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Selective cement augmentation of cranial and caudal pedicle 
screws provides comparable stability to augmentation on all 
segments in the osteoporotic spine: a finite element analysis
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Background: Cement-augmented pedicle screw instrumentation (CAPSI) has been proven to significantly 
increase the biomechanical stability in the osteoporotic lumbar spine. However, besides the merits, it is 
responsible for the inevitable cement leakage growing with more instrumented segments and volumes 
involved. This study aimed to compare the biomechanical performance of pedicle screws augmented on all 
segments with those augmented only on the cranial and caudal vertebrae selectively.
Methods: The finite element model of L3-S1 was modeled with the CT data of a healthy volunteer, the solid/
fenestrated pedicle screws from micro-CT scans of physical screws, and bone cement from the CT scans of 
a postoperative patient with CAPSI. Three different augmented strategies for pedicle screws were taken into 
consideration: augmentation at each pedicle trajectory (Model A), selective augmentation at the cranial and 
caudal pedicle trajectories (Model B), and pedicle trajectories without augmentation (Model C). A total of six 
surgical models were constructed: Models A, B, and C were subdivided into double segmental fusion from L4 
to S1 (Models A1, B1, and C1) and multi-segment fusion from L3 to S1 (Models A2, B2, and C2). The Range 
of motion (ROM), stress on the cage, and stress on the fixed segments were compared among the six models.
Results: The ROM at the fusion segments decreased in all instrumentation models. The ROMs of Model 
B and Model A are similar in each direction, while that of Model C is significantly larger. The differences 
in the ROMs between Model A and Model B were noted to be less than 0.1°. Compared with Models A1 
and A2, the peak Von Mise stress on the cage-endplate interface and pedicle screws were slightly higher in 
Models B1 and B2. In contrast, the stress of Models C1 and C2 increased significantly. The compressive 
stress was concentrated in the screw head, the cranial and caudal screws, and rods.
Conclusions: The selective augmentation of pedicle screws is capable of providing reliable stability in 
short-segment posterior fixation (2- or 3-level). It could be a potential optimal procedure to minimize the 
associated complications of CAPSI. 
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Introduction

Posterior instrumentation with pedicle screws is a standard 
protocol associated with decompression and fusion for 
degenerative lumbosacral disease to achieve instant stability, 
assist interbody fusion, and maintain sagittal alignment 
(1,2). However, the application of pedicle screws in the 
osteoporotic spine is challenging, with a high risk of screw 
loosening, back-out, and secondary pseudarthrosis (3-5). To 
address fixation failure, cement-augmented pedicle screw 
instrumentation (CAPSI) has been one of the developed 
techniques. CAPSI has been proven to strengthen the 
mechanical force on the screw-bone interface so as to reduce 
the implant failure rate in both in vivo and in vitro studies 
(6,7). It showed satisfactory outcomes in the osteoporotic 
spine where every pedicle trajectory was augmented with 
calcium phosphate cement or polymethylmethacrylate 
(PMMA) (8,9). However, cement leakage (CL) ranging 
from 11.6–82.4% has become the main concern when 
applying CAPSI (9-11), due to severe complications, such as 
nerve injury, vascular damage, pulmonary embolism, cardiac 
embolism, and anaphylactic shock (7-9,12). 

As is  acknowledged,  the increasing augmented 
trajectories and volumes of cement used per trajectory 
contribute to the rising frequency of CL (9). Therefore, 
balancing the risk of CL and purchasing power requires us 
to determine the optimal strategy of augmentation. Since 
the greater chance of loosening and pull-out of screws lies 
in the cranial and caudal vertebrae, particularly in S1 due to 
the growing stress (13-15), it was hypothesized that selective 
augmentation of the upper and lower end vertebrae instead 
of every level could bring about the maximum benefit in 
reducing the failure of instrumentation and the risk of 
cement protrusion. This study was conducted to compare 
the biomechanical stability of selective augmentation of only 
cranial and caudal pedicle trajectories to that of traditional 
methods by analysis of the finite models of the lumbosacral 
segments.

Methods

This study was reviewed and approved by the Ethics 
Committee of The First Affiliated Hospital of Guangzhou 
University of Chinese Medicine {NO. ZYYECK[2019]094}. 
All methods in this study were carried out in accordance 
with the provisions of the Declaration of Helsinki (as 
revised in 2013). The informed consent was obtained from 
the volunteer and this consent was written. 

A total of 7 finite-element models (FEMs) of the lumbar 
spine were created in this study. FEMs included: (I) the 
intact lumbosacral spine (L3-S1), (II) Model A1: double 
segmental fusion (L4-S1) with augmentation at every 
each pedicle trajectory, (III) Model A2: multi-segment 
fusion (L3-S1) with augmentation at every each pedicle 
trajectory, (IV) Model B1: double segmental fusion (L4-S1)  
with selective augmentation at cranial and caudal pedicle 
trajectories, (V) Model B2: multi-segment fusion (L3-S1)  
with selective augmentation at cranial and caudal pedicle 
trajectories, (VI) Model C1: double segmental fusion 
(L4-S1) without PMMA augmentation, and (VII) Model 
C2: multi-segment fusion (L3-L1) without PMMA 
augmentation.

Construction of the intact lumbosacral model

In the present study, a healthy adult female volunteer 
without any history of lumbar diseases was selected and the 
data of her CT scans (AQUIRRON 64, Toshiba, Japan) 
with the thickness of 0.625 mm per slice was provided 
by the Department of Radiology at The First Affiliated 
Hospital of Guangzhou University of Chinese Medicine. 
The tomography images were stored in Digital Imaging and 
Communications in the Medicine (DICOM) format. 

The collected raw data in DICOM format were imported 
into Mimics research 19.0 (Materialize, Leuven, Belgium) 
for three-dimensional reconstruction. Subsequently, 
the 3D model generated by Mimics was imported into 
Geomagic Studio 2013 (3D Systems Corporation, South 
Carolina, USA). The spikes and the features were deleted, 
smoothing was performed with a polygon mesh, and the 
triangles were made uniform in size. Then, a patch was 
generated by the following tools: Construct Patches, Grid 
and Fit Surfaces. The smoothed model was imported 
into SolidWorks 2017CAD (SolidWorks Corporation, 
Concord, MA, USA). The cancellous bone, cortical bone, 
annulus fibrosus, nucleus pulposus, endplate, and articular 
cartilage parts were created in the Parts Interface window. 
The nucleus pulposus constituted approximately 44% of 
the disc volume (16), the thickness of the cortical bone was 
approximately 0.5 mm (16), and the cartilaginous endplates 
were modeled to be approximately 1 mm thick (17). The 
initial gap between the articulating surfaces was based on 
computed tomography images and was approximately 0.3-
0.6 mm. The parts were integrated into an intact lumbar 
model. Finally, the intact lumbosacral model was imported 
into ANSYS Workbench 17.0 (ANSYS, Ltd., Canonsburg, 
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Pennsylvania, USA) for setting material properties, defining 
major ligaments, and generating mesh (Figure 1). 

The model of the pedicle screw and bone cement

To simulate the characteristics of the material object 
accurately, the model of the solid pedicle screw and 
fenestrated pedicle screw were constructed based on 
Micro-CT scanner images (Skyscan 1172, Bruker micro-
CT, Belgium) with a slice thickness of 15um, Similarly, 
the realistic three-dimensional model of screws were 
reconstructed by using the Mimics research 19.0, 
Geomagic Studio 2013, and SolidWorks 2017CAD. Then, 
a postoperative data of CT scans from a patient who 
received posterior instrumentation with PMMA-augmented 
fenestrated pedicle screws was randomly selected for 
constructing the cement model with the same software. 
The length and outer diameter of the pedicle screws (DePuy 
Synthes, California, USA) were 50 and 6.0 mm, respectively. 
The fenestrated screws were used in augmented vertebrae 
and the solid screws were used in non-augmented vertebrae. 
The volume of bone cement was approximately 1.73 cm3 

per trajectory and distributed in a lump pattern. The model 

of screws and bone cement were shown in Figure 2.

Construction of instrument models in different 
augmentation fashions

Based on the physical rod, crosslink, and cage, the model 
of rod, crosslink, and cage were constructed in the Parts 
Interface window of SolidWorks 2017CAD. The outer 
diameter of the rod was 5.5 mm. The length and height 
of the cage were 24 and 12 mm. Subsequently, unilateral 
transforaminal lumbar interbody fusion (TLIF) was 
performed in right to remove the facet joint, articular 
cartilage, annulus fibrosus, endplate, and nucleus pulposus. 
The cage, screws, cement, rod, and crosslink were 
assembled into the lumbosacral spine model to construct 
six surgical models (Figure 3). The cage was designed to 
locate in the right close to the para-central line of the 
intervertebral space based on the images of CT scans. To 
decrease variation caused by the locations of cage, screw, 
bone cement, and crosslink, all these parts were set in the 
same location among different models.

Material properties, boundary and loading conditions

The mesh model generated in SolidWorks 2017CAD was 
imported into ANSYS Workbench 17.0 for finite element 
analysis. Previous studies were referenced to set the material 
properties of osteoporotic cortical bone, osteoporotic 
cancellous bone, articular cartilage, endplates, annulus 
fibrosus, nucleus pulposus, cages, bone cement, and internal 
fixation (18,19) (Table 1). The ligaments were simulated 
using spring elements that only stressed by pulling force. 
Spring stiffness were assumed from a previous validation 
experiment [spring stiffness = (modulus of elasticity × cross-
section)/average length] (20). The contact type between the 
models was defined in the connection, where the contact type 
of facet joint was “frictional” and the frictional coefficient 
was 0.1 (19); the remaining contact types were set to the 
“bonded” mode. To enhance the accuracy of calculation, 
the type and size of mesh in the models are controlled: the 
mesh type is set as tetrahedron mesh, the size of articular 
cartilage mesh is 0.5mm, and the remaining objects are 
2.0 mm. Finally, the boundary and loading conditions of 
the seven models were set: with all degrees of freedom 
of the sacrum was constrained throughout the whole 
analysis, a 150-N vertical axial preload were imposed on 
the superior surface of L3 and a pure moment of 10 N/m  
were applied on the L3 superior surface along the radial 

Figure 1  Intact  lumbar f ini te-element model  with no 
instrumentation.
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Figure 2 To simulate the characteristics of the material object accurately, the model of solid and fenestrated pedicle screws were constructed 
based on micro-CT scanner images (the solid screws were used in the non-augmented vertebrae and the fenestrated screws were used in the 
augmented vertebrae). The model of bone cement was developed from the CT scans of a postoperative patient with CAPSI. (A) Physical 
solid pedicle screw (left) and fenestrated pedicle screw (right), (B) a model of a solid pedicle screw (up) and a fenestrated pedicle screw (down), 
(C) a model of the cement-augmented fenestrated pedicle screw. CT, computed tomography; CAPSI, cement-augmented pedicle screw 
instrumentation.

B CA

direction to simulate 6 different physiological motions: 
flexion, extension, left lateral bending, right lateral bending, 
left rotation, and right rotation. The range of motion 
(ROM), the peak Von Mises stress of cage, and the stress of 
fixation under different loading conditions were compared to 
investigate the biomechanical stability of various instruments.

Results

Validation of the intact lumbosacral spine model

The finite element (FE) solution was composed using 

a model with 630,212 nodes and 393,835 elements. We 
compared our ROM data of the intact lumbosacral spine 
model to previous cadaveric and FE studies with similar 
loads (21-23). The results indicated that the level of spinal 
kinematics of the current model was in accordance with 
the reported data (Figure 4). The overall ROMs of flexion, 
extension, bending, and rotation were 21.3°, 12.35°, 13.99°, 
and 6.11°, respectively.

Range of motion

Under the combined loading of 150 N and 10 N/m, 
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Figure 3 Geometric instrument models following double- and multi-level transforaminal lumbar interbody fusion and pedicle screw 
fixation (to maintain consistency, the same location of cages, screws, rods, and bone cement were used in the different models). Model A1/
A2: PMMA on all segments; Model B1/B2: PMMA on the cranial and caudal vertebrae selectively; Model C1/C2: without augmentation. 
PMMA, polymethylmethacrylate.

Model A1 Model B1 Model C1

Model A2 Model B2 Model C2
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Table 1 Material properties used in the finite-element model

Material properties Young’s Modulus (E: MPa) Poisson’s Ratio (μ) Stiffness

Osteoporotic cortical bone 8,040 (67% of normal) 0.3

Osteoporotic cancellous bone 34 (34% of normal) 0.2

Cartilage 50 0.3

Endplate 1,000 0.3

Annulus fibrosus 4.2 0.45

Nucleus pulposus 1 0.499

Ligament

Anterior longitudinal 7.84

Posterior longitudinal 5.83

Transverse 2.39

Ligamentum flavum 15.75

Interspinous 0.19

Supraspinous 15.38

Capsular ligament 10.85

Spinal instrumentation (titanium alloy) 110,000 0.28

Bone cement (polymethylmethacrylate) 3,000 0.4

Spinal cage (polyetheretherketone) 3,600 0.25

the predicted data of all ROMs of the surgical models 
decreased when compared to the intact model. The 
ROMs of Model B and Model A were similar in each 
direction, while that of model C was significantly larger. 
The differences in the ROMs between Model A and 
Model B were less than 0.1° (Figure 5). When compared 
with the ROM in Model A1, the flexion moment in 
Model B1 and Model C1 increased by 4.14% and 18.62%, 
respectively. In extension, increased by 3.28% and 9.84%, 
respectively. In the left bending, increased by 2.4% 
and 8.8%, respectively. In right bending, increased by 
1.41% and 6.38%, respectively. In left rotation, increased 
by 4.55% and 22.72%, respectively. In right rotation, 
increased by 7.25% and 15.94%, respectively. Compared 
with Model A2, the ROM in Model B2 increased by 
2.68%, 1.71%, 1.97%, 2.55%, 5.10%, and 9.52% during 
flexion, extension, left bending, right bending, left 
rotation, and right rotation, respectively. While the ROM 
in Model C2 significantly increased by 12.08%, 14.86%, 
20.39%, 15.29%, 37.76%, and 23.81% during flexion, 
extension, left bending, right bending, left rotation, and 
right rotation, respectively.

The stress of the Cage

Upon comparison with Models A1 and A2, the peak von 
Mises stress of the cage was found to be slightly higher in 
Model B1 (increased by 6.92–15.99%) and B2 (increased 
by 2.05–14.47%) at the cage-endplate interface under 
all loading conditions (Figure 6). In contrast, the peak 
von Mises stress of Models C1 and C2 were observed 
to increase by 19.43–47.24% and 22.78–38.92% for all 
motions, respectively. The largest cage stress in Models A, B, 
and C was found in flexion: the maximum stress of the cage 
reached 55.13, 58.95, and 65.84 MPa in Models A1, B1, and 
C1; and 57.33, 65.02, and 79.68 MPa in the Models A2, B2, 
and C2, respectively. 

Internal fixation stress

A similar change in the internal fixation stress was 
observed. Upon comparison with Model A, a significantly 
smaller change in the instrument stress was present in 
Model B. In Models B1 and B2, the maximum von Mises 
stress of the instrument increased by 10.61–16.50% and 
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Figure 4 Comparison of the ROM between the intact model and previously published studies at L3-4 (A), L4-5 (B), and L5-S1(C) levels 
(ROM of L5-S1 were not provided in Shim’s study). ROM, range of motion.

Present study Yamamoto et al. 1989 

Shim et al. 2008 Huang et al. 2016

Present study Yamamoto et al. 1989 

Shim et al. 2008 Huang et al. 2016

Present study Yamamoto et al. 1989 

Huang et al. 2016
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Figure 5 Comparison of the range of motion at fixation segments in Models A, B, and C for different loading motions.

Figure 6 Stress exerted on the cage in Models A, B, and C.

9.75–21.64% compared to Models A1 and A2, whereas 
the changes in Models C1 and C2 increased by 40.79–
54.66% and 39.78–57.07% compared with Models A1 
and A2 under different moments (Figure 7). In all the 
surgical models, the maximum von Mises stress of internal 
fixation was significantly lower than the yield strength 
of the titanium alloy screw/rod (897–1,034 MPa) (24). 
Compared with screws in the middle level, the stress on 
the cranial and caudal pedicle screws was larger in most 
loading conditions (Table 2). The stress distribution on 
the pedicle screw showed that the stress was concentrated 
in the screw head, the cranial and caudal screws, and rods 
(Figure 8).

Discussion

With a rapid increase in the aging population, the demand 
for spinal surgeries has grown markedly in elderly patients. 
Epidemiological studies showed that the average age of 
patients treated by surgery significantly increased from 
54.6 years in 2004 to 63.7 years in 2015 in Asia (25,26). 
Spinal fusion with posterior pedicle screw fixation is one 
of the most common strategies for lumbar degenerative 
diseases (26,27); however, it is challenged with the 
increasing incidence of early implant failure or cutout (28).  
To strengthen the purchase, CAPSI is one of the procedures 
developed; it has received growing attention due to its 
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Figure 7 Screw stress at the fixation segments in Model A, B, and C.

Table 2 The comparison of pedicle screw stress in different models (MPa)

Model Level Flexion Extension Bending-L Bending-R Rotation-L Rotation-R

Model A1 L4 191.61 48.97 126.89 93.87 116.23 156.56

L5 152.46 32.71 69.26 88.40 172.42 143.64

S1 210.70 45.51 140.76 113.09 198.52 162.82

Model B1 L4 186.38 56.03 140.32 117.11 130.38 186.39

L5 157.34 36.05 84.42 114.85 219.58 155.35

S1 235.60 50.36 163.18 131.75 202.5 186.98

Model C1 L4 296.64 63.53 168.66 174.86 261.00 232.02

L5 182.19 45.53 104.60 96.16 238.76 207.61

S1 255.41 73.27 203.7 125.15 299.92 243.20

Model A2 L3 254.95 86.56 154.52 139.84 186.28 233.6

L4 167.22 46.04 67.68 76.47 170.18 144.09

L5 199.57 23.70 78.10 104.95 202.44 181.17

S1 218.45 44.76 125.22 128.49 220.82 232.75

Model B2 L3 277.29 98.83 165.40 170.10 253.98 224.90

L4 279.81 48.68 116.25 134.69 161.49 236.57

L5 166.92 49.53 87.92 113.75 223.99 158.59

S1 218.61 49.29 163.2 128.55 224.07 259.1

Model C2 L3 363.76 122.7 215.00 219.65 273.29 326.52

L4 334.20 64.78 128.68 178.18 232.11 278.64

L5 207.27 51.17 99.09 134.93 219.51 194.44

S1 234.57 67.20 238.76 219.16 309.13 234.67
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Figure 8 Stress distribution on the pedicle screw shows that the stress is mainly distributed at the screw head, the cranial and caudal screws, 
and rods. (A) Double segmental fusion model, (B) multi-segment fusion model.
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rigid bone fixation and handy surgical procedure (29,30). 
However, the major disadvantage of CAPSI is related 
to cement leakage, which probably leads to radicular 
compression symptoms, cement embolism, infection, and 
anaphylactic shock (7-9,12). Additionally, a larger number 
of cement-augmented segments may also increase the 
cost of surgery. Therefore, these deficiencies limit the 
popularization of CAPSI in medical centers around the 
world.

To reduce the cement leakage, the protocol has been 
optimized by minimizing the cement volume per trajectory 
and the number of augmented screws (31,32), using high-
viscosity bone cement and low application pressure (8,33), 
by placing the tip of the fenestrated screw close to the 
lateral side of the vertebral body (9), and maintaining a 
positive end-expiratory pressure (PEEP) during cement 
injection (34). In addition, Erdem (31) reported a novel 
strategy for CAPSI recently wherein the most proximal 
trajectories were selectively cement-augmented, which 
was proven in thirty-one patients with degenerative spinal 
pathologies to possess compatible fixation strength as non-
selectively augmenting does, moreover, with less cement 
leakage. However, this retrospective study has several 
limitations, such as the diversity of enrolled cases including 
various types of diseases, different lumbar instrumented 
segments, and multiple methods of fixation. In addition, 
there is a lack of a standard algorithm in the selection of 
the strategic vertebrae: the number of cemented pedicle 
screws to be placed proximally was only determined by 
the surgeon’s experience. Therefore, in the present study, 
we used FEM analysis to control the consistency of the 
vertebral body, screws, and bone cement in different 
models.

Previous studies have reported that the most common 
site of screw loosening was identified at the cranial or 
caudal vertebra in lumbosacral degenerative diseases with 
short-segment posterior internal fixation (≤3 levels) (15). 
Our previous research also showed that there was 20–24% 
of S1 screw loosening in the osteoporotic spine with a 
degenerative disease (15). Uehara et al. (13) analyzed 
120 patients with adolescent idiopathic scoliosis (AIS) 
undergoing pedicle screw fixation. The results showed 
loosening rates of 9.6% at the cranial vertebra, 5.4% at the 
caudal vertebra, and only 2.6% at other levels. Wu (35)  
and Li et al. (14) also found that instrument failure (broken 
screw or rod) usually occurs at the lowest segment in cases 
of multilevel pedicle screw fixation. Therefore, selectively 
augmenting the upper and lower vertebrae is a potential 

way to optimize the strategy. 
Finite element analysis is a complementary technique for 

cadaveric tests to characterize the complex biomechanical 
mechanism of the spine. In the present study, we used 
the finite-element method to compare the biomechanical 
properties of pedicle screws augmented by PMMA in every 
pedicle trajectory (Model A) with those that did selectively 
in cranial and caudal ones (Model B) or without PMMA 
augmentation (Model C). The results showed that although 
the stress of the cage and pedicle screws were found to be 
slightly high in Model B, differences in the ROM between 
Models A and B were not significant at less than 0.1° under 
all loading conditions. In contrast, the peak von Mises 
stress on the cage-endplate interface and the instrument 
of Model C increased significantly. The result indicated 
that selectively cement augmenting the pedicle screws 
both cranially and caudally could provide comparable 
postoperative stability and not obviously increase the risk 
of cage subsidence (Figure 9). The largest stress on the 
pedicle screw in Model B was found when the loading 
flexion and rotation forces were 279.81 MPa and 259.1 
MPa, respectively. It was probably affected more by the 
complete resection of one side of the facet joints. Moreover, 
the stress on the pedicle screws was intensively distributed 
on the cranial and caudal pedicle screws, which probably 
resulted from their endurance of greater mechanical forces 
and contributed to maintaining the stability of the surgical 
segments without augmenting other vertebrae as well as 
explaining the nature of screw loosening mainly occurring 
at the upper and lower vertebrae. 

Although this study is based on the physical models 
of the lumbar spine, pedicle screws, and bone cement, 
there are still some limitations. First, the variation in the 
shape, location, and dosage of bone cement may affect the 
purchase strength of CAPSI; additionally, only one situation 
was used to construct the models. Second, this study did not 
analyze the range of mild to severe osteoporotic models, 
which may lead to selective bias. Moreover, the suitability of 
selective augmentation for long segmental fixation remains 
unclear. Further investigations both in vitro and in vivo 
should be conducted in the future to reach a more precise 
conclusion.

Conclusions

Selectively cement augmenting pedicle screws both cranially 
and caudally is capable to provide comparable stability 
as non-selectively for lumbosacral degenerative diseases 
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Figure 9 Selective augmentation of the upper and lower vertebrae is a potential way to balance the amount of cement and the stability of the 
surgical segment.

with less risk of cement leakage. Although with slightly 
increasing stress on cages and screws, it could be a potential 
optimal procedure to minimize associated complications of 
CAPSI.
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