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Abstract: Percutaneous vertebroplasty (PVP) via the unilateral posterosuperior approach has achieved good clinical 
results for the treatment of osteoporotic vertebral compression fractures. This study compared the biomechanical 
performance of a single vertebral body after PVP by the unilateral posterosuperior, unipedicular, and bipedicular 
approaches. Twenty-one vertebral bodies from the osteoporotic spine segments (T11-L1) of seven older female 
cadavers were randomly assigned to the unipedicular (group A), bipedicular (group B), or unilateral posterosuperior 
approach group (group C). After constructing the fracture compression model, PVP was performed by the different 
approaches. CT scans showed symmetrical, evenly distributed bone cement in groups B and C and unilaterally dis-
tributed cement in group A. The recovery rates of the anterior vertebral body height in groups B and C were signifi-
cantly higher than those in group A after PVP (P<0.05). The left curvature elastic moduli after PVP were significantly 
higher in group A than in groups B and C; however, the right curvature moduli in group A were lower than in the other 
groups (P<0.05). The flexion, extension, and vertical compression elastic moduli were lowest in group B (P<0.05). 
After PVP, failure strength and stiffness in groups B and C were comparable (P>0.05) and higher than those in group 
A (P<0.05). PVP through the unilateral posterosuperior approach was superior to the unipedicular approach and 
comparable to the bipedicular approach based on the biomechanical performance of a single vertebral body. Due to 
its safety, simplicity, and efficacy, the unilateral posterosuperior approach is recommended for clinical application. 
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Introduction 

Osteoporotic vertebral compression fractures 
(OVCF) are the most common osteoporotic frac-
tures and result in both substantial pain and 
poor quality of life [1]. Conservative treatment 
of OVCF is usually ineffective. Percutaneous 
vertebroplasty (PVP) can rapidly relieve pain, 
stabilize the fracture, and allow the patient to 
resume normal activities through injection of 
polymethylmethacrylate (PMMA) bone cement 
into the fractured vertebral body [2]. PVP is cur-
rently well-recognized due to its advantages  
of being safe and simple and resulting in mini-
mal trauma. The puncture approaches for PVP 
have been thoroughly analyzed, as the optimal 
approach will ensure the complete distribution 

of bone cement and reduce relevant risks [3]. 
The bipedicular approach has traditionally been 
used for PVP; however, clinical evidence now 
supports the unipedicular approach due to its 
therapeutic efficacy, minimal trauma, short sur-
gery time, and low puncture risk and exposure 
[4]. Nevertheless, PVP through the unipedicular 
approach may result in stress concentration 
due to uneven distribution of bone cement. The 
unilateral posterosuperior approach features 
the convenience of unilateral puncture, a wide 
adjustment range of the puncture angle, and 
symmetrical diffusion of bone cement in the 
vertebral body. Our previous retrospective stu- 
dy involving 109 OVCF patients (144 vertebral 
bodies) suggested that the unilateral postero-
superior approach in PVP is highly effective [5]. 
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To further validate the safety and efficacy of the 
unilateral posterosuperior approach, this study 
aimed to compare its biomechanical efficacy 
with the conventional unipedicular/bipedicular 
approach in fresh human vertebral bodies, thus 
providing a clinical reference. 

Materials and methods 

Reagents and instruments 

This study used the following equipment: 
ElectroForce® 3510 Test Instrument (Bose 
Wintest, United States); ATES6010 Microcom- 
puter Controlled Electronic Tensile Testing 
Machine (Okyiqi, Guangzhou, China); BG9000 
Mobile High Frequency C-arm X-ray Machine 
(Pioway Medical Lab Equipment Co., Ltd, 
Shanghai, China); Akdx-09W-I Dual Energy X- 
ray Absorption Bone Densitometer (Shenzhen 
Xray Electric Co., Ltd, Shenzhen, China); Access 
CT 16 (Phillips, Holland); High-precision digital 
display vernier caliper (Deli Group, China); 
Mendec® Spine Bone Cement (TECRES, China); 
and a spinal vertebroplasty tool system (WEGO 
ORTHO, Shandong, China).

Methods

Sample collection: A total of 21 vertebral bod-
ies were collected from the osteoporotic spine 
segments (T11-L1) of cadavers from seven vol-
unteer older women after natural death, which 
were provided by the Department of Anatomy, 
Southern Medical University. None of the 
cadavers had obvious spinal deformity or a his-
tory of surgery or spinal tumors. The paraverte-
bral muscles, ligaments, and periosteum and 
intervertebral discs connecting the vertebral 
bodies were removed. The superior and inferior 
endplate cartilages of the vertebral body were 
scraped for a single complete sample of the 
vertebral body. The upper and lower articular 
processes and the tips of the spinous process-
es were trimmed for the following experiments. 
Bone density of the vertebral body was mea-
sured using the dual-energy X-ray absorption 
bone densitometer. Vertebral bodies were 
labeled and randomly assigned to the unipe-
dicular approach group (group A, n=7), bipedic-
ular approach group (group B, n=7), or unilater-
al posterosuperior approach group (group C, 
n=7). The fixed position of the anterior superior 
endplate of the vertebral body was marked, 
and the vertebral body height (H1) was mea-

sured using a vernier caliper with 0.01-mm 
accuracy. The mean H1 was calculated from 
three independent measurements. Each verte-
bral body was wrapped with saline gauze and 
placed in a sealed bag for later use. This study 
was approved by the Ethic Committee of Su- 
zhou Municipal Hospital (KL901131).

Measurement of elastic modulus: The verteb- 
ral body sample was placed on the platform of 
the ElectroForce® 3510 Test Instrument, which 
was loaded at the anterior third of the superior 
endplate of the vertebral body with a maximum 
tensile force of 500 N. A stress-strain curve 
was obtained to calculate the elastic modulus 
of flexion. The elastic moduli at extension, left 
curvature, right curvature, and vertical com-
pression were measured as the loading at the 
posterior third, medial third, lateral third, and 
central area of the superior endplate, respec-
tively (Figure 1) [6].

Compression fracture model: The compression 
fracture model was generated following a  
previously reported procedure [7]. Briefly, the 
vertebral body sample was placed on the AT- 
ES6010 Microcomputer Controlled Electronic 
Tensile Testing Machine, and the compression-
molded denture base resins were placed on  
the top of the vertebral body to fit the machine. 
A 100-N preload at 1 mm/min eliminated the 
potential influence of the relaxation or creep of 
the sample. Subsequently, vertical compres-
sion with load and displacement accuracies of 
0.01 N and 0.01 mm, respectively, was per-
formed at 5 mm/min and was terminated at  
the maximum load. The stress-strain curve was 
dynamically recorded. During the preparation 
of the compression fracture model in an envi-
ronment with constant temperature, normal 
saline was sprayed on the vertebral body to 
keep it moist. The anterior vertebral body 
height after compression fracture modeling 
(H2) was recorded (Figure 2).

PVP procedure: PVP was performed under the 
guidance of the C-arm X-ray. Briefly, bone 
cement-prepared by mixing powders and liq-
uids at 24°C-was injected into the fractured 
vertebral body during its pasty polymerization 
phase through a 12.5-cm percutaneous ac- 
cess needle (Φ 3.4 mm).

In group A, the needle punctured the upper 
outer quadrant of the left pedicle to the anteri-
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or third of the vertebral body 
on the lateral view, approach-
ing or reaching the midline of 
the vertebral body on the pos-
teroanterior view [8]. 

In group B, the needle similar-
ly punctured the upper outer 
quadrant of the bilateral pedi-
cles to the midline of the ver-
tebral body on the posteroan-
terior view, located at the 
anterior third of the vertebral 
body on the lateral view. 

In group C, the needle punc-
tured the posterosuperior 
area of the left vertebral body 
at 30° abduction and a 15°  
tilt angle. The angle and depth 
of puncture allowed the nee-
dle to reach the anterior third 
of the vertebral body on the 
lateral view and the midline of 
the vertebral body on the pos-
teroanterior view.

Bone cement was injected 
into each side of the vertebral 
body until leakage or over-
pressure occurred. The vol-
ume of injected bone cement 
was recorded. Each vertebral 
body injected with bone ce- 
ment was wrapped with saline 
gauze and placed in a sealed 
bag at room temperature for 
24 h. The distribution of bone 
cement was analyzed by com-
puted tomography (CT) (Fi- 
gure 3). Four regions of the 
vertebral body were classified 
based on the vertical line of 
the central vertebral body and 
those of the inner edge of the 
bilateral pedicles; the regions 

Figure 1. Elastic modulus of the vertebral body under different states of mo-
tion. (A) System for experimental determination of complex biomaterial. The 
stress-strain relationship on the (B) lateral view and (C) posteroanterior view.

Figure 2. Compression fracture 
model in the vertebral body. A. 
Microcomputer Controlled Elec-
tronic Tensile Testing Machine. B. 
Preparation of vertebral body with 
compression fracture. C. Stress-
strain curve under compression.
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were numbered 1-4 from left to right. Each ver-
tebral body was then assigned to a type (I-V) 
depending on the bone cement distribution 
among the regions: type I, regions 1-4; type II, 
regions 2 and 3; type III, regions 1 and 4; type 
IV, regions 1 and 2 or 3 and 4; type V, region 1 
or 4 [9]. The bone cement distribution of types 
I, II, and III was bilateral, whereas that of types 

fore fracture were compared among the groups 
by one-way ANOVA. The elastic moduli, failure 
strength, stiffness, failure displacement, and 
H2 at compression fractures were likewise 
compared among the groups by one-way 
ANOVA. The bone cement volume, H3, recovery 
rate, elastic moduli, failure strength, stiffness, 
and failure displacement after compression 
fractures were compared by one-way ANOVA, 
followed by the least significant difference test 
for pairwise comparison. The elastic moduli, 
failure strength, stiffness, and failure displace-
ment before and after compression fractures 
were compared by the Student’s t-test. P- 
values <0.05 were considered significant. 

Results

Vertebral compression fracture model

The bone densities of groups A, B, and C were 
comparable at 0.535±0.07 g/cm2, 0.557±0.09 
g/cm2, and 0.5335±0.07 g/cm2, respectively 
(P>0.05). No significant difference was noted  
in the anterior vertebral body height among the 
groups before fracture (P>0.05), but this height 

Figure 3. Representative images of the vertebral body sample (left column), 
C-arm X-rays on the posteroanterior view during puncture (middle column), 
and CT scans after percutaneous vertebroplasty (right column) in groups A, 
B, and C.

Figure 4. Stress-displacement curves before and af-
ter percutaneous vertebroplasty.

IV and V was unilateral. The 
bone cement distribution clas-
sification was recorded (Fig- 
ure 3), and the anterior verte-
bral body height was re-mea-
sured (H3). The recovery rate 
(%) of the anterior vertebral 
body height was calculated as 
(H3-H2)/(H1-H2) ×100%.

Biomechanical testing: The 
flexion, extension, left curva-
ture, right curvature, and  
vertical compression elastic 
moduli of the vertebral body 
after PVP were re-measured 
following the aforementioned 
procedure, and a stress-dis-
placement curve was plotted 
by GraphPad Prism 8 to calcu-
late the failure strength, stiff-
ness, and failure displace-
ment (Figure 4).

Statistical analysis: SPSS 
26.0 was used for statistical 
analysis. Data were express- 
ed as mean ± standard devia-
tion. Bone density and H1 be- 
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was significantly reduced after the compres-
sion fracture (P<0.05). There was no significant 
difference in the anterior vertebral body height 
after fracture among the three groups (P> 
0.05). We detected a significant difference in 
the anterior vertebral body height after PVP 
among the groups (P<0.05). In particular, the 
recovery rate of the anterior vertebral body 
height after PVP was significantly higher in 
groups B (33.42±12.73%) and C (39.15± 
12.79%) than in group A (22.98±3.95%). No  
significant difference was detected between 
groups B and C (P>0.05) (Table 1).

Biomechanical tests

Bone cement distribution: The bone cement 
volumes in groups A, B, and C were 5.9±0.13 
ml, 6.1±0.19 ml, and 6.0±0.13 ml, respective-
ly. Bone cement leakage was not reported in 
any group. According to the bone cement distri-
bution classification, there were 4 (57.1%) type 
II and 3 (42.9%) type IV vertebral bodies in 
group A; 6 (85.7%) type I and 1 (14.3%) type III 
in group B; and 5 (71.4%) type I and 2 (28.6%) 
type II in group C (Table 2).

Failure strength, stiffness, and failure displace-
ment of the vertebral body under different 
states of motion: There were no significant dif-
ferences in the failure strength, stiffness, and 
failure displacement before fracture among the 

Elastic modulus of the vertebral body under dif-
ferent states of motion: There were no signifi-
cant differences in the elastic moduli of flexion, 
extension, left curvature, right curvature, and 
vertical compression before fracture among 
the three groups (all P>0.05), which were com-
parable in each group before fracture as well 
(all P>0.05). After PVP for the treatment of  
fracture, the elastic moduli of flexion in group B 
were significantly lower than those of group C 
(P<0.05). The elastic moduli of extension in 
groups B and C were significantly lower than 
those of group A (both P<0.05). In addition, the 
elastic moduli of the left curvature in groups B 
and C were significantly lower than those of 
group A, whereas those of the right curvature in 
groups B and C were significantly higher than 
those of group A (P<0.05). Under the vertical 
compression, the elastic moduli of extension in 
group B were significantly smaller than those in 
group C (P<0.05, Table 4).

Discussion 

PVP is preferred for Osteoporotic vertebral 
compression fracture (OVCF) patients, and the 
bipedicular approach is the classic puncture 
approach [10, 11], though it has certain limi- 
tations: i.e., its complexity, long surgery time 
and exposure, high risk of complications, and 
increased medical costs due to the 2-puncture 
system. More importantly, the bipedicular app- 

Table 1. Anterior vertebral body height
Group A

(n=7)
Group B

(n=7)
Group C

(n=7) F value P-value

Before fracture (H1, mm) 25.063±2.67 26.78±2.80 28.07±1.73 2.665 0.097
After fracture (H2, mm) 21.14±1.52 22.14±2.51 22.98±1.56 1.600 0.229
After PVP (H3, mm) 22.08±1.88 23.63±2.72 25.01±1.15 3.669 0.046
Recovery rate (%) 22.98±3.95 33.42±12.73* 39.15±12.79* 4.137 0.033
PVP, percutaneous vertebroplasty; Recovery rate (%) = (H3-H2)/(H1-H2) ×100%; *P<0.05 vs. group A.

Table 2. Bone cement distribution in vertebral bodies
Bone cement distribution

Type I Type II Type III Type IV Type V
Group A (n, %) 0 4 (57.1%) 0 3 (42.9%) 0
Group B (n, %) 6 (85.7%) 0 1 (14.3%) 0 0
Group C (n, %) 5 (71.4%) 2 (28.6%) 0 0 0
The vertebral body was classified into four regions (1-4 from left to right) 
based on the vertical line of the central vertebral body and those of the inner 
edge of bilateral pedicles. Type I, regions 1-4; Type II, regions 2 and 3; Type 
III, regions 1 and 4; Type IV, regions 1 and 2 or 3 and 4; Type V, region 1 or 4.

three groups (all P>0.05). The fail-
ure strength and stiffness after 
PVP were significantly greater than 
those before fracture in each group 
(P<0.05). These increases were 
comparable in groups B and C, and 
those in group C were significantly 
greater than those in group A. No 
significant difference in failure dis-
placement was detected among 
the three groups (P>0.05, Table 3). 
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roach is limited by the anatomical structure of 
the pedicle, which narrows below the thoracic 
spine. As a result, a bipedicular puncture may 
penetrate the inner wall of the pedicle, leading 
to hematoma and even spinal cord damage. 
However, the unipedicular approach is not ideal 
for the diffusion of bone cement and some-
times affects the therapeutic efficacy, leading 
to the possibility of refracture due to uneven 
stress [12]. 

Based on the Kambin Triangle theory for percu-
taneous transforaminal endoscopic discecto-
my, we proposed a novel unilateral posterosu-

perior approach in PVP for the treatment of 
OVCF. Unrestricted by pedicle puncture, it 
avoids spinal nerve roots and the segmental 
medullary artery, thus providing a larger opera-
tion area and wider adjustment angle [13]. It is 
a unilateral approach that shortens the surgery 
and exposure times and reduces perioperative 
risk. The puncture points for this extrapedicu- 
lar approach are located in the unilateral pos-
terosuperior region of the vertebral body. 

In the present study, no significant difference  
in bone cement volume was detected among 
groups A, B, and C. Classified by the bone 

Table 3. The failure strength, stiffness, and failure displacement of vertebral bodies
Group A

(n=7)
Group B

(n=7)
Group C

(n=7) F value P-value

Failure strength (N)
    Before fracture 4294.43±713.39 4617.86±697.62 4119.43±693.27 0.0.910 0.420
    After PVP 6338.29±1263.89# 7544.14±443.02* 7464.71±666.36* 4.269 0.030
    t-value -3.806 -11.077 -12.072 - -
    P-value 0.009 0.000 0.000 - -
Stiffness (N/mm)
    Before fracture 820.43±187.39 923.73±409.44 911.09±340.26 0.209 0.813
    After PVP 1172.91±259.45# 1613.16±210.82* 1570.81±108.06* 10.036 0.001
    t-value -2.651 -5.254 -4.583 - -
    P-value 0.038 0.002 0.004 - -
Failure displacement (mm)
    Before fracture 5.23±1.00 5.88±1.89 5.24±1.41 0.446 0.647
    After PVP 6.81±2.02 7.28±0.61 7.98±1.18 1.230 0.316
    t-value -1.614 -2.160 -3.661 - -
    P-value 0.158 0.074 0.011 - -
PVP, percutaneous vertebroplasty; *P<0.05 vs. group A; #P<0.05 vs. group B.

Table 4. Elastic modulus of vertebral bodies under different states of motion
Group A 

(n=7)
Group B 

(n=7)
Group C 

(n=7) F value P-value

Elastic modulus before fracture (N/mm)
    Flexion 533.45±125.55 535.73±127.15 637.26±157.70 1.395 0.272
    Extension 414.71±189.38 364.39±127.83 471.43±184.31 0.741 0.490
    Left curvature 568.11±251.40 500.71±147.65 593.48±175.44 0.440 0.650
    Right curvature 604.87±199.05 524.69±197.37 581.62±182.28 0.323 0.728
    Vertical compression 560.40±168.58 497.39±150.38 611.14±235.55 0.661 0.528
Elastic modulus after PVP (N/mm)
    Flexion 343.22±109.99 245.55±63.15 343.65±88.46# 2.872 0.081
    Extension 316.51±87.41# 182.76±49.17* 297.41±111.62# 4.779 0.021
    Left curvature 498.47±153.97# 268.72±87.44* 306.36±137.32* 6.384 0.008
    Right curvature 150.95±33.48# 333.22±85.12* 269.05±86.28* 11.141 0.001
    Vertical compression 394.29±76.68 318.57±81.69 470.93±144.93# 3.709 0.044
PVP, percutaneous vertebroplasty; *P<0.05 vs. group A; #P<0.05 vs. group B.
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cement distribution, there were 4 (57.1%) type 
II and 3 (42.9%) type IV vertebral bodies in 
group A; 6 (85.7%) type I and 1 (14.3%) type III 
in group B; and 5 (71.4%) type I and 2 (28.6%) 
type II in group C. The bone cement distribution 
in groups B and C was similar, and both were 
superior to that of group A, which is consistent 
with our previous findings [5]. Owing to the suf-
ficient abduction angle, the unilateral postero-
superior approach was able to achieve bilateral 
diffusion of bone cement. Moreover, the punc-
ture site of the unilateral posterosuperior 
approach was more lateral than that of the 
pedicular approach. The bone cement injected 
in the unilateral posterosuperior approach was 
generally located at the anterior and middle 
regions of the vertebral body, resulting in less 
stress on the posterior wall and a reduced leak-
age rate [14].

The distribution of bone cement determines 
the biomechanical recovery of the compressed 
fractured vertebral body [15]. In our study, fail-
ure strength and stiffness were enhanced in  
all three groups after PVP but were more pro-
nounced in groups B and C (P<0.05), suggest-
ing a direct correlation with the symmetrical 
distribution of bone cement. The recovery rate 
of the anterior vertebral body height after PVP 
was significantly higher in group C than in 
groups A and B. The height recovery rate relies 
on the distribution of bone cement, but clinical 
experience suggests that the fact that the uni-
lateral posterosuperior approach was not limit-
ed by the cross-sectional area may have also 
played a role. Therefore, a wider range of 
adjusted puncture angles into the fractured 
vertebral body helped to reach the fracture site 
[16, 17].

We further assessed the elastic modulus of 
fractured vertebral bodies under different 
states of motion. The elastic moduli in the left 
curvature in group A were much larger than 
those in groups B and C as well as those of the 
right curvature. The concentrated stress at the 
left curvature in the unipedicular approach in 
PVP may be attributed to the small inclination 
angle and the subsequent uneven distribution 
of bone cement to the other side. Significant 
differences were detected between the elastic 
moduli of flexion, extension, and vertical com-
pression in group B and those of groups A and 
C, which may be due to the incomplete connec-
tion of vertebral bodies with the bone cement 

injected through the bipedicular approach. The 
concentrated stress and differences of the 
elastic moduli can lead to adjacent vertebral 
fractures or refractures of the injured verte- 
brae [18, 19]. Due to the unilateral punctureof 
the unilateral posterosuperior approach, the 
symmetrical diffusion of bone cement remark-
ably reduced the concentrated stress and dif-
ferences of elastic moduli in different regions 
of the vertebral body.

Some limitations of the present study should 
be noted. First, the small sample size may influ-
ence the reliability of our results. Second, the 
study lacked an appropriate imaging assess-
ment and ideal biomechanical modeling of the 
fractured vertebral bodies, which may result in 
potential bias. Altogether, our study demon-
strated that the biomechanical performance of 
a single vertebral body after the treatment of 
PVP through the unilateral posterosuperior 
approach was superior to that of the unipedicu-
lar approach and comparable to that of the 
bipedicular approach. The wider adjustment of 
the puncture angle contributed to bone cement 
diffusion and the recovery of vertebral body 
height, and blocky symmetrical distribution 
resulted in decreased elastic moduli.

Conclusion

Biomechanical indices measured in the pres-
ent study were found to be closely linked with 
clinical outcomes of PVP, further supporting  
the clinical advantages of the unilateral pos-
terosuperior approach. We recommend that 
this approach be applied in clinical practice. 
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