April 2020, Vol 6, Issue 2, No 21

Review Paper:
Skipping Cross-links in Posterior Spine Surgery: A Review
Kaveh Haddadi1

, Misagh Shafizad2*

1. Associate Professor of Neurosurgery, Spine Fellowship, Department of Neurosurgery, Orthopedic Research Center, Mazandaran University of
Medical Sciences, Sari, Iran
2. Assistant Professor of Neurosurgery, Orthopedic Research Center, Imam Khomeini Hospital, Sari, Iran.

Use your device to scan and
read the article online

Citation: Haddadi K, Shafizad M. Skipping Cross-links in Posterior Spine Surgery. Iran J Neurosurg. 2020; 6(2):49-56. http://
dx.doi.org/10.32598/irjns.6.2.1
:

: http://dx.doi.org/10.32598/irjns.6.2.1

ABSTRACT
Article info:
Received: 12 Dec 2019
Accepted: 24 Feb 2020
Available Online: 01 Apr 2020

Background and Aim: Given the conflicting and unreliable evidence for using cross-links in posterior
spine surgery, this review was conducted to highlight the different features and usefulness of these
augmentation devices in spine surgeries.
Methods and Materials/Patients: After searching databases using specific keywords, the relevant
articles were ultimately selected and evaluated.
Results: Biomechanically investigating the use of cross-links has not resulted in unanimous
explanations for their effect. The site and direction of cross-links have been rarely investigated
in the literature. Some studies recommended eliminating their application from clinical practice;
nevertheless, these studies do not necessarily yield clinical benefits. Posterior spinal fixation with
pedicle screws and without cross-links offers stability in all the planes in most clinical conditions.
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Conclusion: Excluding the cross-links in posterior spine surgery may shorten the operation time
and reduce hospital costs. Researchers have reported other problems for cross-links such as late
pain, device failure, infections, device prominence, and pseudarthrosis which may be obliterated
through the avoidance of their combination in a spinal construct; nevertheless, the results of animal
models of the application of special cross-links in a degenerative disorder or deformity suggest that
diagonal cross-links provide the highest stability of the construct if they are matched with a rodonly system or with transverse cross-link constructs resulting in a rectangular configuration.
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Highlights
● A review of the literature suggests that the necessity of cross-links has rarely been investigated in clinical settings.
● It was found that adding cross-links did not cause rotational instability in clinical practice.
● The use of cross-links in pedicle screw and rod instrumentation can be removed.
● Avoiding the use of cross-links shortens surgery time and decreases the total hospital cost.

Plain Language Summary
The efficacy of pedicle screw-rod system as spinal instrumentation has been verified. It is a preferred technique
in posterior spine surgery because of its rigid 3-column fixation of the spinal elements. To enhance the stiffness of
the device in the lateral and torsional axis, cross-links as transverse connectors were developed to supplement the
bilateral pedicular systems. Given the existing controversial literature and the absence of consistent evidence on using cross-links in posterior spine surgery, we collected the different features and usefulness of these augmentation
devices in spine surgery.

S

1. Introduction
pinal instrumentation has developed
in recent years. The verified efficacy of
pedicle screw-rod systems in posterior
spine surgery is due to their rigid threecolumn fixation of spinal elements [1-3].

The indications for single or multiple pedicle screw fixation include translational instability in spondylolisthesis, axial instability in tumors and fractures, mechanical
pain in pseudarthrosis, and deformity in scoliosis and
flatback syndrome [3, 4].
Different types of instruments have been used in different projects to increase the success rate of pedicle
screw fixation in achieving long-lasting fusion. This type
of spinal fixation significantly raises the sagittal plane
stiffness without increasing torsional loading and lateral
bending forces. In order to enhance the stiffness of the
device in the lateral and torsional axes, cross-links were
developed as transverse connectors to support bilateral
pedicle systems [4].
Surgeons, however, insist on the need for using crosslinks in the posterior instrumentation of spine surgery
through inserting several pedicle screws, especially in
patients with adolescent idiopathic scoliosis. Improvements in the construct stiffness are an advantage of
cross-links, whereas their drawbacks include discomfort, higher costs and risk of pseudarthrosis [5, 6].
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Given the challenging and unreliable results obtained
for using cross-links in posterior spinal surgery, this review was conducted to highlight the different features
and applications of these augmentation devices in spine
surgery.

2. Methods and Materials/Patients
The keywords used for searching databases such as
PubMed, Google Scholar, and Ovid included spine, instrumentation, pedicle screw, cross-links, scoliosis, deformity, trauma, torsional stability, configurations, and
interbody fusion. Articles in languages other than English were excluded and those published before 2000
were included given the limited publications in this
field. The relevant articles were selected and evaluated.

3. Results
The mechanical strength provided by instrumentation is crucial for the clinical success of spinal fusion.
Numerous available pedicle screw-rod structures offer
adequate strength and stability [7]. Despite their significant increase in the stiffness of the sagittal plane, these
systems are vulnerable to instability under torsional
loading and lateral bending. Cross-links can raise the
torsional rigidity of bilateral rod systems [7] and their
main consequence emerges under torsional loading [7].
A variety of designs and numbers of cross-links have
been investigated in posterior spine fusion [8-10].
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Cross-links were primarily planned to increase and
maintain the stability of the coronal plane in long-segment scoliosis surgery [11-13]. They can increase axial
stress loading, prevent lateral bending and rod migration, and minimize the total number of pedicle screws
inserted in long-segment fixation [14-16].
Biomechanical studies have either supported or questioned the usefulness of cross-links [1, 2, 15]. Clinicians
are also uncertain about practical requirements for
cross-links and their number and position in constructs
[17-19]. Moreover, the biomechanical investigations of
using cross-links have not yielded consensus about their
effects. The site and direction of cross-links have been
also rarely addressed in the literature. Recommendations on how and where the cross-links should be clinically used remain unclear [20].
Length of fusion segments and cross-links
The factors affecting the biomechanical investigation
include the project of diverse cross-links, the biological
model used for analysis, and the construct’s length [7,
21]. Investigating cross-links in the sagittal plane suggested no differences in their biomechanics and stability in flexion-extension testing, even if multiple consequences were perceived in lateral bending. There are
no strong indications for the use of cross-links in shortsegment lumbar fusion, rather than longer constructs in
the thoracic or thoracolumbar segments [7-9].
Long-segment devices benefit from cross-links to reduce the torsional load over the rod which can create
stress and correction loss [4]. Cross-links also resist
lateral movements and increase the pull-out strength
of long pedicle constructs, while some biomechanical
studies appraising the variable outcomes of cross-links
insertion [1, 5, 10, 11, 15, 16]. The cross-linking strategy
can play a key role in the total rigidity of the construct.
Alizadeh et al. (2013) reported the maximum stability,
decreasing stress at the adjacent vertebral and instrument under different loading situations in long-segment
fusion instruments [22]. The shape of cross-link had no
role in short-segment instrumentations.
Increasing the number of cross-links inside a construct
was reported to raise resistance to lateral bending and
torsional loading [10-12]. Despite improvements in
cross-links, spine specialists report instrument failures
in long segment fusions in thoracic and thoracolumbar
surgeries. Numerous common contrary outcomes are
detected after long spine fusion, as well as adjacent
segment disease, proximal or distal junctional kyphosis

generally crossways the thoracolumbar junction, and finally implant failure. Adjacent segment disease was reported 18.5% in long fusions compared with 5% in short
fusions [21]. Distal kyphosis is more challenging than
proximal kyphosis despite its lower rate of occurrence
[23-25]. Sublaminar wires, hooks, and hybrid hook-pedicle screw constructs cannot efficiently prevent implant
failures given their frequent use in the proximal or distal
end of posterior fusions [26].
Number of cross-links
Surgeons tend to use single or multiple cross-links.
Although there are no definite strategies, the tendency
to integrate cross-links increases with a rise in the frequency of arthrodesis. Transverse connections are not
free from erosion and device failures and can cause infections due to skin wounds [27]. High pseudarthrosis
rates have been recommended in literature and crosslinks endorsed for the reduced interaction area of fusions owing to implant overloading [28-30].
Biomechanical investigations of cross-links to determine an optimal position and direction for cross-links
have reported no significant effects. The site and direction of cross-links have been rarely reported in the literature. How and where cross-links should be clinically
used remains to be clarified [19].
The bending stiffness of the cadaveric lumbar spine
was measured in terms of flexural, extensional, lateral,
and axial rotation in pigs. Cross-links were found to significantly improve axial rotation stiffness, although flexural, extensional, and lateral stiffness did not increase.
Using two cross-links was also found to significantly increase axial rotation stiffness compared with using one,
whereas the site and direction of cross-links did not affect the stiffness [19, 20].
Configuration of cross-links
Compared with transverse type cross-links, their “X”
configuration was reported to increase torsional stiffness [22]. Figure 1 shows a new pattern in which a crosslink passing through the base of the spinous process raises the mechanical strength in contrast to flexural loads
and pull-out matched to conventional ones. Dick et al.
(1997) reported insignificant increases in the flexional,
extensional, lateral, and axial stiffness of instruments
using cross-link constructs [9]. They also discovered a
significant rise in torsional stiffness irrespective of the
type of device using double cross-links with higher resistance to rotation compared with a single cross-link. The

Haddadi K & Shafizad M. Skipping Cross-links in Posterior Spine Surgery. Iran J Neurosurg. 2020; 6(2):49-56.

51

April 2020, Vol 6, Issue 2, No 21

The benefits of cross-links appear to be maximized
by promoting surgical procedures, and they can help
improve different spinal constructs. Dick et al. (1997)
found that cross-link did not significantly increase the
axial, flexural-extensional, and lateral stiffness of implants. However, they reported significant increases in
torsional stiffness irrespective of the construct and two
cross-links caused more resistance than a single crosslink [9]. The increase in torsional stiffness using crosslinking is crucial for long rather than short constructs.

Figure 1. A schematic diagram of cross-link configurations evaluated by Nakajima et al. [35].
A: Un-cross-link control (CONT); B: Conventional cross-links; C:
Cross-links passing through the base of the Spinous Processes
(SP); *Reproduced with permission from the main source (Asian
Spine Journal).

increased torsional stiffness provided using cross-links is
the most essential in long segments wherever torsional
forces cause cumulative dislocation and correction loss
through the whole length of intervertebral rods. As in
the case of all combinations of transverse connectors,
pedicle screws ensure torsional stability against long
thoracic or thoracolumbar instruments [11]. Cross-links
also resist lateral transposition and raise the pull-out
strength of screws by involving bilateral rod systems [31,
32]. The stability of a pair of diagonal cross-links was
maximized under torsional loading when matched with
rod-only controls or transverse cross-links [4, 5].
Conventional transverse cross-links were not significantly more stable than rod-only instruments, which
is consistent with the findings obtained by Dick et al.
(1997) and Korovessis et al. (2001), who attributed the
effect of cross-links on torsional stiffness to their crosssectional area [9, 32]. Compared to conventional crosslinks, simpler and thinner tools such as 2-mm cross-links
used in each construct in the thoracic and lumbar spine
were inserted into the base of the spinous process in
pigs [32, 33]. These novel cross-links passing through
the spinous process base therefore provided a stronger structure under pull-out loading than did rod-only
constructs without cross-links. The resistance of this
upgraded cross-link configuration to instrument failures
under flexural loading was also higher than that of conventional transverse cross-links (Figure 1) [33, 34].
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Pedicle screws increase torsional stability in long thoracic fusions irrespective of the cross-links used [11, 12];
nevertheless cross-links counterattack lateral dislocation and raise the pull-out strength of screw by connecting bilateral implants [16]. The cross-sectional diameter of cross-links is associated with a rise in torsional
stiffness [7, 32].
An animal model showed a significant increase in the
original stiffness using the diagonal type cross-link to be
associated with improvements in the energy consumed
under pure torsional loading. The construct stability caused by the diagonal cross-links was significantly
higher than that caused by rod-only controls or transverse cross-links with a quadrangular configuration [5].
Trauma and cross-links
Research suggests cross-links are not essential in severe
traumatic spinal cord injuries in cases of long-segment
posterior instrumentation, anterior reconstruction, and
preserved rotational stability. Rises were reported in the
stiffness of short-segment posterior instruments in a corpectomy model by adding one or two cross-links [33],
although the cross-links did not return the standard stability. The authors also thoroughly recommended longsegment posterior pedicle screws and anterior reconstruction for re-establishing the baseline stability [33].
Thoracic spine originates stability because of the rib
cage and therefore adding cross-links could be of insignificant value [33, 34]. The numerous benefits of
eliminating cross-links include a decrease in the surgery
duration, especially in cases of combined cross-links in
the construct [34, 35]. Pedicle screw fixation of unstable
thoracolumbar injuries is relatively new. The rotational and bending stiffness of pedicle screw fixation with
zero, one, or two cross-links was investigated in thoracolumbar traumas [7-9]. The rotational stiffness of the two
cross-link construct was significantly higher than that of
the zero cross-link system at 2.5 and 3.5 degrees of rotation. The lateral bending stiffness of the two cross-link
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systems was also higher than that of the zero cross-link
system at all points of movement [7-9].
Deformity and cross-links
Compared with hook instrumentation, pedicle screw
instrumentation can provide a strong fixation from the
posterior arch to the vertebral body [36, 37].
Despite the controversial effect of pedicle screws on
the growing spine, there is consensus over the need
for minimizing the number of vertebrae in the fusion
region of the pediatric spine to minimize the effect on
the longitudinal growth of the immature spine [38-41].
Shortening the fixation region and decreasing the size
of pedicles and the thickness of the cortical shell of the
vertebral body in pediatric patients, most likely lead
to reduced fixation strength and perhaps increase the
risks of pedicle screw pull-out [42, 43], correction loss
[44], crankshaft phenomenon [45] and quadrilateral
shift [46]. Scoliosis Research Society reported implantinduced complications as approximately 1.5% in pediatric patients [47]. To increase the fixation stability, a
cross-link is therefore inserted as an adjuvant implant
between bilateral rods in posterior instrumentation
constructs. Although a clinical study reported no need
for using cross-links in spine surgeries [48], numerous
biomechanical tests demonstrated that adding crosslinks to bilateral rods locked to pedicle screws significantly increases the torsional stiffness of constructs [1,
2, 8, 10]. Compared with pedicle screw-only instrumentation, a single cross-link was found to cause significant
decrease of 21% in the range of motion of instrumented
vertebrae. Cross-links connecting bilateral rods can limit
the axial translation of the total construct [15].
Surgeons continue to debate the need for cross-links
in posterior spinal instrumentation constructs with segmental pedicle screws in adolescent idiopathic scoliosis.
The benefits of cross-links include increased stiffness of
constructs and their disadvantages are high costs, risk of
late operative-site pain, and pseudarthrosis. Research suggests no differences in the maintenance of correction, SRS
scores, and complications with or without cross-linking
posterior segmental instrumentation in patients with adolescent idiopathic scoliosis over a 2-year follow-up. Longer
follow-ups were therefore recommended [5, 7].
Interbody fusion and cross-links
In a spinal section fixed with posterior lumbar interbody fusion constructs, facetectomy causes a minimal
rise in the range of motion and neutral zone in flexion-

Figure 2. Two-year post-operative radiograph in a 62-year-old female with adult kyphoscoliosis deformity treated with interbody
fusion, showing neutral alignment in coronal plane without crosslinks placement [50].
*Reproduced with permission from the main source (Iranian Journal of Neurosurgery).

extension and lateral-bending, which are not influenced
by adding cross-links. Even though the result of facetectomy is superior in axial rotation than in the bending
planes, all variances are in a few tenths of a degree below this loading model. Cross-links cannot be therefore
clinically supported based on these minor biomechanical alterations (Figure 2) [49-52].
Complications
Extensive investigations showed the complications of
using pedicle screw-rod systems and cross-links to be
associated with the hardware and include screw backout, screw breaking, and system collapse as well as
overlooking dural tears causing the cerebrospinal fluid
leak, wound infections, and neurologic deficits [48-50].
Late durotomy and cerebrospinal fluid leak were reported as secondary to the compression of the dura by
a low profile cross-link. Cross-links should be therefore
positioned away from the dura. These rarely-occurring
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complications should be, however, well prevented. After repairing the cerebrospinal fluid leak, the fusion
field should be re-established [11].
Pedicle screw fixation was not the cause of the developmental retardation of the spinal canal in small children. Moreover, addition cross-links to screws and rods
did not negatively affect the growth of the spinal canal.
It is therefore recommended that cross-links be added
to instrumentation to increase the fixation stability, especially in growing patients [52].

4. Conclusion

References
[1] Brodke DS, Bachus KN, Mohr RA, Nguyen BKN. Segmen-

tal pedicle screw fixation or cross-links in multilevel lumbar
constructs: A biomechanical analysis. The Spine Journal. 2001;
1:373-9. [DOI:10.1016/S1529-9430(01)00116-4]

[2] Hart R, Hettwer W, Liu Q, Prem S. Mechanical stiffness of

segmental versus no segmental pedicle screw constructs: The
effect of cross-links. Spine. 2006; 31:E35-8. [DOI:10.1097/01.
brs.0000194835.89010.22] [PMID]

[3] Haddadi K. Outlines and outcomes of instrumented pos-

terior fusion in the pediatric cervical spine: A review article.
Journal of Pediatrics Review. 2016; 4(1):e4765. [DOI:10.17795/
jpr-4765]

[4] Goldstein MJ, Shah NV, Brandoff J, Silber J, Grande D, Cha-

Several biomechanical trainings support the necessity
of using cross-links in posterior spinal instrumentation.
Although posterior pedicle screw fixation with crosslinks improves the stability of all the planes, research
suggests the use of cross-link can be removed from clinical work.
Avoiding the use of cross-links appears to shorten surgeries and decrease the total hospital cost. The problems of cross-links reported to include device failures,
prominence of device, infection, pseudarthrosis and
late pain can be solved by avoiding their application in
spinal constructs.
In the case of using cross-links, especially in degenerative diseases and deformities, animal models suggest
diagonal cross-link configurations provide the most
stable constructs compared to rod-only systems and
transverse cross-link constructs with rectangular configurations.

hine NO. Torsional rigidity of pedicle screw fixation with
cross-link versus unilateral or bilateral rod fixation. Poster
No. 741. Orthopaedic Research Society (ORS). 2011 Annual
Meeting in Long Beach, CA., North America. http://www.
ors.org/Transactions/57/0741.pdf

[5] Valdevit A, Kambic HE, McLain R. Torsional stability of CL
configurations: A biomechanical analysis. The Spine Journal.
2005; 5(4):441-5. [DOI:10.1016/j.spinee.2005.03.010] [PMID]

[6] Firouzian A, Gholipour Baradari A, Ehteshami S, Zamani

Kiasari A, Shafizad M, Shafiei S, et al. The effect of ultra-lowdose intrathecal naloxone on pain intensity after lumbar laminectomy with spinal fusion: A randomized controlled trial.
Journal of Neurosurgical Anesthesiology. 2020; 32(1):70-6.
[DOI:10.1097/ANA.0000000000000537] [PMID]

[7] Dhawale AA, Shah AS, Yorgova P, Neiss G, Layer Jr DJ,

Rogers KJ, et al. Effectiveness of CLing posterior segmental
instrumentation in adolescent idiopathic scoliosis: A 2-year
follow-up comparative study. The Spine Journal. 2013:
13(11):1485-92. [DOI:10.1016/j.spinee.2013.05.022] [PMID]

[8] Asher M, Carson W, Heinig C, Strippgen W, Arendt
M, Lark R, et al. A modular spinal rod linkage system
to provide rotational stability. Spine. 1988; 13(3):272-7.
[DOI:10.1097/00007632-198803000-00009] [PMID]

[9] Dick JC, Zdeblick TA, Bartel BD, Kunz DN. Mechanical eval-

Ethical Considerations
Compliance with ethical guidelines
There is no animal or human research reported in this
letter, there was no need for ethics board approval.
Funding

uation of CL designs in rigid pedicle screw systems. Spine.
1997; 22(4):370-5. [DOI:10.1097/00007632-199702150-00003]
[PMID]

[10] Lynn G, Mukherjee DP, Kruse RN, Sadasivan KK, Albright

JA. Mechanical stability of thoracolumbar pedicle screw
fixation. Spine. 1997; 22(14):1568-73. [DOI:10.1097/00007632199707150-00007] [PMID]

[11] Pintar FA, Maiman DJ, Yoganandan N, Droese KW, Hol-

This research did not receive any grant from funding
agencies in the public, commercial, or non-profit sectors.
Authors' contributions

lowell JP, Woodard E. Rotational stability of a spinal screw/
rod system. Journal of Spinal Disorders. 1995; 8:49-55.
[DOI:10.1097/00002517-199502000-00007] [PMID]

[12] Wood KB, Wentorf FA, Ogilvie JW, Kim KT. Torsional rigidity of scoliosis constructs. Spine. 2000; 25:1893-8.
[DOI:10.1097/00007632-200008010-00006] [PMID]

Both authors equally contributed to preparing this article.

[13] Rahmathulla Q, Deen HG. Spine fusion CL causing delayed dural erosion and CSF leak: Case report.
Journal of Neurosurgery Spine. 2015; 22(4):439-43.
[DOI:10.3171/2014.9.SPINE14244] [PMID]

Conflict of interest
The author declared no conflict of interest.

54

Haddadi K & Shafizad M. Skipping Cross-links in Posterior Spine Surgery. Iran J Neurosurg. 2020; 6(2):49-56.

April 2020, Vol 6, Issue 2, No 21

[14] Cripton PA, Jain GM, Wittenberg RH, Nolte LP. Load-sharing

[28] Lenke LG. Lenke classification system of adolescent idiopathic

[15] Kuklo TR, Dmitriev AE, Cardoso MJ, Lehman RA Jr, Erickson

[29] Richards BR, Emara KM. Delayed infections after posterior

characteristics of stabilized lumbar spine segments. Spine. 2000;
25:170-8 [DOI:10.1097/00007632-200001150-00006] [PMID]
M, Gill NW. Biomechanical contribution of transverse connectors
to segmental stability following long segment instrumentation
with thoracic pedicle screws. Spine (Phila Pa 1976). 2008; 33:E482E487. [DOI:10.1097/BRS.0b013e31817c64d5] [PMID]

[16] Benzel EC. Deformity prevention and correction: Component
strategies in biomechanics of spinal stabilization. Rolling Meadows, IL: AANS Publications; 2001. https://www.thieme-connect.
de/products/ebooks/book/10.1055/b-003-106374

[17] Krag MH. Biomechanics of thoracolumbar spinal fixation. A
review. Spine. 1991; 16(3 Suppl):S84-99. [DOI:10.1097/00007632199103001-00014] [PMID]

[18] Lim TH, Kim JG, Fujiwara A, Yoon TT, Lee SC, Ha JW, et al.
Biomechanical evaluation of diagonal fixation in pediclescrew instrumentation. Spine. 2001; 26:2498-503. [DOI:10.1097/00007632200111150-00020] [PMID]

[19] Gardner WJ, Angel J. The mechanism of syringomyelia

and its surgical correction. Clinical Neurology. 1958; 6:131-40.
[DOI:10.1093/neurosurgery/6.CN_suppl_1.131] [PMID]

[20] Wang Z, Sakakibara T, Yoshikawa T, Inaba T, & Kasai Y. Do the

position and orientation of the cross-link influence the stiffness of
spinal instrumentation? Clinical Spine Surgery. 2017; 30(4):176-80.
[DOI:10.1097/BSD.0000000000000046] [PMID]

[21] Scaduto AA, Gamradt SC, Warren DY, Huang J, Delamarter

RB, Wang JC. Perioperative complications of threaded cylindrical
lumbar interbody fusion devices: Anterior versus posterior approach. Journal of Spinal Disorders & Techniques. 2003; 16(6):5027. [DOI:10.1097/00024720-200312000-00003] [PMID]

[22] Alizadeh M, Kadir MR, Fadhli MM, Fallahiarezoodar A, Azmi

B, Murali MR, et al. The use of X-shaped CL in posterior spinal
constructs improves stability in thoracolumbar burst fracture: A
fnite element analysis. Journal of Orthopaedic Research. 2013;
31:1447-54. [DOI:10.1002/jor.22376] [PMID]

[23] Quirno M, Kamerlink JR, Valdevit A, Kang M, Yaszay B, Dun-

can N, et al. Biomechanical analysis of a disc prosthesis distal
to a scoliosis model. Spine; 2009; 34(14):1470-5. [DOI:10.1097/
BRS.0b013e3181a8e418] [PMID]

[24] Helgeson MD, Shah SA, Newton PO, Clements IIIDH, Betz RR,

scoliosis: Treatment recommendations. Instructional Course Lectures. 2005; 54:537-42. [PMID]

TSRH spinal instrumentation for idiopathic scoliosis: Revisited.
Spine. 2001; 26:1990-6. [DOI:10.1097/00007632-200109150-00009]
[PMID]

[30] Esses SI. Mechanical stability of thoracolumbar pedicle

screw fixation: The effects of cross-links. Spine. 1997; 22:1573.
[DOI:10.1097/00007632-199707150-00008]

[31] Benzel EC, Baldwin NG. Crossed-screw fixation of the unstable
thoracic and lumbar spine. Journal of Neurosurgery. 1995; 82:11-6.
[DOI:10.3171/jns.1995.82.1.0011] [PMID]

[32] Korovessis P, Baikousis A, Deligianni D, Mysirlis Y, Soucacos
P. Eﬀectiveness of transfxation and length of instrumentation on
titanium and stainless steel transpedicular spine implants. Journal of Spinal Disorders. 2001; 14:109-17 [DOI:10.1097/00002517200104000-00004] [PMID]

[33] Mikles MR, Asghar FA, Frankenburg EP, Scott DS, Graziano

GP. Biomechanical study of lumbar pedicle screws in a corpectomy model assessing significance of screw height. Journal of
Spinal Disorders & Techniques. 2004; 17:272-6. [DOI:10.1097/01.
bsd.0000095400.27687.89] [PMID]

[34] Nakajima Y, Hara M, Umebayashi D, Haimoto S, Yamamoto Y,
Nishimura Y, et al. Biomechanical analysis of a pedicle screw-rod
system with a novel CL confguration. Asian Spine Journal. 2016;
10(6):993-9. [DOI:10.4184/asj.2016.10.6.993] [PMID] [PMCID]

[35] Wahba GM, BhatiaN, Bui CN, Lee KH, Lee TQ. Biomechanical
evaluation of short-segment posterior instrumentation with and
without cross-links in a human cadaveric unstable thoracolumbar burst fracture model. Spine. 2010; 35:278-85. [DOI:10.1097/
BRS.0b013e3181bda4e6] [PMID]

[36] Lee SH, Sung JK, Park YM. Single-stage transpedicular decom-

pression and posterior instrumentation in treatment of thoracic
and thoracolumbar spinal tuberculosis: A retrospective case series. Journal of Spinal Disorders & Techniques. 2006; 19:595-602.
[DOI:10.1097/01.bsd.0000211241.06588.7b] [PMID]

[37] Halpern EM, Bacon SA, Kitagawa T, Lewis SJ. Posterior trans-

discal three-column shortening in the surgical treatment of vertebral discitis/osteomyelitis with collapse. Spine. 2010; 35(13):131622. [DOI:10.1097/BRS.0b013e3181c0a158] [PMID]

Marks MC, et al. Evaluation of proximal junctional kyphosis in
adolescent idiopathic scoliosis following pedicle screw, hook, or
hybrid instrumentation. Spine. 2010; 35(2):177-81. [DOI:10.1097/
BRS.0b013e3181c77f8c] [PMID]

[38] Vital JM, Beguiristain JL, Algara C, Villas C, Lavignolle B,

[25] Denis F, Sun EC, Winter RB. Incidence and risk factors for prox-

[39] Maat GJ, Matricali B, van Meerten ELVP. Postnatal develop-

[26] Jones GA, Kayanja M, Milks R, Lieberman I. Biomechani-

[40] Ruf M, Harms J. Posterior hemivertebra resection with

[27] Cook S, Asher MA. The frequency of re-entry following primary

[41] Xue XH, Shen JX, Zhang JG, Li SG, Wang YP, Qiu GX.

imal and distal junctional kyphosis following surgical treatment
for Scheuermann kyphosis: Minimum fve-year follow-up. Spine.
2009; 34:E729-34 [DOI:10.1097/BRS.0b013e3181ae2ab2] [PMID]
cal characteristics of hybrid hook-screw constructs in shortsegment thoracic fxation. Spine. 2008; 33:173-7. [DOI:10.1097/
BRS.0b013e31816044b6] [PMID]
posterior instrumentation and fusion for idiopathic scoliosis: Harrington, CD, and Isola. Paper presented at: Scoliosis Research Society 31st Annual Meeting; 1996. September 25-28; Ottawa, Canada.

Grenier N, et al. The neurocentral vertebral cartilage: Anatomy,
physiology and physiopathology. Surgical and Radiologic Anatomy. 1989; 11:323-8. [DOI:10.1007/BF02098705] [PMID]

ment and structure of the neurocentral junction: Its relevance
for spinal surgery. Spine. 1996; 21:661-6.[DOI:10.1097/00007632199603150-00001] [PMID]
transpedicular instrumentation: Early correction in children
aged 1 to 6 years. Spine. 2003; 28:2132-8. [DOI:10.1097/01.
BRS.0000084627.57308.4A] [PMID]

X-Ray assessment of the effect of pedicle screw on vertebra
and spinal canal growth in children before the age of 7 years.
European Spine Journal. 2014; 23:520-9. [DOI:10.1007/s00586013-3035-7] [PMID] [PMCID]

Haddadi K & Shafizad M. Skipping Cross-links in Posterior Spine Surgery. Iran J Neurosurg. 2020; 6(2):49-56.

55

April 2020, Vol 6, Issue 2, No 21

[42] Zhang QH, Tan SH, Chou SM. Investigation of fixation screw
pull-out strength on human spine. Journal of Biomechanics.
2004; 37:479-85. [DOI:10.1016/j.jbiomech.2003.09.005] [PMID]

[43] White KK, Oka R, Mahar AT, Lowry A, Garfin SR. Pullout

strength of thoracic pedicle screw instrumentation: Comparison
of the transpedicular and extrapedicular techniques. Spine. 2006;
31:E355-E358. [DOI:10.1097/01.brs.0000219394.48091.d6] [PMID]

[44] Toyone T, Ozawa T, Inada K, Shirahata T, Shiboi R, Watanabe A, et al. Short-segment fixation without fusion for thoracolumbar burst fractures with neurological deficit can preserve
thoracolumbar motion without resulting in post-traumatic
disc degeneration: A 10-year follow-up study. Spine. 2013;
38:1482-90. [DOI:10.1097/BRS.0b013e318297bdb7] [PMID]

[45] Kesling KL, Lonstein JE, Denis F, Perra JH, Schwender JD,
Transfeldt EE, et al. The crankshaft phenomenon after posterior spinal arthrodesis for congenital scoliosis: A review
of 54 patients. Spine. 2003; 28(3):267-71. [DOI:10.1097/01.
BRS.0000042252.25531.A4] [PMID]

[46] McLain RF, Sparling E, Benson DR. Early failure of shortseg-

ment pedicle instrumentation for thoracolumbar fractures: A
preliminary report. The Journal of Bone and Joint Surgery. 1993;
75(2):162-7. [DOI:10.2106/00004623-199302000-00002] [PMID]

[47] Reames DL, Smith JS, Fu KM, Polly DW Jr, Ames CP,

Berven SH, et al. Complications in the surgical treatment of
19,360 cases of pediatric scoliosis: A review of the Scoliosis
Research Society Morbidity and Mortality database. Spine.
2011; 36(18):1484-91. [DOI:10.1097/BRS.0b013e3181f3a326]
[PMID]

[48] Kulkarni AG, Dhruv AN, Bassi AJ. Should we cross the
cross-links? Spine. 2013; 38:E1128-E1134. [DOI:10.1097/
BRS.0b013e31829af99f] [PMID]

[49] Tannoury T, Haddadi K, Kempegowda H, Kadam A, Tann-

oury C. Role of minimally invasive spine surgery in adults with
degenerative lumbar scoliosis: A narrative review. Iranian Journal of Neurosurgery. 2017; 3(2):39-50. [DOI:10.29252/irjns.3.2.39]

[50] Chutkan NB, Zhou H, Akins JP, Wenger KH. Effects of
facetectomy and cross-link augmentation on motion segment
flexibility in posterior lumbar interbody fusion. Spine. 2008;
33(22):E828-E835. [DOI:10.1097/BRS.0b013e318183bb6d]

[51] Rivet DJ, Jeck D, Brennan J, Epstein A, Lauryssen C. Clinical outcomes and complications associated with pedicle
screw fxation-augmented lumbar interbody fusion. Journal of Neurosurgery Spine. 2004; 1(3):261-6. [DOI:10.3171/
spi.2004.1.3.0261] [PMID]

[52] Chen ZH, Chen X, Zhu ZZ, Wang B, Qian BP, Zhu F, et

al. Does addition of cross-link to pedicle-screw-based instrumentation impact the development of the spinal canal in children younger than 5 years of age? European Spine Journal.
2015; 24(7):1391-8. [DOI:10.1007/s00586-014-3727-7] [PMID]

56

Haddadi K & Shafizad M. Skipping Cross-links in Posterior Spine Surgery. Iran J Neurosurg. 2020; 6(2):49-56.

