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Abstract BACKGROUND CONTEXT: Polymethylmethacrylate (PMMA) is the most commonly used fill-
ing material when performing percutaneous kyphoplasty (PKP) for the treatment of osteoporotic
vertebral compression fractures. However, there are some inherent and unavoidable drawbacks
with the clinical use of PMMA. PMMA bone cement tends to leak during injection, which can lead
to injury of the spinal nerves and spinal cord. Moreover, the mechanical strength of PMMA-aug-
mented vertebral bodies is extraordinary and this high level of mechanical strength might predis-
pose to adjacent vertebral fractures. A novel biodegradable calcium phosphate-based
nanocomposite (CPN) for PKP augmentation has recently been developed to potentially avoid
these issues.

PURPOSE: By comparison with PMMA, the leakage characteristics, biomechanical properties,
and dispersion of CPN were evaluated when used for PKP.

STUDY DESIGN: Biomechanical evaluation and studies on the dispersion and anti-leakage prop-
erties of CPN and PMMA cements were performed and compared using cadaveric vertebral frac-
ture model, sheep vertebral fracture model, and simulated rigid foam model.

METHODS: Sheep vertebral bodies were decalcified by ethylenediaminetetraacetic acid disodium
salt (EDTA-Na,) to simulate osteoporosis in vitro. After compression to create wedge-shaped frac-
tures using a self-designed fracture creation tool, human cadaveric vertebrae and decalcified sheep
vertebrae were augmented by PKP. In addition, three L5 vertebral bodies from human cadavers
were used in a contrast vertebroplasty (VP) augmentation experiment. Occurrence of cement leak-
age was observed and compared between CPN and PMMA during the process of vertebral augmen-
tation. Open-cell rigid foam model (Sawbones#1522-507) was used to create a simulated leakage
model for the evaluation of the leakage characteristics of CPN and PMMA with different viscosi-
ties. The augmentation effects of CPN and PMMA were evaluated in human cadaveric and decalci-
fied sheep vertebral models and then compared to the results from solid rigid foam model
(Sawbones#1522-23). The dispersion abilities of CPN and PMMA were evaluated via three meth-
ods as follows. The dispersion volume and dispersion ratio were calculated by three-dimensional
reconstruction using human vertebral body CT scans; the ratio of cement area to injection volume
was calculated from three-dimensional sections of micro-CT scans of a sheep vertebra; and the
micro-CT images of cement dispersion in open-cell rigid foam model (Sawbones#1522-507) were
compared between CPN and PMMA. This study was funded by the National Natural Science Foun-
dation of China (No. 81622032, 190,000 dollars and No. 51672184, 90,600 dollars), Principal
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RESULTS: There was no significant difference in vertebral height between CPN and PMMA dur-
ing PKP augmentation and both cements restored the vertebral height after augmentation. In PKP
augmentation experiment, posterior wall cement leakage occurred in 75% of human vertebrae aug-
mented with PMMA; however, no leakage occurred in human vertebrae augmented with CPN.
Anterior leakage occurred in all vertebrae augmented by PMMA, while in only 75% of vertebra
augmented by CPN. Furthermore, CPN and PMMA had completely different leakage patterns in
the simulated rigid foam model whether administered at the same injection speed or under the
same injection force, suggesting that CPN has anti-leakage characteristics. The augmentation in
human cadaveric vertebrae was lower with CPN compared to PMMA (1,668+£816 N vs. 2,212+
813 N, p=.459, respectively), but this difference was not significant. The augmentation force in
sheep vertebral bodies reached 1,393+433 N when augmented with PMMA, but 1,108£284 N
when augmented with CPN. The dispersion of CPN was better, and the dispersion volume and ratio
were greater, with CPN than with PMMA. Imaging of the open-cell rigid foam model showed
completely different dispersion modes for CPN and PMMA. After injection, the PMMA cement
formed a contracted clump in the open-cell rigid foam model. However, the CPN cement extended
many antennae outward, appearing to spread to the surrounding area. The surface areas of the CPN
cement blocks with different liquid-to-solid ratios were significantly larger than the surface area of
the PMMA cement in the open-cell rigid foam model (p<.05).

CONCLUSIONS: CPN has anti-leakage properties, which might be related to its high viscosity
and viscoplasticity. CPN had a slightly lower augmentation force than PMMA when used in cadav-
eric vertebrae, decalcified sheep vertebrae, and in the standard rigid foam model. However, CPN
diffused more easily into cancellous bone than did PMMA and encapsulated bone tissue during the
dispersion process. The excellent dispersion of CPN generated better interdigitation with cancel-
lous bone, which may be why the augmentation effect of CPN is similar to that of PMMA.
CLINICAL SIGNIFICANCE: Biodegradable CPN is a potential alternative to PMMA cement in
PKP surgery, in which CPN is likely to reduce the cement leakage during the surgery and avoid the
post-surgery complications caused by excessive strengths and nondegradability of PMMA
cement. © 2019 Elsevier Inc. All rights reserved.

Calcium phosphate; Kyphoplasty; Osteoporosis; Polymethylmethacrylate; Vertebral compression fracture;
Nanocomposite; Cement leakage; Biomechanics; Minimally invasive surgery

Introduction

Osteoporotic vertebral compression fracture (OVCF) is a
common injury that can cause great pain and can impair
quality of life in the elderly [1,2]. Vertebral augmentation
by percutaneous kyphoplasty (PKP) has demonstrated effi-
cacy for the treatment of (OVCF) [3]. Vertebral augmenta-
tion via PKP involves the injection of bone cement filling
material into the vertebral body in an effort to rapidly
relieve pain, stabilize the fractured vertebrae, and allow the
patient to resume daily activities.

The most commonly used bone cement is polymethyl-
methacrylate (PMMA), however, some inherent and
unavoidable drawbacks of PMMA have been reported. For
example, there is 6.8%—21.9% probability that PMMA will
leak during surgery [4,5]. Leakage of PMMA from the ver-
tebral body can squeeze and burn spinal nerves and even
the spinal cord due to its high polymerization temperature
[6]. In addition, there is a 3.5%—28.6% chance that PMMA
will leak into blood vessels and cause a pulmonary cement
embolism [7]. Moreover, excessive physiological strength
and the Young’s modulus of PMMA can lead to adjacent
vertebral fractures after augmentation [8]. In addition,

PMMA is not biodegradable and remains in the body after
injection, thus the monomer toxicity of PMMA can cause
long-term damage [6].

A novel injectable calcium phosphate-based nanocom-
posite (CPN) was developed in a previous study done by
our group [9—11]. CPN is a bone cement based on calcium
phosphates and possesses good biodegradability and bone
growth inductivity [9,10]. In standard in vitro degradability
tests, CPN cement soaked in Tris-HCI had a weight loss of
6% after 7 days and 10.62% after 5 weeks [12]. In addition,
the smooth outer surface of the cement had degraded and
bone ingrowth was observed in femur defects in rats, in
vivo, 8 weeks after CPN implantation [12]. Furthermore,
gelatinized starch and calcium phosphate particles estab-
lished a nanostructured network in CPN, resulting in
enhanced mechanical properties than other calcium phos-
phate cements [11,12]. In a study of cement-injectable can-
nulated pedicle screws, CPN had similar biomechanical
properties, including comparable pull-out force and torsion
resistance, to PMMA, although the intrinsic mechanical
strength of CPN was found to be only half that of PMMA
[11,13]. The above results have been verified in simulated
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osteoporotic bone models using decalcified sheep vertebrae
and simulated rigid foam model [11,13].

Based on these results, the current study hypothesizes
that CPN possesses appropriate mechanical augmentation
strength to be used for PKP and that some of the drawbacks
that occur with PMMA, such as leakage and adjacent verte-
bral fractures, will be lessened with the use of CPN. The
purpose of this study was to evaluate the biomechanical
properties and leakage characteristics of CPN for PKP
application. The human cadaveric vertebral model, decalci-
fied sheep vertebral model, and simulated rigid foam
model, respectively were used to evaluate and compare the
leakage characteristics, mechanical augmentation, and dis-
persion properties of CPN and traditional PMMA cement.

Materials and methods

Preparation of materials and specimens

Preparation of CPN

The chemicals used include alpha-tricalcium phosphate
(Ensail Co., Ltd. Beijing, China), calcium hydrogen phos-
phate dehydrate (CaHPO,¢2H,0, DCPD, Sigma Aldrich,
St. Louis, MO, USA), disodium hydrogen phosphate
(Na,HPO,, Alfa-Aesar, Haverhill, MA, USA), barium sul-
fate (BaSO,, BS, Sigma Aldrich, St. Louis, MO, USA), and
food-grade pregelatinized starch (Jingrui New Material,
Xuancheng, China). With the exception of the pregelati-
nized starch, all other chemicals were ball-milled overnight
in ethanol for 15 hours at 1,400 rpm using a planetary ball
mill (PM2L, DPLIFT Machinery Co., Ltd. Shanghai,
China). After ball-milling, the slurry was dried at 80°C and
ground into powder. For preparation of CPN [9], 20 wt.%
BS and 20 wt.% pregelatinized starch were added to cal-
cium phosphate cement, which was composed of alpha-tri-
calcium phosphate and DCPD at a mass ratio of 9:1. The
setting liquid was a 0.25 mol/L Na,HPO, solution and a lig-
uid-to-solid ratio (L/S) of 0.4 mL/g was used for experi-
ment. After mixing the cement powder with setting liquid,
CPN became a semi-solid paste with high viscosity. This
study formulated strict operating rules for the preparation
of CPN cement, including the purchase of raw materials,
the proportion of components in formulation, environment
conditions, and the operational steps, so as to ensure the
quality of CPN cement. Clinically used PMMA cement
(Mendec Spine, Tecres SPA, Sommacampagna, Italy), at
an L/S ratio of 0.5 mL/g, was used as the control for CPN.
According to the previously reported method, the mechani-
cal properties of bone cements were evaluated by uni-axial
compression test [9,11]. Bone cement was molded into cyl-
inders (6 mm in diameter and 12 mm in length) and the cyl-
inders were compressed in a mechanical tester (HY-1080;
Hengyi Group, Shanghai, China). The stress-strain curve
was calculated and the mechanical strength was defined as

maximum stress value in the curve. The compressive modu-
lus was calculated using the linear range in the curve [9,11].

Human cadaver vertebrae

Three thoracolumbar spines, containing 24 vertebrae
from T10 to L5, were harvested from elderly male cadav-
ers, aged from 72 to 86 years. This study was approved by
the Human Research Ethics Committee of Taizhou Peo-
ple’s Hospital (No. KY201809301), complying with
China’s relevant laws and regulations. Bone mineral den-
sity (BMD) of the harvested spines was measured using
dual energy radiograph absorptiometry (XR-800, Norland,
New Jersey, USA) and was found to be 2.5 standard devia-
tions below the young adult mean, thus meeting the diag-
nostic criteria for osteoporosis [14].

Preparation of decalcified sheep vertebrae for osteoporosis
simulation

Due to legal and ethical constraints, the number of
cadaveric vertebral specimens was limited in this study.
Therefore, decalcified sheep vertebral bodies were used to
carry out more detailed evaluations, so that the results of
cadaveric and sheep vertebral specimens could be mutually
verified, thus ensuring the reliability of the experimental
results. Fresh lumbar 1—4 vertebral bodies from 1.5-year-
old sheep (weighing 50—60 kg) were purchased from a
slaughterhouse for all experiments. All appendages were
removed from the sheep lumbar vertebrae. Only the pedicle
and vertebral body were preserved. The vertebral body was
immersed in 20% ethylenediaminetetraacetic acid disodium
salt solution at room temperature for 10 days, thus achiev-
ing decalcification to simulate osteoporosis.

Rigid foam model

Commercially available open cell rigid foam model
(Sawbones#1522-507, Pacific Research Laboratories, Inc,
Vashon, WA, USA) was the osteoporotic simulated testing
material used in this study. This open rigid foam model has
a density of 0.12 g/cm® and a 95% open-celled porous
structure similar to that of human cancellous bone with
severe osteoporosis, thus providing a uniform standard test-
ing material [15]. A different rigid foam model, a solid rigid
foam (Sawbones# 1522-23; Pacific Research Laboratories,
Inc., Vashon, WA, USA), was the biomechanical testing
material utilized in this study. This solid rigid foam model
has a close cell content and a density of 0.08 g/cm® in
accordance with the ASTM F-1839-08 standard and has the
same mechanical properties as cancellous bone for the
mechanical compression test [15].

Surgical techniques
Vertebral fracture model

The same method was used to produce fracture models
in both the human cadaver vertebrae (21 vertebrae from
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T10 to L4) and the sheep vertebrae. The upper and lower
ends of all vertebral bodies were embedded with tooth pow-
der (Boer Chemical Co., Ltd., Shanghai, China) and pol-
ished to keep them parallel. After that, five evenly
distributed pores [16,17] (1.5 mm in diameter, and 2 mm in
depth) were drilled in the upper one-fourth anterior area of
each vertebra. A self-designed fracture creation tool was
used to create wedge-shaped fractures in the mechanical
tester (HY-1080; Hengyi Group, Shanghai, China; Supple-
mentary Fig. Sla). Vertical loading was carried out at a
loading rate of 2 mm/min until the height of the front edge
of the vertebral body was reduced by 25% [18,19] (Supple-
mentary Fig. Sla). The force-displacement curve and
related data were recorded. The initial fracture strength
(IFS) of each vertebral body was defined as the first peak
load of the force-displacement curve [18,19].

PKP augmentation experiment

Human cadaver vertebrae: A total of 16 fractured verte-
bral bodies were selected from T10 to L4 vertebrae and
paired to form eight groups (n=2/group), in which BMD,
IFS, and vertebral size were relatively close. The PKP aug-
mentation operation was simultaneously performed on the
two vertebrae in each group. The inflatable bone tamp (IBT;
Weigao Orthopaedic Device, Weihai, China) was inserted
through the bilateral pedicle under X-ray monitoring (Radia-
tion 60 kV and 2.5 mAs; SPL-HF-VET-4.0, SEDECAL,
Spain). The bilateral tamp dilated simultaneously, at the
same speed, and the filling volume of each tamp was equal in
the paired group (Supplementary Fig. S1b). After the verte-
bral height was restored, the injection of bone cement was
carried out at 21°C. After waiting for the doughing period
(CPN) or drawing period (PMMA), PMMA or CPN cement
was injected at 22% of the average volume of each vertebral
body. The injection was performed on a mechanical tester at
an injection speed of 300 mm/min.

Decalcified sheep vertebrae: The PKP instruments used
for the decalcified sheep vertebrae were the same as those
used for the human cadaver vertebrae. However, unilateral
PKP augmentation was performed in the sheep vertebrae.
After the vertebral height was restored by IBT, all vertebral
bodies were randomly assigned to either a CPN or a
PMMA group. Cement injection was performed on a
mechanical tester at an injection speed of 300 mm/min. If
the cement flowed out of the vertebral body, the injection
was immediately stopped.

Contrast vertebroplasty (VP) augmentation experiment for
human cadaveric vertebrae

In order to avoid individual differences between vertebral
bodies, contrast VP augmentation experiment was designed
for this study, in which different bone cements were injected
into the same vertebral body in order to perform comparative
tests. Three L5 vertebral bodies from human cadavers were
used for the VP augmentation experiment. Under fluoroscopic
guidance, an 11-gauge cannula (Weigao Orthopaedic Device)

was inserted through the bilateral pedicle (Supplementary Fig.
Slc). One side of the vertebral body was randomly assigned,
according to computer-generated random numbers, to be
injected with CPN; the other side was injected with PMMA as
a control. Then 1.4 mL of CPN was injected into one side and
1.4 mL PMMA was injected into the other side of the same
L5 vertebral body. The bone cement was injected at a speed
of 300 mm/min using a mechanical tester, as above. The dis-
placement-force curves of CPN and PMMA were recorded
during the cement injection and the maximum peak value of
the mechanical curve was defined as the injection force of
cement.

Cement leakage evaluation

Leakage evaluation in cadaveric vertebrae

The cement leakage in the anterior and posterior wall
of the vertebral body was compared between CPN and
PMMA in the PKP augmentation experiment. First, the
researchers observed and recorded the cement leakage sites
in the anterior and posterior wall with the naked eye after
the injection of bone cement, and then calculated average
number of leakage sites (ANLS; ANLS=number of leakage
sites/number of vertebrae). CT (Brightspeed CT/e, GE
Healthcare, Chicago, IL, USA) was used to scan the aug-
mented vertebral body to observe and confirm the occur-
rence of leakage (Fig. la, b).

All cement leakage was recorded and compared in the
VP augmentation experiment. The method used was the
same as the one discribed above. Leakage was observed
with the naked eye and CT as used to evaluate the cement
leakage in three augmented L5 vertebral bodies (Fig. lc, d).

Leakage evaluation in the simulated leakage model

Based on the previous studies of leakage models pro-
duced using open cell porous materials [20,21], an open
cell rigid foam model (Sawbones#1522-507) was used as
the osteoporotic simulated material (40 mmx40 mm x60
mm) to establish a simulated leakage model in the current
study. A 5 mm diameter perforated channel was produced
in the middle and lower part of the open cell rigid foam
model. Establishment of the channel was used to simulate
the vessels in vertebral body. The open cell rigid foam
model was then immersed in molten lard and vacuumed for
2 hours at 60°C. The lard was then allowed to solidify at
room temperature, so as to simulate bone marrow in cancel-
lous bone. During the testing process, a standard cement
injector (Weigao Orthopaedic Device) was inserted into the
middle of the simulated leakage model, just above the chan-
nel, and the top of injector was 5 mm away from the chan-
nel wall (Fig. 2a). Equal volumes of bone cement (1.4 mL),
[including CPN in doughing period, PMMA in drawing
period, and PMMA with high viscosity (the viscosity was
increased to the level of CPN, Supplementary Fig. S2a—c)],
were injected into the simulated leakage model at a
speed of 300 mm/min and under a fixed injection force of
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Fig. 1. Bone cement leakage in PKP augmentation and contrast VP augmentation experiments for human cadaveric vertebrae. (a,b) Typical photos and CT
images of bone cement leakage during PKP augmentation: leakage from (a) posterior wall and (b) anterior wall. (c,d) Typical photos and CT imaging of aug-
mented vertebral body in VP augmentation experiments showing the cement leakage from (c) posterior wall and (d) anterior wall. (Red arrow indicates the
leakage sites).
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Fig. 2. Bone cement leakage in simulated leakage model: (a) schematic showing the preparation of the simulated leakage model; (b) typical X-ray images of
bone cement leakage for CPN, PMMA (drawing period), and PMMA-high viscosity (HV) (the viscosity of PMMA was increased to the level of CPN) at
300 mm/min injection speed; (c) comparison of leakage distance between CPN, PMMA (drawing period) and PMMA-HV at 300 mm/min injection speed
(*p=.042, **p=.032); (d) comparison of leakage volume between CPN, PMMA (drawing period) and PMMA-HV at 300 mm/min injection speed
(***p=.035); (e) typical X-ray images of bone cement leakage for CPN and PMMA (drawing period) under the injection force of 18 N; (f) comparison of
leakage distance between CPN and PMMA (drawing period) under the injection force of 18 N (****p=.007); (g) comparison of leakage volume between
CPN and PMMA (drawing period) under the injection force of 18 N (*****p=.001).

18 N. In order to evaluate the extravasation tendency, the Bruker micro-CT). When injected at 300 mm/min, the dis-
leakage distance in the channel was measured via radio- placement-force curves of CPN and PMMA were recorded
graphic X-ray film and the cement leakage volume in the and the maximum peak value of curves was defined as

channel was calculated by micro-CT (Skyscan 1176, injection force.
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Evaluation of augmentation effects of bone cement

Augmentation effects for PKP augmented vertebrae

All augmented cadaveric vertebrae and sheep vertebrae
were evaluted by compression test using the fracture crea-
tion tool on the mechanical tester, according to the previ-
ously described fracture model creation protocol (Fig. 3a).
Augmentation strength was defined as the maximum com-
pressive force recorded up to the deformation at IFS in the
vertebral fracture model [22] (Fig. 3a).

Mechanical compressive test for VP augmented cadaveric
vertebrae

After injection of bone cement, the augmented cancellous
bones were removed and made into bone blocks of cylindrical
shapes (Fig. 4a). Standard compression test for bone blocks
was then performed on a mechanical tester. For the standard
mechanical compression test, the value for stress was
reported instead of force in order to eliminate the deviation
caused by different sizes of the test samples. Thus, the com-
pressive stress of cancellous bones was defined as the peak
value of the first compression stress-strain curve.

Evaluation of augmentation effects by the solid rigid
foam model

Based on the previous method using cement rigid foam
model [23], a solid rigid foam model (Sawbones®#1522-
23) was used to evaluate the augmentation effect of bone
cement. After cutting, this biomechanical test material
was fashioned into the shape of a cylinder, 30 mm in

(a)

Force

©
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diameter and 19.8 mm in height. The shape and size of the
model was similar to that of T6—TS§ thoracic vertebral bod-
ies [24—26].

The cylinder was then cut in half and rotated out of two
16-mm-diameter hemispherical cavities. When the two hemi-
spheric cavities were glued together, a spherical cavity about
16% of the total volume was formed in the cylinder, simulat-
ing the cavity dilated by IBT in the compressed vertebral
body (Fig. 5a). PMMA or CPN cement was then injected into
the cavity, which simulated the PKP cement augmentation. In
the standard mechanical compressive test, the 2 mm/min load-
ing rate was used to uniaxially compress the augmented rigid
foams on a mechanical tester and stress-strain curves were
recorded. The compressive strength was determined by the
first peak stress from the curve.

Evaluation of bone cement dispersion

CT scan for augmented cadaveric vertebrae
Three-dimensional CT-scan reconstruction was per-
formed on the augmented human cadaver vertebrae in order
to calculate the dispersion volume of the bone cement in
the vertebrae and to obtain the dispersion ratio (dispersion
volume/injection volume). The differences in dispersion
between CPN and PMMA were then compared (Fig. 6a).

Micro-CT scan for augmented sheep vertebrae

The augmented sheep vertebral bodies were scanned via
micro-CT and cross-sectional images of dispersed bone
cement were obtained from the horizontal, coronal, and
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sagittal planes (Fig. 7a). Twenty-one uniformly distributed
cross-sectional bone cement images were then taken from
each plane for cement dispersion analysis. The cement areas
of each cross-section were calculated and then divided by
injection volumes and the ratio of the area to volume was
used to compare the dispersion between CPN and PMMA.

Bone cement dispersion in open cell rigid foam model

An open-cell rigid foam model (Sawbones#1522-507)
was used in this study to imitate osteoporotic bone. CPN
(1.4 mL) with different L/S ratios (0.4, 0.6, 0.8, and 1.0)
and PMMA cement of the same volume were injected
into the open-cell rigid foam model (40 mmx
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40 mm x40 mm) using a standard injector connected to a
mechanical tester at an injection speed of 300 mm/min.
The displacement-force curves were recorded and the
maximum peak value was determined as the injection
force of cement. After cement injection, the open-cell
rigid foam model was scanned via micro-CT and the sur-
face area of the cement was calculated and compared
between CPN and PMMA (Fig. 8).

Statistical analysis

The data in this study were processed by IBM SPSS Sta-
tistics 19.0 (SPSS Inc, Chicago, IL, USA), Origin 9.2 (Ori-
ginLab, Northampton, MA, USA), and GraphPad Prism 6
(GraphPad Software Inc, San Diego, CA, USA). For com-
parison of data between different groups, an independent or
paired sample ¢ test was used for continuous variables, and
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a Chi squared or Fisher’s exact test was used for categorical
variables. A p value of less than .05 was considered to be
statistically significant.

Results

Osteoporosis simulation of sheep vertebrae

The porous structure of the bone trabecula gradually eroded
with the prolongation of decalcification time. The porous tra-
becular structure was destroyed and intersected with the sur-
rounding voids, increasing the cell space of the trabecular
bone. Bone mineral density also gradually decreased gradually
as decalcification time increased (Supplementary Fig. S3a).
After decalcifying for 10 days, the BMD of sheep vertebrae
decreased from 0.60+£0.06 g/cm® to 0.40+0.05 g/cm?, or
65.98% of the original BMD (p<.05, Supplementary Fig. S3b).
The mechanical curves indicated high repeatability (Sup-
plementary Fig. S3c, d). The average IFS of the decalcified
sheep vertebrae was 2,845+408 N (2,388 N—3,644 N),
which was significantly lower than that of fresh vertebrae
(4,985+726 N; p<.05, Supplementary Fig. S3e).

Vertebral compression fracture model for human cadaver
vertebrae

A vertebrae compression fracture model, with high repeat-
ability, was successfully established using human cadaver

vertebrae. After compessing the vertebrae using the fracture
creation tool, the height of the anterior vertebral body
decreased to about three-fourths of the original height; how-
ever, the posterior wall of the vertebral body was basically
intact with only about a 2 mm reduction during in the pro-
cess of compressing the vertebrae (Supplementary Fig. Sla,
Table. 1). Furthermore, pre-damaged pores ensured that the
fracture lines all occurred in the upper part of the vertebral
body (Supplementary Fig. Sla). Thus, the common wedge-
shaped compression fracture was created, which is in accor-
dance with the type Al.2 fracture [27] seen clinically. The
PKP augmentation operation was successfully performed in
the vertebral fracture model (Supplementary Fig. S1b). The
height of fractured vertebrae was well restored after augmenta-
tion in both the PMMA and CPN groups. In the CPN group,
the fractured anterior vertebral height was restored from 18.4+
2.1 mm to 23.3£3.1 mm after augmentation (p=.002). In
PMMA group, the anterior vertebral height recovered signifi-
cantly from 18.24+1.4 mm to 23.84+1.8 mm (p=.000, Table. 1).

Injection force of bone cement

The injection force of CPN (38.8+8.4 N) was higher to
that of PMMA (17.943.9 N, p=.015) based on the results of
the contrast VP augmentation experiment (Supplementary
Fig. S4a). Moreover, when bone cement was injected into the
open-cell rigid foam model (Sawbones#1522-507), the injec-
tion force was higher with the 0.4 L/S ratio CPN compared to
CPN with other L/S ratios (0.6, 0.8, and 1.0; p<.05). The
average injection force of PMMA was 13.6£2.0 N, which
was significantly lower than that of CPN with a 0.4 L/S ratio
(32.8+£5.5 N, p=.001; Supplementary Fig. S4b). These test
results indicate that, although the injection force of 0.4 L/S
CPN used in the experiment was about 20 N higher than that
of PMMA (Supplementary Fig. S4a, b), the injection force of
CPN was still within a reasonable range for clinical use (usu-
ally <50 N).

Evaluation of bone cement leakage

PKP and VP augmentation experiments in cadaveric
vertebrae

For PKP augmentation experiment, as shown in Table 2,
six vertebral bodies augmented by PMMA had posterior
wall leakage (75%) in the eight paired groups, while no
posterior wall leakage occurred in all the eight vertebra
augmented by CPN (Fig. la and Table 2). The average
number of posterior leakage sites in PMMA group was 1
per leaked vertebra (Table 2). Due to the severe anterior
wall ruptures when creating the vertebral fracture model,
both CPN and PMMA groups had a higher probability of
anterior wall leakage than posterior wall leakage (Fig. 1b).
However, the anterior leakage occurred in all vertebra aug-
mented by PMMA while in only 75% of vertebra aug-
mented by CPN (Table 2). Moreover, the average number
of anterior leakage sites in PMMA group was 2.8 per leaked
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Table 1
Height change and restoration in human cadaveric vertebral body after PKP

Anterior height (mm)

Posterior height (mm)

Group Initial After fracture' After PKP* Initial After fracture After PKP
CPN 25.0£3.1 18.442.1 23.343.1 26.94+2.5 25.1+2.3 25.84£2.7
PMMA 25.1£2.2 18.2+1.4 23.8+1.8 27.0£2.9 25.5+£2.9 26.0£3.2
p value* .962 .828 730 .932 759 .879
Midline height (mm)
Left side (mm) Right side (mm)

Group Initial After fracture! After PKP' Initial After fracture! After PKP
CPN 25.3£2.7 21.5%£2.2 24.6+2.3 252423 21.94+2.5 24.7+2.6
PMMA 25.74£2.6 222+1.9 24.8+2.4 254424 222421 244423
p value* 813 .520 .892 .869 781 .838

* Independent sample ¢ test between CPN and PMMA groups.
T Versus initial height, independent sample ¢ test, p<.05.
¥ Versus fractured height independent sample ¢ test, p<.05.

Table 2
Cement leakage from posterior and anterior wall during the PKP augmen-
tation of human cadaveric vertebra

Cement CPN PMMA

Posterior wall leakage

# of leaked vertebra 0 of 8 tested (0%) 6 of 8 tested (75%)
ANLS per leaked vertebra 0 1

Anterior wall leakage
# of leaked vertebra 6 of 8 tested (75%) 8 of 8 tested (100%)
ANLS per leaked vertebra 2.2 2.8

ANLS, average number of leakage sites.

vertebra, significantly higher than that in CPN group
(Table 2).

In VP augmentation experiment, after three L5 vertebral
bodies were injected with bone cement, the PMMA injec-
tion side of two vertebrae showed leakage out of the ante-
rior or posterior wall of the vertebral body (66.7%), but no
leakage occurred on the CPN injection side (Fig. Ic, d; Sup-
plementary Fig. S5a, b).

Leakage evaluation in simulated leakage model

CPN and PMMA had completely different leakage pat-
terns in the simulated leakage model even when administered
at the same injection speed or under the same injection force.
As shown by X-ray images, at an injection speed of
300 mm/min, the majority of the PMMA cement (injected
during its drawing period) flowed along the channel in only
one direction; however, the penetrating channel had little
effect on CPN, which dispersed evenly. Only a small amount
of CPN cement flowed uniformly to both ends of the channel
(Fig. 2b). The leakage distance of PMMA was obviously
greater than that of CPN (p=.042; Fig. 2c). Furthermore, the
leakage volume of PMMA was also much greater than that of
CPN (p=.035; Fig. 2d). When the viscosity of PMMA was
increased to the level of CPN, the leakage distance and vol-
ume of PMMA were both reduced (Fig. 2c, d), but the

PMMA leakage pattern was still different from that of CPN
(Fig. 2b). Most of the high viscosity PMMA was blocked in
the channel, however PMMA leakage distance and volume
were still greater compared to CPN (Fig. 2c, d). In addition,
PMMA with the same viscosity as CPN was close to the final
hardening stage (Supplementary Fig. S2b, c), and the required
injection force for PMMA (60.1£4.4 N) was nearly twice
that of CPN (31.1£1.2 N) (Supplementary Fig. S2d), making
it difficult to inject manually. The excessive injection force
makes the high viscosity PMMA clinically impractical for
PKP application.

As shown in Fig. 2e, the tendency for unidirectional
leakage with PMMA (injected during the drawing period)
is more obvious under an injection force of 18 N, while
CPN diffused evenly and there was no obvious leakage at
18 N. The leakage distance was obviously greater with
PMMA than with CPN (p=.007; Fig. 2f). Similarly, leakage
volume was significantly larger with PMMA than with
CPN (p=.001; Fig. 2g). In addition, high viscosity PMMA
could not be expelled from the cement injector with an
injection force of 18 N and thus could not be tested in the
simulated leakage model.

Augmentation strength of bone cement

PKP experiment in human cadaveric vertebrae and sheep
vertebrae

The strength of human cadaveric vertebrae after CPN
augmentation was 1,668+816 N, which was lower than that
after PMMA augmentation (2,2124+813 N), however, this
difference was not significant (p=.459; Fig. 3b). A similar
result was observed in sheep vertebrae. The strength of
sheep vertebral bodies augmented by PMMA reached
1,393+433 N, while that of sheep vertebral bodies aug-
mented by CPN was 1,1084+284 N. However, the difference
between CPN and PMMA for the augmentation strength of
sheep vertebrae was not significant (p=.057; Fig. 3c).
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Table 3

Mechanical strength and moduli of bone cements
Cement Compressive strength (MPa) Modulus (GPa)
CPC 13.454+2.86 0.46+0.13
CPN 51.2745.3 1.08+0.37
PMMA 93.48+11.27 1.87+0.23

Note: Data presented as mean =+ standard deviation.
CPC, calcium phosphate cement; CPN, calcium phosphate nanocom-
posite; PMMA, polymethylmethacrylate.

Contrast VP augmentation experiment in human cadaveric
vertebrae

The mechanical compressive test results for augmented
cancellous bone suggest that both PMMA and CPN cement
significantly enhanced the compressive strength of cancel-
lous bone (p<.05; Fig. 4b). PMMA cement increased the
compressive strength by about 250%, from 1.95 to 5.24
MPa. Moreover, the compressive strength of the cancellous
bone augmented by CPN was 3.43 MPa, which was
increased by 175%. The compressive strength of the cancel-
lous bone augmented by CPN reached 65% of that aug-
mented by PMMA. This ratio (65.46%) exceeded the ratio
of intrinsic compressive strength for CPN/PMMA, which is
only 55% (Table 3). This increase in the ratio of compres-
sive strength indicates that CPN had a better augmentation
effect on cancellous bone compared to PMMA.

Augmentation effects in the solid rigid foam model

Radiographs of the solid rigid foam model showed that
the spherical cavity was fully filled with bone cement
(Fig. 5b). The stress-strain curves of CPN and PMMA
(Fig. 5c) indicate that compressive strength was signifi-
cantly higher for both PMMA and CPN compared to the
hollow rigid foam model with no cement filling (p<.05).
The compressive strength of the rigid foam model aug-
mented by CPN was just slightly lower than that of the rigid
foam model injected with PMMA (0.72740.042 MPa vs.
0.811£0.045 MPa, respectively), and the difference was
not significant (p=.076).

Bone cement dispersion

Bone cement dispersion in human cadaveric vertebrae

In the PKP augmentation experiment, the dispersion vol-
ume of CPN was significantly higher than that of PMMA
(p=-005; Fig. 6b; Supplementary Fig. S6a). During the pro-
cess of augmentation, voids in cancellous bone will be
encapsulated and filled by dispersed bone cement. These
cement-filled cancellous bones were identified as part of
the cement dispersion volume via CT scan. Therefore, these
results indicate that more cancellous bone will be encapsu-
lated during dispersion when using the same volume of
CPN as PMMA. Similar results were obtained when com-
paring dispersion ratios. The CPN dispersion ratio was sig-
nificantly higher than the PMMA dispersion ratio (p=.001;

Supplementary Fig. S6b). Moreover, CPN had better dis-
persion characteristics as evidenced by the results of the
contrast VP augmentation experiment. The dispersion vol-
ume of CPN was significantly greater than that of PMMA
when comparing the two sides of the three LS5 vertebrae
(p=.033; Fig. 6¢; Supplementary Fig. S7a). Likewise, in all
three L5 vertebrae, the dispersion ratio of CPN was signifi-
cantly higher than that of PMMA (p=.034; Supplementary
Fig. S7b). More cancellous bones were encapsulated by
CPN during the dispersion process, suggesting the forma-
tion of good interdigitation between CPN and bone tissue,
which is beneficial for increasing the augmentation effect
of CPN.

Bone cement dispersion in sheep vertebrae

The micro-CT analysis results for cement dispersion
were consistent in the three planes. In the transverse plane,
the ratio of cement cross-sectional area to injection volume
was significantly higher with CPN than with PMMA
(p=.001; Fig. 7b). The similar results were obtained for the
ratios of cross-sectional area to injection volume in the coro-
nal plane, suggesting that the dispersion of CPN was better
than that of PMMA (p=.039; Fig. 7c). On sagittal plane, the
ratio of CPN was also higher than PMMA in the sagittal
plane, however the difference was not significant (p=.063;
Fig. 7d).

Bone cement dispersion in open-cell rigid foam model
Micro-CT images of the open-cell rigid foam model
indicated that CPN and PMMA have completely different
dispersion modes. After injection, the PMMA cement pre-
sented as a contracted clump in the open-cell rigid foam
model. However, the CPN cement block had many anten-
nae extending outward, indicating that CPN was spreading
to the surrounding area. As the L/S ratio decreased, the
antennae-like protrusions of CPN cement block become
more obvious (Fig. 8b). These protuberances increased the
surface area of CPN in the foam. The calculated surface
area results were consistent with results from the micro-CT
image. The surface areas of CPN cement blocks with differ-
ent L/S ratios were significantly greater than the surface
area of PMMA cement (1,037+£72 mm?; (p<.05). The sur-
face area of the 0.4 L/S ratio CPN was significantly greater
than the surface areas of other L/S ratios (p<.05). There
were no significant differences in surface areas among CPN
groups with 0.6, 0.8, or 1.0 L/S ratio (p>.05; Fig. 8b).

Discussion

CPN and PMMA are two completely different types of
bone cement. After mixing the cement powder with setting
liquid, CPN has no drawing stage, and directly enters a
doughing period. The curing of CPN begins with the
doughing stage, in which CPN reveals viscoplasticity and
high viscosity. Moreover, CPN does not generate heat dur-
ing the curing and hardening process, thus avoiding the risk
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of thermal damage to surrounding tissues. PMMA cement
is liquid-like after mixing and has a drawing period of sev-
eral minutes. The PMMA doughing period is very short,
after which the PMMA rapidly solidifies. In addition, previ-
ous studies have proven that CPN, as a calcium phosphate
cement-based cement, results in good osseo-integration
[12] and that PMMA has no biological potential to integrate
into bone since it is a nondegradable material [28]. These
features make CPN a promising alternative to PMMA for
vertebral augmentation surgery.

For clinical application in PKP, CPN cement must over-
come the problem of low mechanical strength seen in many
existing calcium phosphate-based cements [29], and more
importantly, it must also avoid the complications caused by
the use of PMMA, such as cement leakage and adjacent
vertebral fracture [4,5,8]. Thus, circumventing cement leak-
age and mechanical augmentation are crucial for the appli-
cation of CPN in PKP.

Bone cement leakage

Leakage of PMMA is a common clinical complication of
PKP, which can cause serious damage in patients undergoing
vertebral augmentation [4,5]. Therefore, the prevention of
bone cement leakage is very important during vertebral aug-
mentation surgery. Clinical PMMA cement is polymerized,
in part, using a liquid monomer and is in a fluid-like sate after
mixing; thus it is prone to leakage during injection. In PKP
augmentation experiment on human cadaveric vertebra, ante-
rior wall leakage occurred in the vertebrae augmented by
PMMA or CPN (Table 2), which should be attributed to the
severe ruptures of anterior wall when vertebral fracture mod-
els were created. Nevertheless, the incidence of anterior wall
leakage in CPN group was still lower than that in PMMA
(75% vs. 100%) and the average number of leakage sites per
vertebra was less in the CPN group (Table 2). On contrary,
the incidence of posterior wall leakage of CPN was 0, while
posterior wall leakage occurred in 75% of the human verte-
brae treated with PMMA (Table 2). Moreover, no leakage
was found when using CPN for VP experiments (Fig. lc, d;
Table 2). These results clearly suggested that CPN have anti-
leakage properties compared with PMMA. PMMA leakage
during injection could be due to its inherent physiochemical
property and is likely unavoidable when PMMA is used clini-
cally. In the leakage test using the simulated leakage model,
PMMA leaked along the channel in all tests, whether at the
same injection speed or with the same injection force, while
CPN was less affected by the channel and still dispersed uni-
formly (Fig. 2b, e). The anti-leakage characteristic of CPN
was likely due to a difference in physiochemical property
between CPN and PMMA. After mixing, CPN cement is in a
semi-solid state through the hydration reaction and is less
fluid than PMMA, thus it is more difficult for CPN to leak.
Moreover, hydroxyl-rich starch in CPN cement likely inter-
acts strongly with other inorganic particles via hydrogen
bonds, which increases the viscosity of CPN [11]. High

viscosity of bone cement had been proven to reduce leakage
[30,21]. When the viscosity of PMMA was increased to the
level of CPN, the leakage distance and volume of PMMA
were still greater than CPN (Fig. 2b, c¢). These results suggest
that properties of cement, other than just viscosity, may affect
leakage. Starch is one of the important components of CPN.
Starch not only increases the viscosity of CPN, but also
makes CPN a viscoplastic cement with adhesiveness. Thus,
CPN easily adhered to the surrounding porous structure and
infiltrated it during injection. Therefore, the viscoplasticity of
CPN may affect leakage, which, together with high viscosity,
causes CPN to have a different leakage pattern compared to
PMMA.

Bone cement augmentation

The high mechanical strength and stiffness of PMMA
can lead to adjacent vertebral fractures when PMMA is
used for vertebral augmentation [8]. Aged patients with sec-
ondary fractures face re-operation, which significantly
increases medical costs and family burdens. CPN has mod-
erate mechanical strength, which reduces the risk of adja-
cent vertebral fractures, making it a promising alternative
to PMMA. Although the mechanical strength was lower for
CPN compared to PMMA, both CPN and PMMA signifi-
cantly enhanced the mechanical strength of cancellous
bone (Fig. 4b). Furthermore, results of PKP experiments in
human vertebrae and sheep vertebrae found that there was
no significant difference in augmentation strength between
CPN and PMMA even though augmentation strength was
lower for CPN compared to PMMA (Fig. 3b, c). The
mechanical compression test of the solid rigid foam model
indicated that the augmentation effect of CPN was only
slightly lower compared to PMMA (Fig. 5d). As far as
long-term effects, CPN cement is a biodegradable filling
material and will gradually degrade after injection, allow-
ing new bone growth to eventually replace the cement [12]
and leading to the regeneration of vertebral structure. How-
ever, PMMA is nondegradable and permanently remains in
the vertebral body, thereby perpetuating the risk of adjacent
vertebral fracture.

Bone cement dispersion

The dispersion volume of CPN was significantly greater
than that of PMMA (Fig. 6b, c), indicating that significantly
more bone tissue was wrapped by CPN during dispersion
than by PMMA. One possible reason for the difference in
dispersion volume is that CPN and PMMA have totally dif-
ferent dispersion modes. In micro-CT images of open-cell
rigid foam, PMMA showed a curled mass, while CPN
cement extended many antennae outward, demonstrating a
trend for spreading to the surrounding area (Fig. 8b). Differ-
ent dispersion modes might be attributed to the different
viscosities and injection forces between CPN and PMMA
during injection process. The unique dispersion characteris-
tics of CPN not only increased the surface area of the bone
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cement (Fig. 8b), but also facilitated penetration and encap-
sulation of the surrounding porous bone tissue. After the
cement wrapped the porous cancellous bone, a strong inter-
locking effect appeared between the cement and bone,
which is likely to significantly increase the augmentation
strength of CPN. The results of PKP experiments in both
cadaveric vertebraec and sheep vertebrae confirmed that
CPN, with weak mechanical strength, produced an augmen-
tation effect close to PMMA (Fig. 3b, ¢). During the dis-
persing process, the adhesiveness of CPN also might make
CPN adhere to the surrounding cancellous bone, reducing
the probability of leakage. Therefore, anti-leakage and dis-
persion properties of CPN were better compared to PMMA
when viscosity, viscoplasticity, and adhesiveness were
combined. Leakage decreased when the viscosity of
PMMA was at the same level as CPN (Fig. 2c, d), though
by this time, PMMA was at the end of the curing stage
(Supplementary Fig. S2b, c) and its viscosity quickly
increased. The rapid increase in viscosity prevented
PMMA from dispersing into cancellous bone.

Another possible reason for the difference in dispersion
volume of CPN and PMMA is that CPN is hydrophilic
while PMMA is hydrophobic. When injected into the verte-
bral body, CPN might easily wet on the surface of three-
dimensional porous structure of bone tissue and then spread
into large areas. On the contrary, PMMA was probably dif-
ficult to wet on bone surface. In this case, CPN was more
likely to encapsulate cancellous bone compared to PMMA,
which may also result in differed dispersion characteristics.

This study was supported by funds from government. All
the individuals involved in this study analyze and process
the experimental results objectively without any bias.

Conclusions

CPN had augmentation strength close to that of PMMA
when used for PKP in cadaveric vertebrae, sheep vertebrae,
and solid rigid foam models. To the best of our knowledge,
this is the first time that imaging analysis showed that CPN
has a completely different dispersion pattern than PMMA.
CPN diffused more easily into cancellous bone and encap-
sulated bone tissues in the dispersion process. The excellent
dispersion of CPN created better interdigitation with can-
cellous bone, which enhanced the augmentation strength of
CPN. Moreover, compared with PMMA, CPN showed anti-
leakage properties in PKP application, which might also be
related to its high viscosity and viscoplasticity.
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