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Purpose: We aimed to determine if finite element analysis (FEA) provides useful thresholds 
for bone biopsy practice patterns.
Methods: The femoral head compression test was performed on rabbit femurs, using FEA 
to identify the part of the bone that preferentially fractures (n=15/group). Four types of 
rectangular biopsy holes were made using finite element (FE) models. These models were 
divided into control (no defect), defect 1 (10% width), defect 2 (20% width), defect 3 (30% 
width), and defect 4 (40% width) groups (n=15 each). Three types of rectangular biopsy 
holes (defect A, 27% length; defect B, 40% length; defect C, 53% length) were also made 
using FE models (n=15 each). The load to failure was then predicted using FEA.
Results: Almost all femurs with no defect were fractured at the femoral shaft in both the 
femoral head compression test and FEA. The experimental load to failure in intact femurs 
was predicted well by the FE models (R2=0.74, p<0.001). There was also a strong linear 
correlation of stiffness between compression test in femurs with no defect and the FEA 
(R2=0.68, p<0.001). Therefore, the femoral shaft was targeted for FEA. The median pre-
dicted loads by FEA were significantly higher for defect 1 than for the other types when 
testing the widths of the rectangular defects, but there were no significant differences among 
the three types when testing for defect length.
Conclusion: The FEA results correlated well with those of the femoral head compression 
test. A width <10% of the circumference length in bone biopsy holes helps minimize bone 
strength reduction using FEA. It may be useful for orthopedic doctors to perform FEA to 
avoid pathological fractures after bone tumor biopsy.
Keywords: femur, orthopedics, bone tumor biopsy, New Zealand white rabbits, finite 
element analysis

Introduction
Bone tumors are relatively rare and comprise a wide range of various histological 
types.1 Malignant bone tumors need to be diagnosed pathologically to determine the 
treatment strategy. Orthopedic oncologists usually make a biopsy hole in the cortex 
wall of the affected bone and then obtain a piece of the tumor tissue.2 However, 
there are certain complications associated with bone biopsy, such as massive 
bleeding and malignant tumor contamination due to pathological fractures.2,3

Regarding pathological fractures, orthopedic oncologists often use the Mirel 
scoring system for predicting fractures in X-ray images.4 The Mirel criteria have 
been demonstrated to be 91% sensitive but only 35% specific.5 Therefore, Van der 
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Linden et al indicated that a bone lesion with an axial 
cortical involvement >30 mm in computed tomography 
(CT) imaging had a high risk of fractures and should be 
stabilized surgically.6 Tatar et al also reported in a clinical 
retrospective study that surgical treatment should be con-
sidered when the ratio of the circumferential cortical lysis 
to the circumferential perimeter of the bone in CT imaging 
is greater than 30%.7 Recently, finite element analysis 
(FEA) based on CT imaging has also been reported to 
play an important role in assessing the risk of pathological 
fractures due to bone metastases.8

However, a few reports have discussed bone strength 
following bone biopsy, and there have been only minimal 
experimental investigations using human cadavers or ani-
mal bone models.9,10 To the best of our knowledge, there 
have been no similar experimental studies concerning 
bone strength after bone biopsy using FEA. It is essential 
to decrease the risk of pathological fracture resulting from 
the bone biopsy procedure. The optimal shape for a bone 
tumor biopsy has been shown to be rectangular.11 

Moreover, it was previously found that the width of the 
biopsy hole for bone tumor biopsy is related to pathologi-
cal fractures.12 Although it has been established through 
rabbit femoral head compression testing that the width of 
the defect is related to the fragility of the affected bone, we 
were unable to validate whether the experimental value 
correlates well with the FEA value. Therefore, we 
hypothesized that FEA may also provide a useful threshold 
for orthopedic doctors regarding bone biopsy practice pat-
terns. This study aimed to determine if FEA provides 
useful thresholds for performing bone biopsy.

Materials and Methods
Animals
Eight female New Zealand white rabbits aged 1–2 years, 
weighing between 3500 and 4500 g, were purchased from 
SLC Japan (Shizuoka, Japan) and housed individually with 
free access to food and water. They were euthanized with 
an overdose of pentobarbitone sodium (800 mg/kg) admi-
nistered intravenously, and their hind limbs were dis-
sected. The femoral head compression test was 
performed on rabbit femurs, using FEA to identify the 
part of the bone that preferentially fractures (n=15/ 
group). All animal experiments were carried out in accor-
dance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. The present study 
was approved by our institutional review board (no. 

17031, Laboratory Animal Center, Graduate School of 
Medicine, Osaka City University). Furthermore, all proce-
dures performed on animals complied with the Animal 
Research: Reporting of the ARRIVE guidelines.

Nonlinear FEA Prediction
Axial CT scans of the entire rabbit femurs were obtained 
on a single-slice helical scanner (Prospeed AI; GE 
Healthcare, London, UK); slice thickness was 0.5 mm. 
A calibration phantom (QRM-BDC; QRM, Möhrendorf, 
Germany) containing three hydroxyapatite rods (0, 100, 
and 200 mg/cm3) was tested together with the specimen in 
water. Three-dimensional FE models of the femurs were 
developed using the CT data from Mechanical Finder 
version 9.0, standard edition (Research Center of 
Computational Mechanics, Inc., Tokyo, Japan), which 
reconstructs individual bone shapes and density distribu-
tions. All femoral trabecular bone and inner parts of the 
cortex were meshed using linear tetrahedral elements with 
a global edge length of 0.6 mm. The outer surface of the 
cortical bone was modeled using three nodal-point shell 
elements with a thickness of 0.3 mm. The CT value of 
each element was set as the average of the voxels con-
tained in one element. Mechanical properties of each ele-
ment were calculated in Hounsfield units (HU).13

Previous reports had used Kayak’s equation for FEA; 
therefore, we also used this equation.13

The following specific equations were used:
Young’s modulus (E, MPa).
E= 0.001 (ρ=0)
E = 33,900 ρ2.20 (0 < ρ ≤ 0.27)
E = 5307 ρ + 469 (0.27 < ρ < 0.6)
E = 10,200 ρ2.01 (0.6 ≤ ρ)
Yield stress (σ, MPa).
σ = 1.0×1020 (ρ ≤ 0.2)
σ = 137 ρ1.88 (0.2 < ρ < 0.317)
σ = 114ρ1.72 (0.317 ≤ ρ)
Modulus values <0.01 MPa were designated as 0.01 

MPa, whereas those >20 GPa were designated as 20 
GPa.14 The Young’s modulus and yield stress of the shell 
element were calculated, assuming its CT value was 1000 
HU. The Drucker–Prager equivalent criterion was adopted 
for the yield of the element.15 The tensile yield stress was 
assumed to be 0.8 times the compressive yield stress in 
agreement with a previous study.16 Poisson’s coefficient 
for each element was set at 0.3.17

To reproduce real mechanical testing, the FEA model 
was set as similar to the mechanical test as possible 
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(Figure 1A). The FE-predicted fracture load (in newtons) 
was defined as the load when the displacement sharply 
increased. The FE-predicted stiffness (in newtons/mm) 
was also calculated as the slope of the load-displacement 
curve between 20 and 80% of the FE-predicted fracture 
load (Figure 1B).

Experiment 1
A femoral head compression test was conducted using EZ 
Graph (Shimadzu Corp., Kyoto, Japan) (Figure 1B). 
Femur specimens were kept in a freezer at –20°C until 
analyzed. A femoral head compression test was set up 
using upper and lower jigs and a cylindrical holder and 
oriented so that the femur was vertical in the sagittal plane, 
valgus in the frontal plane, and slightly extroverted in the 
coronal plane. The lower part of the femur was completely 
fixed in a polyvinyl chloride pipe using epoxy resin. The 
femoral valgus angle was 9°. The upper jig that was in 
contact with the femoral head was designed to be flat. The 
upper jig was designed in such a way that any interference 
with the femur diaphysis during the compression test was 
avoided (Figure 1C).

Before mechanical testing, the femurs were removed 
from frozen storage and saturated in tepid saline while 
being kept moist (for consistency). A compression load 
was applied at a rate of 10 mm/min. The direction of the 
compression was parallel to the mechanical axis. The 
compression test was performed until the femur specimens 
fractured. The magnitude of the applied load and displace-
ment was continuously recorded. From the test results, 
maximum load and stiffness (a slope between 20 and 
80% of the maximum load) were calculated (Figure 1B). 
In this mechanical testing, the maximum load was defined 
as the fracture load. The location of the fracture was also 
recorded. We compared the relationship of fracture load 
and stiffness between the compression test and FEA.

Experiment 2
Based on the results of experiment 1, the location of bone 
fenestration was decided to be the femoral shaft in the FE 
models. The FE models were assigned to four groups of 15 
each. The FE models included various types of rectangular 
defects of the same length at the same site on the femoral 
shaft. In each of the FE models, holes of four different 
widths were virtually created at the distal 1.5 cm of the 
lesser trochanter on the anterior surface of the femoral 
shaft. Defects 1–4 were 2.6–3.0 × 12 mm (10% of the 
circumference), 5.2–6.0 × 12 mm (20% of the 

circumference), 7.8–9.0 × 12 mm (30% of the circumfer-
ence), and 10.4–12.0 × 12 mm (40% of the circumference) 
rectangular holes (Figure 1D).

The FE-predicted fracture load was defined as the load 
when the displacement sharply increased.

Experiment 3
The FE models were assigned to three groups of 15 each. 
The three groups included various types of rectangular 
defects of the same width at the same site on the femoral 
shaft. In each of the FE models, holes of three different 
shapes were also virtually created at the distal 1.5 cm of 
the lesser trochanter on the anterior surface of the femoral 
shaft. Defects A–C were 2.6–3.0 × 12 mm (10% of the 
circumference × 27% of the diaphyseal length), 2.6–3.0 × 
18 mm rectangular hole (10% of the circumference × 40% 
of the diaphyseal length), and 2.6–3.0 × 24 mm (10% of 
the circumference × 53% of the diaphyseal length) rectan-
gular holes (Figure 1E).

The FE-predicted fracture load was defined as the load 
when the displacement sharply increased.

Statistical Analysis
The relationship between the experimental fracture load 
and the FE-predicted fracture load was calculated using 
simple linear regression analysis. The strength of the rela-
tionship was determined by considering the coefficient of 
determination and their significance. The Kruskal–Wallis 
test with the Steel–Dwass test for multiple comparisons 
was performed to compare the four or five groups in terms 
of fracture load (in newtons). Statistical analysis was per-
formed using IBM SPSS Statistics (SPSS 26.0, IBM, 
Corp., Armonk, NY, USA) and Excel statistical software 
package (Ekuseru-Toukei 2015; Social Survey Research 
Information Co., Ltd., Tokyo, Japan). P-values <0.05 
were considered statistically significant.

Results
Experiment 1
The median FE-predicted and experimental fracture loads 
were 453 (396.5–741) and 490 (376.5–672) N, respec-
tively (Table 1 and Figure 2A). Fourteen of the 15 femurs 
were fractured at the femoral shaft in the femoral head 
compression test, whereas all the 15 femurs were predicted 
to be fractured at the femoral shaft in FEA (Table 1). The 
experiment load to failure for intact femurs was well 
predicted by the FE models (R2=0.74, p<0.001) (Figure 
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Figure 1 Femoral head compression test and finite element analysis. (A) Three-dimensional finite element (FE) rabbit femur model. The FEA using FE models with no defect 
was ended when fractured. (B) Load–displacement curve of FEA or the extrinsic properties of a specimen. The main parameters are maximum load (N) and stiffness (N/ 
mm). (C) The compression direction was parallel to the mechanical axis. The compression test was completed when the femur specimen fractured. FE models 
demonstrating the virtually created bone biopsy hole: (D) control, no defect; defect 1, 10% width of the circumference; defect 2, 20% width of the circumference; defect 
3, 30% width of the circumference; defect 4, 40% width of the circumference; (E) control, no defect; defect A, 27% of the diaphyseal length; defect B, 40% of the diaphyseal 
length; defect C, 53% of the diaphyseal length.
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2A). Furthermore, there was a strong linear correlation 
between the experimental stiffness and the FE-predicted 
stiffness (R2=0.68, p<0.001) (Figure 2B).

Experiment 2
The median FE-predicted fracture loads were 453 
(396.5–741) N for the control (no defect), 409 (389.-
5–707) N for defect 1 (10% width), 299 (259–383.5) 
N for defect 2 (20% width), 231 (195–283) N for 
defect 3 (30% width), and 187 (160–201) N for defect 
4 (40% width) (Figure 2C). The FE-predicted fracture 
load of defect 1 was significantly higher than that of 
defects 2 (p=0.0099), 3 (p<0.001), and 4 (p<0.001). 
There was no significant difference between the FE- 
predicted fracture load of the control (no defect) and 
defect 1 (p=0.74).

Experiment 3
The median FE-predicted fracture loads were 453 (396.-
5–741) N for the control (no defect), 409 (389.5–707) 
N for defect A (27% length), 401 (377–582) N for defect 
B (40% length), and 377 (354–496) N for defect C (53% 
length) (Figure 2D). Regarding the FE-predicted fracture 
load, there were no significant differences among defects 
A (p=0.51), B (p=0.26), and C (p=0.64).

Discussion
Biopsy is an essential tool not only for histological con-
firmation but also for subsequent therapeutic strategies; 
thus, it is useful to find a solitary bone lesion with unusual 
radiological features suggesting malignancy.2 During bone 
biopsy, a hole is often made in the cortex wall of the bone 
affected by the tumor. However, weakening of the 
bone may occur following the procedure.2 The weakened 
bone causes pathological fractures, which could lead to 
malignant tumor contamination that can then spread 
rapidly.2 It is not easy to judge the surgical safety margin 
radiologically; therefore, a wider margin of normal tissue, 
including the malignant tumor, must be resected.18,19 

Moreover, it would be complicated to remove the malig-
nant tumor along with the pathological fracture. Motor 
function is dramatically reduced after a major surgical 
procedure for a pathological fracture in cases of malignant 
tumors, which negatively impacts the quality of life.20 

Previous reports have indicated a close relationship 
between pathological fracture and poor survival rates.20 

Post-treatment fractures also have negative effects, even 
in cases of benign bone tumors.21 Therefore, bone biopsy 
must be performed as safely as possible. There have been 
few reports on experimental studies of bone tumor biopsy 
parameters for avoiding pathological fractures. Clerks 
introduced the relationship between biopsy hole shape 
and size in 1977.9

We also demonstrated that the optimal shape of the 
bone tumor biopsy hole using the rabbit femoral head 
compression test was a rectangle with narrow width.11 

Furthermore, it was established by the rabbit femoral 
head compression test that the width of the defect is 
related to the fragility of the affected bone.12 

Nevertheless, we were unable to determine whether the 
numerical value of the compression test and the part of the 
femur anatomically fractured were correlated with those 
of FEA.

We planned to perform the femoral head compres-
sion test from the femoral head to the direction of the 
mechanical axis by assuming bipedal walking as the 
method of the present study, as in a previous 
report.11,12 Although there is controversy regarding the 
preferential anatomical site of the femur during patho-
logical fracture in patients, we confirmed that the 
numerical value by the compression test and the part 
of the femur anatomically fractured were well correlated 
with that by the FEA in experiment 1 (Table 1 and 

Table 1 Results of Experiment 1

Rabbit 
Femur

FE- 
Predicted 
Fracture 
Load (N)

Fracture 
Location

Experimental 
Fracture Load 
(N)

Fracture 
Location

1 401 Shaft 416 Shaft
2 453 Shaft 486 Shaft

3 392 Shaft 381 Shaft

4 381 Shaft 372 Shaft
5 392 Shaft 370 Shaft

6 429 Shaft 367 Shaft
7 368 Shaft 355 Shaft

8 427 Shaft 499 Neck

9 788 Shaft 742 Shaft
10 704 Shaft 602 Shaft

11 733 Shaft 742 Shaft

12 762 Shaft 577 Shaft
13 749 Shaft 745 Shaft

14 757 Shaft 490 Shaft

15 709 Shaft 772 Shaft

Abbreviation: FE, finite element.
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Figure 2A and B). Furthermore, we created four types of 
rectangular biopsy holes virtually in the cortical wall of 
the rabbit femur to identify the optimal width of the 
bone tumor biopsy using FEA in experiment 2: defect 1 
(10% width), defect 2 (20% width), defect 3 (30% 
width), and defect 4 (40% width), and we compared 

the results of the control (no defect) to those of defects 
1, 2, 3, and 4. We also virtually created three types of 
rectangular biopsy holes for bone tumor biopsy: defect 
A (27% length), defect B (40% length), and defect 
C (53% length); we then compared the results of the 
control (no defect) with those of defects A, B, and, C.

Figure 2 Linear regression analysis of fracture loads and stiffnesses between FEA and experimental results in experiment 1. (A and B) Linear regression line and coefficient 
of determination. Distribution of the FE-predicted fracture load in experiments 2 (C) and 3 (D). Significant differences are marked by an asterisk or hash mark. *p<0.05 (vs 
control); #p<0.05 (vs 10% width).
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There were strong correlations between mechanical 
testing and FEA prediction for both fracture load and 
stiffness in this study (Figure 2A and B). Based on the 
results of this study, we created a box-and-whisker graph 
in experiments 2 and 3 (Figure 2C and D). The sharp 
decrease in bone strength can be predicted if the width 
of the bone defect is greater than 10% of the circumfer-
ence (Figure 2C). Moreover, the bone strength will be 
maintained to some extent even if the length of the bone 
defect is just over 50% of the diaphyseal length (Figure 
2D). Therefore, a biopsy hole of rectangular shape with 
less than 10% width was presumed to be ideal in terms of 
bone strength. Furthermore, these results also correlated 
well with the results of compression tests in our previous 
report.12 However, it will also be essential for us to con-
firm whether the FE-predicted fracture loads on virtually 
created defects will be similar to experimental fracture 
loads on actual defects in the same rabbit femurs.

This study has some limitations. New Zealand white 
rabbits in this study were 1–2 years of age; therefore, there 
may be some differences in bone density. This may also be 
the reason why the results of the experiments are polarized 
around 400 and 800N. However, more importantly, human 
cadavers should have been chosen instead of animal bones 
based on clinical grounds. The position of the defect has 
a great deal of mechanical significance. This is because the 
lateral side is the tension side of the load, and the anterior 
side is perpendicular to it. Bone biopsy is often performed 
at the lateral side of the femoral bone clinically. Therefore, 
holes with the same areas on the lateral side of rabbit 
femurs should have been virtually made. However, even 
making a virtual biopsy hole on the lateral side was very 
difficult because of the extremely narrow surface of the 
bone; hence, we created the hole on the anterior side, 
which has a wider surface. Regarding the cortical thick-
ness, Clerk et al reported that there was no significant 
change in the amount of bone removed in the same cross- 
section.9 Therefore, there seem to be no significant differ-
ences in bone strength between a fan and a rectangular 
shape. A rectangular shape with rounded ends may be 
ideal regarding bone strength.9 Further studies using FEA 
investigating the notch factor are warranted; however, it is 
also essential to perform bone tumor biopsy quickly 
because of concerns regarding tumor contamination and 
a large amount of blood loss. Therefore, the creation of 
a rectangular hole with rounded ends may be very difficult 
on clinical grounds. The most important limitation was 
that only the results of the femoral head compression test 

were used to verify the data. Torsion testing data should 
have been added to obtain more accurate results. 
Clinically, the material properties of bone that has been 
eroded by tumor cells may also differ from those of 
healthy material. Therefore, the mechanical strength may 
be reduced in addition to the strength lost in the bone 
biopsy. There are numerous differences between humans 
and rabbits because rabbits are quadrupeds, whereas 
humans are bipeds. On the whole, we need to determine 
whether the results of the present study can be adapted to 
those in humans by investigating CT images of patients 
with femoral bone tumors and conducting FEA in the 
future.

Conclusion
This study assessed the risk factors of pathological fracture 
after bone tumor biopsy using FEA. We verified that the 
fragility of the affected bone can be predicted by investi-
gating bone strength using FEA. Therefore, it may be 
valuable for orthopedic oncologists to use FEA before 
performing bone biopsy. FEA also indicated that the opti-
mal bone biopsy shape is rectangular with less than 10% 
of the width of the circumference in the cortex wall. If 
a larger amount of tumor tissue is required, the biopsy hole 
should be elongated longitudinally.

Abbreviations
FEA, finite element analysis; FE, finite element; CT, com-
puted tomography; HU, Hounsfield units.
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