was more than 10 h, employing an Apple 
Macbook Air 2015 with a Core i5 (I5-5250U) CPU. This 
is remarkably greater than the time needed for calculating 
the stiffness related parameters and the fracture load using 
structural stiffness analysis, i.e. less than 30 min on the same 
computer. Nonetheless, it should be emphasized that finite 
element simulation is more appropriate than QCSRA for 
the implementation of complex loading conditions. Thus, 
based on the results of this work, it seems reasonable to 
suggest that one can use either QCSRA or FEA to provide 
an acceptable estimation of the bone fracture load under dif-
ferent conditions, and one may not need to make expensive 
and time consuming in-vitro tests on cadavers in order to 
collect a large experimental data set.

Another limitations of this study was the small number of 
cadavers. The FEA models made in this study were limited 
to isotropic material properties and linear elastic material 
properties. Although theoretically it would be possible to 
incorporate anisotropic properties of bone into the mod-
els, it is not possible to derive subject-specific anisotropic 
mechanical properties from clinical QCT scans [38, 39]. 
Considering the main scope of this study, which was to 
evaluate the usefulness of the two methods, QCSRA and 
FEA, for fast and accurate prediction of the failure load of 
the distal femur reconstructed with bone cement in clinical 
setting, our results show that linear FE analysis is shown to 

be much faster than that of a nonlinear model with a similar 
prediction of fracture loads. A previous study comparing 
the computational time and accuracy of linear and nonlinear 
FE models demonstrated a significantly greater time, i.e., 96 
times greater for non-linear models than that of the linear 
model with a similar accuracy between the two models [24].

Another novel aspect of this work was the simultaneous 
applications of QCSRA and QCT-based heterogeneous FEA 
as well as in-vitro cadaveric tests to predict the risk of frac-
ture in a long bones affected by GCT and reconstructed with 
the bone cement. Thus, despite some simplifications made 
in this work such as considering linear elastic properties and 
isotropic behavior for bone, results of this work indicate that 
QCSRA and QCT-based FEA methods were used to gain a 
good estimation of the fracture risk in a long bone affected 
by the GCT and reconstructed with bone cement. Current 
criteria for identifying patients at high risk of post-operative 
fracture are not comprehensive, this is partly due to ignor-
ing or underestimating the impact of patient-specific factors, 
i.e., bone geometry and its density distribution. Results of 
this study show the effectiveness and usefulness of the two 
computational methods, QCSRA and FEA, by considering 
patient-specific factors in predicting the strength of a bone 
reconstructed with bone cement as the key determinant of a 
bone fracture risk. The goal of this research was to present 
a non-invasive, fast, and reliable method that can be used to 
predict a long bone fracture load in patients affected by GCT 
before surgical intervention by an orthopedic surgeon. The 
presented method can be extended to investigate the effect 
of defect size and location on the bone fracture load, hence 
reinforcing the in-use criteria.
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