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Objective: This study assessed biomechanical properties of pedicle screws enhanced or re-
vised with 3 materials. We aimed to compare the efficacy of these materials in pedicle aug-
mentation and revision.

Methods: One hundred twenty human cadaveric vertebrae were utilized for in vitro testing.
Vertebrae bone density was evaluated. Allograft bone particles (ABP), calcium phosphate
cement (CPC), and demineralized bone matrix (DBM) were used to augment or revise ped-
icle screw. Post the implantation of pedicle screws, parameters such as insertional torque,
pullout strength, cycles to failure and failure load were measured using specialized instru-
ments.

Results: ABP, CPC, and DBM significantly enhanced biomechanical properties of the screws.
CPC augmentation showed superior properties compared to ABP or DBM. ABP-augment-
ed screws had higher cycles to failure and failure loads than DBM-augmented screws, with
no difference in pullout strength. CPC-revised screws exhibited similar strength to the orig-
inal screws, while ABP-revised screws showed comparable cycles to failure and failure loads
but lower pullout strength. DBM-revised screws did not match the original screws’ strength.
Conclusion: ABP, CPC, and DBM effectively improve pedicle screw stability for pedicle
augmentation. CPC demonstrated the highest efficacy, followed by ABP, while DBM was
less effective. For pedicle revision, CPC is recommended as the primary choice, with ABP
as an alternative. However, using DBM for pedicle revision is not recommended.

Keywords: Spine, Osteoporosis, Bone transplantation, Bone cements, Biocompatible ma-

terials, Biomechanics

graphically as the presence of a > 1-mm clear minimum thick-
ness zone around the pedicle screw, as visualized on computed

With the increasing incidence of osteoporosis, spinal surgeons ~ tomography (CT) imaging, often exhibiting the “double halo

have observed a corresponding rise in the prevalence of screw  sign”’ Screw loosening is a significant factor contributing to the

loosening among patients."> Screw loosening is defined radio-  formation of radiological and clinical pseudoarthrosis. To en-
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hance the stability of screws within osteoporotic vertebrae, re-
searchers have explored a range of methods, including pedicle
screws augmentation (pedicle screws augmentation refers to
the technique of implanting reinforcement material within a
trajectory to enhance the biomechanical performance of a screw),
improved screw shape design such as expandable screws, im-
proved screw surface material design such as screws with un-
even surfaces, and improved screw pathway direction design
such as cortical bone trajectory screws.*® The most commonly
used method to improve screw stability is polymethylmethac-
rylate (PMMA) augmentation of pedicle screw. However, this
material has many disadvantages, such as its toxicity,'’ exother-
mic curing process,''? and the inert nature of PMMA, which
prevents absorption within the body. As a result, the explora-
tion of alternatives to PMMA has emerged as a primary research
focus in the field of pedicle screw augmentation.

In a previous study;"”’ we found that using allograft bone par-
ticles (ABP) for pedicle screw augmentation significantly im-
proved the biomechanical performance of the screws. Over the
years, calcium phosphate cement (CPC) has been used for ped-
icle screw augmentation. CPC, on the one hand, offers substan-
tial holding force for the screws," while on the other hand, it
exhibits a high potential for bone remodeling and osseointegra-
tion due to its osteoconductivity.”>'® Demineralized bone ma-
trix (DBM) is produced by removing cellular and mineral com-
ponents from human corticocancellous cadaver bone, leaving
the extracellular matrix molecules, including bone morphogenic
proteins, which are osteoinductive.”” It has been widely investi-
gated as a biomaterial to promote new bone formation and is
utilized clinically for bone repair and regeneration. However,
no study has hitherto successfully used DBM in pedicle screw
augmentation.

This study represents a fundamental biomechanical experi-
ment involving testing screws reinforced with augmentation ma-
terials on human cadaveric vertebrae. We carried out an evalua-
tion of 3 such materials, ABP, CPC, and DBM, and their impact
on biomechanical performance during pedicle screw augmen-
tation and revision. Additionally, we conducted comparative
analyses of the augmentation efficacy of these materials. The
findings from this research could provide a theoretical basis for
the application of these materials in clinical cases.

MATERIALS AND METHODS

1. Specimens
This study utilized osteoporotic human lower thoracic and
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lumbar vertebrae obtained from our university’s department of
human anatomy. Ethical approval was obtained prior to the
commencement of the study. One hundred twenty vertebrae
from T10 to L5 were extracted from 18 adult cadavers, consist-
ing of 8 males and 10 females. Each vertebra underwent metic-
ulous separation from adjacent vertebrae and careful dissection
to remove all soft tissues. Radiographs were taken to ensure the
absence of any bony anomalies that could potentially impact
the mechanical properties of the spine, such as fractures, tumors,
or severe degeneration.

2. Determination of Bone Mineral Density

The bone mineral density (BMD) of vertebrae was evaluated
using dual-energy x-ray absorptiometry. As a reference, osteo-
porotic human cadaveric vertebrae were defined as having a BMD
less than 0.8 g/cm* or a T score of 2.5 or below."®

3. Pedicle Screw and Augmentation Materials

According to the 3-dimensional CT measurement results of
the vertebrae, we selected 5.5-mm x 40-mm pedicle screw for
the lower thoracic vertebrae and 6.5-mm x 45-mm pedicle screw
for the lumbar vertebrae. We prepared and tapped the pedicle
screw trajectory using the Weinstein's technique method. The
depth of tapping matches the planned length of pedicle screw
implantation. The “original pedicle” is the initial trajectory cre-
ated using the aforementioned method. After the pedicle screw
is inserted, it can undergo immediate biomechanical tests, such
as pullout and cyclic fatigue tests. The “augmentation pedicle”
is a trajectory prepared using the same method, but with aug-
mentation material placed into the trajectory before inserting
the pedicle screw. After the augmentation material has cured,
biomechanical testing is carried out. The “revision pedicle” re-
fers to a situation in which, after biomechanical testing of the
original pedicle, the screw becomes loose (in the pullout test,
the screw is pulled out by 5 mm, or in the cyclic fatigue tests,
the displacement of the screw tip reaches+2.5 mm). In such
cases, the loose screw is removed, augmentation material is in-
serted into the loosened pedicle, and then the same size screw
is implanted along the original trajectory. Subsequently, biome-
chanical testing is conducted. To deliver the augmentation ma-
terials, a delivery tube commonly used in kyphoplasty was uti-
lized. The CPC (Fig. 1A) used in this experiment consisted of a
powder component composed of calcium phosphate salt and a
liquid curing component composed of soluble phosphate aque-
ous solution. These 2 components were carefully mixed in spe-
cific proportions to create a paste-like consistency. The result-
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Fig. 1. Augmentation materials used in this study: calcium phosphate cement (A), allograft bone particles (B), demineralized

bone matrix (C).

Fig. 2. Test setups of pullout test (A) and cyclic fatigue test (B).
Load cell (L), screwdriver (D), fixation device (F), specimen
(S), and titanium rod (R).

ing paste was then transferred to the delivery tube using an in-
jector, enabling its application for pedicle screw augmentation
and revision. We prepared and mixed the CPC, implanted it
into the trajectories, and waited for 3 minutes to allow prelimi-
nary cement curing before inserting the pedicle screws. After
screw implantation, we waited for at least 20 minutes to ensure
full cement curing before conducting biomechanical testing. In
addition, ABP with a size of 1 mm (Fig. 1B) were selected for
pedicle screw augmentation and revision purposes in the study.
The average BMD of ABP was 0.45 g/mL. The DBM (Fig. 1C)
used in this experiment was derived from donated bone decel-
lularized, defatted, and decalcified to retain its components. In
the CPC and DBM groups, we implanted 1.5 mL of the respec-
tive material into the pedicles of each lumbar vertebra and 1 mL
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into thoracic vertebrae. In the ABP groups, we implanted 0.5 g
of ABP into the pedicles of each lumbar vertebra and 0.3 g into
thoracic vertebrae.

4. Biomechanical Experiment

A torque meter was employed to measure the torque gener-
ated during screw insertion, which was performed using a screw-
driver. The maximum torque value was recorded after the com-
pletion of the insertion procedure.

Before using the biomechanical testing device, a specialized
fixation device was used to fix and adjust the direction of the
vertebrae.”” Axial pullout testing (Fig. 2A) was conducted at a
constant rate of 5 mm/min until the screw had been displaced
5 mm. The maximum load recorded during testing was defined
as the failure peak load or pullout strength. Fatigue testing (Fig.
2B) was conducted using a sinusoidal, cyclic force with a fre-
quency of 1 Hz. During the initial cycle, the applied load varied
from -150 N to 150 N, the minimum force required to run the
material-testing machine in a stable state. Compression force
was incrementally increased by 25 N every 500 cycles to expe-
dite the failure process. Testing was terminated once the crani-
al-caudal displacement of the load cell had reached 5 mm."*"
Furthermore, the number of cycles and the corresponding maxi-
mum linear force (failure load) until the end of the test was re-
corded.

5. Experimental Groups

One hundred twenty vertebrae were randomly divided into
12 groups (Table 1). The pullout test was performed on groups
Al, B1, C1, D1, El, and F1 (n=12 vertebrae each). The cyclic
fatigue test was performed on groups A2, B2, C2, D2, E2, and
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Table 1. Information of the experimental groups and average BMD of each group

Group Subgroup No. Mechanical testing DXA (g/cm?)
A: ABP-Original/Revision/ Augmentation Al 12 Axial pullout 0.62+0.09
A2 8 Cyclic fatigue loading 0.66+0.16
B: CPC-Original/Revision/ Augmentation Bl 12 Axial pullout 0.75+0.07
B2 8 Cyclic fatigue loading 0.52+0.04
C: DBM-Original/Revision/Augmentation Cl 12 Axial pullout 0.61+0.17
C2 8 Cyclic fatigue loading 0.58+0.09
D: ABP vs. DBM D1 12 Axial pullout 0.55+0.07
D2 8 Cyclic fatigue loading 0.59+0.04
E: ABP vs. CPC El 12 Axial pullout 0.53+0.09
E2 8 Cyclic fatigue loading 0.57+0.07
F: CPC vs. DBM F1 12 Axial pullout 0.57+0.12
2 8 Cyclic fatigue loading 0.63+0.05

Values are presented as mean + deviation.

BMD, bone mineral density; DXA, dual-energy x-ray absorptiometry; ABP, allograft bone particles; DBM, demineralized bone matrix; CPC,

calcium phosphate cement.

F2 (n= 8 vertebrae each).

1) Original, augmentation, and revision

Groups A, B, and C: As the original pedicle, one pedicle from
each vertebra was chosen randomly. The screw was placed into
the virgin trajectory in the original pedicle, and biomechanical
tests (torque, axial pullout test, or cyclic fatigue test) were per-
formed immediately. When the biomechanical testing was com-
pleted, the screw in the original pedicle was removed. The failed
trajectory (revision pedicle) and contralateral pedicle (augmen-
tation pedicle) were then filled with augmentation materials.
The same amount of augmentation materials was employed in
both the augmentation and revision pedicles. In each experi-
mental group, specific augmentation materials were utilized as
follows: group A employed ABP, group B utilized CPC, and group
C employed DBM. Following the augmentation or revision of
the pedicles, the screws were installed, and subsequent biome-
chanical tests were conducted to evaluate their performance.

2) ABP vs. CPC vs. DBM

Groups D, E, and F: The primary objective of these groups
was to evaluate and compare the efficacy and impact of the dif-
ferent augmentation materials used in this study. Prior to the
insertion of screws, pedicle augmentation was performed using
one specific augmentation material on one side, while a differ-
ent augmentation material was employed on the contralateral
side. In group D, the comparison focused on ABP versus DBM.
Group E compared ABP with CPC, while group F examined
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the contrast between DBM and CPC. After screw insertion, bio-
mechanical testing was conducted to assess the performance and
stability of the screws in each group.

6. Statistical Analysis

The data were analyzed using IBM SPSS Statistics ver. 26.0
(IBM Co., Armonk, NY, USA). Descriptive statistics encompass-
ing frequency and mean + standard deviation were computed.
Paired t-tests were employed to assess paired variables within
the same vertebra. Curve estimation regression analysis was used
to analyze the relationship between revision rate (revision rate =
failure loads of revision pedicle/failure loads of original pedicle)
and BMD. Statistical significance was established at p <0.05.

RESULTS

In the present study, we found that all vertebral specimens
had BMD lower than 0.80 g/cm? The grouping of all vertebrae
and the mean BMD for each group are shown in Table 1.

1. ABP: Origin, Revision, and Augmentation

The detailed results of group A1l testing are shown in Table 2.
Statistical comparisons (Fig. 3A) revealed that the maximum
pullout force of the revision pedicle was only 80.26% of that achi-
eved with the original pedicle (t=3.257, p=0.008). The maxi-
mum pullout force of the augmentation pedicle was 144.94% of
that achieved with the original pedicle (t=-4.741, p=0.001).
Additionally, the maximum pullout force of the augmentation
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Table 2. Measured insertional torques and pullout strength in pullout test in groups A1, B1, C1

Group Treatments No. DXA (g/cm?) Insertional torque (N-m) Pullout strength (N)
Al-ABP Original 0.37£0.26 503.09+£206.78
Revision 12 0.62+0.09 0.37£0.25 403.78 £183.17
Augmentation 0.5+0.25 729.2+283.56
B1-CPC Original 0.39+0.19 759.15+186.29
Revision 12 0.75%£0.07 0.38£0.15 680.68+163.91
Augmentation 0.58+0.19 1,170.16 £255.73
C1-DBM Original 0.34£0.1 489.61£297.43
Revision 12 0.61+0.17 0.23£0.1 315.23+232.64
Augmentation 0.35+0.11 719.26 +£445.75

Values are presented as mean + deviation.

DXA, dual-energy x-ray absorptiometry; ABP, allograft bone particles; CPC, calcium phosphate cement; DBM, demineralized bone matrix.
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Fig. 3. Graphs show pullout strength in groups A1-ABP (A), B1-CPC (B), and C1-DBM (C). Statistically significant differences
between the 2 treatments are marked with an asterisk (*). ABP, allograft bone particles; CPC, calcium phosphate cement; DBM,
demineralized bone matrix; Ori, original; Rev, revision; Aug, augmentation.

pedicle was significantly higher than that of the revision pedicle
(t=5.367, p<0.001). The insertional torque of the augmenta-
tion pedicle was also significantly higher than that of the origi-
nal pedicle (t=-5.741, p<0.001) and the revision pedicle (t=
-3.034, p=0.011). However, there was no significant difference
in torque values between the original and revision pedicles (t=
0.000, p=1.000). The detailed results of group A2 testing are
shown in Table 3. Statistical comparisons (Fig. 4A, D) revealed
that the screw failure loads of the revision pedicle reached 97.93%
of those achieved with the original pedicle (t=0.911, p=0.393).
The screw failure loads of the augmentation pedicle were 123.68%
of those achieved with the original pedicle (t=-6.359, p<0.001).
At the same time, the screw failure loads of the augmentation ped-
icle were significantly higher than the revision pedicle (t=8.802,
p<0.001). The insertional torque of the augmentation pedicle
was higher than that of the original pedicle (t=-4.680, p=0.002).

https://doi.org/10.14245/ns.2346760.380

However, there were no significant differences in the torque val-
ues among the other groups.

2. CPC: Origin, Revision, and Augmentation

The detailed results of group B1 testing are shown in Table 2.
Statistical analysis (Fig. 3B) revealed that the maximum pullout
force of the revision pedicle could reach 89.66% of that achieved
with the original pedicle (t=1.952, p=0.77). In contrast, the max-
imum pullout force of the augmentation pedicle was 154.14%
of that achieved with the original pedicle (t=-4.744, p=0.001).
Furthermore, the maximum pullout force of the augmentation
pedicle was significantly higher than that of the revision pedicle
(t=-7.149, p<0.001). The insertional torque of the augmenta-
tion pedicle was significantly higher than that of the original ped-
icle (t=-3.002, p=0.012) and the revision pedicle (t=-3.397,
p=0.006). However, there was no significant difference between
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Table 3. Measured insertional torques, cycles to failure and failure loads in cyclic fatigue test in groups A2, B2, C2

Group Treatments No. DXA (g/cm?®) Insertional torque (N-m) Cycles to failure Failure load (N)
A2-ABP Original 0.13£0.03 6,361 £976 445.39+50.75
Revision 8 0.66+0.16 0.25+£0.2 6,105+ 1,465 436.16+73.23
Augmentation 0.34+0.13 8,375+ 1,663 550.86+85.88
B2-CPC Original 0.14+0.07 4,500 £2,498 349.73+£123.35
Revision 8 0.52+0.04 0.17+£0.09 4,033 +2,969 323.33+145.85
Augmentation 0.36£0.22 6,565+ 2,567 448.52+131.09
C2-DBM Original 0.08 £0.04 5,283+1,725 388.19+£85.82
Revision 8 0.58£0.09 0.05£0.02 3,405+ 1,873 294.59+93.84
Augmentation 0.12£0.05 5,871£1,960 419.01+£97.33

Values are presented as mean + deviation.

DXA, dual-energy x-ray absorptiometry; ABP, allograft bone particles; CPC, calcium phosphate cement; DBM, demineralized bone matrix.
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Fig. 4. Graphs show cycles to failure and failure load in groups A2-ABP (A, D), B2-CPC (B, E), and C2-DBM (C, F). Statistically
significant differences between the 2 treatments are marked with an asterisk (*). ABP, allograft bone particles; CPC, calcium phos-
phate cement; DBM, demineralized bone matrix; Ori, original; Rev, revision; Aug, augmentation.

the insertional torques of the revision pedicle and the original
pedicle (t=0.206, p=0.840). The detailed results of group B2
testing are shown in Table 3. Statistical analysis (Fig. 4B, E) re-
vealed that the failure loads of the screws in the revision pedicle
could reach 92.45% of those achieved with the original pedicle
(t=2.214, p=0.062). The failure loads of the screws in the aug-
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mentation pedicle could reach 128.25% of those achieved with
the original pedicle (t=-9.182, p <0.001). At the same time, the
failure loads of the screws in the augmentation pedicle were
higher than in the revision pedicle (t=7.215, p<0.001). The in-
sertional torque of the augmentation pedicle was significantly
higher than the original pedicle (t=-3.340, p=0.012) and the
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revision pedicle (t=3.381, p=0.012), while there was no signif-
icant difference between the insertional torques of the revision
pedicle and the original pedicle (t=-2.033, p=0.082).

3. DBM: Origin, Revision, and Augmentation

The detailed results of group C1 testing are shown in Table 2.
Statistical analysis (Fig. 3C) revealed that the maximum pullout
force of the revision pedicle could only reach 64.38% of that of
the original pedicle (t=3.862, p=0.003). The maximum pull-
out force of the augmentation pedicle could reach 146.91% of
that of the original pedicle (t=-4.386, p=0.001). At the same
time, the maximum pullout force of the augmentation pedicle
was significantly higher than that of the revision pedicle (t=
-5.535, p<0.001). The insertional torques of the augmentation
pedicle (t=-3.150, p=0.009) and the original pedicle (t=2.770,
p=0.018) were significantly higher than that of the revision ped-
icle. However, there was no significant difference in insertional
torques between the augmentation and original pedicles (t=
-1.808, p=0.098). The detailed results of group C2 testing are
shown in Table 3. Statistical analysis (Fig. 4C, F) revealed that

the failure loads of the screws in the revision pedicle could only
reach 75.89% of those achieved with the original pedicle (t=6.323,
p<0.001). The failure loads of the screws in the augmentation
pedicle reached 107.94% of those achieved with the original ped-
icle (t=-6.041, p=0.001). At the same time, the failure loads of
the screws in the augmentation pedicle were significantly high-
er than those with the revision pedicle (t=8.370, p<0.001). Sta-
tistical analysis comparing the insertional torques of each group
showed that the augmentation pedicle had the highest inser-
tional torque, followed by the original pedicle, and then the re-
vision pedicle and the difference among the groups was statisti-
cally significant (p <0.05).

4. ABP vs. DBM

The detailed results of group D1 testing are shown in Table 4.
Statistical analysis (Fig. 5A) revealed no significant difference
in the maximum pullout force between the screws in the ABP
pedicle and the DBM pedicle (t=1.977, p=0.074). The 2 groups
had no significant difference in insertional torques (t=-0.479,
p=0.642). The detailed results of group D2 testing are shown

Table 4. Measured insertional torques and pullout strength in pullout test in groups D1, E1, F1

Group Treatments No. DXA (g/cm?) Insertional torque (N-m) Pullout strength (N)
D1-ABP vs. DBM ABP 12 0.55+£0.07 0.19+£0.05 401.31+£151.89
DBM 0.19+£0.05 321.19+120.43
E1-ABP vs. CPC ABP 12 0.53+0.09 0.17+0.12 343.56+152.2
CPC 0.34+0.17 528.09 +£224.89
F1-CPCvs. DBM CPC 12 0.57£0.12 0.37+£0.25 607.9+226.16
DBM 0.21£0.12 451.06+£213.19

Values are presented as mean + deviation.

DXA, dual-energy x-ray absorptiometry; ABP, allograft bone particles; DBM, demineralized bone matrix; CPC, calcium phosphate cement.
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Fig. 5. Graphs show pullout strength in groups D1-ABP vs. DBM (A), E1-ABP vs. CPC (B), and F1-CPC vs. DBM (C). Statisti-
cally significant differences between the 2 treatments are marked with an asterisk (*). ABP, allograft bone particles; CPC, calci-

um phosphate cement; DBM, demineralized bone matrix.
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in Table 5. Statistical analysis (Fig. 6A, D) revealed that the num-
ber of cycles (t=6.312, p=0.016), the failure loads of the screws
(t=7.450, p<0.001) and the insertional torques (t=3.149, p=
0.016) of the screws in the ABP-augmented pedicle were signif-
icantly higher than those in the DBM-augmented pedicle.

5. ABP vs. CPC

The detailed results of group E1 testing are shown in Table 4.
Significant differences (Fig. 5B) were found between the maxi-
mum pullout force of the screws in the CPC pedicle compared

to the ABP pedicle (t=-3.505, p=0.005). The insertional torque
of the CPC pedicle was also higher than that of the ABP pedicle
(t=-6.622, p<0.001). The detailed results of group E2 testing
are shown in Table 5. Significant differences (Fig. 6B, E) were
found by comparing the values of the number of cycles (t=-5.534,
p=0.001) and the failure loads (t=-5.509, p=0.001) of the screws
in the CPC pedicle compared to the ABP pedicle. However, there
was no significant difference in the values of the insertional tor-
ques between the 2 groups (t=0.442, p=0.672).

Table 5. Measured insertional torques, cycles to failure, and failure loads in cyclic fatigue test in groups D2, E2, F2

Group Treatments No. DXA (g/cm?) Insertional torque (N-m) Cycles to failure Failure load (N)
D2-ABP vs. DBM ABP 8 0.59£0.04 0.32+0.1 7,594 982 503.91+£50.55
DBM 0.21+£0.07 6,023 +954 421.45+50.24
E2-ABP vs. CPC ABP 8 0.57£0.07 0.32+£0.14 4,969 + 2,290 375.54+114.23
CPC 0.3+0.11 6,621 +1,961 458.03+£101.69
F2-CPCvs. DBM CPC 8 0.63+0.05 0.32+0.11 8,319+1,388 534.7 +68.97
DBM 0.15+0.04 6,594 + 1,607 457.03+78.71

Values are presented as mean + deviation.

DXA, dual-energy x-ray absorptiometry; ABP, allograft bone particles; DBM, demineralized bone matrix; CPC, calcium phosphate cement.
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Fig. 6. Graphs show cycles to failure and failure load in groups D2-ABP vs. DBM (A, D), E2-ABP vs. CPC (B, E), and F2-CPC
vs. DBM (C, F). Statistically significant differences between the 2 treatments are marked with an asterisk (*).
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Fig. 7. The figure shows the fitted curve and regression equation obtained from the non-linear regression analysis between revi-
sion rate and bone mineral density (BMD) in groups A2-ABP (A) and B2-CPC (B). ABP, allograft bone particles; CPC, calcium

phosphate cement.

6. DBM vs. CPC

The detailed results of group F1 testing are shown in Table 4.
Significant differences (Fig. 5C) were found by comparing the
maximum pullout force (t=3.200, p=0.008) and insertional
torques (t=3.595, p=0.004) values of the screws in the CPC
pedicle compared to the DBM pedicle. The detailed results of
group F2 testing are shown in Table 5. Besides, significant dif-
ferences (Fig. 6C, F) were found by comparing the values of the
number of cycles (t=-11.033, p <0.001), failure loads (t=-12.146,
p<0.001), and insertional torque (t=-5.625, p=0.001) of the
screws in the CPC pedicle compared to the DBM pedicle.

7. Curve Estimation Regression Analysis Between Revision

Rate and BMD

As shown in Fig. 7, in groups A2 and B2, the revision rate of
both ABP and CPC were significantly correlated with BMD.
The curve formulas, R? and p-values for the fitted revision rates
with respect to bone density values were as follows: groups A2
(ABP): y=-0.16/x+1.23, R*=0.667, p = 0.013; groups B2 (CPC):
y=50.39x’-37.25x*+3.84, R*=0.832, p=0.012.

DISCUSSION

It has been established that screws loosening due to osteopo-
rosis poses significant challenges for spinal surgeons during clin-
ical practice.®*' Despite the drawbacks associated with PMMA,
surgeons sometimes resort to using PMMA-strengthened screws
for spinal internal fixation surgery.”>*® However, to overcome
the limitations of PMMA, researchers have explored various
materials for pedicle screw augmentation. In recent years, sev-
eral materials, such as hydroxyapatite (HA), CPC, and ABP, have
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been investigated for pedicle screw augmentation. There is an
increasing consensus that these materials have the potential to
significantly enhance screw stability.>'*** Some of these materi-
als do not release heat during curing, some are nontoxic and
difficult to leak, and some have biocompatibility and osteoge-
nicity. They provide new options for replacing the clinical use
of PMMA. In a previous study,”* we documented that using ABP
for pedicle screw augmentation could significantly improve the
axial pullout force of screws and the failure load in cyclic fatigue
experiments achieved through the study and refinement of bone
grafting techniques, building upon earlier research findings.***
In the present study, 2 other augmentation materials, CPC and
DBM, were introduced in addition to ABP. CPC is a reinforcing
material extensively studied in the context of pedicle screw aug-
mentation.”® Previous research has demonstrated that CPC could
significantly enhance screw stability and possesses bone-form-
ing properties.' DBM is a biological material known for its bone-
forming properties and compatibility with bone cements.” DBM
has been used in various applications related to bone regenera-
tion and grafting. However, in the specific context of this exper-
iment, it represents the first use of DBM for pedicle screw aug-
mentation and revision.

Several important observations were made in the experiments
involving different materials for pedicle screw augmentation
and revision. In the ABP group, Al and A2, the pullout force
and fatigue load cycle of the augmented pedicle screws using
ABP were significantly higher than those of the original screws.
These results indicate that ABP could significantly improve the
biomechanical properties of pedicle screws in osteoporotic ver-
tebral bodies. However, when ABP was used for pedicle screw
revision after loosening, the pullout strength of the revised screws
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could not reach the level of the original screws, although the fa-
tigue load of the revised screw was comparable to the original
screws. Therefore, further experiments are needed to confirm
whether ABP is indicated for pedicle screw revision. The pedi-
cle screws augmented with CPC showed significantly increased
pullout force and fatigue load cycle compared to the original
screws. Besides, the revised screws with CPC exhibited pullout
strength and fatigue load levels similar to those of the original
screws. These results suggest that CPC is an ideal material for
pedicle screw augmentation and revision due to its good bio-
mechanical performance. The pedicle screws augmented with
DBM also showed increased pullout force and fatigue load com-
pared to the original screws. However, when DBM was used for
pedicle screw revision after loosening, both the pullout strength
and fatigue load of the revised screws were unable to reach the
level of the original screws, indicating that DBM should only be
considered for pedicle screw augmentation and not for revision.

It is widely acknowledged that the fixation strength of pedicle
screws is closely related to the strength of the screw-bone inter-
face.”® The 3 augmentation materials used in this experiment
could significantly improve the strength of the screw-bone in-
terface. Overall, we found that screws augmented with the 3 types
of materials exhibited good biomechanical performance. In this
respect, the pullout force of the pedicle screws in the 3 augment-
ed screw groups could reach 144.94% (ABP), 154.14% (CPC),
and 146.91% (DBM), respectively, compared to the original un-
reinforced screws. In other studies, various pedicle screw aug-
mentation schemes have been investigated, revealing notable
improvements in maximum pullout force. Expandable pedicle

screws have been shown to increase the maximum pullout force
by approximately 130%-150%. cortical bone trajectory screws
have demonstrated an approximate increase of 130% in the max-
imum pullout force. Carbonated HA bone cement-reinforced
pedicle screws have exhibited a significant increase of approxi-
mately 168% in the maximum pullout force. Moreover, PMMA
bone cement-reinforced pedicle screws have exhibited the high-
est improvement, with an approximate increase of 202% in the
maximum pullout force.** However, PMMA is essential to note
some of its well-known drawbacks, including its toxicity,'* exo-
thermic curing process,'*'* and the inert nature of PMMA, which
prevents absorption within the body. In addition, PMMA has a
short curing time, which means that if PMMA is used for pedi-
cle screw augmentation, there is a limited window of time for
the procedure, requiring a higher level of skill from the surgeon.
Although these 3 augmentation materials in the study exhibit
limited ability to yield the pullout strength achieved by PMMA
bone cement augmentation technology, they still bring certain
advantages compared to other pedicle screw augmentation tech-
niques, given their bone-absorbing, tissue-compatible, and bone-
conductive properties, with the potential to further improve the
mechanical strength of bone tissue during remodeling.'® Ani-
mal experiments have found that bone transformation occurs
after CPC implantation in vivo.”® In addition, transverse verte-
bral fractures occurred during the process of augmented screws
pullout (Fig. 8) in all 3 material augmentation groups, which in-
dicated that the pullout strength of the augmented screws reached
a satisfactory level. No leakage of reinforcing material into the
spinal canal was observed during the experiment. At the same

Fig. 8. During the process of pullout test on the augmented screw, a transverse vertebral fracture (A, B) occurred.
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time, the hardening process of CPC was predominantly non-
exothermic and did not cause damage to surrounding tissues.”
Therefore, using these 3 materials for pedicle screw augmenta-
tion is a relatively safe technique for improving the stability of
pedicle screws. Moreover, compared to PMMA bone cement,
these 3 augmentation materials offer an additional advantage
by posing less complexity in secondary revision surgeries.*
When encountering pedicle screw loosening or damage to
the original pedicle, the choice of augmentation materials for
pedicle screw revision can have varying outcomes. In the pres-
ent study, it was observed that only the pedicles repaired with
CPC exhibited comparable biomechanical strength to the origi-
nal pedicles. On the other hand, the pedicles repaired with ABP
and DBM could not fully attain the original pedicles’ level. These
findings align with the previous research conducted by Pfeifer
et al.*® In previous experiments, our research team repeatedly
pulled out pedicle screws without augmentation or revision pro-
cedures and measured the maximum pullout force. The findings
revealed that the maximum re-implantation pullout force of un-
repaired pedicle screws was only 33% of the original screws."
Moore et al.* conducted similar experiments and demonstrat-
ed that the maximum re-implantation pullout force of unrepaired
pedicle screws was only 27.1% of the original screws. In this ex-
periment, the maximum pullout forces of pedicle screws revised
using 3 different materials were determined. The results showed
that the maximum pullout forces achieved were 80.26% (ABP),
89.66% (CPC), and 64.38% (DBM) of the original pedicles, re-
spectively. Other pedicle screw revision techniques have also
been explored by researchers. For instance, using lateral entry
for pedicle screw re-implantation can achieve 65% of the origi-
nal screws, increasing the diameter of the revision screw can
achieve 73% of the original strength, and the use of PMMA bone
cement for revision can achieve 147% of the original strength.*>*’
Therefore, the technique of incorporating reinforcement mate-
rials into the pedicle for revision, particularly the use of CPC
for pedicle screw repair, is worth considering. The pullout stren-
gth and failure loads of screws have been shown to be influenced
by vertebral BMD.*** To investigate the relationship between
screw revision rate and BMD, we performed non-linear regres-
sion analysis using the methods described in the methods sec-
tion. Our goal was to establish mathematical models that could
describe or potentially predict the revision performance of dif-
ferent materials based on changes in BMD. We observed statis-
tically significant fitting curves between revision rates and BMD
for the A2 and B2 groups (Fig. 7). Based on the fitting curves, we
observed that the revision rates of ABP and CPC decreased as
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the BMD decreased. However, an interesting finding was that
for the CPC group, when the BMD was lower than 0.49 g/cm?,
the decreasing trend of the revision rate slowed down or even
rebounds (Fig. 7). We identified 2 intersection points on the
coordinate axis, corresponding to BMD values of X, =0.45 and
X,=0.55, respectively. Based on these findings, 2 conclusions
were drawn. Firstly, CPC demonstrates higher revision efficien-
cy in vertebrae with lower bone density. When lower bone den-
sity and the need for reinforcement material for pedicle screw
revision coincide, CPC should be the preferred choice. Second-
ly, when BMD falls within the range of 0.45 g/cm? to 0.55 g/cmy’,
ABP typically exhibits a higher revision rate than CPC. There-
fore, if the vertebral BMD falls within this range and pedicle
screw revision is required, ABP should be considered as the
primary option. It is important to note that the sample size in
this study was small, and therefore, these conclusions should be
turther validated by expanding the sample size and conducting
follow-up experiments.

In the experiment comparing the biomechanical performance
of pedicle screws augmented with 3 materials, several observa-
tions were made. During the axial pullout tests, it was found that
the CPC group exhibited a significantly higher pullout force com-
pared to both the ABP group and the DBM group. However, no
significant difference in pullout force was observed between the
ABP group and the DBM group. In the cyclic fatigue tests, the
failure loads of the CPC group remained substantially higher
than those of both the ABP group and the DBM group. When
comparing the ABP group with the DBM group, it was found
that the failure loads of the ABP group were higher than those
of the DBM group. This result highlights that CPC exhibits the
highest augmentation efficiency among the 3 materials tested,
making it a favorable choice for pedicle screw augmentation.
ABP, on the other hand, demonstrates superior fatigue resistance
compared to DBM but does not provide as strong of a pullout
force for the screw. As an alternative augmentation material, ABP
can be considered. However, the use of DBM as a pedicle screw
augmentation material yield limited immediate grip strength
for the screw. Further research is needed to investigate whether
DBM can enhance the grip strength of the screw through its os-
teoinductive ability during in vivo transformation.

This experiment has certain limitations that need to be ac-
knowledged. Firstly, the sample size of vertebral bones used in
this study was relatively small due to the limited availability of
cadavers. While the 3 augmentation materials chosen are bio-
compatible and have demonstrated osteoinductive effects in

26,41

vivo,”** it is important to note that the experiment was conduct-
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ed using fresh frozen cadaveric vertebral specimens. The focus
of this study was primarily on investigating the immediate sta-
bility provided by these reinforcement materials upon implan-
tation into the vertebral pedicle. Further research is necessary
to explore the in vivo transformation of these materials and whe-
ther their grip strength for screws changes after biological trans-
formation. Providing adequate immediate grip strength follow-
ing the implantation of reinforcement materials into pedicle is a
crucial prerequisite for their application in pedicle screw aug-
mentation. If immediate grip strength cannot be achieved, sub-
sequent biological transformation processes in vivo may be hin-
dered. Additionally, it is important to acknowledge that the ca-
daveric biomechanical testing employed in this study may not
fully replicate the actual stress conditions experienced by pedi-
cle screws in vivo. Therefore, further experiments, including
animal studies, are required to validate the feasibility and safety
of these methods before their clinical application.

CONCLUSION

Our findings indicate that ABP, CPC, and DBM can signifi-
cantly improve the stability of pedicle screws in osteoporotic
vertebrae when used in pedicle screw augmentation. The aug-
mentation efficiency of these materials is ranked as follows: CPC
> ABP > DBM. For revision of pedicle screws, CPC is recom-
mended as the primary choice, with ABP as a viable alternative
in select cases. However, using DBM for pedicle screw revision

is not recommended based on the study’s outcomes.
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