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BACKGROUND CONTEXT: Correction of adult spinal deformity (ASD) by long segment
instrumented spinal fusion is an increasingly common surgical intervention. However, it is associated with high rates of complications and revision surgery, especially in the elderly patient population. The high construct stiffness of instrumented thoracolumbar spinal fusion has been postulated
to lead to a higher incidence of proximal junctional kyphosis (PJK) and failure (PJF). Several
cadaveric biomechanical studies have reported on surgical techniques to reduce the incidence of
PJF/PJK. As yet, no overview has been made of these biomechanical studies.
PURPOSE: To summarize the evidence of all biomechanical studies that have assessed techniques
to reduce PJK/PJF following long segment instrumented spinal fusion in the ASD patient
population.
STUDY DESIGN: A systematic review.
METHODS: EMBASE and MEDLINE databases were searched for human and animal cadaveric
biomechanical studies investigating the effect of various surgical techniques to reduce PJK/PJF following long segment instrumented thoracolumbar spinal fusion in the adult patient population.
Studied techniques, biomechanical test methods, range of motion (ROM), intervertebral disc pressure (IDP) and other relevant outcome parameters were documented.
RESULTS: Twelve studies met the inclusion criteria. Four of these studies included non-human
cadaveric material. One study investigated the prophylactic application of cement augmentation (vertebroplasty), whereas the remaining studies investigated semi-rigid junctional fixation techniques to
achieve a gradual transition zone of forces at the proximal end of a fusion construct, so-called topping-off. An increased gradual transition zone in terms of ROM compared to pedicle screw constructs
was demonstrated for sublaminar tethers, sublaminar tape, pretensioned suture loops, transverse hooks
and laminar hooks. Furthermore, reduced IDP was found after the application of sublaminar tethers,
suture loops, sublaminar tapes and laminar hooks. Finally, two-level prophylactic vertebroplasty
resulted in a lower incidence of vertebral compression fractures in a flexion-compression experiment.
CONCLUSIONS: A variety of techniques, involving either posterior semi-rigid junctional fixation
or the reinforcement of vertebral bodies, has been biomechanically assessed. However, the low
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number of studies and variation in study protocols hampers direct comparison of different techniques. Furthermore, determination of what constitutes an optimal gradual transition zone and its
translation to clinical practice, would aid comparison and further development of different semirigid junctional fixation techniques. Even though biomechanics are extremely important in the
development of PJK/PJF, patient-specific factors should always be taken into account on a caseby-case basis when considering to apply a semi-rigid junctional fixation technique. © 2021 Elsevier Inc. All rights reserved.
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Introduction
Over the past decades, instrumented (posterior) spinal
fusion for adult spinal deformity (ASD) has become the
mainstay of operative treatment. One of the most prevalent
complications following surgical correction of ASD is
proximal junctional kyphosis (PJK) [1−3]. PJK is generally
defined as a postoperative proximal junctional angle
increase of ≥10˚, measured between the inferior end plate
of the upper instrumented vertebra (UIV) and the superior
end plate of the second supra-adjacent vertebra [4]. The
prevalence rates of PJK after ASD surgery vary widely,
but have been reported to range between 20% and 40%
[2,5−7]. Demographic risk factors for the development of
PJK include high age, high body mass index, low bone mineral density and the presence of comorbidities [8−11]. Furthermore, surgical risk factors for the development of PJK
include a combined anterior and posterior approach, a high
magnitude of correction in the sagittal plane and the UIV at
T11−L1 [12,13]. PJK does not necessarily have direct clinical implications, but PJK can develop into proximal junctional failure (PJF) due to structural failure (vertebral body
fracture, loss of integrity of the posterior ligament complex
or vertebral subluxation) with substantial clinical impact.
PJF is characterized by mechanical failure, risk of neurological injury, increased deformity, and by the need for
revision in up to 47% of affected patients [14,15].
In 2005, Kim et al. identified construct stiffness as a risk
factor for PJK in patients treated by long segment instrumented spinal fusion for adolescent idiopathic scoliosis
[1,16]. Ever since, biomechanical studies have evaluated
various means of semi-rigid junctional fixation at the proximal end of a rigid construct, also known as topping-off, or
the reinforcement of the cranial adjacent vertebrae for PJK
and PJF prevention. The evaluated techniques include

transverse process hook fixation (TPH), Mersilene tape to
reconstruct the posterior ligamentous complex (PLC), and
rods with various stiffness. To the authors’ knowledge, a systematic review of biomechanically investigated techniques is
not available in literature. The objective of this systematic
review is to provide an overview of biomechanical studies
which assess instrumentation techniques that aim to reduce
the incidence of PJK or PJF following long segment instrumented spinal fusion for ASD correction.
Methods
Study search and selection
This study was designed and reported according to the
preferred reporting items for systematic reviews and metaanalyses guidelines [17]. Electronic databases EMBASE
and Medline were searched using the terms in Table 1 on
the of May 18, 2020 to identify all relevant articles published from January 2000 onward. No language restrictions
were imposed and the reference lists of included articles
were manually checked for additional references. Authors
were contacted if any of the full-texts, or any of the study
data were missing. The articles were de-duplicated in EndNote (X9, Thomson, Reuters, Carlsbad, CA) using the
Bramer method [18]. Two authors (RD and TV) individually screened all articles on title and abstract using the
Rayyan application for systematic reviews [19].
The identified articles were reviewed based on the titles
and abstracts based on the following inclusion criteria: Prophylactic instrumentation techniques assessed to be applied
at the proximal end of a posterior thoracolumbar spinal construct (>4 vertebrae), biomechanical studies performed on
cadaveric material. Articles were excluded on the following
criteria: Clinical studies, finite element modelling studies,

Table 1
EMBASE + MEDLINE 2010 to May 18, 2020 search strategy
#1

#2
#3
#4

(vertebroplasty or kyphoplasty or hook fixation* or laminar hook* or process hook* or fixation hook* or hybrid or transition rod* or sublaminar or Surgical Tape or spinous process augmentation or Mersilene tape or ligament augmentation or multilevel stabilization screw or pedicle screw* or tether or ligamentous stabilization or ligamentous reinforcement or dynamic stabilization or topping-off or gradual
transition*).mp. or exp Spinal Fusion/
(biomechanic* or cadaver*).mp.
(Proximal junctional or PJF or PJK or Spinal Fractures or Kyphosis or Range of Motion or Adjacent segment).mp.
(#1 AND #2 AND #3)
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studies solely investigating the cervical or lumbar spine,
post-traumatic instrumentation techniques.
Study analysis
Two independent researchers (RD, TV) extracted the
data using a standardized form. The majority of the studies
did not report exact range of motions (ROMs) but only
graphically represented the results, therefore no meta-analysis was considered. For the interpretation of the data, all
statistically significant results were noted. Specific interest
was given to the index segment. This is defined as the first
intervertebral disc level cephalad to the pedicle screw fixation (Fig. 1, A). Characteristics on the specimen (species,
number of specimen, male/female ratio, age, spine segment,
index segment, bone mineral density and reasons for exclusions), test setup (the evaluated surgical instrumentation
techniques, testing protocol, load limits, test machine and
type of measurements) and outcome data (ROMs in; flexion, extension (separate or combined), lateral bending and
axial rotation, intervertebral disc pressure (IDP), failure
loads, peak loads and fracture levels were registered. Additional comments specific to the assessed techniques were
noted.
Quality assessment
Studies were appraised based on their methodology using
the Quality Appraisal for Cadaveric Studies [20], which the
authors deemed to be the best fitting risk of bias assessment
tool that currently exists for ex vivo biomechanical

experiments. This scoring system was developed for observational dissection studies; therefore, the following headings
were excluded: “Education of dissecting researchers is stated,”
“Findings are observed by more than one researcher,” “Details
about consistency of findings are given,” and “Photographs of
the observations are included.” The remaining 9 of 13 scoring
criteria are highly relevant for any cadaveric investigation.

Results
The search terms identified 2,349 unique articles, and
after abstract screening, fifteen articles remained for fulltext screening. Based upon the inclusion criteria, twelve
biomechanical studies that investigated techniques to
reduce the incidence of PJK/PJF after long segment instrumented posterior spinal instrumentation in the ASD patient
population were eligible for inclusion (Fig. 2). Two of the
excluded studies assessed fundamental spine biomechanics
whereas the other excluded study investigated post-traumatic instrumentation.
Description of included studies
Eight out of twelve studies used cadaveric human specimen whereas the animal specimen was either porcine
[21−23] or calf [24]. Three studies performed flexion-compression testing with varying protocols and did not measure
ROMs [22,25,26]. The remaining nine studies all measured
ROMs, primarily in flexion-extension, of which five studies
additionally measured IDP, primarily at the index segment

Fig. 1. (A) Throughout this review the most proximal pedicle screw instrumented vertebra is defined as the UIV. Additional vertebrae instrumented as semirigid junctional fixation techniques are called UIV+1 (and UIV+2). Range of motions between UIV+1 and UIV are defined as index segment whereas UIV
+2/UIV+1 is called index+1 segment, (B) Mersilene tape suture loop, (C) Two level tether: UIV+1; spinous process tether (darker shaded blue), UIV+2; sublaminar tethers, (D) sublaminar tape, (E) laminar hooks, (F) transverse process hooks, (G) vertebroplasty.
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Records identified through database searching
(n = 3293 )

Records after duplicates
removed
(n = 2349 )

Full-text articles
assessed for eligibility
(n = 15 )

Records excluded
(n = 2334 )

Full-text articles excluded, with reasons
(n = 3 )
2 = fundamental spinal biomechanics
1 = post-traumatic instrumentation

Studies included in qualitative synthesis
(n = 12 )
Fig. 2. PRISMA flow diagram of literature search. PRISMA, preferred reporting items for systematic reviews and meta-analyses.

as an approximation of vertebral stresses (Table 2)
[21,23,24,27−32].
Four studies investigated the application of suture loops
in human cadaveric pure bending experiments [27−30].
Suture loops consist of Mersilene tapes which are passed
through the base of multiple consecutive spinous processes
(UIV, UIV+1 and sometimes UIV+2) to reinforce the PLC
around the index level (Fig. 1, B). Alternatively, three studies investigated the use of tethers in human cadaveric pure
bending tests [27,29,32]. Tethers were connected from
either the spinous process or from the lamina at the UIV+1
(and/or UIV+2) to a crosslink at UIV-1, usually pretensioned by caudal displacement of the crosslink (Fig. 1, C).
This was achieved using Mersilene tape [29,32] or commercially available sublaminar wires [27].
Both a human cadaveric study [32], and a calf cadaveric
study [24] investigated sublaminar tapes as a semi-rigid
junctional fixation system in a pure bending experimental
setup. The applied sublaminar tapes were polymeric bands
that pass around the lamina of a single vertebra and connect
to the ipsilateral spinal rod via a clamp (Fig. 1, D). Additionally, to a one-level application at the index level, Viswanathan et al. also studied sublaminar tapes as a two-level
semi-rigid junctional fixation (UIV+1 & UIV+2) [32].
Beside polymeric sublaminar tapes, Lange et al. also
assessed sublaminar cerclage wires at the transitional level
[24].
Two different types of hooks have been studied as semirigid junctional fixation. Laminar hooks (LH) at the UIV+1
were studied by Lange et al. in a cadaveric calf experiment
and by Metzger et al. in a human cadaveric experiment in

which both applied pure bending moments (Fig. 1, E)
[24,31]. Transverse process hooks as semi-rigid junctional
fixation at UIV+1 were studied in three different studies
(Fig. 1, F) [21,23,26]. Both Fachinello et al. and Thawrani
et al. investigated the use of TPHs in pure bending cadaveric porcine study [21,23]. Mac-Thiong et al. compared
TPHs at the junctional zone to pedicle screws in a cadaveric
human experiment, in which spine segments were subjected
to cyclic flexion-compression until failure [26].
In contrast to the techniques that aim to achieve a gradual transition zone, Kebaish et al. assessed the use of vertebroplasty at the UIV and UIV+1 levels as prophylactic
measure to reduced vertebral collapse in a flexion-compression setup till failure [25] (Fig. 1, G).
In addition to the previously described techniques, a
number of investigational techniques have been biomechanically assessed. Lange et al. assessed the use of
hinged pedicle screws and tapered rods (rods with a
smaller diameter at the proximal end) as a means of
semi-rigid junctional fixation in the same cadaveric calf
study [24]. Besides the TPHs, Facchinello et al. also studied spinal rods with a lower stiffness, either along the
complete rod by using a different “superelastic” alloy
(Ti-Ni) or only at the transitional area by heat treatment
of onlypart of the Ti-Ni rod (“variable stiffness rods”)
[21]. These rods were studied as stand-alone techniques
or and in combination with the TPHs. Finally, Jacobs
et al. experimentally assessed the feasibility of using
polycarbonate-urethane rods as a means to reduce stresses
on the vertebral bodies using porcine cadavers in a flexion-compression setup [22].
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Table 2
Characteristics of biomechanical studies
Species (n)

Age

Index segments

Devices

Test protocol

Parameters

Kim et al. [28]

Human (8)

25−76 y

T9−T10

8 Nm (FE, LB, AR)

ROM

Mar et al. (2019a) [30]

Human (9)

54−85 y

T11−T12

5 Nm (FE)

ROM, IDP (T11−T12),

Cho et al. [27]

Human (8)

25−76 y

T9−T10
T10−T11

8 Nm (FE, LB, AR)

ROM

Mar et al. (2019b) [29]

Human (9)

54−85 y

T2−T3, T3−T4

5 Nm (FE)

Viswanathan et al. [32]

Human (13)

41−66 y

T8-T9, T9−T10

Mersilene tape (suture
loop)
Mersilene tape (suture
loop)
Mersilene tape (suture
loop) Sublaminar tape
(Tether)
Mersilene tape (tether, 2level tether, tethersuture-loop)
Mersilene tape (tether),
Sublaminar tape

Lange et al. [24]

Calf (8)

12−18 m

L3−L4

ROM, IDP
(T2−T3,
T3−T4)
ROM, IDP
(T8−T9,
T9−T10,
T10−T11)
ROM

Metzger et al. [31]

Human (10)

30−64 y

T8−T9

Thawrani et al. [23]
Mac-Thiong et al. [26]

Porcine (13)
Human (4£6)

3−4 m
61−85 y

Facchinello et al. [21]

Porcine (8)

6−8 m

T6−T7
T3−T4, T7−T8, T11−T12,
L3−L4
L3−L4

Jacobs et al. [22]

Porcine (4£5)

10−14 m

L2-L3-L4

Kebaish et al. [25]

Human (18)

26−97 y

T10,
T9 & T10

6 Nm (FE, LB, AR)

Sublaminar tape, laminar
hooks, cerclage wires,
hinged pedicle screws,
tapered rods
Lamina hooks

10 Nm (FE, LB, AR)

4 Nm (FE, LB, AR)

Transverse process hooks
Transverse process hooks

4 Nm (FE, LB)
Cyclic flexion compression till failure

ROM, IDP
(T7−T8)
ROM
Failure cycle

Transverse process hooks,
Altered rod flexibility
Polycarbonate-urethane
rods
(65D and 75D)
Vertebroplasty

18˚ (FE, LB)

ROM, IDP (L3−L4)

Cyclic flexion compression

IDP (L2−L3)

Flexion compression
till failure/15 mm

Failure load/Fracture ratio

IDP, intradiscal pressure (measured at the indicated level); ROM, range of motion; FE, flexion-extension; LB, lateral bending; AR, axial rotation.
If test protocol is undefined, the specimen was loaded with pure moments up to the indicated load/rotation angle.
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Table 3
Biomechanical findings of the included studies
Condition

Flexion-extension (flexion, extension or
combined FE measured)

Lateral bending (LB)

Torsion (AR)

F: Additional findings, C: authors
general conclusion

Cho et al. [27]

Sublaminar tether
(250N)

Reduced flexion (48%) and extension ROM.
An increased lordotic angle at the index
segment.
Reduced flexion (57%), extension ROM. An
increased lordotic angle at the index
segment.
Reduced flexion and extension ROM. An
increased lordotic angle at the index
segment.
An increased lordotic angle at the index
segment.

-

-

Reduced ROM (12%)

-

-

-

-

-

Reduced construct
stiffness

-

Reduced construct
stiffness

-

F: 2-level sublaminar tether: A
more gradual transition in relative motion at each level from
T9-T12 in LB and AR.
C: Polymeric cables can adjust
the ROM as a function of tether
pretension. The authors suggest
load sharing capacity of posterior polymeric cables with the
PLC to avoid excessive strains
and damage to the connective
tissues.
C: A combination of superelastic/
variable rods with TPH is capable of providing a smooth transition between the stabilized
and intact segments.

Reduced construct
stiffness

-

Increased ROM. Reduced
construct stiffness

-

Increased ROM. Reduced
construct stiffness

-

-

-

Consistently lower IDP also compared to
65D

-

-

Sublaminar tether
(350N)
2-level Sublaminar
tether
Suture Loop

Facchinello et al. [21],*

Superelastic rod

Variable rod

TPH

Superelastic
rod + TPH
Variable rod +TPH

Jacobs et al. [22]

polycarbonate-urethane 65D
polycarbonate-urethane 75D

Reduced construct stiffness in flexion, extension. Increased bending moment on the
pedicle screw in flexion.
Reduced construct stiffness in flexion, extension. Increased bending moment on the
pedicle screw in flexion.
Increased flexion ROM. Reduced construct
stiffness in flexion, extension. Decreased
forces on upper anchor.
Increased flexion ROM. Reduced construct
stiffness in flexion, extension. Decreased
forces on upper anchor.
Increased flexion, extension ROM. Reduced
construct stiffness in flexion, extension.
Decreased forces on upper anchor.
Consistently lower IDP

Kebaish et al. [25]

UIV vertebroplasty
UIV, UIV+1
vertebroplasty

The number of fractures was significantly
lower compared to both the UIV vertebroplasty as well as the nontreated group.

-

-

Kim et al. [28]

Suture loop

An increased lordotic angle at the index
segment.

-

-

847

C: Lower rod stiffness generates
a lower IDP, more representative of physical loading. However, its capability to stabilize
the spine is part of future
studies.
C: Using vertebroplasty to reduce
the incidence of vertebral compression fractures may be clinically beneficial to prevent PJK
and PJF after long segment
instrumented spinal fusions.
C: Suture loops do not prevent
excessive flexion loads on the
proximal junctional segment
following instrumented spinal
fusion.
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Table 3 (Continued)
Condition

Flexion-extension (flexion, extension or
combined FE measured)

Lateral bending (LB)

Torsion (AR)

F: Additional findings, C: authors
general conclusion

Lange et al. [24]

Laminar hooks

FE 93.2% ROM reduction. Increased FE
stiffness to 1470.6%
FE 58.9% ROM reduction. Increased FE
stiffness to 245.2%
FE 57.0% ROM reduction. Increased FE
stiffness to 237.1%
FE 93.2% ROM reduction. Increased FE
stiffness to 816.9%
FE 86.3% ROM reduction. Increased FE
stiffness to 735.3%
-

90.0% ROM reduction

-

70.4% ROM
reduction
22.2% ROM
reduction
44.4% ROM
reduction
44.4% ROM
reduction
44.4% ROM
reduction
-

-

-

-

-

C: Laminar hooks, hinged pedicle screws and tapered rods do
not relevantly reduce the stiffness at the end of the hybrid
construct. Cerclage wires and
sublaminar tapes allow gradual
reduction of stiffness at the
proximal end of the long segment instrumented spinal
fusion.
C: The study could not demonstrate a benefit of using TPH
over pedicle screws in an
attempt to decrease the occurrence of PJF
C: A tether could be used to preserve neutral-zone stiffness and
provides a basis for further
investigation.

-

-

-

-

-

Reduced ROM. More
motion compared to
unilateral hook+unilateral screw.
Reduced ROM.

Sublaminar tape
Cerclage wires
Hinged pedicle
screws
Tapered rods
Mac-Thiong et al. [26]

Transverse process
hooks

Mar et al. (2019a) [30]

Mar et al. (2019b) [29]

Suture loop (no
pretension)
Suture loop (22N)
Suture loop (44N)
Suture loop (66N)
Suture loop (88N)
Tether (22N)

Metzger et al. [31]

Tether (2-level
common)
Tether, suture loop (in
series)
Tether (2-level figure
8)
Laminar hooks

Thawrani et al. [23],*

Viswanathan et al. [32]

Flexion ROM reduced. This is linearly
related to the amount of pretension.
With increasing pretension, IDPs
decreased significantly

Flexion ROM reduced. Reduced IDP at
index and index+1
Flexion ROM reduced. Reduced IDP at
index
Flexion ROM reduced. Reduced IDP at
index
Flexion ROM reduced. Reduced IDP at
index
Flexion, Extension ROM reduced. More
motion compared to unilateral
hook + unilateral screw.

22.0% ROM reduction
42.0% ROM reduction
93.3% ROM reduction
93.3% ROM reduction

Laminar hook unilateral, pedicle screw
unilateral
Transverse process
hooks

Flexion, Extension ROM reduced

Reduced ROM. More
motion compared to
unilateral hook+unilateral screw.
Reduced ROM

FE ROM reduced. FE stiffness reduced.

-

-

Sublaminar tape (1level)

Reduced flexion ROM by 55.1%. Index IDP
reduced in flexion, extension.

Reduced ROM by 23.6%

Sublaminar tape (2level)

Reduced flexion ROM by 75.6% and extension ROM to 78.5%. Index IVD reduced in
flexion and extension and in extension at
index +1.

Reduced ROM by 58.4%.
Index+1 ROM reduced
by 21.4%. Index IVD
and index+1 reduced.

Reduced ROM by
56.7%. Index IDP
reduced.
Reduced ROM by
65.7%. Index+1
ROM reduced by
51.4%. Index IVD

C: Multiple level tethering can be
biomechanically advantageous
over single level tethering. The
2-level common method allows
for reduced loading of the
index segment tether loading
and a greater load dissipation to
occur over two adjacent levels.
C: The study provides a mechanical rationale to consider hooks
at the UIV of a multilevel thoracic fusion. Clinical translation remains necessary.

C: TPH at the UIV provides a
gradual dampening of motion
into the upper segments.
F: 2-level sublaminar taping
allows for the most gradual distribution of forces across the
transitional segments.
C: Compared to tethers, sublaminar taping yields maximal
motion restriction and reduced
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Reduced extension ROM by 53.1%. Index
IDP reduced in flexion.
Tethers

UIV, upper instrumented vertebra; IDP, intradiscal pressure; ROM, range of motion; FE, flexion-extension; LB, lateral bending; AR, axial rotation.
All significant changes compared to the first level above the cephalad pedicle screw unless otherwise stated.
* Facchinello et al., Thawrani et al. did not consider the cephalad instrumentation as an additional level and hence results are compared to a rigid pedicle screw level, thus altered instrumentation would
result in an increased flexibility instead of reduced as in a comparison made in all other studies.

IDP at the proximal end of a
long segment instrumented spinal fusion.
and index+1
reduced.
Index IDP reduced.

Flexion-extension (flexion, extension or
combined FE measured)
Condition
References

Table 3 (Continued)

Lateral bending (LB)

Torsion (AR)

F: Additional findings, C: authors
general conclusion
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The findings of the studies will be described in the
“summary of evidence” section clustered as suture loops
and tethers, sublaminar tapes, LH, TPHs, vertebroplasty,
and investigational implants (Table 3).
Critical appraisal of included studies
The appraisal of methods resulted in an average score of
8.75 of 9 with a minimum score of 8 of 9 for 3 studies. All
studies successfully described the following parameters:
objective, sample information, condition of the specimens,
comprehensive method description, appropriate statistics
and comparison of the data to the current evidence. Likewise, all studies scored positive on the precise and thorough
presentation of the results. Both Viswanathan et al. and
Kim et al. failed to address the limitations of the study
[28,32] whereas Mar et al. did not discuss the potential clinical implications of the results [29]. Although not part of the
appraisal tool but relevant to mention, Jacobs et al., Kebaish
et al., Lange et al., and Mac-Thiong et al. were the only
studies that presented numerical results of all conditions
[22,24−26].
Summary of evidence
Suture loops and tethers
Two studies investigating hand tied (non-tensioned)
suture loops, did not find any significant effect of suture
loops on the ROM at index level [27,28]. Mar et al. (2019a)
investigated the effect of different pretension levels (0, 22,
44, 66, 88N) of suture loops on single human functional spinal units (T11−T12) and measured a reduced flexion ROM
as well as decreased IDPs with increasing suture loop pretension [30]. In another study by the same authors, these
suture loops were pretensioned to 22N [29]. Significant
decrease in flexion ROM (p=.007) was found at the index
segment and IDP levels were found at the index (p=.007)
and index+1 (p=.002) segment.
Mar et al. also compared suture loops to three different
tethering configurations tethering from UIV+1 and UIV+2
spinous processes to the crosslink at the UIV [29]. These
tethers were likewise pretensioned to 22N. In this dynamic
testing experiment, the pooled data of these two-level tethering techniques resulted in a significantly reduced flexion
ROM and IDP at the index segment (p=.004, p<.001) but
not at index+1 (p=.14, p=.311). In the study by Viswanathan et al., using spine segments of eight vertebrae, the sublaminar tethers were pretensioned by distraction via the
crosslink and subjected to loading about all three axes of
rotation [32]. This experiment resulted in a significantly
reduced extension ROM (p=.02), but no reduction in flexion
ROM at the index segment. Furthermore, a reduced IDP in
flexion (p=.01) and in axial rotation (p=.03) was found. In
turn, these results are similar to the findings of Cho et al.
who measured a reduction in flexion (p<.05) and extension
ROM (p<.0001) in a pretension dependent manner [27].
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Notably, in this study the tethers were pretensioned to 250N
and 350N, which resulted in an altered sagittal alignment
towards extension at the index level of 0.7§0.6˚ and 1.0§
0.8˚, respectively.
Sublaminar tapes
Applying single level sublaminar tape (as well as sublaminar cerclage wires) as semi-rigid junctional fixation
resulted in significantly reduced ROMs at the index segment in flexion-extension (p<.001) and lateral bending
(p=.015) in a calf spine model [24]. In the study by Viswanathan et al., using human cadaveric spine segments, single
level sublaminar banding resulted in significantly reduced
flexion, lateral bending and torsion ROM at the index segment, p=.01, .003, .003, respectively [32]. Additionally, a
reduced IDP at the index segment was measured in flexion
(p=.01), extension (p=.01) and torsion (p=.02).
In the same study, Viswanathan et al. measured the
effects of two-level sublaminar tape fixation at the index+1
and index+2 levels on the ROM and IDP. Compared to pedicle fixation, this resulted in a large significant reduction of
ROMs at the index segment (flexion, p=.02, extension,
p=.04, lateral bending, p=.02, torsion, p=.02) and a significantly reduced ROM in lateral bending and torsion at UIV
+2 (p=.03, p=.02). Furthermore, the IDP was reduced in
extension (p=.05), lateral bending (p=.05) and torsion
(p=.04) at the index+1 level in addition to all directions at
the index segment (flexion, p=.02, extension, p=.02, lateral
bending, p=.05, torsion, p=.05).
Laminar hooks
Lange et al. found a ROM reduction of 93.2% (p<.001),
90.0% (p<.001) and 70.4% (p<.001) in flexion-extension,
lateral bending and torsion respectively, when introducing
LH as a semi-rigid junctional fixation in a cadaveric calf
experiment [24]. Therefore, the authors concluded that this
fixation technique results in a stiff fixation analogous to
pedicle screw fixation. In contrast, Metzger et al. showed
significantly higher ROMs in lateral bending (p<.05) and
torsion (p<.05) and a lower stiffness in torsion (p<.05) at
the index segment when replacing pedicle screws with LH
in a human cadaveric experiment. Additionally, the IDP at
the index+1 level was significantly reduced in flexion
(p<.001) and extension (p<.001) [31].
Transverse process hooks
Comparing the TPH semi-rigid junctional fixation technique to an all-pedicle screw construct in a human cadaveric cyclic flexion-compression experiment, resulted in
similar number of cycles until failure (p=.9) [26]. Both Facchinello et al. and Thawrani et al. compared an all-pedicle
screw construct to a construct that replaces the most proximal pedicle screws with TPH [21,23]. Therefore, the comparison is slightly different than studies that apply
techniques as an additional level of instrumentation. Facchinello et al. measured a significantly higher flexion ROM

(p<.05) and significantly lower overall construct stiffness
in flexion and extension (both p<.05) at the index segment
when applying TPH [21]. Thawrani et al. measured an
increased flexion-extension (p=.008) and lateral bending
ROM (p<.05) at the index segment [23]. Alternatively, calculated, the TPH reduced the stiffness by >50% compared
to an all-pedicle screw construct.
Prophylactic vertebroplasty
Vertebroplasty was tested as a one-level and a two-level
prophylactic measure to reduce PJF [25]. Vertebroplasty
was experimentally assessed by 15 mm of flexion compression on T7−L5 segments instrumented with pedicle fixation
from T10 to L5. Although no difference in peak loads till
failure was measured (p=.62), the 2-level vertebroplasty
group had significantly less vertebral fractures compared to
the 1-level vertebroplasty, and the non-augmented group
(p=.021).
Investigational techniques
A number of investigational (noncommercially available) techniques that aimed to achieve gradual-junctional
ROM transition have been identified. Most of these techniques altered the mechanical characteristics of the spinal
instrumentation rods and one study investigated the use of
hinged pedicle screws [21,22,24]. Both hinged pedicle
screws and tapered rods were studied by Lange et al. in the
same study mentioned previously, however, neither technique yielded any clinically relevant effect [24].
Besides TPH, Facchinello et al. investigated the use of
“superelastic” rods and “variable stiffness” rods [21]. Utilizing the spinal rods as stand-alone semi-rigid junctional
fixation technique did not result in significant effects on
ROM at the index segments.
Finally, polycarbonate-urethane rods were experimentally compared to titanium rods in a flexion-compression
setup [22]. This did result in significantly reduced IDPs at
the index segment for both type of polycarbonate-urethane
rods (Shore hardness 65D p<.05, Shore hardness 75D
p<.05). Unfortunately, data regarding other levels including
ROM data was not available.
Discussion
This systematic review outlines the current literature
regarding biomechanically tested devices to prevent PJK
and PJF following long segment instrumented spinal fusion
for ASD. A total of twelve biomechanical studies were
identified that assessed the effect of semi-rigid junctional
fixation proximal to the pedicle screw fixation or reinforcement and/or augmentation of the vertebral bodies.
Biomechanical evidence
Suture loops and tethers have been shown to significantly reduce the flexion and/or extension ROM. However,
these effects appear only to be biomechanically relevant if

R.J.P. Doodkorte et al. / The Spine Journal 21 (2021) 842−854

sufficient pretension is applied while the effect-size was
also shown to depend on the amount of pretension
[27,29,30,32]. Overall, reduced flexion-extension ROMs
were accompanied with decreased IDPs, indicating reduced
transfer of stresses to the vertebral bodies, and therefore the
possible reduction of both PJK and PJF incidence. Furthermore, pretensioning the tether to 250 and 350N resulted in
an altered sagittal alignment towards extension at the index
level, with a transfer of loads to the posterior elements. On
the one hand, this could be interpreted as either an additional measure of correction, on the other it could also result
in increased posterior stresses at proximal levels and elements prone to failure. Cho et al. also subjected the spine
segments to lateral bending and torsion but only found significant reduction in lateral bending ROM only with 350N
pretensioned tethers [27]. The limited demonstration of
effectiveness in lateral bending and torsion may be due to
the fact these techniques are applied in the sagittal plane
and thus lack a moment arm to affect the ROM and stiffness
in these directions.
Sublaminar taping has been applied as a one- or twolevel semi-rigid junctional fixation technique [24,32]. Both
one- and two-level techniques demonstrated reduced ROMs
and IDP at the index segment in all three principal axes of
movement. Additionally, sublaminar tape as a two level
semi-rigid junctional fixation technique yielded a larger
reduction of ROM at the index segment and reduced ROM
at the index+1 level. The authors claim to attain a gradual
transition in this setup, but the flexion-extension ROM at
the index level is limited to 20% to 25% of the native condition, and as derived from the graphs, not significantly different from the index-1 segment. This could be considered
similar to pedicle screw fusion and thus not a semi-rigid fixation. The findings in these two studies suggest that sublaminar taping is a feasible technique. However, the lack of a
definition of an optimal gradual junctional transition hampers the predictability of clinical effectiveness.
Two studies have compared the use of LH to pedicle
screw fixation [24,31]. The study performed with human
cadaveric specimens demonstrated a beneficial effect on a
gradual junctional transition, whereas the study on calf
spines did not. The effectiveness of hook fixation is dependent on the anatomy of the vertebrae and thus may explain
the differences between these studies. Although Metzger
et al. demonstrated a significant difference in ROM, the
small differences in observed IDP might suggest limited
effectiveness in clinical practice compared to other techniques [31]. The use of TPH demonstrated promising quasistatic biomechanical characteristics in two animal cadaveric
studies but not in a human cadaveric study. In the human
study, the specimens were subjected to cyclic flexion-compression, however, the authors themselves debate whether
or not this regime would be able to discriminate between
different techniques. In both studies with animal spines, the
TPH were considered as a replacement of pedicle screws
instead of and addition to a pedicle screw construct, which
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could have obscured results. Nevertheless, TPH showed a
more gradual transition in ROM compared to a pedicle
screw construct. Similar to the laminar hook fixation, the
anatomical differences between animal and human vertebrae limit extrapolation of the results to the human clinical
application.
Previously, Hohn et al. quantified the bone mineral density of individual regions of lumbar vertebrae and showed
that laminar bone mineral density was overall higher compared to the density of the pedicles, whereas in the transverse processes bone mineral density was lower [33].
Furthermore, it has been demonstrated that resistance to
failure in laminar hook and sublaminar wire fixation is not
correlated to overall bone mineral density, whereas a negative correlation between resistance to failure and overall
bone mineral density has been demonstrated for spinous
process wiring and pedicle screw fixation [34]. BMD-independent pull-out resistance and the potential to introduce a
gradual ROM transition at the junctional zone provide a
clear rationale for the use of (sub)-laminar fixation at the
terminal ends of spinal constructs in the often osteopenic
ASD patient population.
Kebaish et al. studied the effect of prophylactic vertebroplasty of the UIV and UIV+1 vertebrae as a technique to
reduce the risk of PJF [25]. Although a frequency difference
in vertebral fractures was measured, the applied loading
regime of 15mm displacement is of arbitrary nature and
thus hampers extrapolation of the findings to a potential
clinical implication. In a similar study by Higgins et al.
individual vertebrae were biomechanically assessed on the
effectiveness of prophylactic vertebroplasty for osteoporotic patients [35]. They concluded that the introduction of
20% bone cement could increase failure strength, especially
in the vertebrae with a lower BMD. However, the effects
may be limited to the lower thoracic and lumbar spine. So
even though this systematic review did not yield wide biomechanical evidence for the prophylactic application of
vertebroplasty, its application in the ASD population with a
reduced BMD has a clear rationale. Unfortunately, as vertebroplasty does not affect the ROM of spine segments, comparison to other techniques that do affect the biomechanical
behavior in non-failure loading regimes is cumbersome.
The use of polycarbonate-urethane rods requires further
laboratory studies on the ROM effects whereas hinged pedicle screws, and variable stiffness metal rods did not yield
any clinically relevant differences.
Clinical relevance
It must be noted that clinical translation of biomechanical findings can be cumbersome, yet, some of the techniques have been applied in clinical studies involving the
patient population with a degenerative spine.
The pretension dependent effectiveness of suture loops
and tethers which has been demonstrated biomechanically,
has been shown clinically as well. In a clinical pilot study
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by Buell et al., patients instrumented with suture loops as a
semi-rigid junctional fixation technique had significantly
lower PJK incidence compared to patients without semirigid junctional fixation [36]. Moreover, this difference was
more prominent in patients treated with pretensioned tethers
fixed via a crosslink compared to hand tied suture loops.
Authors suggest this was likely due to the pretension
applied by distal distraction of the crosslink after knotting
the polymer tape. A clinical safety study by Viswanathan
et al. assessed the use of single level sublaminar tape in an
ASD patient population and demonstrated non-inferiority.
A reduced incidence of PJK and or PJF was not demonstrated, but the study setup was not sufficiently powered to
show a potential effect [37].
Although both laminar- and TPH fixation have been biomechanically assessed, clinical evaluation of this concept
has only been performed for TPH. In a retrospective cohort
study by Hassanzadeh et al. a lower incidence of PJK and a
lower need for revision for PJK was found. However, differences in follow-up length and initial patient characteristics may have skewed these results [38].
Two level prophylactic vertebroplasty was only assessed
in one biomechanical study, but clinically this concept has
been clinically assessed in multiple prospective and retrospective cohort studies [39−43]. The beneficial clinical outcomes for the ASD patient population treated with
prophylactic vertebroplasty support this treatment.
Strengths and limitations
The current study provides a thorough overview of the
spinal instrumentation techniques that were biomechanically assessed to prevent PJK and PJF. The twelve identified studies vary in terms of instrumentation technique and
the subjected mechanical loading regime. Not only has this
hampered direct comparison of the different techniques, but
also the limited numerical presentation of the results further
complicated interpretation of the results. The majority of
the authors have chosen to graphically represent results and
limited description of numerical outcomes to the significant
findings. Moreover, biomechanical literature lacks a clear
definition of an optimal gradual transition zone. Therefore,
this study recommends more thorough numerical presentation of biomechanical findings and the authors want to
express the need for a description of the ideal transition
zone by comparative evaluation of thorough biomechanical
studies and clinical efficacy studies.
A number of authors argue the loss of integrity of the
PLC as a risk for the development of PJK and PJF, whereas
a shifted load towards anterior, or a weakened integrity of
the vertebral body could well be the underlying process in
developing PJK. Therefore, insights into the stress and
strain distributions of all structures in the uninstrumented,
as well as instrumented, degenerative spine could provide
further insight in the relation between biomechanical findings and clinical relevance, and help find a rationale for the

ideal technique to reduce the incidence of PJF. Another
important biomechanical characteristic of the spine is the
neutral zone. Already reported in 1992 by Panjabi [44], the
neutral zone provides information on the stabilization of
the spine. The majority of the studies measured ROM and/
or IDP. Strikingly, only one article mentioned the measurement of the neutral zone, and none reported about it [32].
Nevertheless, the neutral zone could provide further insight
in the stresses and strains within the spine segments.
In an effort to methodologically assess the included studies, an adaptation of the Quality Appraisal for Cadaveric
Studies scoring was employed [20]. All studies achieved a
score of eight or nine out of nine, implicating methodologically sound studies. However, the scoring system was
unable to discriminate between the clinical relevance of
various loading regimes, comparability of the results to
other studies and presentation of non-significant findings.
Hence, we suggest the development of a new scoring system specifically for the methodological assessment of biomechanical studies.
Conclusion
This systematic review provides an overview of the ex
vivo biomechanical evidence for the wide variety of surgical techniques assessed to reduce the incidence of PJK and
PJF after long segment instrumented spinal fusion in the
ASD population. Due to variation in the methodological
execution of the experiments, the assessed instrumentation
techniques studies could not be directly compared. However, it is clear that the application of polymeric cable systems, either as tether in the sagittal plane or via bilateral
sublaminar fixation, shows great potential. Both groups of
techniques demonstrated reduced ROM and IDP at the transition zone in flexion-extension with additional effects in
lateroflexion and torsion for sublaminar tapes. Notably, preload the tethers and tapes using a tensioning device and/or
caudal displacement of the tether fixated crosslink is a prerequisite in order to be effective. Both laminar and TPHs
also appear to be an effective measure to introduce a gradual ROM transition in the junctional zone. As an alternative
to semi-rigid junctional fixation, prophylactic vertebroplasty may be an effective technique to reduce the incidence of PJF however, the biomechanical evidence was
meager. Moreover, the nature of the technique being
applied as a reinforcement of the bony structures instead of
altering the dynamic characteristics of spine segments
makes ex vivo comparison to the other techniques evaluated
in this systematic review cumbersome. Finally, altered rod
stiffness’ and hinged pedicle screws have been subject of
biomechanical experiments, but neither yield clinically relevant results.
Systematic side-by-side comparisons in pure-moment
loaded human cadaveric spines could further aid development and refinement of prophylactic techniques to reduce
the incidence of PJK and PJF after long segment
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instrumented spinal fusion of ASD patients. Furthermore,
determination of what constitutes an optimal gradual transition zone and its translation to clinical practice, would aid
comparison and further development of different semi-rigid
junctional fixation techniques. Even though biomechanics
are extremely important in the development of PJK/PJF,
patient-specific factors should always be taken into account
on a case-by-case basis when considering to apply a semirigid junctional fixation technique.
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