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Purpose: To evaluate the effect of cement augmentation of cortical bone trajectory (CBT) screws using a novel calcium phosphate–
based nanocomposite (CPN).
Material and Methods: CBT screws were placed into cadaveric lumbar vertebrae. Depending on the material used for augmentation,
they were divided into the following three groups: CPN, polymethylmethacrylate (PMMA), and control. Radiological imaging was
used to evaluate the cement dispersion. Biomechanical tests were conducted to measure the stability of CBT screws. A rat cranial
defect model was used to evaluate biodegradation and osseointegration of the CPN.
Results: After cement augmentation, the CPN tended to disperse into the distal part of the screws, whereas PMMA remained limited to
the proximal part of the screws (P < 0.05). As for cement morphology, the CPN tended to form a concentrated mass, whereas PMMA
arranged itself as a scattered cement cloud, but the difference was not significant (P > 0.05). The axial pullout test showed that the
average maximal pullout force (Fmax) of CPN-augmented CBT screws was similar to that of the PMMA group (CPN, 1639.56 ± 358.21
N vs PMMA, 1778.45 ± 399.83 N; P = 0.745) and was significantly greater than that of the control group (1019.01 ± 371.98 N; P < 0.05).
The average torque value in the CPN group was higher than that in the control group (CPN, 1.51 ± 0.78 N∙m vs control, 0.97 ± 0.58 N∙m)
and lower than that in the PMMA group (1.93 ± 0.81 N∙m), but there were no statistically significant differences (P > 0.05). The CPN
could be biodegraded and gradually replaced by newly formed bone tissue after 12 weeks in a rat cranial defect model.
Conclusion: The biocompatible CPN could be a valuable augmentation material to enhance CBT screw stability.
Keywords: cement augmentation, CBT screws, osteoporotic spine, PMMA, CPN

Introduction
Posterior pedicle screw fixation systems have widely been used in the treatment of spinal diseases. However, pedicle
screw loosening, especially in the spine with lower bone quality, is still a common problem faced by surgeons. It has
been reported that the rate of screw loosening in osteoporotic patients could be ≤60%,1 which increases the risk of
instrument failure. The cortical bone trajectory (CBT) screw technique is an existing method used to enhance screw
anchorage and it works by increasing the contact area between the screw and the more rigid cortical bone.2 Due to the
cranial screw insertion occurring through a caudomedial starting point, the CBT screw technique achieves less-invasive
fixation than traditional pedicle screws by limiting dissection of the superior facet joints and reducing muscle dissection
and retraction, which has led to its increasing popularity among spinal surgeons.3,4 However, some studies have
concluded that the stability of CBT screws cannot surpass that of traditional pedicle screws.5,6 Shorter and smaller
screws inserted in vertebrae may incur higher stress, and micro-motions of the screws and bone encroachment around the
screws accelerate once screw loosening occurs.7 It has also been reported that the loosening rate of CBT screws in
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clinical practice is up to 6.5%.8 Thus, there is a need to further enhance CBT screw stability, especially given the
increasing number of aging patients.

The cement augmentation technique may be a useful method to increase pedicle screw stability. However, early
screw loosening remains a concern when treating patients with severe bone loss. While increasing the injected cement
volume would strengthen the holding power, it simultaneously would raise the rate of complications related to cement,
such as cement leakage or even pulmonary cement embolism.9,10 Currently, the most widely used augmentation
material is polymethylmethacrylate (PMMA), which has some advantages, such as biocompatibility, injectability, and
good mechanical properties.11,12 However, PMMA has a high exothermic polymerization temperature, monomer
toxicity, and a high elastic modulus, and has neither the characteristic of good osteoinduction nor
biodegradability.11,13,14 These drawbacks of PMMA have been shown to cause side effects in clinical practice, such
as nerve injury, great removal difficulty, and surgical site infection.15–17 As a potential alternative cement to PMMA,
calcium phosphate cement (CPC) has characteristics of self-curing, biocompatibility, osteoconductivity, and
resorbability.18–20 However, some disadvantages in clinical application, such as the imbalance of biodegradation and
bone regeneration and the lower initial mechanical strength than PMMA, require modifications of this material.21–23

Considering the nanostructured nature of bone, nanomaterials have been incorporated into existing cement to improve
their mechanical and biological properties for the use in bone augmentation, filling bone defects, and bone tissue
regeneration.12,24,25 These modified materials tend to have better biocompatibility, osteoinduction, and biodegradation
than traditional cements. Because the inclusion of nanomaterials can effectively supplement the deficiency of existing
cement, a reinforced but injectable nanocomposite consisting of the self-curing bioabsorbable CPC with a nanoscale
starch network was designed.26–28

In a biomechanical study, we had demonstrated that PMMA augmentation is capable of increasing CBT screw
stability,29 and in previous studies on the augmentation of cannulated pedicle screws, CPN demonstrated biomechanical
strength similar to that of PMMA.27,28 In this study, we tried to apply the CPN for CBT screw augmentation to integrate
the advantages of both the novel nanomaterial and the unique trajectory fixation system. We evaluated the biomechanical
properties of CPN in comparison with PMMA to explore the prospect of clinical application.

Materials and Methods
The CPN was prepared in accordance with the method provided by previously published studies.27,28 To confirm the
successful preparation of CPN, some of its properties were measured in this study. The setting times were measured
following the method stated in the ASTM C266-89 and other well-known studies.30 The rheological characterization of
CPN was achieved using a DHR2 rheometer to reflect the viscosity of the prepared CPN. In addition, the compressive
strengths of the CPN and PMMA were tested by uniaxial compression tests to verify the mechanical strength. Then,
cadaveric lumbar specimens were processed and CBT screws were placed with the help of designed three-dimensionally
(3D) printed templates. After that, the prepared CPN and PMMA were employed to enhance the CBT screw fixation.
Next, the radiological evaluation and biomechanical tests were conducted to evaluate the cement dispersion patterns and
biomechanical properties. Additionally, a rat cranial defect model was used to observe the CPN biodegradation and
osseointegration.

CPN and PMMA Preparation
As previously reported,27,28 the CPN powder contained 60 wt% CPC powder consisting of 90 wt% α-tricalcium
phosphate (Dingan Science and Technology, Suzhou, China) and 10 wt% analytical dicalcium phosphate dihydrate, 20
wt% nano-scale starch [JianjieIndustrial (Group) Co., LTD, Zhengzhou, China], and 20 wt% barium sulfate powder
(BaSO4; Sigma Aldrich, St. Louis, MO, USA]. The setting liquid of the CPN was 0.25 mol/L sodium hydrogen
phosphate solution (Sigma Aldrich), and the CPN powder was mixed with the setting liquid at 21°C (at the liquid-to-
powder ratio of 0.5 mL/g). For the comparison, PMMA (Mendec Spine; Tecres SPA, Sommacampagna, Italy) was also
set at 21°C with a powder-to-liquid ratio of 2:1 in accordance with the manufacturer’s instructions. The curing times of
the CPN and PMMA were recorded.
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Setting Times and Rheological Measurements
In line with previous studies,26,30 the initial and final setting times of the cement samples were tested using a Gilmore
indenter end-capped with a light and thick needle and a heavy and thin needle, respectively. Both needles were dropped onto
the cement surface, and indentation was repeated every minute until there was no perceptible mark left on the surface. The
total times using different needles were defined as the initial and final setting times. Each test was repeated five times.

Rheological characterization of the CPN was achieved using a DHR2 rheometer (TA Instruments, New Castle, DE,
USA). The measurement started 2 min after mixing of the solid and liquid phases, and then the samples were added on
a diameter of 40-mm cone-plate geometry and stabilized for 5 min in the rheometer. To investigate the viscosity of the
CPN, the measurements were plotted over a frequency range of 0.1–10 Hz by applying 1% strain at 25°C by dynamic
mechanical analyses.

Compression Tests of CPN and PMMA
To evaluate the basic mechanical properties of the CPN, we tested the compressive strengths of the CPN and PMMA by
uniaxial compression tests.26,27 The cement was set in a cylindrical stainless-steel mold (6 mm in diameter and 12 mm in
length), and the cement bars were uniaxially compressed by a mechanical tester (HY-1080; Heng Yi Precision Instrument
Co., Shanghai, China) with a 10-kN load cell (gauge precision, 0.5 N) at a crosshead speed of 0.5 mm/min. Stress–strain
curve data were collected, and the maximum stress value was taken as the compressive strength. Each type of cement
was tested five times.

Cadaveric Specimen Processing
This cadaveric study was approved by the Human Subjects Institutional Review Board of Peking University First
Hospital (No. 2021–209) and Changzhou Second People’s Hospital (MR-32-21-013367). Lumbar vertebrae (L1–L5)
without tumors, fractures, and deformities were harvested from five fresh postmortem human subjects ranging in age
from 63 to 81 years. Each specimen was evaluated by dual-energy X-ray absorptiometry to confirm the reduced bone
quality. These specimens were stored at −20°C until further procedures were performed.

Design of 3D Templates
After obtaining the fresh lumbar vertebrae, high-resolution computed tomography (CT) imaging was performed to collect
data to prepare the 3D-printed templates. The 3D-printed templates were designed to completely fit the posterior bone
structure of the lumbar vertebrae. Their navigation channels were based on the cortical bone trajectory; the screw entry point
was selected at the isthmus, an intersection point of the mid-vertical line of the superior facet joint, and a horizontal line
1 mm below the ipsilateral transverse process. The screw insertion direction was from caudal to cephalic in the sagittal plane,
diverging inward to outward in the horizontal plane to ensure sufficient contact of the inserted screws with the dorsal cortex,
the posterior medial and the anterior lateral pedicle walls, and the cambered surface of the vertebral body.

Screw Placements and Cement Augmentation
Forty-nine cement-injectable cannulated CBT screws made of Ti6Al4V with an outer diameter of 5.5 mm and a length of
40 mm (Premier, WGB1Z-7-01; Weigao Orthopaedic Device, Weihai, China) were employed. The specimens were
rewarmed at room temperature for 24 hours, and soft tissues were removed to expose the posterior bony area of the
specimens for the 3D-printed templates to adhere to. Then, an electric drill with a bit 2.5 mm in diameter was driven into
the vertebra through the navigation channel. Next, a guidewire was inserted into the hole, and a cannulated screw tap
with a 5.5 mm outer diameter was used for tapping the screw trajectory. Finally, a CBT screw was inserted along the
tapping direction by a screwdriver. All of the available screws were placed using the same method by an experienced
spinal surgeon (Figure 1).

Following the initial mixture of the augmentation materials (about 6 min for CPN and 4.5 min for PMMA),
a toothpaste-like material of 1.0 mL of the CPN was loaded by a customized syringe and then injected into each of
the selected screws through the cement push rods. The cement type in each screw is summarized in Table 1.
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Radiological Evaluation
After screw insertion, plain radiographs and CT images were collected to evaluate the accuracy of the screw placements.
The angle deviations in the sagittal and transverse planes between the planned and actual screw positions were measured.
After the different augmentation materials were injected, plain radiographs and CT images were collected again to
evaluate the cement dispersion. We performed a 3D reconstruction based on the CT data to measure the volume of the
dispersed augmentation materials. As the lateral holes region of the screws occupied the first third of the screw length, we
chose a demarcation point that bisected the first third of the whole screw; then, the cement cloud was divided into two
parts, with the part closer to the screw head defined as the front volume and that closer to the screw tail defined as the
rear volume. The specimens were subsequently split into individual vertebral bodies, and the X-ray axial view of each
single vertebral body was collected. Each cadaveric lumbar specimen was divided into a pedicle zone and a vertebral
body zone on the axial view, and the cement cloud was identified and categorized according to the relevant zones. On the
axial view of CT scans, the morphology of the distributed cement was described as a concentrated (C) type, in which the
cement was concentrated around the screw in a kind of round mass, or a scattered (S) type, where the injected cement
was randomly scattered, spotted, or linearly distributed around the screw with some radiolucent space in the cement.29

The radiological evaluation of cement-augmented CBT screws was shown in Figure 2.

Biomechanical Tests
Some vertebrae were embedded in cylindric bases of self-curing denture acrylic (Boer Chemical Co., Ltd., Shanghai,
China) with a screw positioned along the axis of the cylinder, leaving the screw head exposed. A material testing machine
(55 MT Universal Testing Machine; Instron, Norwood, MA, USA) was employed to test the maximum torque values.

Figure 1 Cortical bone trajectory (CBT) screw placement under the guidance of 3D-printed templates and cement injection.
Notes: (A) The templates were positioned correctly in close contact with the posterior bony area after all posterior soft tissue was removed from the cadaveric specimens.
(B) An electric drill with a bit 2.5 mm in diameter was driven into the vertebra along the direction of the template’s channel. (C) A Kirschner wire was inserted in the needle
lumen, and a cannulated screw tap 4.5 mm in outer diameter was used for tapping according to the guidance of the wire. (D) A screw was inserted following the CBT
trajectory. (E) The cement was injected in the selected screws by a push rod.
Abbreviation: CBT, cortical bone trajectory.
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The screw head was connected to the load frame and rotated counter-clockwise at a rate of 0.5°/s along the screw axis.
The torque–angle curve was collected in real time, and testing was performed until the torque value sharply decreased to
acquire the maximum torque values (Figure 3A).

The other specimens were sealed in cubic denture base resins to facilitate fixation on a special jig, which could be
adjusted to ensure that each screw was pulled along its long axis. After each sample was tightly clamped, each screw was
pulled at a constant speed of 5 mm/min until screw loosening; then, the force–displacement curve was recorded. The
maximum pullout force (Fmax) was defined as the value at which the load peaked and then sharply decreased with
increasing displacement (Figure 3B).

Histological Analysis
A rat cranial defect model was employed to evaluate the biodegradation and osseointegration of the CPN. The animal
study was approved by the Animal Care and Use Committee of Soochow University (Approval No.
SUDA20200707A03) and followed the Guide for the Care and Use of Laboratory Animals.

The rats (weighing about 200 g) were first anesthetized and placed on a heating pad. After disinfection for three times,
the skin was incised at the middle of the skull to remove the underlying periosteum, and a craniotomy defect was created
using a 6-mm-diameter electric ring drill without damaging the brain. The rats were divided into two groups: the Blank
group, without cement (n=6), and the CPN group (n=6), with the CPN implanted into the defects. Finally, the skull skin
was closed by continuous sutures. The rats in both groups were killed at 4 weeks (n = 3) and 12 weeks (n = 3) after

Table 1 Information and Characterization of Cadaver Specimens

Cadaver
Specimens

Vertebra Age
(Years)

Mean
BMD
(g/cm2)

Augmentation
Materials

Injected on the
Left Side

Cement
Volume

Injected on
the Left
Side (mL)

Augmentation
Materials

Injected on the
Right Side

Cement
Volume

Injected on
the Right
Side (mL)

Biomechanical
Test

1 L1 81 0.792 Control 0 — — Torsion test

L2 CPN 1 Control 0 Torsion test

L3 Control 0 Control 0 Torsion test
L4 CPN 1 CPN 1 Torsion test

L5 PMMA 1 PMMA 1 Torsion test

2 L1 63 0.822 Control 0 CPN 1 Torsion test
L2 PMMA 1 PMMA 1 Torsion test

L3 PMMA 1 CPN 1 Torsion test
L4 PMMA 1 Control 0 Torsion test

L5 PMMA 1 CPN 1 Torsion test

3 L3 78 0.741 PMMA 1 CPN 1 Torsion test
L4 PMMA 1 Control 0 Torsion test

L5 CPN 1 Control 0 Torsion test

L1 Control 0 PMMA 1 Pullout test
L2 PMMA 1 CPN 1 Pullout test

4 L1 70 0.783 CPN 1 Control 0 Pullout test

L2 PMMA 1 Control 0 Pullout test
L3 CPN 1 PMMA 1 Pullout test

L4 Control 0 CPN 1 Pullout test

L5 Control 0 PMMA 1 Pullout test
5 L1 67 0.802 PMMA 1 CPN 1 Pullout test

L2 CPN 1 Control 0 Pullout test

L3 PMMA 1 Control 0 Pullout test
L4 CPN 1 PMMA 1 Pullout test

L5 Control 0 CPN 1 Pullout test

Abbreviations: BMD, bone mineral density; CPN, calcium phosphate–based nanocomposite; PMMA, polymethylmethacrylate.
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cement implantation. The skull specimens were collected, fixed with 10% formalin solution for three days, and then
decalcified in 10% EDTA solution (Aladdin Chemical Inc., Shanghai, China). After decalcification, the samples were
embedded by paraffin, and sliced into 5-μm-thick sections for hematoxylin and eosin (H&E) staining. Next, the slices
were observed with a microscope (Olympus, Tokyo, Japan).

Statistical Analysis
Statistical analysis was performed using SPSS version 23.0 (IBM Corporation, Armonk, NY, USA). The data are
expressed as mean ± standard deviation values. The chi-square and Fisher’s exact probability tests were used for
categorical variables. One-way analysis of variance was used to detect differences between the groups. Statistical
significance was defined as P < 0.05.

Results
Characterization of the CPN
Figure 4A shows the curing process of the cements. The initial setting time of the CPN was 13.54 min and that of PMMA
was 14.96 min (P = 0.668), while the final setting time of the CPN was 20.16 min and that of PMMAwas 21.76 min (P =

Figure 2 Radiological evaluation of cement-augmented cortical bone trajectory (CBT) screws.
Notes: (A) A schematic revealing the design of a 3D-printed template according to the reconstruction from computed tomography data. (B) X-ray anteroposterior and
lateral views of the specimen after inserting the screws and cement augmentation. (C) X-ray axial view of the cement mass. (D) The diagram of the CBT screw and the
demarcation point that bisects the first third of the whole screw. (E) The total volume of bone cement was divided into two parts; the green part is the rear volume and the
blue part is the front volume.
Abbreviations: CPN, calcium phosphate–based nanocomposite; PMMA, polymethylmethacrylate.
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0.019). Additionally, the working time window was 6.62 min for the CPN and 6.8 min for PMMA, but the difference was
not statistically significant (P = 0.771).

The frequency-dependent dynamic property of the CPN is shown in Figure 4B. The viscosity of the CPN decreased
with the increase of angular frequency from 0.1 to 10 rad/s, and eventually maintained at 104 Pa·s.

The uniaxial compression tests showed that the compressive strength of the CPN could reach about half of that of
PMMA (40.15 ± 2.93 vs 86.2 ± 4.60 MPa) (Figure 5).

Figure 3 Biomechanical testing of cemented cortical bone trajectory screws.
Notes: (A) torsion test and (B) axial pullout test.

Figure 4 The results of the setting time and rheological properties.
Notes: (A) The setting times of CPN and PMMA; CPN: n = 5, PMMA: n = 5 (B) The rheological properties of CPN. *P < 0.05 vs the PMMA group.
Abbreviations: CPN, calcium phosphate–based nanocomposite; PMMA, polymethylmethacrylate.
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Screw Placements and Cement Augmentation
Forty-nine screws were inserted into the vertebrae following the cortical bone trajectory; of these, 16 were augmented by
the CPN, 17 were augmented by PMMA, and 16 were nonaugmented. With the help of the 3D-printed templates, the
mean angular deviations in the sagittal and transverse planes were calculated to be 2.26° ± 1.08° and 1.86° ± 0.92°,
respectively.

Radiological Evaluation of the Cement Dispersion
The real cement cloud volumes of the CPN and PMMAwere 800.31 ± 80.15 mm3 and 793.12 ± 64.29 mm3, respectively
(P = 0.777). The CPN was more inclined to disperse into the vertebral body zone, whereas PMMA was more likely to
remain located in the pedicle zone (P < 0.05). This result was consistent with the finding of the front volume of the CPN
being higher than that of PMMA (P = 0.006).

Regarding the cement cloud morphology, there were 26 C-type cement clouds and seven S-type cement clouds. The
cement in the CPN group tended to form a concentrated mass (14 C-type clouds vs 2 S-type clouds), whereas the cement
in the PMMA group was inclined to shape into a scattered cement cloud (12 C-type clouds vs 5 S-type clouds). However,
the difference was not statistically significant (P > 0.05).

Biomechanical Properties of CBT Screw Augmentation
Figure 6A and B showed the typical biomechanical curves of the torsion tests and pullout tests with different
augmentation materials, respectively. The average torque value in the CPN group was higher than that in the control
group (CPN, 1.51 ± 0.78 N∙m vs control, 0.97 ± 0.58 N∙m) and lower than that in the PMMA group (1.93 ± 0.81 N∙m),
without any statistically significant differences (P > 0.05). The average torque value in the PMMA group was
significantly higher than that in the control group (P = 0.033) (Figure 6C). The pullout test showed that the average
Fmax of cement-augmented CBT in the CPN group was similar to that in the PMMA group (CPN, 1639.56 ± 358.21
N vs PMMA, 1778.45 ± 399.83 N; P = 0.745), which was significantly greater than that in the control group (1019.01 ±
371.98 N, P < 0.05) (Figure 6D).

Histological Observation
The H&E–stained histological sections (Figure 7) showed that the CPN implant did not collapse after 4 weeks. However,
the edge of the CPN sample started biodegradation and the newly formed bone tissue came to occupy the vacancy left by
the resorbed CPN clump after 12 weeks. The new bone tissue made a tight contact with the boundary of the residual CPN
clump, thereby maintaining a stiff bone–cement interface.

Figure 5 The results of compressive tests.
Notes: (A) Typical stress–strain curves of CPN and PMMA and (B) average compressive strength of CPN and PMMA.
Abbreviations: CPN, calcium phosphate–based nanocomposite; PMMA, polymethylmethacrylate.
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Discussion
CBT screws are designed to increase fixation stability by increasing contact between the screw and the harder cortical
bone, which has been confirmed by various biomechanical studies.35–38 However, some studies have argued that CBT
screws do not always outperform traditional pedicle screws in biomechanical tests. For example, in a cadaveric
biomechanical study, Wray et al5 showed that there were no significant differences between CBT screws and traditional
pedicle screws in terms of pullout strength and toggle resistance, while Akpolat et al6 reported that CBT screws showed
a fatigue performance inferior to that of traditional pedicle screws. To further enhance the anchorage of CBT screws in
the spine with reduced bone stock, we conducted a biomechanical study on PMMA-augmented CBT screws.29 According
to our results, PMMA augmentation is a useful method for increasing CBT screw stability, and the cement injection
volume is recommended to be 1 mL for each screw. In the current study, we also showed that the cemented screws had
significantly higher biomechanical strength than the nonaugmented screws, which further verified the feasibility and
effectiveness of this combined technique.

The cement augmentation technique usually is used to increase the holding power of pedicle screws placed in
a traditional trajectory. The augmentation effect could be influenced variably by different kinds of materials. PMMA is
the most widely used material, and previous studies have found that it tends to provide the highest biomechanical
strength.17,39,40 However, the aforementioned drawbacks of PMMA leave room for further explorations of the

Figure 6 Results of biomechanical tests.
Notes: (A) Typical torque–angle curves of the torsion tests with different augmentation materials. (B) Typical Fmax–displacement curves of the pullout tests with different
augmentation materials. (C) Statistical results of the average maximal torque and (D) average maximal pullout force of cortical bone trajectory screws augmented by
different cements. *P < 0.05 vs the control group.
Abbreviations: CPN, calcium phosphate–based nanocomposite; PMMA, polymethylmethacrylate.
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development of not only robust but also bioactive and absorbable augmentation materials. To overcome some of the
shortcomings of PMMA, some studies have focused on the modification of PMMA. Phakatkar et al41 proposed two-
dimensional magnesium phosphate nanosheets and hydroxyapatite nanofibers as novel fillers in PMMA bone cement
nanocomposites. They found that the novel nanocomposite significantly enhanced the compressive strength and showed
excellent bioactivity and cytocompatibility. Aghyarian et al31 designed a new composite bone cement developed by
introducing hydroxyapatite and brushite to an acrylic two-solution cement at varying concentrations. This kind of cement
exhibited increased viscosity, good injectability, and similar gel point time compared with the all-acrylic cement. The
cement showed an average compressive strength of 85 MPa, which was slightly lower than that of PMMA measured in
our study. For screw augmentation, however, this kind of modified PMMA tends to exhibit excessive mechanical strength
or stiffness and does not offer satisfying biodegradation and osseointegration, which are derived from its intrinsic
material properties and are difficult to change. Calcium phosphate used to be considered a potential alternative to
PMMA, because of its advantages, such as high biodegradability and similarity to host bone.19,32 It also has short-
comings, however, such as low mechanical strength or robustness, and fast biodegradation when it comes to the purpose
of pedicle screw augmentation.32,33 Hence, modified materials based on calcium phosphate are promising. Aghyarian
et al31 found that a calcium phosphate introduction into their new material improved the properties of viscosity,
pseudoplasticity, mechanical strength, and osseointegration. Roozbahani et al25 developed an injectable nano-calcium
phosphate cement and found that the nanostructure could improve mechanical properties, degradation rate, and osteoin-
duction. No studies, however, have focused on CBT screw augmentation using these mentioned materials.

Figure 7 Histological analysis of the calcium phosphate–based nanocomposite (CPN) after implantation in a rat cranial defect model.
Notes: (A) A rat critical-size cranial defect model; (B) CPN sample (volume = 28.26 mm3) implantation; (C) Blank control at 4 weeks (scale bar=800μm); (D) Blank control
at 12 weeks (scale bar=800μm); (E) The boundary of CPN was smooth after 4 weeks (scale bar=800μm); (F) The CPN partly degraded and bone ingrowth was observed at
12 weeks (scale bar=800μm). (G) The high-magnification image of E (scale bar=100μm); (H) The high-magnification image of F (scale bar=100μm); The red boxes show the
condition of osseointegration and CPN biodegradation on the bone-cement interface.
Abbreviation: CPN, calcium phosphate–based nanocomposite.
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The current construction of the CPN is a good alternative to PMMA for CBT screw augmentation. First of all, previous
studies have shown that the gelatinized starch nanonetwork could greatly improve the injectability of CPC.26–28,42 A previous
in vitro study confirmed its merit of injectability in that the CPN revealed a more consistent injection force pattern than
PMMA did.42 The initial setting time of the CPN was similar to that of PMMA, while the final setting time was slightly
shorter than that of PMMA, which was favorable for the intraoperative manipulation of cement augmentation. The peak
temperature during CPN setting was about 31°C, which was different from the obvious exothermic phenomenon in the
PMMA hardening. Additionally, the introduction of nanostarch also significantly increased the compressive strength of CPC,
with the average compression strength up to 40.15 MPa, nearly half that of PMMA, which is in agreement with the
previously reported result.27 This value was obviously improved considering that we have found that the compression
strength of CPC was only up to 13.21±2.45 MPa.27 The compressive strength of CPN is also higher than that of the other
newly constructed cements. Roozbahani et al25 found that the compression strength of their nano-calcium phosphate bone
cement based on Si-stabilized α-tricalcium phosphate was increased to 18.70 ± 2.23 MPa. Zhang et al34 showed that their
novel injectable magnesium/calcium sulfate hemihydrate composite reached a maximum value of 18.6 ± 2.7 MPa. Hence,
the CPN could be appropriate for CBT screw augmentation from a mechanical point of view.

In previous studies on CPN-augmented traditional cannulated pedicle, we found that CPN exhibited a similar biomecha-
nical property to PMMA.27,28,42 The current biomechanical pattern of the CPN-augmented CBT technique is consistent with
that seen with pedicle screw augmentation. We found that the average Fmax of CPN-augmented CBT screws was similar to
that of PMMA-augmented ones. The Fmax of PMMA presented a more discrete data while that of CPN was relatively
concentrated. Although the average torque value in the CPN group was lower than that in the PMMA group, there was no
statistically significant difference. As expected, regardless of whether PMMAor CPNwas used, the biomechanical strength of
the cemented CBTscrews was greater than that of cement-augmented pedicle screws reported in the aforementioned previous
studies, illustrating the effectiveness and superiority of the CPN-augmented CBT technique. The advantage of the CBTscrews
over traditional pedicle screws is in the greater contact made between the proximal portion of the screws and the harder pedicle
cortical bone. The distal part of the screws, which is more likely to make contact with the relatively more spongy vertebral
bone, might serve as an important location to further enhance screw stability. The CPN showed a better ability to disperse to
the distal areas of the screws and was more likely to form a concentrated cloud mass, which might account for the observation
that the CPN showed a satisfactory biomechanical performance, although the CPN could not surpass PMMA in terms of basic
mechanical properties reflected by the compressive properties.

Another merit of CPN is that it showed a suitable biodegradation speed that matched the new bone formation.
Histological analysis revealed that the CPN was degraded but not collapsed after 12 weeks, when it was critical for the
bone fusion after surgery.43 Once the fusion was achieved, the residual injected CPN should be biodegraded and replaced
by new bone tissue. We found that the newly formed bone tightly surrounded the residual CPN clot and kept a good
bone–cement interface during the biodegradation. The CPN would eventually be degraded for a longer period, and we
have found that only a third of the CPN volume remained after 8-month implantation (unpublished data), which could
solve the problems brought about by long-time residual PMMA.

Our study also has some limitations. First, because this study was an in vitro cadaveric biomechanical investigation, the
CBT screw placement procedure may have had some different operational details in comparison with clinical practice,
especially without X-ray or CT navigation. However, the employment of 3D-printed guide plates likelymitigated the difficulty
of the CBT technique to some extent and ensured standardized screw placements. Second, the biomechanical test of pullout
strength might not have completely reflected the physiological mechanism of screw loosening in vivo; thus, further evidence
should be gathered to verify the viability of this combination of techniques of cement augmentation and CBTscrew placement.
Furthermore, as donated human cadaveric spine resources are precious, the number of specimens used in this biomechanical
study was limited. Additionally, the clinical application of the CPN must be further evaluated in practice.

Conclusion
A novel nanocomposite cement with biocompatibility, CPN, could increase the biomechanical strength of CBT screws.
Although it is still slightly weaker than the traditional PMMA, being biocompatible and osteoinductive, CPN has a better
dispersion pattern and is a valuable alternative to PMMA augmentation.
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