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Introduction 

The spine is exposed to forces of compression, shear 
bending, and torsion/axial rotation. The function of the 
pedicle is to transmit tension and bending forces from the 
posterior elements to the vertebral bodies; this results in 
unique vectors and forces upon the pedicle (1).

Pedicle screw and rod fixation is an effective method 
for stabilisation of the spine. The stability of the construct 
relies mainly on the mechanical properties of the bone-

screw interface (2,3). Finite element analysis of screw-
bone interactions has shown the greatest physiological 
forces along the pedicle screw is during flexion, and least 
in extension (4,5). During flexion, the pedicle screw is 
subjected to an axial loading force from the affixed rod 
resisting the motion (6).

Traditionally, pedicle screws are inserted in an open 
procedure (7). In an effort to reduce tissue morbidity and 
improve patient recovery times, minimally invasive surgical 
(MIS) techniques have been developed, which utilise a 
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Figure 1 Insertion sites and directions of pedicle screws: open technique (represented by black dots and arrows) and minimally invasive 
surgical (MIS) technique (represented by red dots and arrows) (9).

MIS

Open

Figure 2 Example specimen potted in polymethyl methacrylate 
(PMMA) and instrumented with minimally invasive surgical (MIS) 
and open techniques on opposing sides. In this specimen, the open 
insertion site is seen on the left and the MIS on the right. The 
techniques were alternated for adjacent vertebrae.

different insertion site and screw trajectory as a result of the 
surgical access (8) (Figure 1). The traditional Open surgical 
placement abuts the facet joint, with the screw traversing 
sclerotic cortical bone. In contrast, the MIS insertion site 
is at the junction of the transverse process and facet, which 
has less cortical bone. The biomechanical implications of 
the altered pedicle screw placement are not well defined. 
Previous investigations show conflicting results, with some 
evidence favouring a more medial entry and straighter 
trajectory, while other research supports increased stability 
with increased convergence of the screws (10,11).

The role of the pedicle screw is to secure posterior 
fixation systems to the vertebrae. Postoperative failure can 
occur, with loosening of hardware or fracture of the bony 
elements occurring in approximately 5% of patients having 

undergone lumbar fusion (12). Pedicle screw failure leads 
to failure of fusion, resulting in pain and eventually revision 
surgery. Mechanical factors that influence failure include 
the size of the screw in relation to the pedicle diameter, 
screw length and amount of bony purchase, the character of 
the thread, the entry site and trajectory of the screw. Patient 
factors are multiple, with bone mineral density of most 
consistent significance.

Fusion rates are comparable between MIS and Open 
lumbar fusion, although failure rates and subsequent 
revision have been shown to be increased in minimally 
invasive lumbar spinal fusion surgery (12).

In this study we hypothesise that the more frequent 
failure of the pedicle screws inserted with MIS technique 
may be due to the difference in applied forces as a result of 
the differences in bone quality between the insertion sites 
or along the trajectory of the pedicle screw. This study aims 
to contribute to this knowledge by comparing the pull-out 
force and other biomechanical properties of pedicle screws 
inserted using MIS and Open lumbar fusion techniques. 

Methods 

Intact lumbar spines (L1–L5) were dissected from five fresh 
cadavers (mean age 76 years, SD 14 years) and DEXA scans 
were obtained to determine bone mineral density (BMD). 
All 25 vertebrae were individually dissected and cleaned of 
all soft tissue before being potted in a rectangular plastic 
tube using polymethyl methacrylate (PMMA) cement 
(Figure 2). Care was taken to not embed the pedicles, so as 
to avoid the PMMA contributing to the forces experienced 
between the pedicle and screw. Screw length and diameter 
were individualised for each vertebra, but was consistent 
between the tests on either side acting as internal control 
(Table 1). 
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Table 1 Pedicle screw dimensions and trajectory of insertion for each vertebral level and side

Specimen
Left Right

Size (diameter × length, mm) Trajectory Size (diameter × length, mm) Trajectory

Specimen 1

L1 6×45 Open 6×45 Minimally invasive surgical (MIS)

L2 7×50 MIS 7×50 Open

L3 7×50 Open 7×50 MIS

L4 7×45 MIS 7×45 Open

L5 8×45 Open 8×45 MIS

Specimen 2

L1 6×45 MIS 6×45 Open

L2 6×45 Open 6×45 MIS

L3 7×50 MIS 7×50 Open

L4 7×50 Open 7×50 MIS

L5 8×50 MIS 8×50 Open

Specimen 3

L1 6×50 Open 6×50 MIS

L2 6×50 MIS 6×50 Open

L3 7×50 Open 7×50 MIS

L4 8×50 MIS 8×50 Open

L5 8×50 Open 8×50 MIS

Specimen 4

L1 6×50 MIS 6×50 Open

L2 6×50 Open 6×50 MIS

L3 7×50 MIS 7×50 Open

L4 8×50 Open 8×50 MIS

L5 8×50 MIS 8×50 Open

Specimen 5

L1 6×50 Open 6×50 MIS

L2 6×50 MIS 6×50 Open

L3 6×50 Open 6×50 MIS

L4 7×50 MIS 7×50 Open

L5 8×50 Open 8×50 MIS

The spines were instrumented using two different 
techniques: MIS and Open. The MIS technique places 
the insertion site lateral to that of the Open screw, at the 
junction of the transverse process and facet at the mid-

point of the transverse process. In the Open technique, the 
pedicle screw entry point is at the lateral border of superior 
articular process at the lower margin of the transverse 
process. Given the more lateral entry point, the MIS screw 
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has a more triangulated trajectory (Figure 1). Each vertebra 
was cannulated with one MIS and one Open pedicle screw 
(Figure 2) and the MIS/Open arrangement was alternated 
in adjacent vertebrae. The same type of screw was used for 
both techniques. 

C-arm (Fluoroscan Insight, Hologic, MA, USA) images 
were captured after the insertion of the pedicle screws 
to confirm correct placement and alignment (Figure 3). 
X-ray images (Practix 160, Philips, NSW, Australia) were 
also captured prior to testing, as these images allowed for 
reliable scaling of geometrical measurements of the screw 
positions for each specimen. 

A K-wire was placed through the potting cement and 
the specimen, in order to add rigidity to the construct and 
decrease the chances of the specimen pulling out of the 
cement. Hologic, MA, USA) was used to confirm that the 
K-wire did not interfere with screws (Figure 4). 

The potted vertebrae were fixed to the base of an Instron 
E10000 mechanical tester (Instron, Illinois, USA) using a 
vice with 3 degrees of rotational freedom. The screw being 
tested was aligned coaxially with the linear actuator and the 
head of the screw connected to the load cell with a custom 
fixture (Figure 5). A direct load-to-fail test was conducted at 
a constant displacement rate of 5 mm/min [as per protocols 

Figure 3 Fluoroscopic images to confirm correct placement of pedicle screws. (A) The minimally invasive surgical (MIS) screw is seen on 
the left with a more triangulated trajectory and entry point lateral to the facet; (B) the MIS screw is seen as the more anteriorly positioned 
tulip head.

Figure 4 Fluoroscopic images used to assess relative position of the K-wire to the screws.
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adapted from (7,13,14)]. 
Images were captured using high definition cameras (JAI 

ltd, Japan, CB-200GE) to monitor the failure mode of each 
construct. 

Load and displacement data were collected using Instron 

WaveMatrix™ (Illinois, USA) data acquisition software at 
a frequency of 100 Hz and the failure load, displacement 
to failure and the ultimate failure load of each construct 
determined. The axial stiffness and work to ultimate failure 
were calculated based on the captured data. Axial stiffness 
was defined as the slope of the linear elastic portion of the 
load-displacement curve, and work to ultimate failure as 
the area under the curve up to the ultimate failure load  
(Figure 6).

Paired t-tests were used to compare the results for the 
two groups. In addition, Pearson’s correlation coefficients 
(PCC) were calculated between each mechanical property 
and the remaining mechanical properties as well as with 
other specimen specific parameters including BMD, donor 
age, and geometric measurements (Figure 4). 

Results 

There was no significant difference between any of the 
mechanical properties considered in this study. 

The mean failure loads were: 685±399 N for MIS vs. 
661±323 N for open (P=0.75) (Figure 7).

The average Ultimate Failure loads were: 748±421 N for 
MIS vs. 772±326 N for open (P=0.74) (Figure 8).

The displacement to failure were: 0.95±0.49 mm for MIS 
vs. 0.95±0.62 mm for open (P=0.996) (Figure 9).

The axial stiffness values were: 936±217 N/mm for MIS 
vs. 1,016±263 N/mm for open (P=0.19) (Figure 10).

The energy expenditure to ultimate failure was: 0.84± 

Figure 5 Test setup, showing specimen clamped in vice which is 
fixed to the Instron base. The linear actuator is coaxially aligned 
with the axis of the screw for the pullout test.

Figure 6 An example load-displacement curve defining Failure Load and Ultimate Failure loads (orange), Displacement to Failure (green), 
Axial Stiffness (red) and Work to Ultimate Failure (yellow region under the curve).
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Figure 7 Average failure loads for minimally invasive surgical (MIS) and open techniques. Standard error of the mean is depicted as a bar.
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Figure 8 Average ultimate failure loads for minimally invasive surgical (MIS) and open techniques. Standard error of the mean is depicted as 
a bar.
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Figure 9 Average displacement to failure for minimally invasive surgical (MIS) and open techniques. Standard error of the mean is depicted 
as a bar.
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1.09 J for MIS vs. 0.82±1.05 J for open (P=0.94) (Figure 11).
Data were also grouped by donor and by vertebral 

level, to assess for differences between MIS and Open 
techniques specific to the patient or vertebral level. There 
was no statistically significant difference between the two 
techniques for any of the above properties.

Pearson’s correlation coefficients were determined 
between each mechanical property and all other mechanical 
properties (Table 2), as well as all mechanical properties 
and the specimen-specific parameters of BMD, donor age, 
and screw position (Table 3). Failure load, ultimate failure 
load, displacement to failure, and energy to ultimate failure 
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Figure 10 Average axial stiffness for minimally invasive surgical (MIS) and open techniques. Standard error of the mean is depicted as a bar.

Figure 11 Average energy to ultimate failure for minimally invasive surgical (MIS) and open techniques. Standard error of the mean is 
depicted as a bar.
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Table 2 Intraclass correlation coefficients for mechanical properties

Overall
Mechanical properties

Failure load Ultimate failure Displacement Stiffness Energy

Failure load 1.000 0.889 0.833 0.422 0.719

Ultimate failure 0.889 1.000 0.736 0.415 0.775

Displacement 0.833 0.736 1.000 0.110 0.800

Stiffness 0.422 0.415 0.110 1.000 0.206

Energy 0.719 0.775 0.800 0.206 1.000

0.00–0.19, very weak; 0.20–0.39, weak; 0.40–0.59, moderate; 0.60–0.79, strong; 0.80–1.00, very strong.

all correlated strongly with each other (R>0.6) (Table 2). 
In contrast, axial stiffness displayed weak or very weak 
correlation with all other mechanical properties (R<0.4) 
(Table 2). BMD, donor age, and geometrical position of 
the screw showed little evidence of correlation with any 
mechanical property (R<0.5) (Table 3). 

Testing was completed when the pedicle screw failed, 

either via the screw pulling out of the bone, or breaking 
of the pedicle. There was no difference between MIS and 
open groups—each technique had five pedicles snap and 
20 screws pull out. Broken pedicles were not dependent 
on whether the tested pedicle was first or second to the 
actuator. 
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Discussion 

No difference was seen in the forces required for pedicle 
screw failure in the open as compared to MIS placement. 
This implies that the insertion site bone purchase and screw 
trajectory do not contribute to a difference in failure of 
fusion.

The failure load, ultimate failure, and energy to failure 
are consistent with previously reported values (14). 
The displacement to failure, however, was less than in 
other similarly designed studies. In this study, average 
displacement to failure was 0.95 mm for both groups, with 
average displacements in comparable studies reporting 
values around 2.5 mm (14,15). This could be related to a 
discrepancy in measurement technique, with regards to the 
inherent lag in the system. In our study, we determined 
the start point of displacement to be the initial inflection 
point of the load-displacement curve. This results in the 
shortest possible determination of the displacement value. 
Alternatively, the shorter displacement with similar force to 
failure may be indicative of increased brittleness of bone.

Degree of brittleness is quantified by axial stiffness. 
Expectedly, the axial stiffness that we have reported is 
greater than that observed by other groups. We reported an 
axial stiffness of 936 N/mm for MIS and 1,016 N/mm for 
the Open technique, as compared to 380 N/mm reported 
by Koller et al. and 160 N/mm by Mehta et al. although of 
note, these studies were not designed to compare different 
insertion points (13,14). Again, it is unclear whether this is 
reflective of a discrepancy in measurement of displacement, 
or representative of differences in bony characteristics 
such as bone mineral density. The average BMD in our 
study is 0.98±0.23 g/cm2, which is higher than those 
reported in Koller et al. (14) and Mehta et al. (13) of 0.67± 
0.19 g/cm2 and 0.514±0.06 g/cm2, respectively. The higher 

BMD would likely result in a higher axial stiffness, which in 
turn would impact the displacement results.

Albeit not significant, our results showed a trend towards 
increased axial stiffness in the open group. If a true finding, 
this is possibly attributable to the difference in entry point 
of the two methods. The open technique traverses the 
superior articular process and thus is embedded in sclerotic 
cortical bone, which is more rigid than cancellous bone. 
The difference in axial stiffness did not correlate with an 
increased failure load, however.

This study was designed to assess how the biomechanical 
properties differ in an open versus MIS placement. In order 
to isolate the variable of screw placement, a single vector 
of force was applied to the screw. We acknowledge that 
a direct coaxial force, in isolation of other vectors, is not 
a situation that is likely translatable to the in vivo setting. 
Cyclic toggling of the screw, as described by Inceoğlu  
et al. (8), helps provide more realistic loading on the 
screw. It would be of interest to compare the effect of 
cyclic toggling versus direct axial loading on each group. 
Furthermore, the same vector of force was performed on 
both the MIS and Open groups. However, it is expected 
that these screw placements would be subjected to different 
components of force in the clinical setting given they have 
different entry points and different triangulation angles. 

Additionally, in each individual vertebral body studied, 
the MIS and Open screws were of the same diameter, thread 
character, and length, thus inserted to the same depth, to 
impose consistency and isolate the entry point as a variable. 
In reality though, due to the angle of insertion you can have 
greater length and therefore greater purchase with MIS, 
which would possibly affect the pullout force. Likewise, the 
bone mineral density and age of the patient was controlled 
for, which may not replicate clinical application.

Interestingly, the ultimate failure load is dependent on 

Table 3 Pearson’s correlation coefficients between mechanical properties and specimen-specific parameters

Overall
Geometric properties

BMD Age Insertion angle Tip to anterior cortex Tip to posterior cortex Tip to lateral cortex

Failure load 0.338 0.158 0.165 0.187 −0.328 0.102

Ultimate failure 0.309 0.157 0.244 0.311 −0.366 0.180

Displacement 0.183 0.192 0.146 −0.023 −0.177 −0.036

Stiffness 0.413 0.159 0.001 0.316 −0.256 0.024

Energy 0.161 0.082 0.362 0.257 −0.314 0.220

0.00–0.19, very weak; 0.20–0.39, weak; 0.40–0.59, moderate; 0.60–0.79, strong; 0.80–1.00, very strong.
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the displacement rate of the load-to-fail test (8,15,16), 
which is an important consideration in study design. Given 
our displacement rate was consistent with that of other 
groups, our results are able to be compared with theirs. 
Extrapolation to the clinical setting is less clear, however, 
given there would not be a standard or even consistent 
displacement rate or loading condition.

Lastly, while a cadaveric model is the most authentic 
representation of the clinical scenario when compared 
with the artificial materials used by other groups, we 
acknowledge that disarticulated specimen isolated from 
adjacent joint support and soft tissue fails to perfectly 
replicate the physiological environment to the applied 
stresses. Given the preservation of soft tissue structures is 
a significant advantage of MIS surgery, the disarticulated 
model may not accurately represent the transmission of 
forces experienced by the construct following MIS as 
compared to Open surgery.

Conclusions 

With a coaxial pullout test, there is no statistical difference 
between the mechanical properties of the pedicle screws 
for the MIS and Open entry point and trajectory. A larger 
study could be performed to determine if the trend in 
axial stiffness is a true difference between MIS and Open 
groups. However, this did not impact the failure load, 
ultimate failure load, or energy to failure, so is not likely to 
result in a clinically significant difference under the loading 
conditions of this study.

Future studies could be designed to replicate the in vivo 
environment and assess whether this results in a difference 
between MIS and Open pedicle screw biomechanical 
properties. Cyclical toggling prior to coaxial force, or a 
non-coaxial force designed to simulate the rod placement, 
may reveal a difference between the two techniques.
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