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Abstract

Background: Physiological saline (0.9% NaCl) and acetone are extensively used for storage (as well as hydration)
and removal of bone marrow, respectively, of cancellous bone during preparation and mechanical testing. Our study
aimed to investigate the mechanical properties of cancellous bone subjected to short-term immersion in saline and
acetone treatment with subsequent immersion in saline.

Methods: Cylindrical samples (@6 x 12 mm) were harvested from three positions (left, middle, and right) of 1
thoracic vertebral body, 19 lumbar vertebral bodies, and 5 sacral bones, as well as from 9 femoral heads. All samples
were divided into two groups according to the different treatments, (i) samples from the left and middle sides were
immersed in saline at 4°C for 43 h (saline-immersed group, n=48); (i) samples from the respective right side were
treated with a combination of acetone and ultrasonic bath (4 h), air-dried at room temperature (21°C, 15 h), and then
immersed in saline at room temperature (21°C, 24 h) (acetone and saline-treated group, n=38). All samples were
subjected, both before and after treatment, to a non-destructive compression test with a strain of 0.45%, and finally
destructive tests with a strain of 50%. Actual density (0,,), initial modulus (£,), maximum stress (0,,,,), energy absorp-
tion (W), and plateau stress (op) were calculated as evaluation indicators.

Results: Based on visual observation, a combination of acetone and ultrasonic bath for 4 h failed to completely
remove bone marrow from cancellous bone samples. The mean values of o, 0.y W, and o, were significantly
higher in the femoral head than in the spine. There was no significant difference in £, between non-treated and
saline-immersed samples (non-treated 63.98 £ 20.23 vs. saline-immersed 66.29 +20.61, p=0.132). The average £, of
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vs. acetone and saline-treated 74.97 +23.98, p=0.043).

acetone and saline-treated samples was significantly higher than that of non-treated ones (non-treated 62.17 +21.08

Conclusion: Short-term storage in physiological saline is an appropriate choice and has no effect on the £, of cancel-
lous bone. Treatment of cancellous bone with acetone resulted in changes in mechanical properties that could not
be reversed by subsequent immersion in physiological saline.

Keywords: Cancellous bone, Mechanical properties, Physiological saline, Acetone, Bone marrow
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Background

Knowledge of the mechanical properties of cancellous
bone is beneficial not only for understanding degenera-
tive bone diseases such as osteoporosis and osteoarthritis
[1-3], but also for the development of bone grafting tech-
niques and substitute materials, as well as their clinical
application in trauma and orthopaedic surgery [3-5].

Experimental studies addressing the mechanical
properties of cancellous bone are often conducted on
the cadaveric bone to reflect in vivo performance. To
simulate in vivo conditions, bone samples are typically
immersed in physiological saline during preparation and
mechanical testing [6—9]. One question arises, whether
the mechanical properties of cancellous bone are affected
by storage in physiological saline. Previous reports on this
subject have mainly concentrated on cortical bone [10,
11]. However, cancellous bone differs significantly from
cortical bone in terms of compositional characteristics,
microstructure, and mechanical performance [1, 12]. The
influence of physiological saline storage on the mechani-
cal properties of cancellous bone may differ from that of
cortical bone. To date, it remains unclear the length of
time that cancellous bone can be stored in physiological
saline without affecting the mechanical properties.

Apart from that, several studies have reported that the
presence of bone marrow has a significant effect on the
mechanical properties of cancellous bone [6, 8, 9]. Thus,
mechanical properties will be variable depending on
whether the samples are tested with or without marrow.
Of which, the chemical composition of yellow marrow
is 80% lipid, 15% water, and 5% protein, and the fat con-
tent increases with age [13]. Consequently, acetone, as a
classic defatting solvent, has been commonly used in the
laboratory to remove bone marrow from cancellous bone
samples [14—16]. Another question arises, whether there
are any differences between the mechanical properties of
non-treated bone and bone subjected to immersion in
physiological saline after treatment with acetone. On this
topic, Fischer et al. [17] found that there was a significant
difference in mechanical properties between non-treated
bone samples and those treated with acetone. However,
their study did not immerse the acetone-treated samples
anymore. Hence, it was unclear if the changes in mechan-
ical properties after acetone treatment could be reversed

by subsequent immersion in physiological saline. More-
over, current studies investigating the influence of bone
marrow removal on the mechanical properties of cancel-
lous bone are few and mostly limited to animal bones [8]
or human bone from a single anatomical site [17]. Due
to the varying loads, the density and microstructure of
human cancellous bone differ from those of animals,
resulting in some variability in mechanical properties
[18]. Meanwhile, human cancellous bone exhibits a high
variance in mechanical properties due to the different
anatomic sites [19, 20].

To address these issues, the given experimental study
aimed at investigating the mechanical properties of
human cancellous bone subjected to different treatments,
i.e., short-term immersion in physiological saline and
acetone treatment with subsequent immersion in physi-
ological saline.

Methods

Donors

Donor bones were collected within a maximum of 24 h
post-mortem, and then stored at —80°C (fresh and ana-
tomically unfixed condition). All bones were harvested
from given donors through the same procedure. Eventu-
ally, 1 thoracic vertebral body (T;,), 19 lumbar vertebral
bodies (L;_5), 5 sacral bones (S;_;), and 9 femoral heads
were obtained from 5 donors without fractures (based
on CT-images), with an average age of 81 years (range:
65-91 years, 3 males and 2 females).

Moreover, all body donors had given their informed
and written consent to the donation of their bodies for
teaching and research purposes while alive. Being part
of the body donor program is regulated by the Saxo-
nian Death and Funeral Act of 1994 §18 (8), institutional
approval for the use of post-mortem tissues from human
body donors was obtained from the Institute of Anatomy
of our University. The authors declare that all experi-
ments were performed in accordance with the principles
of the Declaration of Helsinki.

Sample preparation

The harvested donor bones were stored in a freezer
at—80°C for 5 years (range: 4-6 years) and thawed in a
refrigerator at 4°C for 48 h prior to mechanical testing. The
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main steps of our experiment were presented in the form of
a flow chart (Fig. 1).

Femoral heads

Cylindrical cores (@6 mm) were collected from femo-
ral heads using a tenon cutter and a stationary drilling
machine in the superior-inferior direction along with
main trabecular orientation (Fig. 2A1-C1), as previously
described [21]. The proximal and distal ends of each core
were marked separately. Finally, the cylindrical cores were
fixed in 3D-printed jaws to be cut with a diamond saw to
obtain the samples to be tested (Fig. 2D-E).

Spine

Cylindrical cores (06 mm) were harvested from three posi-
tions (left, middle, and right) of 1 thoracic vertebral body
(T3, 19 lumbar vertebral bodies (L, 5), 5 sacral bones
(S;_5) along the long and midline axis using a tenon cutter
and a stationary drilling machine (Fig. 2A2—C2). Similarly,
the proximal and distal ends of the cylindrical cores were
marked and cut with a diamond saw to obtain the samples
to be tested.

In this study, a sample geometry of @6 x 12 mm was
used. As suggested by Keaveny TM et al. [22], a 2:1 cylinder
with a minimum diameter of 5 mm would be sufficient to
satisfy the continuum assumption. Also, cylindrical sam-
ples with a diameter of 6 mm were adopted in our study
to ensure that they could be obtained from all anatomical
sites, as the size of lumbar vertebrae varies with height and
gender.

To standardize the measurement criteria and reduce
deviations caused by the fluid flow of bone marrow, the
weight (m1,;,) of each sample was measured with a precision
scale in the frozen state. The diameter and length of each
sample were measured with a caliper (accuracy 0.02 mm)
to calculate a total volume (V,). Based on these test param-
eters, the actual density (p,.) [23] of samples was calcu-
lated as follows:

Total volume : vy = 7r(d/2)2l

(1)

Actual density : pac; = "air/, 0 )

Group assignment and treatments
In total, 86 samples (spinal vertebrae, #=63 vs. femoral
head, n=23) were harvested, and then divided into two
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groups, saline-immersed group (n=48), as well as acetone
and saline-treated group (n=38). Samples in the saline-
immersed group were from the left (#=18) and middle
(n=21) sides of spinal vertebral bodies, as well as the left
femoral heads (n=9). Samples in the acetone and saline-
treated group were from the respective right side (Fig. 2).
All samples were wrapped in plastic foil and stored in a
freezer at—20°C for 16 h depending on the working time
regulations of our laboratory. Then, all frozen samples were
thawed in physiological saline at room temperature (21°C)
for 1 h [24] after completing density measurements.

The samples in the saline-immersed group were
immersed in physiological saline and placed in a refrig-
erator at 4°C for 43 h. Prior to testing, samples were
removed from the 4°C refrigerator and placed at room
temperature (21°C), followed by mechanical testing. The
samples in the acetone and saline-treated group were
subjected to a combination of acetone and ultrasonic
bath for 4 h, the main parameters of ultrasonic cleaner
are shown in Table 1. The water within the tank was
replaced once at the end of a cycle (20 min) to avoid dam-
aging the mechanical properties of samples due to exces-
sive water temperature [14]. After treatment, all samples
were air-dried at room temperature (21°C) for 15 h, fol-
lowed by immersion in physiological saline for 24 h at
room temperature (21°C) [25-27].

Before and after treatment, samples were photo-
graphed with a digital camera. The clearer the pores and
the whiter the color of the sample, the more effective the
treatment proved to be.

Mechanical testing

Uniaxial compression tests were performed using a
servo-electric single-axis testing machine equipped with
a 2.5 kN force transducer at room temperature (21°C)
(Fig. 2F). In order to eliminate the end-artifacts, the ends
of samples were glued to brass plates with cyanoacrylate
[28]. Of which, samples in the acetone and saline-treated
group need to be glued twice before and after treatment
due to the dissolution effect of acetone on cyanoacrylate.
All samples were subjected, both before and after treat-
ment, to a non-destructive compression test with a strain
of 0.45%, and finally a destructive test with a strain of
50%. The samples were stored in physiological saline (at
room temperature, 21°C) during the process of mechani-
cal testing (within a maximum of 30 min) to prevent
drying.

(See figure on next page.)

Fig. 1 The flow chart of the main steps in our experiment. "Human donors (n= 34) included 1 thoracic vertebral body (T5), 19 lumbar
vertebral bodies (L,_s), 5 sacral bones (S,_s), and 9 femoral heads. 2CyHndrica\ samples (@6 x 12 mm, n=86) were obtained using a tenon cutter
and a stationary drilling machine, including 63 samples obtained from spinal vertebral bodies and 23 samples collected from femoral heads.
3Saline-immersed group: the samples from the left and middle sides of spinal vertebral bodies and femoral heads. *Acetone and saline-treated
group: the samples from the respective right side of spinal vertebral bodies and femoral heads
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Saline-immersed group

"Donor bones (n=34), stored in a freezer

at -80°C.

v

*Cylindrical samples (@6 x12mm, n=86).

v

Stored in a freezer at -20°C (16h),
3saline-immersed group, “acetone and

saline-treated group.

v

Measuring actual density (Pae) of

samples in the frozen state.

v

Thawed in a refrigerator at 4°C

for 48h.

v

The ends of samples were glued to brass

plates with cyanoacrylate.

v

First non-destructive test (0.45% strain,

0.012mm/min).

v

Thawed in physiological saline at

room temperature (21°C) for 1h.

¢ Acetone and saline-treated group

Immersed in physiological saline and

placed in a refrigerator at 4°C for 43h.

Treated with a combination of acetone
and ultrasonic bath for 4h, air-dried 15h,
and then immersed in physiological saline

for 24h at room temperature (21°C).

Fig. 1 (See legend on previous page.)

\ 4

Second non-destructive test with same

procedure.

v

Followed by a destructive test (50%

strain) for all samples (N=85)

v

Data evaluation and statistical analysis
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samples were tested after being glued to the platens with cyanoacrylate

Fig. 2 Sample preparation: A1 shows the location of the femoral head samples within the available region. B1 The main trabecular orientation
was visible after cutting. C1 The femoral head was fixed in the clamping jaws and then drilled in the superior-inferior direction along with the main
trabecular orientation. A2-C2 Cylindrical cores were harvested from three positions (left, middle, and right) of 1 thoracic vertebral body (T;,), 19
lumbar vertebral bodies (L,_s), and 5 sacral bones (S;_s) along the long and midline axis. D, E The cores were cut into samples (@6 x 12 mm). F The

The non-destructive testing procedure started with
the application of a preload of 5 N where zero strain
was defined. The samples reached 0.45% strain at
a constant deformation rate of 0.012 mm/min [6].
Destructive testing was conducted as described by
Metzner et al. [21] with the following changes. Testing
speed was set to 0.012 mm/s for the first 10% strain
and a follow-up speed of 0.12 mm/s. No hysteresis
loop was conducted as the modulus was calculated

during non-destructive testing. The test was stopped
at 50% strain, and then maximum stress (o, and
plateau stress (o,) were calculated. Figure 3 presents
typical non-destructive and destructive stress—strain
curves. It is discussed in terms of stress (axial com-
pressive load divided by the apparent cross section
area) against the strain (displacement divided by the
initial length). In addition, Table 1 describes the main
data of the materials and equipment used in the pre-
sent study.
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Table 1 The main data of materials and equipment used in the present study

Material and equipment Manufacturer and/or batch number Model and/or parameter
Physiological saline Fresenius Kabi AG, Bad Homburg, Germany. 13QIP251 0.9% NaCl
Acetone Carl Roth GmbH 4 CoKG, Karlsruhe, Germany. 2006622 Purity > 99.7%, concentra-

tion >99.5%, molar mass:
58.08 g/mol, density: 0.79 g/
ml

Ultrasonic cleaner Gute ultrasonic Co,, Ltd, Guangdong, China VGT-1730QTD. Ultrasonic

power 100 W, ultrasonic
frequency: 40 kHz, heating

power 100 W
Tenon cutter FAMAG-Werkzeugfabrik GmbH & Co. KG, Remscheid, Germany FAMAG Series 1616
Stationary drilling machine Robert Bosch GmbH Power Tools, Leinfelden-Echterdinge, Germany PBD 40
Diamond saw EXAKT Advanced Technologies. GmbH, Norderstedt, Germany EXAKT 310
Precision scale Mettler-Toledo GmbH, Gieen, Germany ML303T/00
Digital camera Canon INC. Tokyo, Japan Canon EOS 70D
Servo-electric single-axis testing Zwick/Roell, Ulm, Germany Allroundline Z10

machine

16

14

1.2

0.8

Stress [MPa)

0.6

04

0.2 - -

0 10 20 30 40 S0 60

Strain [%]
Fig. 3 Typical non-destructive and destructive stress—strain curves of a cancellous sample plotted with the evaluation of deformed shape. £; initial
modulus (0-0.2% strain, MPa), £,.... maximum modulus (0-0.2% strain, MPa), 0,,,,, maximum stress (MPa), Op: plateau stress (20%-40% strain, MPa)

Data evaluation and statistical analysis USA). The initial modulus (E;), defined as the slope at
The test data were computed and analyzed using textX-  zero strain of a second-order polynomial fit to the por-
pert III (ZwickRoell GmbH & Co KG, Ulm, Germany), tion of the stress—strain curve from 0-0.2% strain [29],
MATLAB 2011 (MathWorks, Natick, MA, USA), and was compared with the maximum modulus (E,,,) cal-
Excel 2013 (Microsoft Corporation, Redmond, WA, culated by the maximum slope of the stress—strain curve
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from 0-0.2% strain (Fig. 3). If the difference between E,
and E_,, was more than 5%, the sample was not included
in the evaluation. This excluded samples with a "toe-
region" in the stress—strain curve, which is an indication
of an end-artifact.

Statistical comparison of the data was performed using
the SPSS 23.0 (Statistical Package for Social Science,
IBM, USA). The Shapiro—Wilk test was used to deter-
mine the distribution of the data. If the variables were
normally distributed, the Student’s t-test was used for
data sets, and either independent or paired t-tests were
employed depending on the samples being from between
or within groups, respectively. Otherwise, the Wilcoxon-
test or Mann—Whitney U test was used for data sets,
depending on paired or independent samples. Consecu-
tive data were summarized as mean =+ standard deviation
(X £ SD). Statistical significance was set at p < 0.05.

Results

The most of cylindrical cores (n=45) from the spinal ver-
tebrae were approximately 15-20 mm in length, and only
one sample (6 x 12 mm) was obtained from each core.
There were 9 cores, each of which can obtain 2 samples
due to longer lengths (about 26 mm). Cylindrical cores
(n=8) from the femoral heads were about 42 mm in
length. So, three samples can be obtained from one cylin-
drical core. Of these, one sample was damaged during the
cutting. Finally, 86 samples (spinal vertebrae, n=63 vs.
femoral head, n=23) were subjected to non-destructive
testing, of which 85 were included in the destructive test-
ing as one fractured before testing.
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A total of 18 samples (spinal vertebrae, n=5 vs. fem-
oral heads, n=13) were excluded since the difference
between E; and E,,, was more than 5%. Additionally, 15
samples (spinal vertebrae, n=12 vs. femoral heads, n=3)
had to be excluded due to other methodologic errors.
This was done to exclude any samples with experimen-
tal artifacts leading to an underestimation of mechanical
properties, which referred to previous research [30, 31].
For the saline-immersed group, 31 samples were from
spinal vertebral bodies (left site, =12 vs. middle side,
n=19), and 4 samples were from left femoral heads. For
the acetone and saline-treated group, 15 samples were
from the right site of spinal vertebral bodies, and 3 sam-
ples were from left femoral heads. Finally, 53 samples
(saline-immersed group, n=35 vs. acetone and saline-
treated group, n=18) were included. More detailed data
could be available in the Additional files 1 and 2.

Bone marrow removal efficiency

After being treated with a combination of acetone and
ultrasonic bath for 4 h, the samples still contained a cer-
tain amount of bone marrow based on visual observation.
Furthermore, three samples from one cylindrical core
were split longitudinally and vertically through the center,
the remaining lipids in the deeper pores could be visu-
alized more clearly (Fig. 4). Hence, we could tentatively
assume that a combination of acetone and ultrasonic
bath for 4 h failed to completely remove bone marrow
from cancellous bone samples (06 x 12 mm), not only
in relatively dense femoral samples, but also in low-den-
sity lumbar and sacral bone samples. Nevertheless, our

B2

Fig. 4 The appearance of non-treated, as well as acetone and saline-treated samples. A1-A2 the low-density sacral sample before and after
treatment by a combination of acetone and ultrasonic bath (4 h); B1-B2/C1-C2: the relatively dense femoral head samples before and after
treatment by a combination of acetone and ultrasonic bath (4 h); C3—-C4: one of the samples (n = 3) was split longitudinally and vertically through
the center. The samples treated with a combination of ultrasonic bath and acetone (4 h) still had a certain amount of bone marrow left
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findings still need to be further quantitative analyzed in
future.

Distribution of actual density and initial modulus

In the present study, the p, of samples obtained from
the femoral head was significantly higher than that of
the spine (femoral head, 1.32+0.10 g/cm3 vs. spine,
1.10£0.12 g/cm® p=0.000). The average E, of samples
obtained from the femoral head was higher than that
obtained from the spine (femoral head 74.37 £ 23.62 MPa
vs. spine 61.69 £ 19.54 MPa, p=0.126) (Fig. 5).

(2022) 17:376
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Saline and acetone groups
In the saline group, there was no significant difference
in the E, between non-treated and saline-immersed
samples (non-treated 63.98+20.23 vs. saline-immersed
66.29+20.61, p=0.132). In the acetone and saline-
treated group, the average E, was significantly higher
than that of non-treated ones (non-treated 62.17 +=21.08
vs. acetone and saline-treated 74.97 £23.98, p=0.043)
(Fig. 6).

The results of destructive tests on samples from the
saline group (n=35) indicated that the femoral head
has higher mechanical properties than the spinal bone

1.6+

1.2+

0.8+

Apparent density (g/cm?)

0.4+

120+

904

60+

Initial modulus (MPa)

30+

T
Femoral head

Spine

Anatomical sites

and femoral heads (*p <0.05)

Fig. 5 The distribution of actual density (0,.,, g/cm®) and initial modulus (£, MPa) in the spine (thoracic, lumbar vertebral bodies, and sacral bones)
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Fig. 6 The initial modulus (£, MPa) in different groups before and after treatment: A saline-immersed group, B acetone and saline-treated group
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in several parameters, including o, (femoral head
9.84+6.16 vs. spine 1.19+0.89), o, (femoral head
9.18£2.50 vs. spine 0.79+£0.99), and W (femoral head
3.35+0.72 vs. spine 0.30 +0.33) (Fig. 7).

Discussion

The aim of the study was to investigate the effects of
two treatments, short-term immersion in physiological
saline and acetone treatment with subsequent immer-
sion in physiological saline, on the mechanical properties
of cancellous bone. Cancellous bone samples from mul-
tiple anatomic sites were subjected to a non-destructive
compression test before and after treatment, followed by
a self-control analysis. This is due to the fact that even if
the samples are from the same anatomic site, variations
in microstructure and mechanical properties still exist
between different locations [32]. To our knowledge, this
is the first study to report the appropriate time for stor-
age of human cancellous bone in physiological saline and
the effect of acetone treatment with subsequent immer-
sion in physiological saline on mechanical properties, as
well as the efficiency of bone marrow removal by a com-
bination of acetone and ultrasonic bath for cancellous
bone samples from multiple anatomical sites.

Regarding the influence of saline storage on the
mechanical properties of bone tissue, Linde and
Serensen [6] found that fresh trabecular bone stored in
physiological saline for 24 h experienced a 10% decrease
in stiffness and unloading energy. But they attributed this
difference to post-mortem changes in bone tissue and
did not consider it to be an effect of storage in saline. In
addition, Gustafson et al. [10] reported that calcium ions
would dissolve from bone specimens (cortical portion in
the third metacarpal of equine) maintained for 6 days in
a saline bath (0.9% NaCl) at room temperature. The loss
of minerals significantly decreased the elastic modulus
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of the bone (approximately 2.4%), whereas the modu-
lus of the bone specimens did not change significantly
when immersed in calcium-buffered saline. However, the
experimental material they employed was animal cortical
bone rather than human cancellous bone, both of which
have significant differences in structural and mechani-
cal characteristics. Moreover, they did not determine
the minimum length of time that immersion in saline
produced a significant reduction in modulus. The results
of the present study suggested that short-term storage
(43 h, 4°C) in physiological saline is an appropriate choice
with no significant effect on the E; of human cancellous
bone. Whether prolonged storage in physiological saline
affects the mechanical properties needs to be further
investigated in future.

Furthermore, the results of our study revealed that
treatment of cancellous bone with acetone resulted in
changes in mechanical properties that could not be
reversed by subsequent immersion in physiological
saline. A significant increase in the E, was observed after
acetone treatment with subsequent immersion in physi-
ological saline. In line with our results, a study by Fischer
etal. [17] reported that the mean value of elastic modulus
was higher for samples stored in acetone for 24 h than
that of non-treated samples, the increase reached 146%.
They attributed this difference to the defatting of can-
cellous bone by acetone. By comparison, the average E,
increase was only 21% (non-treated samples: 62.17 MPa
vs. acetone and saline-treated samples: 74.97 MPa) in the
present study. Apart from the variations in the acetone
treatment method and time, more importantly, Fischer’s
study did not immerse the acetone-treated samples in
physiological saline anymore. Thus, we assumed that this
difference mainly originates from whether the samples
were immersed with physiological saline or not. Mean-
while, Fischer and co-workers also found that the samples

20 15+
= 16 —_— 12
Q. —_—
= c
2 £
g 124 3 o
[ 4
e »
2
£ g
8
o
£ z
S 4 -
0- T
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Anatomical sites
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Fig.7 From destructive testing, femoral head has higher mechanical properties than spine in several parameters, including maximum stress (0,
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stored in acetone were more brittle than the fresh ones,
which provides further support for our assumption.
Additionally, concerning the influence of bone mar-
row on the mechanical properties of cancellous bone. A
study by Halgrin J et al. [9] is also in agreement with our
results. They reported that the presence of bone marrow
would decrease the mechanical properties of trabecular
bone (26% for elastic modulus, 38% for maximum com-
pressive stress, and 33% for average stress). Therefore,
in combination with our results, it could be concluded
that the removal of bone marrow increases the E, of
cancellous bone in an unconfined compression test and
cannot be compensated by physiological saline immer-
sion, which may be related to the difference in viscosity
properties of both [33, 34]. During the deformation, the
higher viscosity of bone marrow presents higher resist-
ance to fluid flow, leading to higher stress concentration
alone the trabeculae and an earlier breakdown of the tra-
becular structure, as demonstrated by Halgrin and co-
workers [9] using a finite element model.

In addition, the concept of bone marrow removal is
relatively simple, but selecting an appropriate and effec-
tive method is challenging for cancellous bone. Ultra-
sonic bath is a process that uses ultrasound (usually from
20-40 kHz) to agitate a fluid, which can accelerate the
surface treatment process [35]. It has been widely used in
industry for decades, especially for cleaning of small and
complex parts. In the laboratory, it is also a common way
to remove bone marrow from cancellous bone samples,
which has been reported in multiple publications [23,
36, 37]. A combination of ultrasonic bath and trichloro-
ethylene for 4 h is capable of removing all fat in femo-
ral head samples (diameter 9.5 mm, length 5-10 mm),
as reported by Sharp et al. [23]. Compared to trichloro-
ethylene, acetone has the advantages of low-cost, easy
accessibility, and low toxicity [38]. Moreover, acetone
has been proven to be an effective defatting solvent for
2 mm thick cancellous bone slices in our previous study
[14]. Hence, in the present study, acetone was chosen as
a substitute for trichloroethylene. However, according to
the results by visual observation, cancellous bone sam-
ples (@6 x 12 mm) still have a certain amount of bone
marrow residue after being treated with a combination
of acetone and ultrasonic bath for 4 h. In comparison
with the results of Sharp et al. [23], it can be tentatively
concluded that trichloroethylene has a stronger ability
of bone marrow removal than acetone. But the severe
toxicity of trichloroethylene has to be considered. It can
induce cancer in rats and mice and its metabolites are
also known to be toxic for the liver, kidney, and lungs [38,
39]. Considering the health of the operator and the grow-
ing of green chemistry concept, the search for organic
solvents with low toxicity and high efficiency for the
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removal of marrow from cancellous bone samples needs
to be further explored in future.

To minimize the heterogeneity of cancellous bone
and to obtain more comprehensive and accurate values.
Our study was performed on specimens from multiple
anatomical sites of human cancellous bone, including 1
thoracic vertebral body (T,,), 19 lumbar vertebral bod-
ies (L,_s), and 5 sacral bones (S,_5), and 9 femoral heads.
However, our study also has a few limitations. First, the
limitation of the number of specimens, ie., the study
material was harvested from 5 donors. On the one hand,
the collection of human cancellous bone is relatively dif-
ficult because of the limited availability of donors, as well
as the higher requirements for transportation and preser-
vation. On the other hand, some samples were excluded
based on our strict inclusion criteria to obtain more
accurate experimental results. Second, the samples in the
acetone group were glued to the brass plates twice before
and after treatment. The small discrepancy between the
two operations is likely to produce a deviation. Third,
limited by the current experimental conditions, the lipid
content and water content of the samples after treat-
ments with acetone and physiological saline were not
quantified. Currently, there are still relatively few relevant
studies on this subject, which will be the direction of our
further research in future. Even considering the limita-
tions mentioned in our experiment, the authors are con-
fident that the results of this study can provide valuable
references for the preservation and mechanical testing
of cancellous bone. Fourthly, the lack of comprehensive
medical data on donor bones in this study is one of the
limitations of the results obtained since different types of
bone may occur differently when subjected to the same
treatment. Lastly, continuous monitoring of storage con-
ditions for bone specimens, together with a notification
system for exceeding established acceptance criteria, is
a guarantee of reliable and reproducible study results.
This issue will be improved and addressed in our future
research.

Conclusion

The mechanical properties of human cancellous bone are
very heterogeneous, with the femoral head having sig-
nificantly higher mechanical properties than the spine.
Based on visual observation, cancellous bone samples
(@6 x 12 mm) still have a certain amount of bone mar-
row residue after being treated with a combination of
acetone and ultrasonic bath for 4 h. When comparing the
mechanical properties of cancellous bone with two differ-
ent treatments, i.e., short-term immersion in physiological
saline and acetone treatment with subsequent immersion
in physiological saline. We found that short-term stor-
age in physiological saline is an appropriate choice with
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no significant effect on the E, of cancellous bone while
acetone increases E,. Treatment of cancellous bone with
acetone resulted in changes in mechanical properties that
could not be reversed by subsequent immersion in physi-
ological saline.

Abbreviations

3D: Three-dimensional; USA: United States of America; MA: Massachusetts; WA:
Washington; IBM: International Business Machines Corporation; NaCl: Sodium
chloride; CT: Computerized tomography; SPSS: Statistical Package for the
Social Sciences; SD: Standard deviation.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513018-022-03265-4.

Additional file 1. Flow chart of the detailed data on the samples tested
in our study.

Additional file 2. The detailed data of donor bones, cylindrical cores, and
samples in our study.

Acknowledgements
The authors would like to thank Xiaomeng Ma for her help with the pictures.

Author contributions

Study conception and design: FXW, FM, SS. Study conduct: FXW, FM, SS, LYZ.
Acquisition of data: FXW, FM. Analysis and interpretation of data: FXW, FM,
SS. Writing of manuscript: FXW. Revising manuscript content: FM, GO, SS. All
authors have read and approved the final submitted manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The data used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The authors declare that all experiments were conducted according to the
principles of the declaration of Helsinki.

Consent for publication
Not applicable.

Patient and public involvement
No patient involved.

Competing interests
The authors declare no competing interests.

Author details

1ZESBO - Center for Research on Musculoskeletal Systems, Department

of Orthopedic Surgery, Traumatology and Plastic Surgery, Leipzig University,
Semmelweisstrale 14, 04103 Leipzig, Germany. 2Department of Orthopedic
Surgery, Traumatology and Plastic Surgery, Leipzig University, LiebigstraBe. 20
Haus 4, 04103 Leipzig, Germany.

Received: 18 May 2022 Accepted: 22 July 2022
Published online: 06 August 2022

Page 11 of 12

References

1. Osterhoff G, Morgan EF, Shefelbine SJ, et al. Bone mechanical properties
and changes with osteoporosis. Injury. 2016;47:511-20.

2. Peters AE, Akhtar R, Comerford EJ, et al. The effect of ageing and osteoar-
thritis on the mechanical properties of cartilage and bone in the human
knee joint. Sci Rep. 2018;8(1):5931.

3. Oryan A, Alidadi S, Moshiri A, Maffulli N. Bone regenerative
medicine:classic options, novel strategies, and future directions. J Orthop
Surg Res. 2014;9(1):18.

4. Shahrezaie M, Moshiri A, Shekarchi B, et al. Effectiveness of tissue engi-
neered three-dimensional bioactive graft on bone healing and regenera-
tion: an in vivo study with significant clinical value. J Tissue Eng Regen
Med. 2018;12(4):936-60.

5. Migliorini F, Cuozzo F, Torsiello E, et al. Autologous bone grafting in
trauma and orthopaedic surgery: an evidence-based narrative review. J
Clin Med. 2021;10(19):4347.

6. Linde F, Serensen HC. The effect of different storage methods
on the mechanical properties of trabecular bone. J Biomech.
1993,26(10):1249-52.

7. Cornu O, Banse X, Docquier PL, Luyckx S, Delloye C. Effect of freeze-
drying and gamma irradiation on the mechanical properties of human
cancellous bone. J Orthop Res. 2000;18(3):426-31.

8. Bravo AE, Osnaya LC, Ramirez El, et al. The effect of bone marrow on
the mechanical behavior of porcine trabecular bone. Biomed Phys Eng
Express. 2019;5(6): 065023.

9. Halgrin J, Chaari F, Markiewicz E. On the effect of marrow in the mechani-
cal behavior and crush response of trabecular bone. J Mech Behav
Biomed Mater. 2012;5(1):231-7.

10. Gustafson MB, Martin RB, Gibson V, Storms DH, Stover SM, Gibeling J,
Griffin L. Calcium buffering is required to maintain bone stiffness in saline
solution. J Biomech. 1996;29(9):1191-4.

11. Zhang G, Deng X, Guan F, et al. The effect of storage time in saline
solution on the material properties of cortical bone tissue. Clin Biomech
(Bristol, Avon). 2018;57:56-66.

12. Wang XY, Zuo Y, Huang D, et al. Comparative study on inorganic compo-
sition and crystallographic properties of cortical and cancellous bone.
Biomed Environ Sci. 2010;23(6):473-80.

13. Griffith JF. Age-related changes in the bone marrow. Curr Radiol Rep.
2017;5(6):1-10.

14. Wang F, Metzner F, Osterhoff G, et al. Assessment of the efficiency of
different chemical treatments and ultrasonic cleaning for defatting of
cancellous bone samples. Cell Tissue Bank. 2021.

15. Hua KC, Feng JT, Yang XG, et al. Assessment of the defatting efficacy
of mechanical and chemical treatment for allograft cancellous bone
and its effects on biomechanics properties of bone. Orthop Surg.
2020;12(2):617-30.

16. Zhang N, Zhou M, Zhang Y, et al. Porcine bone grafts defatted by lipase:
efficacy of defatting and assessment of cytocompatibility. Cell Tissue
Bank. 2014;15(3):357-67.

17. Fischer B, Hofmann A, Kurz S, et al. Influence of the fixation technique
on the mechanical properties of human cancellous bone of the femoral
head. Clin Biomech (Bristol, Avon). 2021;82: 105280.

18. Beddoe AH. A quantitative study of the structure of trabecular bone
in man, rhesus monkey, beagle and miniature pig. Calcif Tissue Res.
1978;25(3):273-81.

19. Morgan EF, Keaveny TM. Dependence of yield strain of human trabecular
bone on anatomic site. J Biomech. 2001;34(5):569-77.

20. Morgan EF, Bayraktar HH, Keaveny TM. Trabecular bone modulus—density
relationships depend on anatomic site. J Biomech. 2003;36(7):897-904.

21. Metzner F, Neupetsch C, Fischer JP, et al. Influence of osteoporosis on the
compressive properties of femoral cancellous bone and its dependence
on various density parameters. Sci Rep. 2021;11(1):13284.

22. Keaveny TM, Borchers RE, Gibson LJ, Hayes WC. Trabecular bone
modulus and strength can depend on specimen geometry. J Biomech.
1993,26(8):991-1000.

23. Sharp DJ, Tanner KE, Bonfield W. Measurement of the density of trabecu-
lar bone. J Biomech. 1990;23(8):853-7.

24. Nabais C, Guedes RM, Simbes JA. The thaw time of frozen cancellous
bone for mechanical testing. In Ill European conference on computa-
tional mechanics. 2006.


https://doi.org/10.1186/s13018-022-03265-4
https://doi.org/10.1186/s13018-022-03265-4

Wang et al. Journal of Orthopaedic Surgery and Research

25.

26.

27.

28.
29.

30.

31

32.

33.
34.
35.

36.

37.

38.

39.

(2022) 17:376

Lee JHC, Ondruschka B, Falland-Cheung L, et al. An investigation on the
correlation between the mechanical properties of human skull bone, its
geometry, microarchitectural properties, and water content. J Healthc
Eng. 2019;2019:6515797.

Dall’Ara E, Ohman C, Baleani M, et al. The effect of tissue condition and
applied load on Vickers hardness of human trabecular bone. J Biomech.
2007;40(14):3267-70.

Vesper EO, Hammond MA, Allen MR, et al. Even with rehydration, preser-
vation in ethanol influences the mechanical properties of bone and how
bone responds to experimental manipulation. Bone. 2017;97:49-53.
Zhao S, Arnold M, Ma S, et al. Standardizing compression testing for
measuring the stiffness of human bone. Bone Jt Res. 2018;7(8):524-38.
Morgan EF, Yeh OC, Chang WC, et al. Nonlinear behavior of trabecular
bone at small strains. J Biomech Eng. 2001;123(1):1-9.

Keaveny TM, Pinilla TP, Crawford RP, Kopperdahl DL, Lou A. Systematic and
random errors in compression testing of trabecular bone. J Orthop Res.
1997;15(1):101-10.

Odgaard A, Linde F. The underestimation of Young's modulus in compres-
sive testing of cancellous bone specimens. J Biomech. 1991;24(8):691-8.
Hulme PA, Boyd SK, Ferguson SJ. Regional variation in vertebral bone
morphology and its contribution to vertebral fracture strength. Bone.
2007;41(6):946-57.

Jansen LE, Birch NP, Schiffman JD, et al. Mechanics of intact bone marrow.
J Mech Behav Biomed Mater. 2015;50:299-307.

Bryant JD. On the mechanical function of marrow in long bones. Eng
Med. 1988;17(2):55-8.

Tiwari BK. Ultrasound: a clean, green extraction technology. TrAC Trends
Anal Chem. 2015;71:100-9.

Shao X, Niu H, Fan'Y, et al. Correlations between speed of sound and
microstructure in swine cancellous bone during decalcification. In 2010
3rd international conference on biomedical engineering and informatics.
2010; 2:833-837.

DePaula CA, Truncale KG, Gertzman AA, et al. Effects of hydrogen perox-
ide cleaning procedures on bone graft osteoinductivity and mechanical
properties. Cell Tissue Bank. 2005;6(4):287-98.

Adhikari N, Joshi DR. An overview on common organic solvents and their
toxicity. J Pharm Res Int.2019:1-18.

Bruckner JV, Davis BD, Blancato JN. Metabolism, toxicity, and carcino-
genicity of trichloroethylene. Crit Rev Toxicol. 1989;20(1):31-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Selected mechanical properties of human cancellous bone subjected to different treatments: short-term immersion in physiological saline and acetone treatment with subsequent immersion in physiological saline
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Donors
	Sample preparation
	Femoral heads
	Spine

	Group assignment and treatments
	Mechanical testing
	Data evaluation and statistical analysis

	Results
	Bone marrow removal efficiency
	Distribution of actual density and initial modulus
	Saline and acetone groups

	Discussion
	Conclusion
	Acknowledgements
	References


