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Abstract

The cortical bone trajectory (CBT) has been introduced with the aim of better screw hold,

however, screw-rod constructs with this trajectory might provide less rigidity in lateral bend-

ing (LB) and axial rotation (AR) compared to the constructs with the traditional trajectory

(TT). Therefore, the addition of a horizontal cross-connector could be beneficial in counter-

acting this possible inferiority. The aim of this study was to compare the primary rigidity of

TT with CBT screw-rod constructs and to quantify the effect of cross-connector-augmenta-

tion in both. Spines of four human cadavers (T9 –L5) were cropped into 15 functional spine

units (FSU). Eight FSUs were instrumented with TT and seven FSUs with CBT pedicle

screws. The segments were tested in six loading directions in three configurations: uninstru-

mented, instrumented with and without cross-connector. The motion between the cranial

and caudal vertebra was recorded. The range of motion (ROM) between the CBT and the

TT group did not differ significantly in either configuration. Cross-connector -augmentation

did reduce the ROM in AR (16.3%, 0.27˚, p = 0.02), LB (2.9%, 0.07˚, p = 0.03) and flexion-

extension FE (2.3%, 0.04˚, p = 0.02) for the TT group and in AR (20.6%, 0.31˚, p = 0.01)

for the CBT-group. The primary rigidity of TT and CBT single level screw-rod constructs did

not show significant difference. The minimal reduction of ROM due to cross-connector-aug-

mentation seems clinically not relevant. Based on the findings of these study there is no

increased necessity to use a cross-connector in a CBT-construct.

Introduction

Dorsal pedicle screw instrumentation of the spine is an effective method to attain primary sta-

bility required for bony fusion. More rigid instrumentations lead to higher fusion rates [1]

and consequently, instrumentations for fusion are optimized to provide high stiffness in all

loading directions. Pedicle screws used for this purpose are mostly implanted in the traditional
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trajectory (TT) following the anatomical axis of the pedicle. In this lateral-to-medial trajectory,

most of the screw thread is located in cancellous bone which has been shown to be disadvanta-

geous for patients with inferior bone quality such as in osteoporosis [2]. As a consequence,

Santoni et al. [3] proposed the cortical bone trajectory (CBT) with an entry point placed more

medially and a trajectory in a caudocephalad and mediolateral direction. This orientation is

intended to increase the contact area of the screw thread with cortical bone and thereby

increase anchoring strength in comparison to TT. Superior pullout-strength [3] and higher

resistance in craniocaudal toggling tests [4] were measured for CBT pedicle screws in compari-

son to TT pedicle screws in human cadavers. With the entry points being placed more medi-

ally, CBT constructs generally have a smaller posterior rod-rod distance (Fig 1).

Intuitively, this raises the question whether these narrower constructs provide less shear sta-

bility which could be disadvantageous in construct stiffness, particularly in axial rotation (AR),

lateral bending (LB) and lateral shear (LS). Vice-versa CBT screws are aligned more sagittal

which could be beneficial in flexion-extension (FE) (Fig 1). Supporting these considerations, a

recent finite element study found CBT-constructs to be less stiff in AR and LB, but stiffer in FE

in comparison to TT constructs [5]. Additionally, in a cadaver study, CBT screw-rod con-

structs did show a non-significant trend towards larger ROM in AR and LB in comparison to

TT constructs [6].

The addition of horizontal cross-connectors (CC) to TT screw-rod constructs has been

demonstrated to increase rigidity of dorsal instrumentations in AR and LB [7–12]. With the

possible inferior stability of CBT-constructs in AR and LB, some surgeons argue the necessity

and effectiveness of CC-augmentation in CBT constructs. While some limited evidence can

be found for the beneficial effect of CC on TT-constructs [7–12], none is available for CBT

constructs.

These considerations lead to three hypotheses: 1) CBT-constructs are less stable in AR, LB

and LS, 2) CBT constructs are more stable in FE and 3) CC-augmentation is more effective in

CBT-constructs compared to TT-constructs. Therefore, the aim of this study was to compare

Fig 1. Screw trajectories. Schematic representation of a vertebral body instrumented with pedicle screws following the

traditional trajectory (left) and the cortical bone trajectory (right). Note the smaller distance between the screw heads

and the more sagittal orientation of the cortical bone trajectory configuration. Figure generated by the authors.

https://doi.org/10.1371/journal.pone.0253076.g001
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the primary rigidity of single level CBT-constructs to TT-constructs and to quantify the effect

of CC-augmentation on both trajectories.

Materials and methods

Dissection, preparation and storage

Four fresh frozen cadavers of human donors (Science Care, Phoenix, AZ, USA) were used for

this study (Table 1). Ethical approval was obtained by the local authorities (Swissethics,

BASEC Nr. 2017–00874). The original written informed consent for donation, in accordance

with applicable law and regulation and content for cremation, are on file at the offices of Sci-

ence Care. All medical information was fully anonymized. The cadavers (accessed June 2018)

were stored at– 20˚C until dissection and instrumentation. CT scans of all specimens were

taken to exclude bony defects and spinal deformities and severe degeneration. The Th9/Th10

segment of one specimen was therefore excluded due to intervertebral disc ossification. The

CT data was also used to quantify the bone density of the vertebral bodies [13]. Alternating

between TT and CBT to generate equivalent groups, the trajectories were planned by an expe-

rienced spine surgeon using the MySpine software based on the CT-data (Medacta Interna-

tional, Castel San Peitro, Switzerland) [14]. Screw diameter and length were maximized as

recommended [15]. After thawing, the specimens were carefully dissected without harming

paraspinal ligaments and the intervertebral discs. The specific 2.7 mm drill guides generated

by the planning software were 3D-printed and used for instrumentation of cannulated poly-

axial pedicle screws (ref. 03.52.3xx, M.U.S.T, Medacta International, Switzerland). The dorsal

aspects of the spinous processes were removed to provide space for later mounting of CC.

Table 1. Specimen overview.

Instrumented

levels

Trajectory Cranial left screw

[mm]

Cranial right screw

[mm]

Caudal left screw

[mm]

Caudal right screw

[mm]

CT-value

[HU]

Age /

gender

65 y /

female

Th10/Th11 TT 45x6 45x6 45x6 45x6 132

Height 162 cm Th12/L1 CBT 40x5 40x5 40x5 40x5 122

weight 68 kg L2/L3 TT 45x6 45x6 45x6 45x6 109

BMI 25 L4/L5 CBT 45x6 45x6 40x6 40x6 105

Age /

gender

45 y /

female

Th10/Th11 CBT 40x5 40x5 40x5 40x5 128

Height 165 cm Th12/L1 TT 45x4.5 45x4.5 45x4.5 45x4.5 134

weight 59 kg L2/L3 CBT 40x4.5 40x4.5 40x4.5 40x4.5 103

BMI 21.6 L4/L5 TT 50x6 50x6 50x6 50x6 110

Age /

gender

62 y / male Th09/Th10 CBT 40x5 40x5 40x5 40x5 130

Height 167 cm Th11/Th12 TT 45x6 45x6 45x6 45x6 156

weight 54 kg L1/L2 CBT 40x5 40x5 45x5 45x5 147

BMI 19.4 L3/L4 TT 55x6 55x6 50x6 50x6 127

Age /

gender

64 y / male Th09/Th10 TT excluded excluded excluded excluded excluded

Height 180 cm Th11/Th12 CBT 40x5 40x5 45x6 45x6 51

weight 117 kg L1/L2 TT 55x6 55x6 55x6 55x6 107

BMI 36.1 L3/L4 CBT 45x6 45x6 40x6 40x6 120

Overview of the specimens used for the experiments. Information on the donors, the instrumented levels, the trajectories and the implanted pedicle screw size as well as

the CT-value averaged for the two vertebral bodies are stated. TT = traditional trajectory, CBT = cortical bone trajectory

https://doi.org/10.1371/journal.pone.0253076.t001
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After instrumentation, the segments were mounted with 3D-printed-clamps for biomechani-

cal testing [16].

Biomechanical testing

Biomechanical testing was performed on a biaxial linear-torsion static testing system (Zwick/

Roell Allroundline 10kN and testXpert III Software, ZwickRoell GmbH & Co. KG, Germany).

The machine consists of a traverse to generate compression and tension along the z-axis and a

torsion motor to generate torque around the z-axis. This machine was supplemented with a

setup consisting of an x-y-table and holding arms that allow for specimen fixation in a vertical

orientation for axial compression-decompression (AC) and axial rotation (AR) and in a hori-

zontal orientation for lateral bending (LB) and anteroposterior shear (AS) as well as flexion-

extension (FE) and lateral shear (LS) (Fig 2). FE, LB and AR were applied with 1˚/sec and tor-

que of ± 7.5 Nm. AS and LS were applied with 0.5 mm/sec to ± 150 N. AC was applied with 0.1

mm/sec to 400 N compression and—150 N decompression. The torques and forces conform

to commonly used values in the literature [17]. Loading was applied to the cranial vertebra

while the caudal vertebra was fixed to the test rig with the x-y-table allowing for translational

movement orthogonal to the loading direction. Coupled motion around the x- and y-axis

were prevented, restricting all movement to the testing plane. With this configuration, transla-

tional forces—as they could occur in a fully constrained setup—are omitted resulting in pure

moments and pure forces in the plane of interest.

After five preconditioning cycles, the movement of the cranial and caudal vertebral body

was recorded over one cycle with a motion capturing system (Atracsys Fusion Track 500, 10

Hz record frequency, tracking accuracy 0.09 mm (RMS)). The segments were frequently

sprayed with phosphate buffered saline (PBS) to prevent tissue dehydration. The loading pro-

tocol was repeated for all six loading directions. Every FSU was tested under three conditions

—1) uninstrumented, 2) instrumented and 3) instrumented with horizontal CC, whereby the

test sequence of 2) and 3) was reversed for half of the samples to prevent potential bias.

Fig 2. Mechanical test setup. The setup used for biomechanical testing can be used for flexion-extension and lateral

shear (left), lateral bending and anteroposterior shear (center) and axial rotation and axial compression-

decompression (right). Figure adapted from [18].

https://doi.org/10.1371/journal.pone.0253076.g002
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Uninstrumented testing was performed with implanted pedicle screws, but without vertical

rods. For instrumented testing, pedicle screws were interlinked with vertical rods (pre-bent

rods, titanium 5.5x50 mm, ref. 03.50.453, M.U.S.T, Medacta International, Switzerland) on

either sides and set screws were tied with 9 Nm torque according to the standard surgical tech-

nique. One CC (straight cross connector, ref. 03.56.408, M.U.S.T Medacta International, Swit-

zerland) was mounted horizontally in the center of the two rods and locked with 5.5 Nm

torque according to the standard surgical technique (Fig 3). A camera with a telecentric objec-

tive (Edmund Optics #62–921, 182mm WD, 0.28X, Edmund Optics Inc., Barrington, NJ,

USA) was used to image the screw rod construct in the neutral position to accurately measure

the rod-rod distance. The total testing time added up to maximal 2h per FSU.

Statistical evaluation

Screw-length, screw-diameter and bone density of the two groups were normally distributed

and thus were compared using the two-sample t-test. Motion tracking data was used to calcu-

late the ROM over the whole loading amplitude. For translational directions (LS, AS, AC), the

relative translational movement of the markers was assessed. For rotational movements (FE,

LB, AR), the projected angular movement in the motion plane was evaluated. Shapiro-Wilk

parametric hypothesis tests of composite normality showed not all residuals of the ROM and

reduction values to be normally distributed. Thus, the Mann-Whitney U test was used to eval-

uate the difference between the two trajectory groups and the Wilcoxon signed-rank test for

paired data was used to compare the effect of the instrumentations on the ROM (Fig 4). The

significance level was defined at α = 0.05. The relationship between ROM and rod-rod distance

was evaluated with a spearman correlation test. Furthermore, a linear regression fit was per-

formed on these data (Fig 5).

Results

The specimens of the two groups did not differ significantly in CT-values with 125 ±
17.8 HU (mean ± SD) for TT and 113 ± 28.8 HU for CBT (p = 0.37). The ROM in the

Fig 3. Cross-connector. CBT screw-rod construct without horizontal cross-connector (left) and augmented with one horizontal

cross-connector (right). Figure generated by the authors.

https://doi.org/10.1371/journal.pone.0253076.g003
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Fig 4. Range of motion. Boxplots for the range of motion (ROM) for uninstrumented, instrumented and cross-connector

configuration between TT (green, left) and CBT (blue, right) shown for flexion-extension, lateral bending, axial rotation,

anteroposterior shear, lateral shear and axial compression/decompression. Significant differences between the configurations are

marked with asterisks (p<0.05), TT = traditional trajectory, CBT = cortical bone trajectory. Figure generated by the authors.

https://doi.org/10.1371/journal.pone.0253076.g004

Fig 5. Rod-rod distance. Scatter plot for the range of motion (ROM) over the rod-rod distance for instrumented (triangles) and

cross-connector-configuration (circles) shown for all six loading directions. No statistically significant correlations were

observed. Linear regression fit and their parameters are reported to illustrate the data distribution. Figure generated by the

authors.

https://doi.org/10.1371/journal.pone.0253076.g005
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uninstrumented configuration of the TT and CBT group did not differ significantly

(p>0.05) (Fig 4, Table 2). The pedicle screws used for the TT group were longer (TT

48.2 ± 4.1 mm, CBT 41.3 ± 2.2 mm, p<0.001) and thicker (TT 5.8 ± 0.5 mm, CBT 5.3 ± 0.5

mm, p<0.001). In both groups, the instrumentations with and without CC reduced ROM

significantly for AR, FE, LB and AS compared to the uninstrumented configuration

(p<0.05) (Fig 4, Table 2). Neither in the instrumented, nor in the cross-connector configura-

tion did the ROM differ significantly between the two trajectory groups (p>0.05). There was

however a trend towards smaller ROM in FE and larger ROM in LB for the CBT constructs

(Fig 4, Table 2). CC-augmentation lead to a significant reduction in ROM compared to the

instrumented configuration without CC in AR (16.3%, 0.27˚, p = 0.02), LB (2.9%, 0.07˚,

p = 0.03) and FE (2.3%, 0.04˚, p = 0.02) for the TT group and in AR (20.6%, 0.31˚, p = 0.01)

for the CBT-group (Fig 4, Table 3).

No significant correlation was observed between the rod-rod distance and the ROM

(p>0.05) (Fig 5). However, samples with smaller rod-rod distances showed a trend of

larger ROM in LB, AR and LS. CC-augmentation in AR showed a tendency of being more

effective for samples with smaller rod-rod distances (Fig 5). The slopes of the linear regres-

sion fit were below 0.03˚/mm for torsion loads and below 0.01 mm/mm for translational

loads (Fig 5).

Table 2. Recorded range of motion.

FE [˚] LB [˚] AR [˚] AS [mm] LS [mm] AC [mm]

TT Uninstrumented 8.1 (5.1, 10.1) 7.5 (5.1, 9.3) 3.9 (2.5, 5.1) 1.8 (1.3, 2.0) 1.2 (1.0, 1.4) 0.3 (0.1, 0.6)

Instrumented 1.6 (1.4, 2.0) 2.8 (2.4, 3.5) 1.9 (1.3, 2.5) 0.9 (0.8, 1.2) 0.9 (0.8, 1.2) 0.3 (0.2, 0.5)

cross-connector 1.6 (1.4, 1.9) 2.7 (2.3, 3.4) 1.4 (1.0, 2.3) 0.9 (0.8, 1.1) 0.9 (0.8, 1.2) 0.3 (0.2, 0.5)

CBT Uninstrumented 6.8 (4.9, 9.7) 6.9 (5.3, 9.2) 2.6 (1.9, 5.1) 1.7 (1.3, 2.1) 1.1 (0.9, 1.6) 0.4 (0.2, 0.5)

Instrumented 1.3 (1.2, 1.7) 3.1 (2.6, 3.8) 1.7 (1.4, 2.1) 1.1 (0.8, 1.1) 0.9 (0.9, 1.0) 0.4 (0.3, 0.5)

cross-connector 1.3 (1.1, 1.7) 3.1 (2.5, 3.6) 1.4 (1.0, 1.9) 1.0 (0.8, 1.1) 0.9 (0.8, 1.0) 0.4 (0.3, 0.5)

Median (25th perc., 75th perc.) values [˚], [mm] of the range of motion for the TT and CBT group in the uninstrumented, the instrumented and the cross-connector

configuration in all load directions. FE = flexion-extension, LB = lateral bending, AR = axial rotation, AS = anteroposterior shear, LS = lateral shear, AC = axial

compression-decompression.

https://doi.org/10.1371/journal.pone.0253076.t002

Table 3. Reduction in range of motion due to the addition of one horizontal cross-connector.

TT CBT

[˚] [%] [˚] [%]

Flexion—Extension 0.04 (0.02, 0.06), p = 0.02 2.3 (1.4, 3.7) 0.01 (0.01, 0.05), p = 0.05 0.8 (-0.6, 4.2)

Lateral Bending 0.07 (0.02, 0.12), p = 0.03 2.9 (1.6, 3.2) 0.08 (-0.03, 0.16), p = 0.15 2.3 (-0.6, 5.3)

Axial Rotation 0.27 (0.18, 0.28), p = 0.02 16.3 (9.0, 20.4) 0.31 (0.24, 0.41), p = 0.01 20.6 (11.8, 25.9)

[mm] [%] [mm] [%]

Anteroposterior Shear 0.01 (-0.02, 0.07), p = 0.3 1.6 (-1.5, 4.6) 0.02 (-0.03, 0.03), p = 0.7 1.6 (-2.5, 2.7)

Lateral Shear 0.00 (0.00, 0.03), p = 0.5 0.3 (-0.4, 3.4) 0.00 (-0.05, 0.06), p = 0.8 0.5 (-4.8, 4.8)

Axial Comp. and Decomp. -0.01 (-0.01, 0.03), p = 1 -2.1 (-3.5, 7.0) -0.01 (-0.02, 0.00), p = 0.3 -1.2 (-10.3, 0.6)

Median (25th perc., 75th perc.) reduction of range of motion due to cross-connector addition in absolute [˚], [mm] and percental [%] values for all loading directions in

the TT and CBT group. Positive values indicate reduction of range of motion. Significant values are underlined (p<0.05). TT = traditional trajectory, CBT = cortical

bone trajectory

https://doi.org/10.1371/journal.pone.0253076.t003

PLOS ONE Cross-connector in CBT instrumentations

PLOS ONE | https://doi.org/10.1371/journal.pone.0253076 June 11, 2021 7 / 10

https://doi.org/10.1371/journal.pone.0253076.t002
https://doi.org/10.1371/journal.pone.0253076.t003
https://doi.org/10.1371/journal.pone.0253076


Discussion

Pedicle screws following the cortical bone trajectory have been demonstrated to be a valid

alternative to TT pedicle screws in multiple aspects [19]. There are however certain indications

of inferior stability in AR and LB and superior stability FE for CBT-constructs [5, 6]. These

observations lead to hypotheses 1) CBT-constructs are less stable in AR, LB and LS and 2)

CBT constructs are more stable in FE. In the here reported experiments, the range of motion

of the two trajectory-groups did not differ in a statistically significant way. However, a trend

towards larger ROM in LB and smaller ROM in FE for the CBT-group were observed (Fig 4,

Table 3). Additionally, samples with smaller rod-rod distances showed a trend of larger ROM

in AR, LB and LS (Fig 5). These findings partly support the theoretical considerations of the

two hypotheses; however, these effects were statistically non-significant and with the small dif-

ferences, we evaluate them as clinically non-relevant.

While CC-augmentation has been observed to increase rigidity of TT-constructs in AR and

LB [7–12], no such information is available for CBT-constructs. The results of this study did

show a statistically significant reduction in ROM in AR for both TT (16.3%, p = 0.02) and CBT

(20.6%, p = 0.01) and in LB (2.9%, p = 0.03) as well as FE for TT (2.3%, p = 0.02). Nevertheless,

in absolute values, the reduction was very small with 0.27˚ for TT and 0.31˚ for CBT in AR,

only 0.04˚ for TT in FE and 0.07˚ for TT in LB (Table 3). Therefore, we believe this reduction

to be non-relevant for surgical outcome and does not obligate the use of CC in single-level dor-

sal instrumentation of neither TT nor CBT constructs. The hypothesis 3) CC-augmentation is

more effective in CBT-constructs compared to TT-constructs, was not confirmed, but there

was a trend in AR with larger ROM-reductions in instrumentations with smaller rod-rod dis-

tances (Fig 5). We believe this tendency to be of minor importance, since it is not detectable

while comparing the two trajectories.

The presented results provide further evidence that CBT constructs are associated with

equivalent primary stability compared to TT constructs. This information is crucial for the

clinical practice as it prevents unnecessary cross-connector-augmentation, which is related to

additional implant cost and surgical time and has been associated with soft tissue irritation

and delayed infection [20] and even with an increased risk for pseudarthrosis [21].

There are some limitations to this study. The study investigates the primary, passive rigidity

in the six major axes in well defined, isolated load applications. However, in reality an infinite

number of complex combined loading situations occurs [22]. The effectiveness of CC-aug-

mentation as well as the stability of TT- and CBT-constructs could differ in such combined

loading situations. Additionally, all experiments were conducted on single level instrumenta-

tions and conclusions for multilevel constructs are therefore limited. To evaluate only the

effectiveness of the different configurations without additional factors, interventions such as

decompression surgery or intervertebral cage implantation as well as the infliction of fractures

or discoligamentous injuries were not performed. In situations with such interventions or

injuries, the primary stability of the two trajectories as well as the effectiveness of CC-augmen-

tation could be different, however we evaluate the general trends of the reported results to be

similar.

Conclusions

We conclude that the rigidity of lumbar and lower thoracic CBT-constructs is not significantly

different to that of TT-constructs. Furthermore, our findings indicate that cross-connector-

augmentation does not increase the rigidity of CBT or TT instrumentations in a clinically rele-

vant way.
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Supporting information

S1 File. The post-processed data including statistical analysis are combined in the support-

ing information file “All_Results.xls”.
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12. Delgado-Fernandez J, Garcı́a-Pallero MÁ, Blasco G, Pulido-Rivas P, Rafael, Sola G. Review of cortical

bone trajectory: Evidence of a new technique. Asian Spine J. 2017; 11: 817–831. https://doi.org/10.

4184/asj.2017.11.5.817 PMID: 29093793

13. Pickhardt PJ, Pooler BD, Lauder T, del Rio AM, Bruce RJ, Binkley N. Opportunistic screening for osteo-

porosis using abdominal computed tomography scans obtained for other indications. Ann Intern Med.

2013; 158: 588–595. https://doi.org/10.7326/0003-4819-158-8-201304160-00003 PMID: 23588747

14. Aichmair A, Moser M, Bauer MR, Bachmann E, Snedeker JG, Betz M, et al. Pull-out strength of patient-

specific template-guided vs. free-hand fluoroscopically controlled thoracolumbar pedicle screws: a bio-

mechanical analysis of a randomized cadaveric study. Eur Spine J. 2017; 26: 2865–2872. https://doi.

org/10.1007/s00586-017-5025-7 PMID: 28260125

15. Matsukawa K, Taguchi E, Yato Y, Imabayashi H, Hosogane N, Asazuma T, et al. Evaluation of the Fixa-

tion Strength of Pedicle Screws Using Cortical Bone Trajectory: What Is the Ideal Trajectory for Optimal

Fixation? Spine (Phila Pa 1976). 2015; 40: E873–8. https://doi.org/10.1097/BRS.0000000000000983

PMID: 26222663

16. Cornaz F, Fasser MR, Spirig JM, Snedeker JG, Farshad M, Widmer J. 3D printed clamps improve

spine specimen fixation in biomechanical testing. J Biomech. 2020; 98: 109467. https://doi.org/10.1016/

j.jbiomech.2019.109467 PMID: 31711610

17. Wilke HJ, Wenger K, Claes L. Testing criteria for spinal implants: Recommendations for the standardi-

zation of in vitro stability testing of spinal implants. Eur Spine J. 1998; 7: 148–154. https://doi.org/10.

1007/s005860050045 PMID: 9629939

18. Widmer J, Cornaz F, Scheibler G, Spirig JM, Snedeker JG, Farshad M. Biomechanical contribution of

spinal structures to stability of the lumbar spine—novel biomechanical insights. Spine J. 2020; 20:

1705–1716. https://doi.org/10.1016/j.spinee.2020.05.541 PMID: 32474224

19. Oshino H, Sakakibara T, Inaba T, Yoshikawa T, Kato T, Kasai Y. A biomechanical comparison between

cortical bone trajectory fixation and pedicle screw fixation. J Orthop Surg Res. 2015; 10: 125. https://

doi.org/10.1186/s13018-015-0270-0 PMID: 26275401

20. Richards BS, Emara KM. Delayed infections after posterior TSRH spinal instrumentation for idiopathic

scoliosis: Revisited. Spine (Phila Pa 1976). 2001; 26: 1990–1996. https://doi.org/10.1097/00007632-

200109150-00009 PMID: 11547197

21. Kim YJ, Bridwell KH, Lenke LG, Rinella AS, Edward C. Pseudarthrosis in primary fusions for adult idio-

pathic scoliosis: Incidence, risk factors, and outcome analysis. Spine. 2005. pp. 468–474. https://doi.

org/10.1097/01.brs.0000153392.74639.ea PMID: 15706346

22. Widmer J, Fornaciari P, Senteler M, Roth T, Snedeker JG, Farshad M. Kinematics of the Spine Under

Healthy and Degenerative Conditions: A Systematic Review. Ann Biomed Eng. 2019. https://doi.org/10.

1007/s10439-019-02252-x PMID: 30937563

PLOS ONE Cross-connector in CBT instrumentations

PLOS ONE | https://doi.org/10.1371/journal.pone.0253076 June 11, 2021 10 / 10

https://doi.org/10.1055/s-2003-37301
https://doi.org/10.1055/s-2003-37301
http://www.ncbi.nlm.nih.gov/pubmed/12605334
https://doi.org/10.1097/00007632-199707150-00007
https://doi.org/10.1097/00007632-199707150-00007
http://www.ncbi.nlm.nih.gov/pubmed/9253090
https://doi.org/10.1097/BRS.0b013e3181bda4e6
http://www.ncbi.nlm.nih.gov/pubmed/20075769
https://doi.org/10.1007/s001320050401
https://doi.org/10.1007/s001320050401
https://doi.org/10.4184/asj.2017.11.5.817
https://doi.org/10.4184/asj.2017.11.5.817
http://www.ncbi.nlm.nih.gov/pubmed/29093793
https://doi.org/10.7326/0003-4819-158-8-201304160-00003
http://www.ncbi.nlm.nih.gov/pubmed/23588747
https://doi.org/10.1007/s00586-017-5025-7
https://doi.org/10.1007/s00586-017-5025-7
http://www.ncbi.nlm.nih.gov/pubmed/28260125
https://doi.org/10.1097/BRS.0000000000000983
http://www.ncbi.nlm.nih.gov/pubmed/26222663
https://doi.org/10.1016/j.jbiomech.2019.109467
https://doi.org/10.1016/j.jbiomech.2019.109467
http://www.ncbi.nlm.nih.gov/pubmed/31711610
https://doi.org/10.1007/s005860050045
https://doi.org/10.1007/s005860050045
http://www.ncbi.nlm.nih.gov/pubmed/9629939
https://doi.org/10.1016/j.spinee.2020.05.541
http://www.ncbi.nlm.nih.gov/pubmed/32474224
https://doi.org/10.1186/s13018-015-0270-0
https://doi.org/10.1186/s13018-015-0270-0
http://www.ncbi.nlm.nih.gov/pubmed/26275401
https://doi.org/10.1097/00007632-200109150-00009
https://doi.org/10.1097/00007632-200109150-00009
http://www.ncbi.nlm.nih.gov/pubmed/11547197
https://doi.org/10.1097/01.brs.0000153392.74639.ea
https://doi.org/10.1097/01.brs.0000153392.74639.ea
http://www.ncbi.nlm.nih.gov/pubmed/15706346
https://doi.org/10.1007/s10439-019-02252-x
https://doi.org/10.1007/s10439-019-02252-x
http://www.ncbi.nlm.nih.gov/pubmed/30937563
https://doi.org/10.1371/journal.pone.0253076

