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Study Design: The strength effects of a pedicle screw-rod system supplemented with a novel cross-link configuration were biome-
chanically evaluated in porcine spines.
Purpose: To assess the biomechanical differences between a conventional cross-link pedicle screw-rod system versus a novel cross-
link instrumentation, and to determine the effect of the cross-links.
Overview of Literature: Transverse cross-link systems affect torsional rigidity, but are thought to have little impact on the sagittal 
motion of spinal constructs. We tested the strength effects in pullout and flexion-compression tests of novel cross-link pedicle screw 
constructs using porcine thoracic and lumbar vertebrae.
Methods: Five matched thoracic and lumbar vertebral segments from 15 porcine spines were instrumented with 5.0-mm pedicle 
screws, which were then connected with 6.0-mm rods after partial corpectomy in the middle vertebral body. The forces required for 
construct failure in pullout and flexion-compression tests were examined in a randomized manner for three different cross-link con-
figurations: un-cross-link control, conventional cross-link, and cross-link passing through the base of the spinous process. Statistical 
comparisons of strength data were analyzed using Student’s t -tests.
Results: The spinous process group required a significantly greater pullout force for construct failure than the control group (p=0.036). 
No difference was found between the control and cross-link groups, or the cross-link and spinous process groups in pullout testing. 
In flexion-compression testing, the spinous processes group required significantly greater forces for construct failure than the con-
trol and cross-link groups (p<0.001 and p=0.003, respectively). However, there was no difference between the control and cross-link 
groups.
Conclusions: A novel cross-link configuration that features cross-link devices passing through the base of the spinous processes 
increased the mechanical resistance in pullout and flexion-compression testing compared to un-cross-link constructs. This configuration 
provided more resistance to middle-column damage under flexion-compression testing than conventional cross-link configuration.
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Introduction

The mechanical strength provided by instrumentation is 

very important for the clinical success of spinal fusion. 
Various available pedicle screw-rod systems provide ad-
equate strength. Importantly, the torsional stiffness of 
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pedicle screw-rod systems is augmented using cross-link 
devices [1]. Although cross-links increase lateral bending 
stiffness, their effects are predominately observed during 
torsional loading [2]. Some studies have indicated that in-
creasing the number of cross-links within a construct pro-
vides increases resistance to lateral bending and torsional 
loading [3-5]. However, despite advances in cross-link 
instrumentation, spine surgeons experience instrument 
failure in long fusion for thoracic and thoracolumbar de-
formities. 

Several common adverse outcomes are observed after 
thoracolumbar long fusion, including adjacent segment 
degeneration, proximal and distal junctional kyphosis 
usually across the thoracolumbar junction, and instru-
ment failure. Adjacent segment disease occurs more 
frequently with extended long fusion (18.5%) than short 
fusion (5.2%) [6]. Although proximal kyphosis can occur 
at a higher incidence (0%–46%) [7] than distal or caudal 
kyphosis (maximum, 28%) [8], distal kyphosis may re-
quire more extensive surgery [8]. In addition, sublaminar 
wires, hooks, and hook-pedicle screw hybrid constructs 
are often used at the proximal or distal end of posterior 
instrumentation, but they cannot effectively prevent in-
strument failure [9]. 

We believe that cross-links in an “X” configuration 
would improve torsional stiffness relative to transverse 
cross-link systems. We hypothesized that a novel cross-
link configuration, with cross-link devices passing 
through the base of the spinous process, would increase 
mechanical resistance against pullout and flexion loads 
compared to conventional cross-link constructs.

Materials and Methods

1. Pullout testing

Fifteen juvenile female porcine thoracic spines, weigh-
ing 35 to 40 kg, were harvested from the most caudal five 
thoracic vertebrae. Muscle and soft tissue from each rib 
was removed, and the rib cage was removed while keeping 
the facet joint capsules and spinal ligaments intact. Speci-
mens were frozen at –20°C until testing and defrosted 
just before testing. Test segments were instrumented by a 
single spine surgeon using bilaterally placed 5.0×35-mm 
pedicle screws (Easy Spine, LDR Medical, Troyes, France). 
The screw entry point was selected in accordance with 
established principles [10] with minor modifications to 

accommodate the thoracic levels of the porcine vertebral 
anatomy. Of all available large animal models, porcine 
specimens have been found to most closely reflect normal 
human anatomy, with pedicle dimensions suitable for in-
strumentation with the screws selected [11,12].

Pedicle screws were inserted after cannulating the pedi-
cles under direct visualization. The screws were tapped to 
the pedicle-body junction with a tap 1 mm smaller than 
the screw diameter, and 6.0-mm rods were connected bi-
laterally at all segments, except for the middle corpectomy 
segment. Each screw was inserted so that the normal 
spinal curvature of the specimen was not altered by the 
attachment of the longitudinal rods. Minor rotational ad-
justments were made to incorporate the rods. Three cross-
link configurations were tested, as shown in Fig. 1: un-
cross-link controls (n=5), conventional cross-links (n=5), 
and cross-links passing through the base of the spinous 
processes (n=5). Two 2-mm cross-link devices were ap-
plied in each construct. The vertebral specimens were 
mounted in a custom-designed fixture that constrained 
the vertebral body and was properly oriented for axial 
pullout loading. For pullout testing, the specimens were 
aligned such that the pedicles were in line with the cross-
head loading axis. The specimens were then gripped and 
pulled unaxially at the rod between the two terminal 
pedicle screws using an AG-X testing machine (Shimadzu 
Inc., Kyoto, Japan) with a 10 kN load cell at a rate of 2 
mm/min (Fig. 2). The tests were stopped when the force 

Fig. 1. Schematic illustrating the cross-link configurations evaluated in 
this study. (A) Un-cross-link control (CONT). (B) Conventional cross-
links (CL). (C) Cross-links passing through the base of the spinous 
processes (SP).
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was reduced by >20% or bone fracture occurred. The 
highest load value was recorded as the pullout load.

2. Flexion-compression testing

Fifteen porcine lumbar spines were harvested from the 
most caudal five lumbar vertebrae for axial-compression 
testing. The test segments were instrumented using bilater-

ally placed 5.0×35-mm pedicle screws and 6.0-mm connec-
tive rods. The three cross-link configurations were divided 
in the same manner as pullout testing. A partial corpec-
tomy with a vertical and horizontal size of 10×30 mm  
and a depth of 10 mm was made in the ventral aspect of 
the middle vertebral body (Fig. 3). This model became un-
stable and increased transfer of flexion loads to the instru-
mentation, reducing the stabilizing effects of the vertebral 
column. Hart et al. [13] found a statistically significant 
increase in stiffness among models with segmental pedicle 
screws compared to non-segmental pedicle screws, and 
observed the highest difference between cross-link non-
segmental and segmental models for 5-vertebrae fusion 
models in axial rotation and flexion testing.

The cranial and caudal vertebral body of each segment 
was embedded in a custom-designed jig that constrained 
the vertebral body and properly oriented the segment 
for axial compression loading. For flexion-compression 
testing, the cranial endplate of the specimens was com-
pressed using the surface of a rectangular platform of the 
aforementioned AG-X testing machine (Shimadzu Inc.) 
with a 10 kN load cell at a rate of 1 mm/min (Fig. 4). The 
tests were stopped when the force was reduced by >20% 
or fracture of the dorsal wall of the middle vertebral body 
with a partial corpectomy occurred. The highest load 
value was recorded as the flexion load.

Comparisons of load for each of the three constructs 
were made using Student’s t tests for the pullout and 
axial-compression tests. Statistical significance was set at 
p<0.05. Statistical analyses were performed using standard 
software (StatView for Windows ver. 5; SAS Institute Inc, 
Cary, NC, USA).

Fig. 2. The pedicle screw-rod system was gripped and pulled unaxially at the rod between the two terminal pedicle screws using 
an AG-X testing machine.

Fig. 3. A partial corpectomy in the ventral aspect of the 
middle vertebral body of an instrumented lumbar spine.
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Results

During pullout testing, the spinous process group demon-
strated a significantly greater pullout load than the con-
trol group (p=0.036). There was no statistical difference 
between the control and cross-link (p=0.12), or cross-link 
and spinous processes (p=0.12) groups (Table 1, Fig. 5). 
During flexion-compression testing, the spinous processes 
group demonstrated a significantly increased flexion load 
with respect to the other two configurations tested (con-
trol, p<0.001; cross-link, p=0.003). However, no difference 
was detected between the control and cross-link groups 

(p=0.17) (Table 1, Fig. 6).

Discussion

The main objective of this study was to test the hypothesis 
that a novel cross-link configuration with a pair of cross-
link devices passing through the base of the spinous pro-
cesses would increase mechanical resistance against pull-
out and flexion loads compared with un-cross-link rod 
only controls or with constructs employing conventional 
cross-link constructs. 

Long rigid fixation from the thoracic to lumbar spine 

Fig. 4. The instrumented lumbar spine was axially compressed by using the surface of a rectangular platform of an AG-X testing 
machine.
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Fig. 5. The improved cross-link construct (SP) was significantly stron-
ger than the un-cross-link controls during pullout testing of the pedicle 
screw–rod system. No significant differences were detected among 
the control (CONT) and conventional cross-link configurations (CL), and 
among the CL and the improved cross-link construct (SP). SP, cross-link 
passing through the base of the spinous process; NS, not significant. 
*p <0.05. 

Fig. 6. The improved cross-link (SP) configuration displayed a signifi-
cantly increased flexion stiffness with respect to the other two con-
figurations tested (CONT, p=0.001; CL, p=0.003). CONT, un-cross-linked 
controls; CL, conventional cross-link; SP, cross-link passing through 
the base of the spinous process. **p<0.01.
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sometimes results in junctional kyphosis and instrument 
failure. A pedicle screw with rod construct alone cannot 
provide sufficient strength for thoracolumbar spine inju-
ries, and increasing the number of involved vertebral bod-
ies increases the construct strength. Recovering mechani-
cal properties of the anterior and middle spinal column 
is valuable for reducing the load sharing of the posterior 
instrument [14]. Although transverse cross-links add 
strength to thoracic and thoracolumbar pedicle screw-
rod constructs, it may be impossible to completely prevent 
these surgical changes. Sublaminar wires, hooks, and other 
hook-pedicle screw hybrid constructs are often used at the 
proximal or distal end of posterior instrumentation as an 
ancillary means to pedicle screw-rod fixation. However, 
they also cannot effectively prevent instrument failure. 
While Dick et al. [2] reported that cross-link devices did 
not significantly increase axial, flexion-extension, or lat-
eral stiffness of instruments, torsional rigidity significantly 
increased regardless of the construct, with a pair of cross-
links providing superior resistance to rotary motion com-
pared to that with a single device. The increased torsional 
stiffness provided by cross-links is most important in 
long fusions, where torsional loads throughout the entire 
length of the intervertebral rod can generate cumulative 
displacements and loss of correction. Pedicle screws pro-
vide torsional stability to long thoracic and thoracolumbar 
constructs comparable to any combination of cross-links 
[5], but cross-links also resist lateral displacement and 
quadrilateral shift of paired rods and increase screw pull-
out strength by linking bilateral instruments [15]. Valdevit 
et al. [16] showed that under pure torsional loading, a 
paired diagonal cross-link configuration was the most 
stable construct when compared with rod only controls or 
with constructs employing transverse cross-link assem-
blies resulting in rectangular configurations. 

During flexion-compression testing, a partial corpecto-
my was made in the ventral aspect of the middle vertebral 
body for applying flexion loads on the instruments and 
vertebral column. A novel cross-link configuration was 

the most stable construct, in comparison with rod only 
controls and with conventional cross-link configurations. 
However, conventional transverse cross-link configura-
tions were not significantly more stable than rod only 
controls. These results are in line with the results of the 
aforementioned report by Dick et al. [2].

Under conditions of sustained flexion-compression, the 
vertebral column was bent forward, and the intervertebral 
rods were bent more strongly. In the spinous processes 
group, the cross-links, which are fixed at the base of the 
spinous processes, were observed to prevent rod warp-
ing. The spinous process played a very important role 
in preventing vertebral column fracture or instrument 
failure. During pullout testing, a conventional cross-link 
increased the pullout strength of the screw-rod system 
(22% stronger than controls) by linking bilateral instru-
ments. Furthermore, because the spinous process prevents 
rod warping, the novel cross-link configuration was 24% 
stronger than a conventional cross-link configuration.

Dick et al. [2] and Korovessis et al. [17] reported that 
the contribution to torsional stiffness by any cross-link 
device was proportional to the cross-sectional diameter 
of the cross-link. However, in this study, 2-mm cross-
link devices were applied in each construct. This device 
is relatively thinner, but much easier to operate and can 
penetrate the base of the spinous process compared to 
a conventional cross-link device. Before using this thin 
cross-link device, we were unable to make novel cross-link 
configurations because a conventional cross-link device is 
too thick to handle and easily breaks the spinous process. 
In this study, the thoracic and lumbar spines from each 
pig were used for each pullout and flexion-compression 
test. In the thoracic pig specimen, each spinous process 
stands between the pedicle screw heads on both sides of 
the same vertebrae. Thus, a conventional cross-link device 
is too bulky to link bilateral intervertebral rods.

The sample size in this study was relatively small and 
the pedicle screw insertion angle and length were lim-
ited to apply this finding to humans. Mikles et al. [18] 

Table 1. Load in pullout and flexion testing

Group Pullout average (N) Pullout SD Flexion average (N) Flexion SD

CONT   758.7 235.9 1,586.8 352.9

CL   924.1 168.7 1,808.2 345.3

SP 1146.8 345.3 2,837.3 509.9

SD, standard deviation; CONT, un-cross-linked controls; CL, conventional cross-link; SP, cross-link passing through the base of the spinous process.
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reported that the height of the pedicle screw construct is 
an important factor in strengthening a screw-rod system. 
However, the number of available specimens was limited. 
To reduce the number of animal specimens, we selected 
this experimental system using thoracic and lumbar 
spines from each pig. We also only assessed the immediate 
postoperative state and did not take any long-term effects 
of the pedicle screws, such as bony in-growth or degenera-
tion, into consideration. This could be an important factor 
concerning the pedicle screw pullout and pedicle screw-
rod system flexion-compression tests. For assessment of 
screw loosening, repetitive loading in flexion/extension 
would be required. Therefore, it is not possible to draw 
any conclusion on long-term outcomes and pedicle screw 
loosening.

Conclusions

Under pullout loading in a porcine model, a novel cross-
link configuration with cross-link devices passing through 
the base of the spinous processes provided a stronger con-
struct than un-cross-link rod only controls. In addition, 
during flexion loading, the improved cross-link configu-
ration was the most resistant to instrument failure, when 
compared with controls or with constructs employing the 
conventional transverse cross-link. 
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