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Influence of double rods and interbody cages on quasistatic range
of motion of the spine after lumbopelvic instrumentation

Yves Ntilikina'2® - Yann Philippe Charles? - Sylvain Persohn' - Wafa Skalli’

Abstract

Purpose This in vitro biomechanical study compares residual lumbar range of motion (ROM) and rod strain after lumbopelvic
instrumentation using 2 rods, 4 rods and interbody cages.

Methods Seven human cadaveric specimens were instrumented from L1 to sacrum, and pelvic screws were implanted. The
pelvis was constrained and moments up to 7.5 Nm were applied to T12. Segmental L1-S1 ROM was analyzed by tracking
radiopaque balls implanted in each vertebra using biplanar radiographs. Deformation within principal rods was measured by
strain gauges. Four configurations were compared: 2 rods (2R), 4 rods (4R), 4 rods + ALIF at L4-L5 and L5-S1 (4R + ALIF),
2 rods + ALIF (2R + ALIF).

Results Intact average global L1-S1 ROM was 42.9° (27.9°-66.0°) in flexion—extension (FE), 35.2° (26.8°-51.8°) in lateral
bending (LB), 18.6° (6.7°-47.8°) in axial rotation (AR). In FE, average ROM was 1.9° with both 4-rod configurations versus
2.5° with 2R and 2.8° with 2R+ ALIF (p <0.05). In LB, ROM ranged between 1.2° and 1.5° without significant differences.
In AR, ROM was 2.5° with both 4-rod configurations versus 2.9° with 2R (p=0.07) and 3.1° with 2R ALIF (p=0.01). In
FE, strain decreased by 64% and 65% in principal rods at L3-L4 with 4-rod. When comparing 2-rod configurations, strain
decreased by 1% in flexion and increased by 22% in extension at L3-L4 when adding an ALIF at L4-L5 and L5-S1.
Conclusions Double rods and interbody cages decrease residual ROM in FE and AT. Double rods seem efficient in limiting
strain in principal rods. The use of single rods with cages at the lumbosacral junction increases strain at the first adjacent
level without cage.

Keywords Spinal deformity - Pelvic fixation - Double rod instrumentation - Anterior lumbar interbody fusion -
Biomechanics - Lumbosacral range of motion - Rod strain

Introduction

Degenerative lumbar scoliosis and sagittal malalignment
represent common spinal deformities in the aging popula-
tion. Adult spinal deformity (ASD) associated with imbal-
ance has an impact on health-related quality of life (QoL) [1,
2]. Surgical treatment might be considered if conservative
treatment remains inefficient on low back and leg pain, and
in progressive trunk imbalance. Although surgical treatment
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of ASD improves QoL, the incidence of long-term mechani-
cal complications is reported between 30 and 40% [3, 4].
These rates increase if the spinal deformity and degenera-
tive changes require instrumentation to the sacrum [5-7].
Among failures related to long instrumentation including
the lumbosacral junction, distal screw loosening represents
a common problem. In vitro biomechanical tests have dem-
onstrated that an additional pelvic fixation has the highest
potential to protect the S1-anchorage [8]. Nevertheless, the
use of strong iliac seems to be associated with an increased
rate of rod fractures [9, 10]. Implant failure like rod breakage
often indicates the presence of pseudarthrosis, which can
lead to revision surgery.

It appears that posterolateral fusion might not be suffi-
cient when instrumenting the thoracolumbar spine including
the sacrum and pelvis. A rigid pelvic fixation might lead
to fatigue of lumbar instrumentation under cyclic loading
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(daily activities, walking and recurrent anterior malalign-
ment) which increases the risk of pseudarthrosis and rod
fracture. Therefore, an anterior column support and fusion
using interbody cages might be recommended to avoid
pseudarthrosis [11-13]. First clinical studies suggest that
multiple rod constructs could reduce the incidence of
pseudarthrosis [14—18]. Figure 1 illustrates a clinical case
of degenerative lumbar scoliosis instrumented with a 4-rod
construct and additional interbody cages.

The main hypothesis of this study is that the use of inter-
body cages and/or multiple rods could decrease residual
minimal range of motion in the instrumented segment, which
might lead to nonunion and implant failure on long term.

The purpose of this biomechanical study was to investi-
gate residual mobilities within the entire lumbar spine and
strain in the rods after lumbosacral and pelvic instrumenta-
tion using single rods, double rods and interbody cages.

Materials and methods
Specimens
Seven fresh-frozen human cadaveric T12-pelvis speci-

mens were tested. Specimens without spinal pathologies
that would influence biomechanical testing (osteoporosis,

fractures, metastases, major decrease in intervertebral disk
height or facet joint osteoarthritis) were selected by visual
examination and computed tomography (CT). All donors
were males, and their average age was 57.7 (42-63) years.
The average bone mineral density was 104.2 mg/cm?.

The specimens were freshly dissected, sealed in double
plastic bags, frozen and stored at —20 °C until testing. The
specimens were thawed to 6 °C for 12—14 h before start-
ing the preparation process. The experiment itself was per-
formed at room temperature. Soft tissues were removed,
leaving all ligaments, joint capsules, disks and bony struc-
tures intact.

After reconstruction of the specimen’s geometry from
three-dimensional (3D) CT images (Medical imaging
interaction toolkit, MITK 2016.11, Heidelberg, Germany),
specimen-specific custom-made molds were 3D-printed to
constrain the T12 vertebral body and spinous process cra-
nially and the ischium caudally. The bone-mold interface
was additionally secured with small screws. Two-millim-
eter-diameter stainless steel balls were then implanted in
the cortical bone from L1 to S1 after drilling a small pilot
hole (one in each spinous process and four in each vertebral
body). Six balls were implanted in the sacrum and three
in each iliac wing. Figure 2 shows anterior—posterior and
lateral radiographs (EOS™, EOS Imaging, Paris, France)
that allowed calculating 3D positions of the balls using

Fig. 1 Preoperative posterior—anterior (a) and lateral (b) full spine standard radiographs of a patient with adult scoliosis and postoperative poste-
rior—anterior (a) and lateral (b) radiographs after T5-ilium instrumentation using double rods and interbody fusion cages



Fig.2 Anteroposterior (a) and
lateral (b) biplanar radiographs
of an intact specimen show-

ing cranial and caudal custom
molds (black arrows) and metal-
lic balls in each vertebra from
L1 to S1, the sacrum and pelvis

MATLAB software (MathWorks, Natick, MA, USA). The
coordinate systems for each group of balls (RBi) were asso-
ciated with the respective vertebrae [19], the sacrum and
pelvis [20-22]. The global coordinate system of the EOS
cabin was defined as RO. The transformation matrices for
each RBi to the global RO allowed calculating relative suc-
cessive positions between vertebrae and sacrum.

Kinematic testing

The flexibility tests were conducted in a specific spine-test-
ing device. The pelvic 3D-printed mold was rigidly fixed to
the pelvis and to a frame in the EOS™ system. The cranial
mold, fixed on T12, was mounted to a motor (Gearmotor
3242G024C, Faulhaber SAS, Montigny-le-Bretonneux,
France), which was unconstrained in the three directions of
translation and two perpendicular axes of rotation (Fig. 3).
This system allowed applying quasistatic moments for flex-
ion—extension, lateral bending and axial torsion by gradual
loading in steps of 1.5 Nm, with an interval of 15 s between
each step, until a maximum of 7.5 Nm was reached [23].
Three preloading cycles were performed to compensate for
small viscoelastic effects. A 6-axis load cell (FTD-Gamma
SI-130-10, ATI Industrial Automation, Apex, NC, USA)
placed under the specimen allowed checking whether pure
moments were applied. After three preconditioning cycles,
flexion and extension were completed during the same load-
ing—unloading cycle. The same applied for right and left
lateral bending as well as right and left axial torsion. Bipla-
nar radiographs were taken at each increment, to track the
metal balls. The successive positions of these markers were
measured during the loading—unloading cycle values, which
allowed to determine three angular displacements (rota-
tions around X, Y and Z axis) and three linear displacements

Fig.3 Intact specimen mounted in the test bench in the biplanar
X-rays system (white star) with the motor linked to the T12 mold by
a universal joint (white arrow), the 6-axis sensor below the specimen
(black arrow), the balancing weight above the motor (black star)



(translations along TX, TY and TZ). The centers of the
metal markers were localized automatically with template-
matching using normalized cross-correlation. The incer-
titude (95% confidence interval) of this motion tracking
method was estimated using a motorized linear translation
stage and was below 0.049 mm for each axis.

Load—displacement curves were obtained, thus quantify-
ing 3D segmental range of motion (ROM) between vertebrae
and sacrum for the noninstrumented specimen. The global
ROM of L1 related to the sacrum was considered for instru-
mented configurations.

The uncertainty of mobility measurement was estimated
using a Monte Carlo method introducing Gaussian noise to
the different sources of possible errors and performing 300
simulations. The confidence interval (95% CI) was lower
than 0.12° for the main rotations, 0.23° for coupled rotations
and 0.12 mm for linear displacements.

Instrumentation configurations

An orthopedic spine surgeon performed all instrumenta-
tions (Erisma Deformity®, Clariance, Beaurains, France)
using the free-hand technique for pedicle screw placement.
Polyaxial pedicle screws were placed bilaterally from L1
to L5 (6.5 mm diameter, 45 mm length) and at S1 (7.5 mm
diameter, 45 mm length). Iliac screws (8.5 mm diameter,
70 mm length) were placed bilaterally in a subcrestal fash-
ion. Cobalt—chromium rods (CoCr, 5.5 mm diameter) were
contoured and connected to the screws while taking care to

Fig.4 Posterior view of a speci-
men with 4-rod instrumenta-
tion and custom mold fixation
(arrows) at T12 and the pelvis
(a). Focus on strain gauges
(white circles) placed on the
principal rods between the pedi-
cle screws of L3 and L4 (b)

minimize the need for reduction techniques. Offset connec-
tors between iliac screws and rods were utilized. A crosslink
connector was placed between L5 and S1 screws. Two uni-
axial strain gauges (KFG-2N-120-C1-11 L3M2R, KYOWA,
Tokyo, Japan) were stuck on the posterior side of each rod
midway between L3 and L4 screws (Fig. 4). This position-
ing allowed rod strain measurements in flexion—extension.
This standard setting of posterior L1-pelvis instrumenta-
tion was defined as 2-rod configuration (2R). Afterward, two
additional 5.5-mm-diameter CoCr rods were placed medi-
ally and connected to the principal rods between L1 and
L2 and between the S1 and iliac screws using side-by-side
connectors, which was defined as 4-rod configuration (4R).
An anterior discectomy was then performed at L4-L5 and
L5-S1 while preserving the endplates and the posterior lon-
gitudinal ligament. Anterior lumbar interbody fusion (ALIF)
polyether-ether-ketone (PEEK) cages were then inserted at
both levels. The cage height (10—14 mm) was adapted to
each level in order to fill out the interbody space (4R + ALIF
configuration). The accessory rods were then removed for
the last step, which represented a 2-rod construct with
L4-L5 and L5-S1 ALIF cages (2R + ALIF configuration).
Figure 5 shows radiographs for each configuration.
Segmental ROM was measured between L1 and S1 in
flexion and extension, left and right lateral bending and
axial torsion for each instrumentation configuration. Con-
figurations were then compared to the intact specimen, and
results were reported as percentage using the formula: vari-
ation=ROM instrumented — ROM intact/ROM intact x 100.




Fig.5 Biplanar radiographs of the four instrumented configurations: 2 rods (a, b), 4 rods (c, d), 4 rods+ALIF L4-L5 and L5-S1 (e, f), 2

rods+ ALIF L4-L5 and L5-S1 (g, h)

The strain in the principal rods was measured by strain
gauges for each configuration between L3 and L4 in flex-
ion—extension only.

Statistical analysis

Data were analyzed using R software (R Foundation,
Vienna, Austria). Quantitative data were expressed as aver-
age, standard deviation and range. A Shapiro—Wilk test was
used to check normal distribution. A linear mixed model
was then used to analyze quantitative variables with a fixed
effect (configuration) and a random effect (specimen). ROM
was compared between the intact specimen and each instru-
mented configuration. Rod strain was compared between
instrumented configurations. The significance level was set
at p<0.05.

Results
Segmental lumbar range of motion

Table 1 demonstrates segmental ROM which was meas-
ured when a 7.5 Nm bending moment was applied to the

Table 1 Segmental lumbar range of motion in intact specimens: aver-
age values + standard deviation (minimum-maximum)

Level Flexion—extension Lateral bending Axial rotation
L1-1L2 7.4°+1.7° 79°+2.1° 2.8°+1.4°
(4.4°-9.6°) (6.0°-11.3°) (1.2°-4.6°)
L2-13 7.7°+2.8° 9.5°+£2.7° 4.9°+£3.7°
(4.1°-13°) (6.7°-13.1°) (1.1°-11.9°)
L3-L4 7.4°+1.8° 9.7°+1.8° 5.0°+£3.0°
(5.0°-10.7°) (8.0°-11.8°) (1.2°-10.4°)
L4-L5 10.2°£3.6° 10.3°+£2.9° 5.8°+5.3°
(4.9°-15.7°) (5.7°-13.8°) (1.2-10.4)
L5-S1 10.1°+6.0° 6.0°+3.8° 2.0°+2.3°
(2.6°-17.6°) (1.1°-10.2°) (0.6°-7.0°)

intact lumbar specimens. ROM ranged from 7.4° to 10.5°
in flexion—extension, 6.0° to 10.3° in lateral bending and
2.0° to 5.8° in axial torsion. The largest ROM was found
at the level L4-L5 for each direction.

The segmental ROM with instrumentation is descripted
in Table 2.



Table2 Segmental lumbar

e L1-L2 L2-13 L3-L4 L4-L5 L5-S1
range of motion in instrumented
specimens: average o 2R FE 0.7°+0.3° 0.4°+0.2° 0.4°+0.1° 0.6°+0.2° 0.8°+0.5°
valpgs + standar(.i deviation (0.3°-1.3°) (0.2°-0.6°) (0.2°-0.6°) (0.4°-0.9°) (0.3°-1.9)
(minimum-maximum) LB 12°40.6°  04°402°  02°%0.1°  02°401°  03°%0.1°
(0.7°-2.5°) (0.1°-0.6°) (0.1°-0.4°) (0.1°-0.4°) (0.2°-0.4°)
AR 1.1°+0.4° 0.8°+0.4° 0.8°+0.4° 0.6°+0.2° 0.6°+0.3°
(0.6°-1.7°) (0.4°-1.3°) (0.4°-1.7°) (0.6°-0.9°) (0.3°-1.2°)
4R FE 0.8°+0.4° 0.4°+0.2° 0.3°+0.2° 0.5°+0.3° 0.7°+£0.4°
(0.4°-1.5°) (0.1°-0.9°) (0.1°-0.7°) (0.2°-1.1°) (0.3°-1.6°)
LB 1.4°+0.8° 0.4°+0.2° 0.4°+0.2° 0.4°+0.2° 0.4°+0.2°
(0.8°-3°) (0.2°-0.7°) (0.1°-0.8°) (0.1°-0.7°) (0.1°-0.6°)
AR 0.9°+04° 0.8°+0.3° 0.7°+0.3° 0.5°+0.2° 0.4°+0.1°
(0.6°-1.8°) (0.4°-1.2°) (0.4°-1.4°) (0.3°-0.8°) (0.3°-0.7°)
4R +ALIF FE 0.8°+0.4° 0.5°+0.4° 0.4°+0.3° 0.5°+0.3° 0.7°+0.2°
(0.4°-1.5°) (0.1°-1.3°) (0.1°-0.8°) (0.2°-0.9°) (0.3°-1.0°)
LB 1.4°+0.7° 0.4°+0.2° 0.5°+0.2° 0.3°+0.2° 0.4°+0.1°
(0.9°-2.9°) (0.1°-0.8°) (0.1°-0.8°) (0.1°-0.6°) (0.2°-0.5°)
AR 1.0°+£0.3° 0.8°+0.5° 0.7°+0.2° 0.5°+0.2° 0.4°+0.1°
(0.7°-1.6°) (0.3°-1.6°) (0.5°-1.0°) (0.3°-0.8°) (0.3°-0.6°)
2R +ALIF FE 0.9°+0.5° 0.5°+0.3° 0.6°+0.4° 0.7°+0.4° 0.7°+0.2°
(0.4°-1.7°) (0.3°-1.1°) (0.3°-1.4°) (0.3°-1.5°) (0.3°-0.9°)
LB 1.5°+0.8° 0.3°+0.1° 0.3°+0.2° 0.3°+0.2° 0.3°+0.1°
(0.7°-3.1°) (0.1°-0.6°) (0.1°-0.5°) (0.1°-0.7°) (0.1°-0.6°)
AR 1.2°+0.5° 0.9°+0.5° 0.8°+0.4° 0.5°+0.2° 0.6°+0.2°
(0.8°-2.3°) (0.4°-1.8°) (0.5°-1.5°) (0.3°-0.8°) (0.4°-1.0°)

FE, flexion—extension; LB, lateral bending; AR, axial rotation

Table 3 Global lumbar (L1-S1) range of motion for the intact spine
and four instrumented configurations: average values =+ standard devi-
ation (minimum-maximum)

Configuration Flexion—extension Lateral bending Axial rotation
Intact spine 42.9°+3.1° 352°+3.2° 18.6°+6.3°
(27.9°-66.0°) (26.8°-51.8°) (6.7°-47.8°)
2 rods 2.5°+0.6° 1.2°+0.1° 2.9°+0.1°
(1.2°-3.7°)%" (1.2°~4.6°)* (1.7°-5.8°)*
4 rods 1.9°+£0.3° 1.4°+0.2° 2.5°+0.3°
(1.1°=3.20)%* (0.7°-2.9°)* (1.5°—4.50)%+
4rods+ALIF 1.9°+0.1° 1.3°+0.2° 2.5°+0.2°
(1.5°-2.9%)%+# (0.6°=3.2°)% (1.7°—4 40y%*
2 rods+ALIF 2.8°+0.3° 1.5°+0.2° 3.1°+0.6°
(1.6°—4.1°)%F (0.6°-3.5°)* (2.0°-6.0°)%"

*p<0.0001 compared to intact
#1<0.05 compared to intact

"p <0.05 compared to 4 rods

¥p <0.05 compared to 2 rods + ALIF

Global lumbar range of motion
with instrumentation

Table 3 demonstrates ROM of the entire L1-S1 seg-
ment for the intact specimen and the four instrumented
configurations.

When comparing the intact specimen to instrumented
configurations in flexion—extension, the average ROM
decreased by 94% with 2 rods (2R and 2R + ALIF) and
by 96% with 4 rods (4R and 4R + ALIF, respectively).
The decrease in ROM was significant for each configura-
tion (p <0.0001). The average ROM was 2.5° with 2R and
2.8° with 2R + ALIF, whereas ROM was 1.9° with 4R and
4R + ALIF, respectively. When comparing the influence of
the number of rods, 4-rod configurations reduced the ROM
slightly but significantly compared to 2-rod configurations:
2R versus 4R (p =0.035), 4R versus 2R + ALIF (p =0.010),
4R + ALIF versus 2R + ALIF (p =0.002). There was no sig-
nificant difference between 2R and 2R + ALIF (p =0.444)
and between 4R and 4R + ALIF (p=0.756).

In lateral bending, average ROM ranged between 1.2° and
1.5° and each configuration reduced ROM by 96% compared
to the intact spine (p <0.0001). There was no significant dif-
ference between the instrumented configurations.

In axial torsion, average ROM was decreased by 84%
with 2R, by 87% with 4R and 4R + ALIF, respectively,
and by 83% with 2R + ALIF compared to the intact spine
(p <0.02). When comparing the influence of number of rods
and additional cage implantation, it appeared that 4 rods
would mainly influence ROM: 2R versus 4R (p =0.066), 4R
versus 2R + ALIF (p =0.014), 4R + ALIF versus 2R + ALIF
(»p=0.011). There was no significant difference between 2R



and 2R+ ALIF (p=0.361) and between 4R and 4R + ALIF
(p=0.957).

Rod strain

Table 4 demonstrates average rod strain (RS) in the principal
rods at the level L3-L4. There was no difference between
left and right RS in any configuration.

When comparing 2- and 4-rod configurations in exten-
sion, 4R and 4R + ALIF decreased strain by 64% in the
principal rods compared to 2R, respectively. In flexion,
strain decreased by 68% with 4R and 65% with 4R + ALIF.
For flexion and extension, the differences were significant
between 2-rod and 4-rod configurations: 2R versus 4R
(p=0.016), 2R versus 4R + ALIF (p=0.015), 2R + ALIF
versus 4R (p=0.011), 2R + ALIF versus 4R + ALIF
(p=0.015).

When analyzing the influence of cages with 2-rod con-
figurations, it appeared that strain decreased by 1% in flexion
with 2R + ALIF compared to 2R. In extension, cage implan-
tation at L4-L5 and L5-S1 (2R + ALIF) increased strain by
22% at L3-L4 compared to 2R.

Discussion

Pseudarthrosis and rod fractures remain a major challenge in
adult spinal deformity surgery since instrumentation to the
sacrum and pelvis is often required. Daniels et al. [16] and
Lertudomphonwanit et al. [24] analyzed risk factors for rod
fractures and demonstrated that the patient’s age, obesity,
residual anterior malalignment, the number of instrumented
levels, the use of osteotomies, the rod diameter and alloy
might play a role. Four-rod instrumentation has been used
recently to prevent pseudarthrosis and implant failure. Hyun
et al. and Gupta et al. [18] compared radiologic outcomes
after 2-rod and 4-rod instrumentation. These first clini-
cal studies indicate that the incidence of pseudarthrosis is
lower with 4-rod constructs and that revision surgery for rod

fractures was not required. However, long-term results are
required to better understand the effects of this new instru-
mentation strategy. It seems that satellite rods limit minimal
ROM and strain within principal rods, which could prevent
rod fractures. Combining lumbosacral and pelvic instrumen-
tation with interbody cages represents an additional strategy
to prevent mechanical complications [25, 26]. Furthermore,
Banno et al. [27] investigated the incidence of proximal
pedicle and iliac screw loosening with 2-rod versus 4-rod
constructs. A radiologic halo developed around screws in
21% of patients with 2-rod versus 33% after 4-rod instru-
mentation. This indicates that more rigid multiple rod instru-
mentations might lead to enhanced stress at the proximal
and distal end of the construct. First studies on multiple rods
focused on pedicle subtraction osteotomies (PSO). However,
the exact role of additional cages remained unclear, and ana-
lyzing the scenario of adult scoliosis instrumentation with-
out three-column osteotomies seemed mandatory.

Three-dimensional segmental ROM has been analyzed
in vivo on lumbar spine radiographs of healthy volunteers
[28-31]. These studies have demonstrated that the amount of
ROM depends on the lumbar level. The highest ROM value
in FE is located at L4-L5 and L5-S1. The largest ROM in
LB and AT is located at L2-L3 and L3-L4. Panjabi et al.
[32] studied segmental ROM from L1-L2 to L5-S1 in vitro
and demonstrated results that were concordant with previous
clinical radiographic findings. Guan et al. [33], Heuer et al.
[34] and Charles et al. [35] studied L4-LL5 ROM in vitro, and
Hlubek et al. [36] reported normal values for L5—-S1 ROM.
Our results were in line with these previous findings, show-
ing similar ROM corridors, when loading the entire lumbar
spine up to 7.5 Nm.

Experimental cadaveric studies analyzing 4-rod poste-
rior instrumentation can be found in the recent literature.
However, most studies are based on PSO models [36—41].
Scheer et al. [37] compared multidirectional bending stiff-
ness of multiple rod instrumentation with iliac fixation and
L3 PSO in seven human spines (T11-pelvis). Satellite rods
restored stiffness in FE and LB, but not in AT. The addition

Table 4 Maximum rod strain on

X e Configuration  Left Right
the left and the right principal
rods for each instrumentation Extension Flexion Extension Flexion
in extension (—7.5 Nm) and
flexion (7.5 Nm): average 2 rods —0.026+0.010 0.027+0.010 —0.025+0.009 0.027+0.010
values + standard deviation (—=0.047 to —0.014) (0.017 to 0.047) (=0.049 to —0.014) (0.014 to 0.054)
(minimum—maximum) 4 rods —0.009+0.003 0.009 +0.003 -0.009£0.003  0.009+0.003
(=0.012 to —0.007)>"  (0.006 to 0.013)"T  (=0.013 to —0.005)>"  (0.006 to 0.013)"*
4rods+ALIF  —0.010+0.003 0.009 +0.003 —0.009 +0.003 0.009+0.003
(-0.013 to —0.007)""  (0.008 to 0.013)"T  (=0.012 to —0.004)>"  (0.005 to 0.014)"*
2rods+ALIF  —0.032+0.012 0.027+0.010 —0.030+0.011 0.027+0.010
(—0.054 to —0.015) (0.015 to0 0.036) (—0.058 to —0.013) (0.013 to 0.039)

*p <0.05 compared to 2 rods

p <0.05 compared to 2 rods + ALIF



of cross-links restored stiffness in all bending modes includ-
ing AT. The same study group further compared specimens
with or without interbody cages above and below the L3
PSO. They showed that fatigue bending and dynamic stiff-
ness increased by 22% after cage implantation in the seg-
ment L2-1.4. Hallager et al. [38] assessed the effect of num-
ber of rods, alloys and anterior column support on ROM in
five specimens (T12-S1) with a PSO at L3. All constructs
significantly reduced ROM in FE and LB compared to intact
(94.9-97.4%). Accessory rods mainly reduced FE motion,
compared to 2-rod instrumentation. Furthermore, accessory
rods reduced relative surface strain on the primary rods, and
four CoCr rods with interbody cages above and below the
PSO provided a 76% reduction in strain. La Barbera et al.
[40] also tested seven human specimens (T12-S1) to assess
the effect of multiple rods and cages in a PSO model. All
construct types had a comparable effect in reducing global
lumbar ROM compared to the intact spine (— 94% in FE and
LB; —80% in AT).

Strain is an index that can be used to predict rod failure.
Hallager et al. [38] used uniaxial strain gauges and reported
that accessory rods and CoCr rods reduced relative surface
strain on primary rods, irrespective of the construct. The use
of four CoCr rods and interbody cages provided 48% reduc-
tion in primary rod strain compared to 2-rod constructs. They
reported a small decrease in primary and accessory rod strain
at PSO level when adding interbody cages. Furthermore, strain
was lower with CoCr compared to titanium rods. La Barbera
et al. [40] used rosette gauges in a PSO model. When compar-
ing 4-rod and 2-rod constructs, primary rod strain decreased
by 74.4% in FE, 90.6% in LB and 63.5% in AR. This effect
was enhanced when adding interbody cages. La Barbera et al.
[41] described a similar effect in an anterior column realign-
ment (ACR) model. The role of 4-rod constructs and interbody
cages in reducing primary rod strain after PSO was further
confirmed in finite element models [42—44]. Although the
findings of these experimental settings focus on three-column
osteotomies, the findings are in agreement with the results of
our study, which represented a setting of lumbopelvic instru-
mentation for adult scoliosis. Godzik et al. [45] demonstrated
that strain would increase in the caudal part of the construct
when instrumenting the pelvis. Kleck et al. [46, 47] demon-
strated that spinopelvic fixation increases L5-S1 rod strain
especially during flexion. The addition of an ALIF divided
strain by two in FE, but it had no effect in AT. Moreover,
Hlubek et al. [36] investigated the effect of L5-S1 ALIF and
transforaminal lumbar interbody fusion (TLIF) cages as well
as iliac screws on rod and S1 pedicle screw strain. They dem-
onstrated that iliac screws were protective of sacral screws
but increased rod strain at L5-S1. When using iliac screws
with 2 rods, the ALIF reduces rod strain significantly, whereas
the TLIF did not. In our study strain gauges were placed at
L3-L4, which represented the first level adjacent to a 360°

instrumentation (ALIF L4-L5 and L5-S1). Our findings sug-
gested that the use of 2 rods with cages could increase rod
strain in extension at the first adjacent level without cage. This
is in line with the clinical findings of Lertudomphonwanit et al.
[24] who showed that 44% of rod fractures occurred at L3-1.4
when cages were implanted at L4-L5 and L5-S1. Our results
indicated that 4 rods significantly decreased strain in primary
rods at the adjacent level.

Although our findings provide a foundation for future
clinical research with 4-rod constructs, some limitations are
inherent to biomechanical studies. Standard lumbar loading
conditions using pure moments up to 7.5 Nm were applied
[23], although loading conditions for the entire lumbosacral
spine might be revised for longer instrumentation configura-
tions. Testing focused on the lumbosacral spine only, whereas
scoliosis instrumentation usually involves thoracic segments as
well. Moreover, rod strain measurement was analyzed at a sin-
gle location in FE because of the use of uniaxial strain gauges,
even if maximal strain and stress values could be located else-
where. An additional analysis in LB and AR should be consid-
ered using rosette strain gauges in future studies. Nevertheless,
such analysis with ROM and rod strain quantitative assessment
provide a solid base for further finite element modeling and
validation, thus yielding a deeper stress analysis in the entire
spine construct to further complete the present results.

Conclusion

The results of this study indicate that using double rods and
interbody cages can decrease residual ROM in FE and AT. The
use of 4-rod constructs seemed to be the most efficient method
in limiting strain in principal rods. The use of 2 rods with
ALIF cages at LA-L5 and L5-S1 increases strain at L3-L4.
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