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Abstract

Purpose To compare the residual range of motion (ROM) of cortical screw (CS) versus pedicle screw (PS) instrumented
lumbar segments and the additional effect of transforaminal interbody fusion (TLIF) and cross-link (CL) augmentation.
Methods ROM of thirty-five human cadaver lumbar segments in flexion/extension (FE), lateral bending (LB), lateral shear
(LS), anterior shear (AS), axial rotation (AR), and axial compression (AC) was recorded. After instrumenting the segments
with PS (n=17) and CS (n=18), ROM in relation to the uninstrumented segments was evaluated without and with CL
augmentation before and after decompression and TLIF.

Results CS and PS instrumentations both significantly reduced ROM in all loading directions, except AC. In undecompressed
segments, a significantly lower relative (and absolute) reduction of motion in LB was found with CS 61% (absolute 3.3°) as
compared to PS 71% (4.0°; p=0.048). FE, AR, AS, LS, and AC values were similar between CS and PS instrumented seg-
ments without interbody fusion. After decompression and TLIF insertion, no difference between CS and PS was found in LB
and neither in any other loading direction. CL augmentation did not diminish differences in LB between CS and PS in the
undecompressed state but led to an additional small AR reduction of 11% (0.15°) in CS and 7% (0.05°) in PS instrumentation.
Conclusion Similar residual motion is found with CS and PS instrumentation, except of slightly, but significantly inferior
reduction of ROM in LB with CS. Differences between CS and PS in diminish with TLIF but not with CL augmentation.

Keywords Cortical screw - Cortical bone trajectory - Cross-link - TLIF - Interbody fusion

Introduction

Posterolateral pedicle screw (PS) instrumentation is the gold
standard in spinal fusion surgery, whose success largely
relies on the residual motion of the instrumentation con-
struct [1, 2]. Cortical screws (CS), otherwise known as the
cortical bone trajectory (CBT), were introduced in 2009
by Santoni et al. [3]. CS follow a trajectory that increases
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cortical bone purchase, leading to improved screw hold in
the lumbar spine. As compared to the traditional PS, which
typically follows a converging path along the axis of the
pedicle, CS begin at the lateral part of the pars interarticula-
ris and follow a caudocephalad diverging track (Fig. 1). The
medial screw entry points enable a less invasive approach for
posterior instrumentation by limiting the dissection of the
superior facet joints and reducing paraspinal muscle dissec-
tion and retraction [4]. In several biomechanical analyses,
CS outperformed PS in insertion torque, toggling, and pull-
out strength [3, 5, 6].

The original intention for the use of CS was in the setting
of an osteoporotic lumbar spine, in which the CS obtain
enhanced cortical fixation [3]. Soon after its first description,
the CS technique was expanded to the lower thoracic spine
(T9-12) and sacrum [7, 8]. Indications for CS were further
broadened to include trauma surgery and adjacent segment
disease, as well as it being used as a rescue option for loose
or misplaced PS [9].
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Fig. 1 Schematic illustration
of the cortical screw (CS) and
pedicle screw (PS) trajectories.
a axial view. b lateral view.
light grey =CS; dark grey=PS

Although CS may improve screw purchase, some con-
cerns have emerged regarding possibly increased residual
motion of the CS construct due to the short lever arm from
the median axis to the more medial running screw heads
and vertical rods [9]. Some authors have reported decreased
stiffness against lateral bending and axial rotation loadings
with CS as compared to PS instrumented constructs [10, 11].
However, no study has comparatively investigated residual
motion in these constructs before and after decompression
surgery to date. Therefore, the true difference in perfor-
mance of CS vs PS in regard to residual motion are still
unknown for may clinical scenarios, especially in the setting
of degenerative disease.

To decrease redidual motion and counteract the potential
biomechanical drawbacks of CS, several authors have advo-
cated the insertion of large interbody fusion cages to recon-
struct anterior column support and the use of crosslinks (CL)
bilaterally attached to the vertical rods [9-11]. However,
the effect of interbody fusion in CS constructs has not been
investigated to date. Likewise, the benefit of CL augmenta-
tion is still unclear, as only trends but non-significant ROM
differences were found between CS and PS on intact thoracic
and lumbar segments in a previous, small sample size study
[12].

The purpose of the current study was to compare the
residual motion of CS versus PS instrumented lumbar seg-
ments before and after decompression surgery. The second-
ary aims were to evaluate the effects of (1) transforaminal
interbody fusion (TLIF) and (2) CL augmentation on resid-
ual motion of CS and PS instrumentations.

Methods
Specimen preparation and instrumentation

This study was approved by the local ethics committee
(BASEC Nr. 2017-00874). Twelve fresh-frozen human
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spine cadavers (Science Care, Phoenix, AZ, USA) with
an average age of 59 years (range 50-68; eight males and
four females) were used for this study. 11 cadavers were
caucasian, 1 of unspecified race. Height, weight and BMI
was 171 cm (157-196 cm), 90 kg (45-108 kg) and 27.9
(16.1-37.3). Houndsfield measurements in vertebral body
L3 was 201 (range 173-245) [13]. No further information
from the deceased regarding osteoporosis and bone quality
were available. The specimens did not contain any osseous
defects or deformities as assessed on computed tomography
scans and magnetic resonance imaging. After thawing, the
cadavers were dissected into the segments L1-L2, .34, and
L5-S1, leading to a total of 36 (12 3) specimens. The spec-
imens were denuded of the surrounding muscle and connec-
tive tissue without harming the intersegmental ligamentous
structures, facet joints, or intervertebral discs. Following the
initial dissection, the specimens were again stored at —20 °C
until instrumentation, mounting, and biomechanical testing.
Biomechanical testing was performed after thawing over-
night at room temperature of 20 °C. During biomechanical
testing, a vertebral body fracture occurred in one PS instru-
mented L5/S1 specimen after TLIF insertion, after which
the segment lost its hold in the clamp and was not testable
anymore. The specimen was excluded, leaving a total of 35
segments eligible for analysis.

Segmental instrumentation

With the obtained CT data, triangular surface models of
the vertebrae were generated. We used an in-house devel-
oped computer-aided design (CAD) surgical planning soft-
ware to plan and execute all pedicle screw trajectories with
patient specific instruments (PSI). 2.7 mm PSI drill guides
were 3D-printed and used for instrumentation with can-
nulated titanium alloy poly-axial pedicle screws (Medacta
International, Castel San Pietro, Switzerland) [14, 15].
Half of the vertebral segments were planned and instru-
mented with CS, and the other half with the PS technique,
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each with optimized screw diameters (CS: 5.0-6.0 mm; PS
6.0—7.0 mm) and lengths (CS 40-50 mm; PS 50-60 mm)
(Fig. 2) [16, 17]. For sacral CS, the technique proposed
by Matsukawa et al. [8] was used. However, the screw tips
reached but did not penetrate the S1-endplate so as not to
hinder the interbody cage placement in the later course.
Pre-bent titanium rods were used to link the pedicle screws
on each side vertically.

Fig.2 Cortical screw (CS) and
pedicle screw (PS) instrumen-
tation with patient specific
instruments (PSI). a, b Instru-
mentation of L5/S1 segment
with PSI-guided CS. Note the
diverging and upwardly point-
ing screw trajectory. ¢, d Instru-
mentation of L1/2 segment with
PSI-guided traditional converg-
ing PS trajectory parallel to the
corresponding upper endplate

Fig.3 Biomechanical setup and tested decompression/instrumenta-
tion states. a Cortical screw (CS) instrumented L3/4 segment fixed
in the test setup with 3D-printed mounting clamps. The segment is
non-decompressed and non-fused as no vertical rods are attached.
The range of motion was measured between the markers (*) attached
to the cranial and caudal vertebrae. Additional markers (**) were
installed on the cranial and caudal mounting clamps to control poten-

Residual range of motion (ROM) of the segments was
tested with and without CL augmentation with one CL
(straight cross connector, MUST Medacta International,
Switzerland) and before and after midline decompression
with bilateral laminotomy, unilateral facetectomy and inser-
tion of a TLIF cage (MectaLIF Transforaminal, Medacta
International, Switzerland) (Fig. 3). The supra- and inter-
spinous ligaments were left intact when possible (Fig. 3d),
but were resected in segments with tiny interspinous space,

tial excess motions between the vertebrae and the test setup. b CS
instrumented, non-decompressed segment without (left) and with
(right) crosslink (CL) augmentation. ¢ CS instrumented segment after
bilateral laminotomy, unilateral facetectomy and transforaminal lum-
bar interbody fusion (TLIF). d L3/4 segment with traditional pedicle
screws (PS) instrumentation, non-decompressed e after decompres-
sion, facetectomy and TLIF insertion
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Fig.4 Biomechanical setup.

a Motion capture system in

the top right records the range
of motion. b Spinal segment

in the vertical position for
testing of axial rotation and
axial compression. The caudal
vertebra was attached to the
semi-constrained test rig, which
allowed free translational move-
ments in the horizontal plane.
The cranial and caudal vertebral
bodies were each installed with
a marker, and additional mark-
ers were set on the cranial and
caudal 3D-printed mounting
clamps

that did not allow the CL to be tunneled through (Fig. 3b).
To only measure the effect of the implanted and connected
hardware and not the removal of the supra- and interspinous
ligaments, ROM was measured after dissecting these liga-
ments in the intact, uninstrumented segments. Accurate
TLIF cage size (8—15 mm) was determined based on the
previously acquired CT scans. Prior to cage implantation,
a segmental distraction of — 100 N was applied to facilitate
cage insertion. After cage insertion, an axial compression
force of +200 N was applied and the vertical rods tightened
[18].

Biomechanical setup

The cranial and caudal vertebrae of the segments were each
fixed with 3D-printed clamps [19, 20]. The vertebral bod-
ies were installed with infrared-emitting markers, and addi-
tional markers were set on the clamps to control for excess
movement between the vertebrae and the clamps. A biaxial
linear-torsion testing protocol (Zwick/Roell Allroundline
10 kN and testXpert III Software, ZwickRoell GmbH &
Co. KG, Germany) was used (Fig. 4). After five pre-con-
ditioning cycles, the load-controlled ROM was recorded
over one cycle with a motion-capture system set at 10 Hz
and 0.09 mm accuracy (Fusion Track 500, Atracsys, Pui-
doux, Switzerland). Pre-defined loads were applied to the
cranial vertebra, with the caudal vertebra fixed to the semi-
constrained test rig. Flexion—extension (FE), lateral bending
(LB), and axial rotation (AR) were recorded with a velocity
of 1°/sec until £ 7.5 Nm. Anterior shear (AS) and lateral
shear (LS) were recorded at 0.5 mm/sec and a predefined
load of + 150 N. Axial compression-decompression (AC)
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was recorded at 0.1 mm/sec until +400 N compression and
— 150 N distraction was reached [21].

Statistical evaluation

Statistical evaluation was performed with MATLAB (Mat-
lab 2019a, MathWorks, Massachusetts, USA). Shapiro—Wilk
tests were conducted to assess the hypothesis of composite
normality regarding the distribution of the data. The results
suggested that some of the data were non-normally dis-
tributed. Therefore, medians are reported along with 25"
and 75" percentiles in parenthesis and non-parametric sta-
tistical testing was performed. Independent samples tests
(Mann—Whitney U) were used for the comparison of PS and
CS instrumentation constructs in regard to residual motion
and relative decreases of ROM. On the other hand, paired
comparisons (Wilcoxon signed-rank) were performed to
assess the effect CL on ROM in both the PS and CS instru-
mentation constructs. Because of multiple comparisons, the
p-values were corrected with the Bonferroni. The signifi-
cance level o was set to 0.05.

Results

In uninstrumented segments, similar residual motionlevels
were documented in all loading directions between the CS
and PS groups (Table 1; Fig. 5). Compared to the instru-
mented segments, all angular ROM values were signifi-
cantly reduced with both CS and PS instrumentations, with
FE being reduced the most, followed by LB and AR (all
p<0.05). Less, but also significant reduction of ROM were
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Tabl.e 1 Absolute range pf CS (n=18) PS (n=17) p-Value

motion (ROM) and relative

ROM:-reduction (AROM,,,)) ROM [°]/[mm] AROM,; [%] ROM [°]/[mm] AROM,, [%]

after cortical screw (CS) N ; . ;

versus pedicle screw (PS) Median 25th-75th Median 25th-75th Median 25th-75th Median 25th-75th

instrumentation in relation to .

the intact, unfused segment Native
FE 63 5.1-8.4 n/a n/a 6.6 4.9-9.0 n/a n/a n/a
LB 55 4.2-6.9 n/a n/a 5.5 4.6-7.0 n/a n/a n/a
AR 22 1.6-2.9 n/a n/a 1.7 1.0-3.4 n/a n/a n/a
AS 1.6 1.4-2.6 n/a n/a 1.8 1.0-2.5 n/a n/a n/a
LS 1.6 1.0-2.5 n/a n/a 14 0.7-1.9 n/a n/a n/a
AC 04 0.2-0.6 n/a n/a 0.3 0.2-0.5 n/a n/a n/a
Non-decompressed, instrumented
FE 1.0 0.7-1.3 85 81-87 0.9 0.7-1.7 82 81-86 1.000
LB 22 1.6-2.7 61 52-64 1.5 1.3-1.8 71 63-79 0.048
AR 1.2 0.9-1.7 41 31-47 0.9 0.7-1.3 41 33-55 1.000
AS 1.0 0.8-1.5 40 35-43 1.0 0.8-1.2 30 2647 1.000
LS 1.1 0.9-1.7 25 4-31 1.0 0.6-1.2 17 9-37 1.000
AC 03 0.2-0.5 25 —4-44 0.3 0.2-0.5 1 —-16-19 1.000
Non-decompressed, instrumented with CL
FE 1.0 0.8-1.3 84 81-87 0.9 0.7-1.6 83 81-86 1.000
LB 22 1.6-2.6 60 54-65 1.5 1.3-1.8 72 64-80 0.016
AR 1.0 0.8-1.5 50 39-53 0.9 0.7-1.1 46 32-59 1.000
AS 1.0 0.9-1.6 38 34-41 0.9 0.7-1.2 35 24-47 1.000
LS 1.1 0.9-1.8 19 7-35 0.9 0.6-1.3 18 11-37 1.000
AC 03 0.2-0.5 17 —-2-44 0.3 0.2-0.5 10 —18-24 1.000
Decompressed, instrumented & TLIF
FE 1.2 0.8-1.6 82 77-89 1.5 1.0-2.0 79 73-83 1.000
LB 1.7 1.2-2.3 67 57-73 1.6 1.0-2.1 75 63-78 1.000
AR 14 1.1-2.2 33 8-47 1.2 1.0-1.6 22 —11-60 1.000
AS 1.1 0.8-1.6 34 22-45 0.9 0.7-1.7 27 3-52 1.000
LS 12 0.9-2.3 14 —6-33 0.9 0.7-1.7 4 —35-42 1.000
AC 0.2 0.1-0.3 52 30-63 0.3 0.2-0.6 -14 -73-61 1.000
Decompressed, instrumented & TLIF with CL
FE 12 0.8-1.6 82 77-89 1.3 1.0-1.9 79 73-84 1.000
LB 1.7 1.1-2.2 68 57-75 1.6 1.0-2.1 76 64-79 1.000
AR 1.1 0.9-1.8 47 22-57 1.0 0.9-14 30 2-63 1.000
AS 1.1 0.9-1.7 30 23-46 0.9 0.8-1.7 28 3-49 1.000
LS 1.1 0.9-2.2 16 —4-39 0.9 0.7-1.7 -0.5 —38-44 1.000
AC 02 0.1-0.3 47 23-63 0.3 0.2-2.6 -15 —73-60 1.000

ROM, range of motion. 25th—75th=25. percentile and 75. percentile. p-values, assessed with Mann—Whit-
ney U and adapted with Bonferroni correction, represent differences between PS and CS relative ROM
reductions. FE, flexion/extension; LB, lateral bending; AR, axial rotation; AS, anteroposterior shear; LS,
lateral shear; AC, axial compression; CL, Crosslink augmentation; TLIF, transforaminal interbody fusion.
Bold type indicates statistical significance

found in the translational loading directions AS and LS with
both instrumentation techniques (p <0.05). AC ROM was
not affected by posterolateral fusion in either group.

In segments without interbody fusion, a significantly
lower reduction in LB was found with CS instrumentation as
compared to PS, with relative reductions of 61% (52-64%;
absolute 3.3°) with CS and 71% (63-79%; absolute 4.0°)
with PS (p=0.048) (Table 1). This difference was unaffected

by CL augmentation, with relative decreases of LB ROM of
60% (54—65%; absolute 3.1°) with CS and 72% (64-80%;
absolute 4.0°) with PS (p=0.016). The FE, AR, AS, LS,
and AC values were similar and not statistically different
between CS and PS instrumented, undecompressed seg-
ments, regardless of CL augmentation (Table 1).

After bilateral laminotomy, unilateral facetectomy, and
TLIF, residual motion was similar and not statistically
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Fig.5 Absolute range of motion (ROM) measurements after cortical screws (CS) versus pedicle screw (PS) instrumentation. The bars represent
the medians and the whiskers the 25th and 75th percentiles. Asterisks (*) indicate a statistically significant difference between CS and PS

different between CS and PS instrumented segments in any
ROM direction. The LB ROM of CS instrumented segments
without CL was 67% (57-73%; absolute 3.5°), as compared
to 75% (63-78%; absolute 3.5°) in the PS group, with this
difference not being statistically significant.

CL augmentation led to a further significant decrease in
ROM in AR in both CS and PS instrumented segments, but
did not affect LB and only reduced FE in PS instrumented
segments after decompression and TLIF (Fig. 6). In the CS
group, usage of CL further reduced the AR ROM by 11%
(8-15%; absolute 0.15 mm) and 18% (15-23%; absolute
0.31 mm) in undecompressed and decompressed segments
with TLIF, respectively. In the PS group, CL reduced AR
ROM by 7% (2—-13%; absolute 0.05 mm) in undecompressed
segments and 10% (7-16%; absolute 0.10 mm) after decom-
pression and TLIF. FE ROM was slightly reduced in PS
instrumented segments after decompression and TLIF by 3%
(2-5%; absolute 0.04 mm), but FE was not affected by CL
in CS undecompressed segments and CS instrumentation.

Discussion
This biomechanical study comparatively investigated resid-

ual motion following CS and traditional PS instrumenta-
tion before and after decompression, interbody fusion with
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TLIF and CL. The main findings are that adequate and sim-
ilarly low levels of residual motion can be achieved with
both screw trajectories, but that CS leads to a 10% inferior
decrease in ROM in LB. Whereas TLIF insertion did com-
pensate for this disadvantage in LB in CS constructs, CL
augmentation did not.

The less invasive CS instrumentation technique is increas-
ing in popularity [22]. Several biomechanical studies have
shown favorable mechanical properties at the screw-bone
interface with CS. In its first report, the CS technique dem-
onstrated a 30% increase in failure load in uniaxial pullout
tests as compared to PS in the cadaveric lumbar specimen
(p=0.08) [3]. Using quantitative CT-measurements, the
above researchers further found a juxtaposition of higher
quality bone in CS compared to PS and advocated CS use
in patients with poor trabecular bone quality. Other authors
found improved resistance to toggling tests, with CS requir-
ing 184 cycles, as compared to 102 cycles with PS, to reach
2 mm of screw displacement [5]. In vivo measurements
have further shown maximum insertional torques twice as
high with CS as with PS, further indicating improved ulti-
mate fixation strength with the CS technique [6]. However,
screw-purchase with either technique was not in the focus
of the present study, in which we had excluded spine speci-
mens with decreased bone quality. We had rather aimed to
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investigate the differences in residual ROM after instrumen-
tation with CS versus PS.

Concerns regarding construct stiffness with the CS tech-
nique remain ever since the below summarized findings of
the biomechanical studies of Perez-Orribo et al. [10] and
Matsukawa et al. [11]. The human cadaver study by Perez-
Orribo et al. [10] found no significant differences between
CS and PS in terms of ROM in any loading direction, with
and without interbody support. However, after subdividing
ROM in the angular lax and angular stiff zones, the study
reported that PS, as compared to CS, had a significantly
lower ROM in AR in specimen without interbody support
and a significantly lower ROM in LB after TLIF insertion in
the angular stiff zone. In the finite element study of Matsu-
kawa et al. [11], improved screw pull-out strength and higher
vertebral fixation strength on flexion (+51%) and extension
(+35%) were found with CS as compared to PS, but lower
fixation strength on lateral bending (—20%) and axial rota-
tion (—37%). Based on the findings of these studies, several
authors have advocated enhancing the CS instrumentation
construct with interbody support and cross-connectors
[9-11]

The present study is the first to comprehensively
investigate the differences of CS and PS before and after
decompression surgery, interbody fusion and CL-augmen-
tation. In a previous study [12], we had conducted ROM
measurements on six thoracic, one thoracolumbar and nine
lumbar spine segments of four intact human cadaver spines
and assessed the effect of CS and PS instrumentation with
and without CL-augmentation. Although the study already
provided some insight on the topic and showed some non-
significant trends towards larger ROM in LB CS compared
to PS instrumentation, the study failed to show any sig-
nificant difference [12]. In consequence, no augmentation
technique would be justified to counteract any non-present
weakness in CS instrumentation. However, the previous
study revealed some flaws and some questions were left
unanswered, which we aimed to more concretely tackle

with the present study. Firstly, the previous study may
have potentially encompassed a type II error, attributable
to the low sample size and the mixture of rather different
thoracic segments and lumbar segments [12]. We aimed
to more concretely address the concerns raised by Perez-
Orribo et al. [10] and Matuskawa et al. [11] with a larger
sample size (n=35) restricted to the lumbar and lumbosa-
cral spine only to uncover a potentially relevant difference
between CS and PS. Secondly, the previous study [12] had
investigated ROM and the effect of CL augmentation on
intact segments only. Thus, whether these results are trans-
latable to a clinical scenario including decompression sur-
gery remained unclear. Thirdly, Matsukawa et al. [9] had
not only suggested CL-augmentation but also interbody
fusion to counteract potential biomechanical drawbacks of
CS, which has not been scientifically investigated before.
These factors prompted to conduct the present study with a
larger sample size and limited to the lumbar and lumbosa-
cral segments on both intact segments and decompressed
segments with interbody fusion. By doing so, we aimed to
draw more profound conclusions regarding differences in
resdiual motion between CS and PS and the use of inter-
body fusion and CL augmentation.

The main findings of our study are that CS instru-
mentation provides similar levels of residual ROM to PS
instrumentation in the lumbar spine in most ROM loading
directions, but the present study proves a significant lower
reduction of ROM of approximately 10% in LB with CS.
This difference revealed significant in the present study,
which we attribute to the larger sample size and the more
uniform segments limited to the lumbar/lumbosacral spine.
Concerns regarding shortcomings in AR in CS constructs
could not be confirmed by our study. Based on our results,
a reduction of approximately 40% in AR ROM can be
expected with both CS and PS.

After decompression, unilateral facetectomy, and TLIF
insertion, the ROM of CS and PS instrumented segments
were equal, and the difference in LB diminished. The
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additional LB reduction by TLIF insertion may therefore
be considered to promote bony fusion in CS constructs.
However, whether the additional decrease in LB ROM with
TLIF insertion of 6% warrants the routine use TLIF inser-
tion in all CS constructs remains debatable. Although the
clinical implications are speculative, it seems plausible that
reduction of ROM is most important in directions with high
native ROM to achieve a stiff construct and promote bony
fusion. Therefore, we assume, that reductions of ROM are
most important in FE, followed by LB, and less important
in AR and translational movements. Hence, a 6% reduction
in residual motion of the relatively large native LB ROM
of 5.5° may have more clinical impact than a 6% decrease
in a relatively smaller native AR ROM of 2.2°, for exam-
ple. A recent systematic review [23] reported significantly
increased fusion rates with different interbody fusion tech-
niques compared to posterolateral instrumentation alone,
with an OR for fusion with TLIF of 2.46. Interbody fusion
has further shown to reduce stress on the pedicle screw-
bone and screw-rod interfaces [24] and reduce the risk of
early screw loosening by 60% [25]. In our opinion, interbody
fusion should thus be considered in every lumbar fusion
surgery and even more with CS instrumentation.

In our study, CL augmentation did not compensate for
the differences in residual motion in LB between CS and
PS. CL augmentation primarily led to a further decrease in
AR motion, which tended to be higher in CS than PS instru-
mented segments, with an additional decrease of ROM in
AR of approximately 11% versus 7% in undecompressed and
18% versus 10% in decompressed and TLIF instrumented
segments, respectively. These findings are in line with pre-
vious studies [12, 18]. However, in light of the absolute
decrease in ROM with CL augmentation of only 0.1°-0.3°
in AR, we doubt that the routine use of CL augmentation
pivotally improves bony fusion. Small and insignificant
reduction in ROM with CL-augmentation have also been
observed by Arand et al. [26]. In our opinion, the marginal
additional effect in AR ROM with CL augmentation does
not warrant the potential drawbacks such as increased surgi-
cal time and higher implant costs. However, regardless of the
pedicle-screw trajectory, CL augmentation may be beneficial
in highly unstable multi-level constructs and unstable three-
column fractures [18].

With respect to reported clinical outcomes, Sakaura et al.
[27] performed a retrospective study on patients treated with
two-level lumbar fusion due to degenerative spondylolisthe-
sis and found a decreased incidence of radiographic adjacent
segment disease within 3 years after CS (13%) versus PS
(42%). On the other hand, the same authors also found a
decreased (p > 0.05) union rate with CS (91%) as compared
to PS (95%) after a minimum follow-up of two years, which
they attributed to a potentially lower segmental stiffness (i.e.
higher residual motion) with the CS construct [28]. On the
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basis of these findings, the authors recommended using a
CL to stiffen the cortical screw-posterior lumbar interbody
fusion construct. In contrast, the prospective randomized
trial by Lee et al. [29] did not find any difference in radio-
graphic or patient-reported outcomes between CS and PS,
with adequate and similar rates of fusion after a follow-up of
two years. However, experiences and clinical results after CS
instrumentation and the effect of CL and interbody fusion
in these constructs are limited. Therefore, further clinical
studies are needed to elucidate the long-term outcomes of
the CS technique and verify the biomechanical findings of
this study.

Limitations

This biomechanical study has certain limitations. The ROM
measurements in isolated loading directions represent rough
simplifications of human spinal motion patterns in vivo. In
our opinion, the semi-constrained setup used in this study,
provides well-defined loading conditions, that can easily be
replicated on one hand and provide an appropriate simpli-
fication of the complex in-vivo loading conditions on the
other hand [30]. This compromise between the exact repli-
cation of the physiological conditions and the reduction of
complexity appears adequate to address the study questions,
but some authors favor un-constrained test setups to allow
coupled motions in all dimensions [21]. The residual motion
reported in this study would best reflect the primary ROM of
the segment shortly after the surgical procedure. However,
how the different screw constructs perform in the long-term
was not investigated within this study and would rather be
evaluated with repetitive loading / fatigue analysis. The dis-
cussed study by Perez-Orribo et al. [10] differed between
angular lax ROM ("portion of ROM in which ligaments/
hardware are lax") and angular stiff ROM ("portion of the
ROM in which ligaments/hardware are under tension") and
found less ROM reduction in AR in CS constructs in the
angular stiff zones. In the here presented study, the instru-
mented segments did not show a biphasic load deflection
curve (as it is typically observed in native spinal segments)
but a largely constant stiffness along the whole range of
motion. With that, the proposed methods for the division of
the load—deflection curves into lax and stiff zone cannot be
employed (50% slope technique) or define the whole ROM
as the stiff-zone (zero-load extrapolation method) [31]. This
effect can be explained by the assumption that the implanted
hardware engages promptly at already minimal motion,
essentially eliminating both neutral and lax zone. In con-
sequence, subdividing ROM is not feasible and analyzing
ROM appears sufficient to compare the different types of
instrumentations.
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In addition to large interbody grafting, Matsukawa et al.
[9] have recommended preserving the facet joint as a further
countermeasure against torsional stress, which we did not
take into account herein. Thus, whether the residual motion
of the CS-construct is dependent on the type of interbody
implant and the preservation of the facet joint remains to be
investigated. The value of CS instrumentation in osteoporo-
tic bone has not been investigated in this study, as segments
with decreased bone quality on CT were ruled out. Further,
the CT of the specimen were performed without phantom
and no DEXA measurements were available.

Conclusion

In intact lumbar segments, adequate and similarly low resid-
ual motion can be expected with CS and PS instrumenta-
tion in the lumbar spine, except of a slightly, but signifi-
cantly inferior decrease of ROM in LB with CS. Concerns
regarding residual motion in AR in CS constructs could not
be confirmed by our study, which showed similar reduc-
tion of ROM in AR with both CS and PS. After midline
decompression and TLIF, the residual motion of CS and
PS instrumented segments were equal, and the difference in
LB motion diminished. TLIF may therefore be considered
to promote bony fusion in CS constructs. Whereas the use
of CL revealed some additional decrease in AR ROM in
both CS and PS constructs, it did not compensate the higher
residual motion in LB in CS constructs. Therefore, the pre-
sent data do not promote routine use of CL augmentation in
CS instrumentation.
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