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Abstract Posterior spinal instrumentation is frequently
used for the treatment of spine disorders. Importantly,
different requirements have to be considered for the opti-
mal use of these systems in various clinical scenarios. In
this work, we focused on the role of rods diameter on
hardware’s stiffness. For this purpose, we established an in
vitro model and compared the response to axial load of a
posterior stabilization system, characterized by rods of
different diameter (4, 5, 6 mm), with that of Dynesys®.
Intuitively, the higher the stiffness of the hardware, the
lower the load is transferred to the disc. However, the 4
hardware tested showed a different trend in the response to
the load regimens: when increasing the load, more flexible
systems display a progressive reduction in the percentage
of load which is transferred to the disc while more rigid
system display the opposite trend. Considering that the load
which is transferred, and not by-passed by the hardware,
influences the healing of a fracture; the integration of a
bone graft or a cage; the fusion process, these data have a
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relevant impact on clinical practice and highlight features
that have to be considered in the choice for the optimal
posterior spinal instrumentation.
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stabilization - Biomechanics - In vitro testing

Introduction

Nowadays, a wide range of spinal instrumentation systems
allow the surgeon to solve many challenges of spine dis-
orders such as trauma, tumour, infection, spondylolisthesis,
and instability [1, 2]. In particular, the standard surgical
procedure for chronic low back pain is spinal fusion with
instrumentation which has been demonstrated to be more
effective than conservative care [3]. Transpedicular screw-
based systems permit the surgeon to perform both stable
fusion and dynamic posterior stabilization, thanks to the
use of dedicated hardware. One of the most crucial topics
in spine surgery is represented by the optimal mechanical
properties the hardware has to present in order to achieve
fracture healing, vertebral fusion, or even non-fusion sta-
bilization, thus retaining some residual motion. In partic-
ular, by varying diameter and material, it is possible to
finely modulate rods’ stiffness in a wide range of values in
order to withstand weigh bearing forces according to
patient’s needs. As a matter of fact, the optimal hardware
stiffness requirements to obtain either a stable fusion or a
dynamic stabilization are not known [4].

The aim of this study is to compare and quantify in vitro
the mechanical properties of a posterior stabilization sys-
tems (Posterior Lumbar System—PLS®, Sintea Biotech
S.p.A., Assago), characterized by different rods diameter
(4, 5, 6 mm) and of a dynamic stabilization system
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(Dynesys®, Zimmer GmbH, Winterthur, Switzerland) in
order to: (1) have a better understanding of the biome-
chanical performance of these systems; (2) optimize their
design and shape; (3) establish a more precise surgical
indication. For this purpose, an in vitro model has been set
up, allowing to estimate how the axial load is applied and
divided up between the anterior vertebral bodies and the
stabilization device, and used to test the hardware object of
this study in three different load regimens.

Materials and methods
Posterior spinal instrumentation

Hardware tested includes a dynamic stabilization system
(Dynesys®, Zimmer GmbH, Winterthur, Switzerland) and
a lumbar stabilization system with rods of 4, 5 and 6 mm
(Posterior Lumbar System—PLS®, Sintea Biotech S.p.A.,
Assago).

Establishment of an in vitro model

The “vertebral mobile unit” (VMU) was obtained by two
vertebral bodies, a disc, and the stabilization system to be
tested was applied to the VMU (Fig. 1a). The vertebral
bodies were constituted of ultra high molecular weight
polyethylene (UHMWPE) and shaped according to ASTM
F1717-01 standard. Since the ASTM F1717-01 standard
does not include the disc, the shape of the anterior part of
the vertebral body was changed in order to include this
structure. The disc (diameter = 40 mm; height = 10 mm)
was constituted of glass fibres-loaded silicon in order to
determine a stiffness comparable to that of the lumbar
L4-L5 segment. The curves axial load/displacement of the
L4-L5 segment were obtained from literature [5]. The trend
of the curve is not linear, suggesting that the stiffness of the
segment increases when a higher load is applied (Fig. 1b).
As long vertebral rigidity is much higher than that of the
disc, it has been assumed that all the stiffness of the system
vertebra-disc-vertebra is concentrated on the disc.

Fig. 1 a The custom VMU, A
built according to the ASTM
F1717-01 standard. b The graph
load—displacement of the disc,
showing the non-linear
behaviour of the human L4-L5
disc and the similar behaviour
of our silicon disc
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Definition of load values

The MVU was tested with a pure axial compressive load.
The maximum force acting on the disc (FM*) was calcu-
lated with Nachemson correlation [6] according to the
value of maximum intradiscal pressure as reported by

Wilke et al. [7].

F Disc

Prucleus = k-
ADisc

where

—  PnNucleus 18 pressure on the nucleus;

— Fpis 1s the Force working on the disc which corre-
SpOIldS to PNucleus;

— Apisc 18 disc area, calculated on the average dimensions
of human disc [8];

— k is an experimental value, which ranges from 1.3 to
1.6 for the human disc [6].

The analysis was performed at three load regimens (500,
900, 2,300 N) which correspond to different common daily
activities, as summarized in Table 1 [7].

Testing set-up

A material testing system (MTS) 858.02 Mini Bionix
testing machines was used (Fig. 2a). The test was con-
ducted at a speed of 1 mm/min. The load was applied to the
VMU through two discs, similar to the one between the
vertebral bodies, in order to obtain a more uniform load
distribution. The compressive load also determines a
bending moment acting on the stabilization device, simi-
larly to the normal use of the system. The bending moment
that acts on the rods depends from their off-set position
with respect to the point of load application.

Applied total load and total displacement of the testing
machine moving jig were measured. In order to measure
the part of the load acting on the disc only, a dedicated
pressure sensor was placed on the lower vertebral body.
This sensor consisted in an aluminium cylinder (diame-
ter = 40 mm), in contact with the disc, whose thin bottom
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Table 1 Load Fpjs, Pnucleus and corresponding level of activity [7] Table 2 Transferred load to the disc
Fpise Pnucleus Activity Transferred load (%)
™) (MPa)
500 N 900 N 2,300 N
500 0.5 Relaxed standing station )
. . Dynesis 90.3 =45 88.8 £ 2.7 85.6 £ 2.6
Relaxed sitting on a chair without lumbar
su 4 mm 86.0 £ 3.9 843 £ 2.8 82.7 £ 1.7
pport
900 1.1 Sitting with the torso bent forward 5 mm 79.6£32 799 £ 16 91+18
Standing up from a chair 6 mm 679 + 14 714 £ 25 73.4 £ 09
Climbing two stairs per time Reported values are the mean percentage of the total load which is
Keeping a weight of 20 kg close to the body ~ transferred to the disc + SD
2,300 23 Lifting 20 kg with the torso bent forward

(thickness = 1 mm) acts as a sensor membrane, thanks to
4 strain gauges adhesively bonded to it (Fig. 2b). Mem-
brane deformation due to the load acting on the disc
determines the deformation of the strain gauges. The value
of the load was calculated through the voltage registered by
the strain gauges and a calibration curve.

Results

The results, obtained for the three different load regimens
and for the four stabilization devices tested (five tests for
each device and for each condition), are reported as
transferred load to the disc (%) for the different values of
total load (N) and summarized in Table 2. Data are
reported as mean values &+ standard deviation (SD). In
addition, the curve transferred load (%) versus total load
(N) depicts the trends of load distribution for each stabil-
ization device (Fig. 3).

Our results show that the overall stiffness of transpe-
dicular systems under compression is influenced by rods
diameter. However, the difference among the four spinal
instrumentations was less evident at higher load. In details,
at a load regimen of 500 N (standing station), the

Fig. 2 a The spine testing
apparatus. b Schematic
representation of the VMU and
the custom pressure sensor

b ——
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Fig. 3 The Transferred Load (%) versus total load (N) graph
depicting the trend of the four systems during the testing

percentage of load transferred to the disc is 86% =+ 3.9 and
67.9% £ 1.4 for 4 mm rods and for 6 mm rods, respec-
tively, while at a load regimen of 2,300 N (lifting 20 kg
with the torso bent forward) these percentages changes to
82.7% £ 1.7 and 73.4% =+ 0.9, respectively. At a load
regimen of 900 N (standing up from a chair) rods’
behaviour was intermediate. Intuitively, Dynesis® demon-
strates a higher percentage of load transferred to the disc,
ranging from 90.3% =+ 4.5 at 500 N to 85.6% + 2.6 at
2,300 N. In all, at low load regimen, the higher the stability
of the hardware the lower percentage of load is transferred

B Axial Load

Vertebral body
- Spinal
Disc : 2
instrumentation

[ 4 = =)

Vertebral body
7 ; T7777T7T77

Membrane -
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to the disc and the higher the variability between the
devices tested. On the other hand, at high load regimen, the
difference between the rods is less evident with an average
division between rods and disc which asymptotically tends
to 80-20% (Fig. 3).

Concerning the trends of the curves, more flexible sys-
tems interestingly show a reduction in the amount of load
transferred to the disc at high load regimen while more
stable systems displays the opposite trend (Fig. 3).

Discussion

We showed that the mechanical features of spinal instru-
mentation devices are influenced by rods diameter and that,
in particular, the percentage of load transferred to the disc
varies according to load and to hardware stiffness. Con-
sidering that posterior spinal instrumentation is used for
various disorders, characterized by different needs and
expectations, these experimental data have a relevance for
clinical practice.

From a clinical standpoint, a more rigid system is indi-
cated in cases of anterior column failure, such as vertebral
body fracture, when by-passing load can facilitate fracture
healing [9, 10]. In this scenario, a more flexible hardware
could result in excessive load on the anterior column,
impairing fracture healing, leading to implant failure and,
ultimately to spine deformity. On the other hand, when a
cage or a bone graft is applied to the anterior column, axial
load can positively affect its integration. Therefore, a less
rigid system, e.g. with rods of smaller diameter, which by
passes the load at a minor extent, can work as tension-band,
as described by Harms et al. [11], while a more rigid
hardware could result in a nonunion because of the insuf-
ficient load acting on the spine segment. A further clinical
scenario to be considered is the use of posterior spinal
instrumentation in osteoporotic patients, where distribution
of load is crucial for a successful osteosynthesis [12]. In
these patients, the optimal hardware includes: a higher
number of transpedicular screws in order to distribute the
load on more vertebral bodies, and less rigid rods, in order
to avoid an excessive shear at the screw-bone interface. In
addition, the behaviour of Dynesys® in our test, with a
modest and quite constant by-pass of load on the disc,
highlighted the rationale of the use of this system in the
initial phases of disc degeneration, as a support to the disc,
in order to allow tissue healing and recover of function [13].

A further point of interest is that the difference among
the devices tested in this study (Dynesis® and 4 mm-,
5 mm-, 6 mm rods) significantly decreased at a high load
condition (2,300 N). This feature can be explained con-
sidering that the overall performance of the hardware
depends on two different mechanisms:

@ Springer

e the non-linear behaviour of the disc (its stiffness
increases with load) (Fig. 1a) [5, 14];

e the dependency of bending stiffness of the rods by their
distance from load resultant.

For this reason, at low load regimen (500 N), when the
point of application of the load resultant corresponds to the
centre of gravity of the disc, the disc itself is, therefore,
uniformly loaded. Since in this case, the distance of the
rods from the point of application of the load resultant is
low, the non-linear behaviour of the disc determines the
final behaviour of the system. On the other hand, at high
load regimen (2,300 N), the presence of the rods induces a
wedge deformation of the disc and a trapezoidal distribu-
tion of the load (Fig. 4). Consequently, the point of
application of the load resultant moves forward and its
distance from the rods increases: in this condition the
bending efficiency of the rods is higher and they can
withstand more load than predicted. With more flexible
rods, barycentre displacement is higher, thus involving
more the rods and unloading the disc; with stiffer rods,
barycentre displacement is lower and therefore disc
involvement increases. This explains why more flexible
rods display a reduction in the percentage of load trans-
ferred to the disc at higher load regimen.

The main limitations of this in vitro study include the
fact that the experimental set up was based only on axial
load forces, while in vivo biomechanics of the spine is

Low load condition High load condition

- :

!
f

Point of application
of load

Point of application
of load

Fig. 4 Schematic representation of the response of the VMU to low
and high load regimen. In particular, the picture highlights how the
point of application of the load (“b”) moves forward at high load
condition (“b1”, with “bl” > “b”), because of the bending of the
hardware, making the system more efficient
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more complex; and that only one variable, rods diameter,
has been considered, while the clinical scenario is char-
acterized also by bone quality, number of transpedicular
screws, and screws diameter. However, these data highlight
the fundamental aspects of the biomechanical behaviour of
posterior spinal instrumentation which can improve the
knowledge and the indications of these procedures.

Conflict of interest None.
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