
Abstract. Aim: This study aimed to identify the risk of
pathological fractures after bone tumour biopsy. Materials
and Methods: Fifty rabbit femurs were divided into groups
according to defect size: Control (no defect), type 1 (10%
width), type 2 (20% width), type 3 (30% width), and type 4
(40% width). Another 20 were also divided into control, type
A (27% length), type B (40% length), and type C (53%
length) groups. Performing femoral head compression
testing allowed each parameter (maximum load,
displacement, elastic modulus, and fracture energy) to be
calculated individually. Results: Compressive maximum load
was significantly higher for type 1 than for the other types
when testing rectangular defects of different widths, while
there were no significant differences between the three types
when testing by defect length. Conclusion: It may be useful
for orthopaedic oncologists to make a rectangular biopsy
hole with a width measuring less than 10% of the
circumference and to enlarge the hole longitudinally to avoid
pathological fracture. 

Bone tumours are relatively uncommon and comprise a wide
variety of histological types depending on whether they are
benign, malignant, or intermediate (1, 2). Orthopaedic
surgeons usually require a pathological diagnosis to
determine the treatment strategy, particularly in cases where
a malignant bone tumour is suspected. The requisite biopsy
procedure involves the creation of a biopsy hole in the cortex
wall of the affected bone, from which a piece of the tumour
tissue (sample) is obtained (3). However, this procedure may

result in severe complications, including copious bleeding,
expansion of malignant tumour contamination, and risk of
pathological fracture due to weakening of the bone (3, 4). 
In Japan, the surgical procedure is typically determined
based on the new Katagiri score for the following factors:
Primary site, Eastern Cooperative Oncology Group
performance status before fracture, the degree of bone
destruction, general complications, multiple bone metastases
at other sites, prior treatment with chemotherapy, and a
history of visceral metastasis (5). Regarding bone
destruction, in 1981, Mirels et al. proposed a scoring system
for the prediction of fracture wherein the location and size
of bone metastasis, several radiographic factors, and the
degree of pain were assessed (6). Furthermore, there have
been reports about significant risk factors for pathological
fracture due to bone metastases (7, 8).
However, a few reports have discussed bone strength
following bone biopsy, and there have been only minimal
experimental investigations using human cadavers or animal
bone models (9). It is essential to reduce the risk of
pathological fracture resulting from a bone biopsy procedure.
The optimal shape for a bone tumour biopsy has been shown
to be rectangular (10). Although a relationship between the
width of the biopsy opening and the fragility of the affected
bone has been suspected, no threshold associated with the
prevention of pathological fracture has been set. Therefore,
we hypothesized that the wider the biopsy opening, the more
fragile the affected bone would be.
The purpose of this study was to quantify geometrical

factors of rectangular biopsy holes (width and length)
associated with the risk for pathologic fracture after bone
tumour biopsy, using the rabbit femoral head compression test.

Materials and Methods
Animals. Fifty female New Zealand White rabbits aged 1-2 years
and weighing between 3500-4500 g were purchased from SLC
Japan (Shizuoka, Japan) and housed individually, with free access
to food and water. They were euthanised with an overdose of
intravenously administered sodium pentobarbitone (800 mg/kg), and
their hind limbs were dissected. After the creation of defects
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according to experiments below, the femurs underwent femoral head
compression testing as described below. This study was approved
by our Institutional Review Board (no. 17031). 

Experiment 1. The femur specimens were kept in a freezer at −20˚C
for 2 weeks after harvesting and stored in a saline solution prior to
the test. Before mechanical testing, the femurs were removed from
frozen storage and saturated in tepid saline while keeping them moist. 
Based on a previous study, we decided that the location of bone

fenestration should be the femoral shaft (10). A Stryker Total
Performance System high-speed drill (Stryker Instruments,
Kalamazoo, MI, USA) with a diamond burr, set at 60,000 rpm, was
used to create holes in the bone. The femurs were randomly
assigned to four groups with 10 samples each. Each group included
a rectangular hole artificially created on the femoral shaft, all of the
same length and at the same site but of four different widths. Each
diagonal intersection of these holes was situated at 1.5 cm distal to
the lesser trochanter on the front surface of the femoral shaft. Type
1 was 2.6-3.0 mm × 12 mm (10% of the circumference); type 2 was
5.2-6.0 mm × 12 mm (20% of the circumference); type 3 was a 7.8-
9.0 mm × 12 mm (30% of the circumference); and type 4 was 10.4-
12.0 mm × 12 mm (40% of the circumference) (Figure 1A).

Experiment 2. Before mechanical testing, both femurs were
removed from frozen storage and saturated in tepid saline for the
bone to be drilled while keeping the femur moist. The drill and
calibration used to create holes in the bones were similar to those
in experiment 1. The femurs were assigned to three groups, with
each group comprising 10 samples. The three groups included three
types of artificially created, rectangular defect of the same width at
the same site on the femoral shaft but of three different lengths.
These holes were all centered around 1.5 cm distal to the lesser
trochanter on the front surface of the femoral shaft. Type A was 2.6-
3.0 mm × 12 mm (10% of the circumference × 27% of the
diaphyseal length); type B was 2.6-3.0 mm × 18 mm (10% of the
circumference × 40% of the diaphyseal length); and type C was a
2.6-3.0 mm × 24 mm (10% of the circumference × 53% of the
diaphyseal length) (Figure 1B). 

Femoral head compression test. The femoral head compression test
was conducted using EZ Graph software (Shimadzu Corp., Kyoto,
Japan). The test was set up using upper and lower jigs and a
cylindrical holder, oriented such 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 upper jig
in contact with the femoral head was designed to be flat; it was
designed such that any interference with the femur diaphysis during
the compression test was avoided (Figure 1C). 
A compression load was then applied at a rate of 10 mm/min.

The compression direction was parallel to the mechanical axis, and
the compression test was performed until the femur specimens
fractured. The magnitude of the applied load and displacement was
continuously recorded. From the test results, maximum load (N),
displacement (mm), elastic modulus (N/mm2), and fracture energy
(N•mm) were calculated (Figure 1D). Elastic modulus was
calculated between 20% and 80% of the maximum fracture load
using the load-displacement curve. 
The maximum load was the maximum value of loading increase

during the mechanical testing. A maximum load indicates more

difficulty in fracturing the femur. Displacement was the distance
travelled by the femoral head between the start of the experiment
and the moment of fracture. A larger displacement indicates more
difficulty in fracturing the femur, i.e. it was easy to bend. The elastic
modulus is strongly correlated with stiffness, so that the numerical
value of the elastic modulus is a measure of the material’s rigidity.
Fracture energy was equal to the area under the load-displacement
curve. Larger fracture energy values indicate more difficulty in
fracturing the femur.

Statistical analysis. Data were analysed using the Kruskal–Wallis
test. The Steel–Dwass test for multiple comparisons was performed
to compare the groups within each experimental set-up in terms of
the following four parameters: maximum load, displacement, elastic
modulus, and fracture energy. Statistical analysis was performed
using the Excel statistical software package (Ekuseru-Toukei 2015;
Social Survey Research Information Co., Ltd., Tokyo, Japan) for
Windows, and p-values less than 0.05 were considered statistically
significant.

Results

Experiment 1. The median maximum compressive load (N)
of each group recorded during mechanical testing was as
follows: Control (no defect)=638.0, type 1 (10%
width)=590.3, type 2 (20% width)=227.8, type 3 (30%
width)=158.8, and type 4 (40% width)=133.9 (Figure 2). The
maximum compressive load of type 1 was significantly
higher than that of types 2 (p=0.006), 3 (p=0.0026), and 4
(p=0.002) (Figure 2). No significant difference was observed
between the maximum compressive loads of the control (no
defect) and type 1 (p=0.991, Figure 2).
The median displacements of the groups were 2.375,

2.172, 1.174, 0.869, and 0.997 mm, respectively (Figure 2).
The displacement of type 1 was significantly higher than that
of types 2 (p=0.01), 3 (p=0.006), and 4 (p=0.03) (Figure 2).
No significant difference was observed between the
displacements of the control and type 1 (p=0.7, Figure 2). 
The median elastic modulus of the control, type 1, type 2,

type 3, and type 4 groups were 34,116.5, 33,649.1, 19,907.2,
24,810.0, and 24,122.9 N/mm2, respectively (Figure 2). No
significant differences were observed between the control
and other groups (p=0.068, Figure 2).
The median fracture energies were 995.82, 604.25, 134.09,

74.304, and 52.421 N mm, respectively (Figure 2). The
fracture energy of type 1 was significantly higher than that of
types 2 (p=0.008), 3 (p=0.003), and 4 (p=0.002) (Figure 2).
No significant differences were observed between the fracture
energies of the control and type 1 (p=0.092, Figure 2).

Experiment 2. The median maximum compressive loads of
the control, type A (12 mm length, 27%), type B (18 mm
length, 40%), and type C (24 mm length, 53%) groups
recorded during mechanical testing were 638.0, 590.3, 495.9,
and 421.1 N, respectively (Figure 3). No significant
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differences were observed between the control and other
groups (p=0.06, Figure 3). 
The median displacements were 2.375, 2.172, 1.659, and

1.556 mm, respectively (Figure 3). The displacement of

types B and C was significantly lower than that of the
control (p=0.005 and p=0.02, respectively; Figure 3). 
The median elastic moduli were 34,116.5, 33,649.1,

39,647.2, and 25,712.1 N/mm2, respectively (Figure 3). No
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Figure 1. Femoral head compression test. A: Representative specimens showing the artificially created bone biopsy hole in the different groups of
experiment 1: Control, no defect; type 1, 10% width of the circumference; type 2, 20% width; type 3, 30% width; type 4, 40% width. B: Representative
specimens showing the artificially created bone biopsy hole in groups of experiment 2: Control, no defect; type A, 12 mm length (27% of the diaphyseal
length); type B, 18 mm length (40%); type C, 24 mm length (53%). C: The compression direction was parallel to the mechanical axis. D: The
compression test was completed when the femur specimen fractured. A load-displacement curve of the extrinsic properties of a specimen is shown. The
main parameters derived from these measurements are maximum load (N), displacement (mm), elastic modulus (N/mm2), and fracture energy (N mm). 



significant differences were observed between the control
and the other groups (p=0.1, Figure 3).
The median fracture energies were 995.82, 604.25,

358.33, and 300.73 N mm, respectively (Figure 3). The
fracture energy of types B and C was significantly lower
than that of the control (p<0.001 and p=0.001, respectively,
Figure 3). No significant difference was observed between
type A, B, or type C (p=0.27, p=0.17, and p=0.95,
respectively, Figure 3). 

Discussion

Biopsy is a key tool in definitive diagnosis and is especially
valuable in patients who may have single bone metastasis or
abnormal radiological characteristics that are suggestive of
malignant bone tumours (3). Orthopaedic surgeons often make
a biopsy hole in the cortical wall of the affected bone to obtain
pieces of tumour tissue. However, in some cases, this
procedure itself may be a risk factor of weakening the bone
(3). Pathological fracture of fragile bone results in tumour
contamination, particularly if the tumour is malignant (3). It
is challenging to define radiologically the surgical margin
safely; therefore, more curative margins of safety tissues,
including the tumour, should be sacrificed (11, 12). Moreover,
physical performance would be reduced after surgical
treatment of pathological fracture in malignant tumours; thus,
pathological fractures adversely affect quality-of-life outcomes
(13). A close relationship between pathological fracture and
poor survival rates of patients has been reported (13). The rate
of local recurrence in patients with pathological fracture was
significantly higher than that in those without; this may
explain the poorer survival in patients with pathological
fracture (13). Furthermore, fractures after treatment similarly
have negative effects, even if the bone tumour was benign
(14). Therefore, biopsy should be conducted safely as far as
possible. However, there are a few reports of experimental
investigations of bone tumour biopsy for avoiding
pathological fractures. Clerk et al., in 1977, indicated the
mechanism underlying the relation between the shape of the
biopsy hole and bone strength (8).
A previous study showed that the optimal shape of the

bone tumour biopsy hole using the rabbit femoral head
compression test was a rectangle with a narrow width (10).
However, the study was unable to validate the concrete
numerical value associated with the reduction in fracture
risk. Therefore, in this investigation, we made a biopsy hole
in the cortical wall of the rabbit femur and employed the
rabbit femoral head compression test to identify the optimal
width and length of bone tumour biopsy hole.
Regarding the maximum load and fracture energy in

experiment 1, no significant difference was observed between
the control and type 1, while the bone strength of a femur with
a hole more than 20% width was significantly lower than that

of the control (Figure 2). Moreover, the maximum load and
fracture energy of type 1 were also significantly higher than
that of the other experimental types, whilst no significant
difference was observed between types 2, 3, and 4. 
Displacement of the femur with a hole more than 20% in

width was also significantly lower than that of a femur
without a defect. In our study, the displacement of type 2
was approximately half that of the control. No significant
differences were observed among the groups regarding the
elastic modulus, suggesting that the presence of a structural
defect, such as a biopsy hole, in a femur did not cause
significant impairment compared to a femur without a defect.
Therefore, it was concluded that the rigidity of the rabbit
femur was maintained after artificially making the biopsy
hole in experiment 1.
In experiment 2, no significant difference was observed in

the maximum load of a femur with a hole and that of a femur
without defect (Figure 3). Displacement and fracture energy
of a femur with a type B or C hole were significantly lower
than that of a femur without a defect, whilst there were no
significant differences in the elastic modulus. Therefore, the
data from experiment 2 verified that the maximum load of
the rabbit femur was maintained even after creation of
rectangular holes, and that increasing the lengths of these
holes, up to a maximum length of 24 mm (53% of the
diaphyseal length), did not alter this finding. 
Based on the above results, the decrease in bone strength

concerning the width of a defect is not predicted in a
straight-line graph; however, it is rather revealed by a sharp
decrease if the width of the bone defect is more than 10% of
the circumference (Figure 2). Regarding defect length, bone
strength may be somewhat maintained, even if the length of
the bone defect is just over 50% of the diaphyseal length
(Figure 3). 
This study has several limitations. Ideally, human cadavers

should have been used instead of animal bones based on
clinical grounds. Moreover, a bone biopsy is often performed
on the lateral side of the femoral bone in clinical settings.
Therefore, experimental holes should have been made in the
same areas on the lateral side of the rabbit femurs. However,
it was challenging to make an accurate biopsy hole in the
cortex wall on the lateral side because of the extremely narrow
surface of the bone; therefore, we made the hole in the anterior
side, on the wide surface. Based on our previous study
regarding the shape of the biopsy hole, we made only
rectangular holes in this study (10). Clerk et al. indicated that
a rectangular hole with rounded ends was optimal regarding
bone strength (9). Further studies investigating the notch factor
are warranted; however, it is better to perform bone tumour
biopsy quickly because of concerns regarding tumour
contamination and a large amount of blood loss, which could
render the creation of a rectangular hole with rounded ends
difficult on clinical grounds. Furthermore, we should have
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Figure 2. Load-displacement curves of each femur in the femoral head compression test for groups of experiment 1 with different defect widths as
a percentage of the circumference: Control, no defect; type 1, 10% width; type 2, 20% width; type 3, 30% width; and type 4, 40% width. The
distributions of maximum load, displacement, elastic modulus, and fracture energy are shown. Significantly different at: **p<0.01 vs. control;
#p<0.05, ##p<0.01 vs. type 1.
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Figure 3. Load-displacement curves of each femur in the femoral head compression test for groups of experiment 2 with different defect lengths as
a percentage of diaphyseal length: Control, no defect; type A, 12 mm length (27%); type B, 18 mm length (40%); and type C, 24 mm length (53%).
The distributions of maximum load, displacement, elastic modulus, and fracture energy are shown. Significantly different at: *p<0.05, **p<0.01,
***p<0.001 vs. control. 



examined the effect of temperature on creating holes. A
previous report indicated that the heat generated by creating a
larger hole would considerably weaken the affected bone
compared to that for a small hole (15). A further limitation is
the differences between humans and rabbits because rabbits are
quadrupeds, while humans are bipeds. These disparities imply
that the results of animal experiments are not always related to
those in humans. The most crucial limitation was that only the
results of the femoral head compression test were applied to
verify the data. The data of the torsion test should have been
added to obtain more comprehensive results. Similarly, we
should have considered the cortical thickness (inner and outer
diameter) and the bone quality (mass, micro-structure, density)
as risk factors for fracture. Regarding the cortical thickness,
Clerk et al. demonstrated that there was no significant change
in the amount of bone removed in the same cross section (9).
However, it was extremely difficult for us to conduct a
mechanical test, including these risk factors for fracture. 
In conclusion, this study quantified the geometrical factors

of rectangular biopsy holes (width and length) associated
with pathological fracture after bone tumour biopsy using a
rabbit femoral shaft biopsy model. To minimise the risk of
fracture, it may be useful for orthopaedic oncologists to
make a rectangular biopsy hole with a width measuring less
than 10% of the circumference, in the cortex wall.
Furthermore, it may be important to fairly enlarge the biopsy
hole longitudinally (just over 50% of the diaphyseal length)
to obtain sufficient quantities of tumour tissue.
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