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ACKGROUND CONTEXT: Adult spinal deformity patients treated operatively by long-

segment instrumented spinal fusion are prone to develop proximal junctional kyphosis (PJK) and

failure (PJF). A gradual transition in range of motion (ROM) at the proximal end of spinal instru-

mentation may reduce the incidence of PJK and PJF, however, previously evaluated techniques

have not directly been compared.

PURPOSE: To determine the biomechanical characteristics of five different posterior spinal

instrumentation techniques to achieve semirigid junctional fixation, or “topping-off,” between the

rigid pedicle screw fixation (PSF) and the proximal uninstrumented spine.

STUDY DESIGN: Biomechanical cadaveric study.

METHODS: Seven fresh-frozen human cadaveric spine segments (T8−L3) were subjected to ex

vivo pure moment loading in flexion-extension, lateral bending and axial rotation up to 5 Nm. The

native condition, three-level PSF (T11−L2), PSF with supplemental transverse process hooks

at T10 (TPH), and two sublaminar taping techniques (knotted and clamped) as one- (T10) or two-

level (T9, T10) semirigid junctional fixation techniques were compared. The ROM and neutral

zone (NZ) of the segments were normalized to the native condition. The linearity of the transition

zones over three or four segments was determined through linear regression analysis.

RESULTS: All techniques achieved a significantly reduced ROM at T10-T11 in flexion-extension

and axial rotation relative to the PSF condition. Additionally, both two-level sublaminar taping

techniques (CT2, KT2) had a significantly reduced ROM at T9-T10. One-level clamped sublaminar

tape (CT1) had a significantly lower ROM and NZ compared with one-level knotted sublaminar

tape (KT1) at T10-T11. Linear regression analysis showed the highest linear correlation between

ROM and vertebral level for TPH and the lowest linear correlation for CT2.

CONCLUSIONS: All studied semirigid junctional fixation techniques significantly reduced the

ROM at the junctional levels and thus provide a more gradual transition than pedicle screws. TPH

achieves the most linear transition over three vertebrae, whereas KT2 achieves that over four verte-

brae. In contrast, CT2 effectively is a one-level semirigid junctional fixation technique with a shift

in the upper rigid fixation level. Clamped sublaminar tape reduces the NZ greatly, whereas knotted
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sublaminar tape and TPH maintain a more physiologic NZ. Clinical validation is ultimately

required to translate the biomechanics of various semirigid junctional fixation techniques into the

clinical goal of reducing the incidence of proximal junctional kyphosis and failure.

CLINICAL SIGNIFICANCE: The direct biomechanical comparison of multiple instrumentation

techniques that aim to reduce the incidence of PJK after thoracolumbar spinal fusion surgery pro-

vides a basis upon which clinical studies could be designed. Furthermore, the data provided in this

study can be used to further analyze the biomechanical effects of the studied techniques using finite

element models to better predict their post-operative effectiveness. © 2021 Elsevier Inc. All

rights reserved.
Keywords: A
dult spinal deformity, Biomechanics, Proximal junctional kyphosis, Proximal junctional failure; Semirigid,

Topping-off
Introduction

The rates of long-segment instrumented spinal fusion as

treatment for adult spinal deformity have increased dramat-

ically in the past decade. Long-segment instrumented spinal

fusion is associated with high complication and revision

rates [1]. The most prevalent complication following poste-

rior instrumented spinal fusion is proximal junctional

kyphosis (PJK), which occurs in 17% to 39% of the oper-

ated patients [2,3]. PJK is defined as a post-operative

increase of the proximal junctional Cobb angle greater than

10˚ [4]. Aggravation of PJK, vertebral body fracture, loss of

posterior ligament complex integrity, implant failure, or

vertebral subluxation result in proximal junctional failure

(PJF), which often requires revision surgery [5,6]. Patient

specific risk factors for the development of PJK include

advanced age, high body mass index, low bone mineral

density, and the presence of comorbidities [7−10]. Further-
more, surgical risk factors include a combined anterior and

posterior surgical approach, a larger sagittal balance correc-

tion and the upper instrumented vertebral level at the thora-

columbar junction [11,12]. Previously, a reduced stiffness

at the proximal end of a spinal construct, semirigid junc-

tional fixation, has been identified as a protective factor

against PJK [13,14]. This has led to the proposal of long-

segment constructs with semirigid junctional fixation at the

proximal end, so-called topping-off. Semirigid junctional

fixation techniques aim to create a gradual transition in

range of motion (ROM) at the transition between the rigid

pedicle screw construct and the uninstrumented proximal

spine, which is believed to reduce peak stresses at the bone-

implant interface, in the posterior ligaments and the verte-

bral bodies.

Both transverse process hooks (TPHs) and clamped sub-

laminar tapes have been assessed clinically as semirigid

junctional fixation techniques. A significantly lower PJK

incidence was found for TPH constructs in comparison to

all pedicle screw constructs in both a retrospective clinical

study and a matched cohort [15,16]. Also, Line et al. found

significant lower PJF incidence rates for treated patients

treated with TPH constructs compared with pedicle screw

fixation (PSF) [16]. Alternatively, the feasibility of one-

level sublaminar tape in adjunct to posterior PSF was
demonstrated by the absence of any PJF case 12 months

postoperatively in an uncontrolled cohort study with 40 adult

spinal deformity patients [17]. Besides clinically, TPH and

clamped sublaminar tape have also been evaluated biome-

chanically as semirigid junctional fixation techniques

[15,16,18−20]. TPHs have been demonstrated to provide a

gradual transition in ROM across junctional segments. How-

ever, this was only demonstrated in porcine specimens,

which hampers comparison to other techniques [21,22].

One- and two-level clamped sublaminar tape as a semirigid

junctional fixation technique also demonstrated to reduce the

ROM at the junctional zone in human cadaveric spine seg-

ments [20,23]. However, two-level junctional fixation with

clamped sublaminar tapes did not result in a gradual ROM

transition over both levels but primarily at the most proximal

level. Alternatively, knotted sublaminar tape has previously

been studied as a nonrigid dynamic stabilization system to

prevent adjacent segment disease following lumbar fusion

surgery, and may also be considered as a semirigid junctional

fixation technique [24,25]. We hypothesize that the uncon-

strained longitudinal sliding of knotted sublaminar tape

results in a higher ROM at the junctional segments in com-

parison to clamped sublaminar tape [26,27]. In addition, we

hypothesize that this unconstrained longitudinal sliding will

allow for extension of the junctional zone over multiple lev-

els, which theoretically distributes stress over a greater num-

ber of vertebrae, thus reducing peak stress levels.

Clinical investigations on the application of various

semirigid instrumentation techniques aiming to reduce PJK

and PJF are predominantly of retrospective nature and lack

side-by-side comparison. Therefore, the objective of this

study is to compare different semirigid means of extending

the junctional zone in a quasi-static human cadaveric bio-

mechanical experiment.

Methods

Specimens

Seven fresh-frozen human thoracolumbar spine seg-

ments (T8−L3) were included in this study (three male,

four female), with an average donor age of 83.1 years

(range 69−94). The specimens were obtained from donors
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who donated their bodies to the Department of Anatomy

and Embryology, Faculty of Health, Medicine and Life Sci-

ences, Maastricht University, Maastricht, the Netherlands

for the purpose of scientific research and education. A hand-

written and signed codicil was received from all donors and

is kept at this department. The mean bone mineral density

of the excised spines was measured using dual energy X-

ray absorptiometry (DEXA) (Discovery W; Hologic Inc.,

Marlborough, MA, USA). Intervertebral disc degeneration

was graded using the Modified Pfirrmann grading scale

(1−8) based on 1.5-T T2−weighted MRI images (Achieva,

Philips, Best, the Netherlands) [28]. Specimen with gross

anatomical anomalies, such as deformities and fractures,

were excluded.

The specimens (�30˚C) were thawed at room tempera-

ture under running tap-water before MRI scanning. Poste-

rior paravertebral musculature and the psoas muscles were

removed while care was taken to preserve ligamentous

structures. The cleaned spinal columns were wrapped in

phosphate buffered saline soaked gauze, refrozen, and

thawed at 4˚C overnight before testing. Four standard

woodscrews were introduced into the cranial and caudal

endplate of T8 and L3 vertebra respectively, before embed-

ding in poly methyl methacrylate resin (Technovit 3040;

Heraeus Kulzer GmbH, Wehrheim, Germany). A line laser

was used for optimal alignment in the three anatomical

planes. The specimens were kept soaked using phosphate

buffered saline throughout the experiment.

Testing conditions

Each spine was tested in seven conditions; the native,

three-level bilateral PSF, and five different semi-rigid
Fig. 1. Definitions and illustrations of the experimental conditions. PSF,3 level p

verse process hooks; CT1,3 level pedicle screw fixation + 1 level clamped sublam

tape; CT2,3 level pedicle screw fixation + 2 level clamped sublaminar tape; KT2,
junctional fixation conditions (in addition to the PSF). The

test sequence was as follows (Fig. 1):

1. Native: The intact spine was tested to assess normal

ROM before instrumentation.

2. Three-level PSF: Eight poly-axial pedicle screws were

inserted using the freehand technique at T11−L2 and

segments were bilaterally fixated with Ø5.5-mm tita-

nium rods (CD Horizon, Medtronic Sofamor Danek,

Memphis, USA).

3. TPH: The cranial edge of the T10 transverse processes

were revealed using a scalpel, and wide blade hooks

(CD Horizon Solera, Medtronic Sofamor Danek, Mem-

phis, USA) were bilaterally placed supplemental to the

PSF at T11−L2. Segments were subsequently fixated

with Ø 5.5 mm titanium rods.

4. One-level sublaminar tape with clamp (CT1): The cra-

nial and caudal flaval ligament of T10 was removed

before bilateral sublaminar tape (Universal clamp;

Zimmer Spine, SAS, Bordeaux, France) passage. Care

was taken to keep spinous processes and inter-/supraspi-

nal ligaments intact. After fixation of the pedicle screws

to the rod, the tape was tensioned according to man-

ufacturer’s instructions (700N) and the clamp was

fixated to the rod using the set screw.

5. One-level sublaminar tape knotted (KT1): The clamped

sublaminar tapes at T10 were replaced with 4mm wide

ultra-high molecular weight polyethylene sublaminar

tapes (made with Dyneema Purity Radiopaque fibers;

DSM Biomedical, Geleen, the Netherlands). After

securing the cable around the rod with a double-loop

Klemheist knot and a single throw square knot, the tape
edicle screw fixation; TPHs,3 level pedicle screw fixation + 1 level trans-

inar tape; KT1,3 level pedicle screw fixation + 1 level knotted sublaminar

3 level pedicle screw fixation + 2 level knotted sublaminar tape.



Fig. 2. The upper instrumented vertebra (UIV) is defined as the most prox-

imal pedicle screw fixation. Relative rotation of the UIV� UIV+1

is defined as the index segment. Relative rotation of UIV+1� UIV+2 is

defined as the index+1 segment.
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was tensioned up to 500N using a custom tensioning

device. The knots were finally secured through an addi-

tional six reversed half-hitches on alternating posts

[29].

6. Two-level sublaminar tape with clamp (CT2): The

flaval ligament proximal to T9 was removed and four

clamped sublaminar tapes were passed at the T10 and

T9 levels. Again, care was taken to keep the posterior

elements and ligaments intact. After fixation of the ped-

icle screws to the rod, the tapes were tensioned and

clamps were fixated according to manufacturer’s

instructions.

7. Two-level sublaminar tape knotted (KT2): Analogous

to CT2, two levels of knotted UHMWPE sublaminar

tape were fixated at T10 and T9.

After conditions 3, 5, and 7, all instrumentation was

removed (except for the pedicle screws) and the spine was

subjected to the same biomechanical testing regime to

assess the effect of ligament resection.

Biomechanical testing

The specimen were tested in the three principal direc-

tions; flexion-extension, lateral bending and axial rotation

using an electronic 6-degree of freedom spine testing sys-

tem capable of applying unconstrained pure moments

(FS21; Applied Test Systems, Buttler, PA, USA) [30].

For each condition, the specimen was loaded at 1˚/sec for

5 cycles from �5 to 5 Nm in each of the principle direc-

tions. Individual vertebrae were tracked by LED-marker

triplets using an optical registration system (Optotrak

Certus, Northern Digital, Waterloo, Ontario, Canada) and

the data was synchronously collected by the spine tester

software.

Data and statistical analysis

Individual segment rotations were calculated using a

custom-written algorithm (Matlab R2017b, MathWorks,

Natick, MA, USA) and the ROM of the fourth cycle was

determined in each principle direction. The rotational

and translation freedom of semirigid junctional fixation

techniques may also be reflected into the neutral zone

(NZ). The NZ is the unforced rotation around the neutral

position of the spine during which no additional stresses

are exerted on the instrumentation. Therefore, the magni-

tude of the NZ was determined by curve fitting the

moment-rotation curves of the index (T10−T11) and

index+1 segments (T9−T10) (Fig. 2) to a summed sig-

moid function [31]. ROM and NZ data was normalized

to the intact condition to account for interspecimen dif-

ferences.

Statistical analysis was performed using SPSS statistics

software (SPSS 25; IBM, Chicago, IL, USA). Normalized

ROMs were analyzed at the semirigid fixation levels (index

and index+1) using one-way ANOVA tests comparing the
ROM at each individual level for each of the seven condi-

tions. Bonferroni correction for multiple comparisons was

used and statistical significance was set at p<.05. The nor-

malized NZs were only compared in flexion-extension

using the same tests.

A linear regression analysis was performed across the

junctional zones in flexion-extension to compare the

increase in ROM across the junctional zones. For this anal-

ysis, the ROM of the most proximal rigid fixation (index-

1) up to the first non-instrumented segment (index+1 or

index+2) is fitted to a linear relation (Fig. 2). Index+2 was

only included for two-level semi-rigid fixation compared

with PSF. Rotations at the index-1 segment, the intercept,

was set at 0 for “no rotation.” Linearity is expressed

through the R-squared value for which an R-squared value

approaching 1.00 indicates a higher linear correlation and

therefore, a more gradual increase of ROM over the junc-

tional levels.
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Results

Specimens and test characteristics

The specimens’ average bone mineral density was

0.609§0.098 g/cm2 and the intervertebral discs had an

average degeneration grade of 3.6§0.990 (Specimen and

segment specific values: Supplemental Table A.1). All tests

were completed successfully.

ROM analysis

Normalized ROMs are displayed in Fig. 3 and pair-wise

comparison of the p-values between each technique at both

the index and index+1 level can be found in Table 1 (Mean

and Standard deviation for all levels in each condition:
Fig. 3. Normalized range of motion in flexion-extension (A, B), lateral bending (C

of motion over the complete experimented spine segments (A, C, E). Boxplots ind

the uninstrumented T8-T9 level (B, D, F). PSF, 3 level pedicle screw fixation; T

level sublaminar tape clamp; KT1, 1 level sublaminar tape knot; KT2, 2 level sub
Supplemental Table A.2). In flexion-extension and axial

rotation, all topping-off fixation techniques exhibited a sig-

nificantly reduced ROM at the index segment relative to

PSF. The CT2 and KT2 group exhibited a significantly

reduced ROM at the index+1 segment compared with all

single level semirigid junctional fixation techniques in flex-

ion-extension and axial rotation.

Specifically comparing one-level semirigid junctional

fixation techniques amongst each other, a significant differ-

ence was only observed between CT1 (0.303§0.166) and

KT1 (0.674§0.202) in flexion-extension ROM at the index

level (p=.001). Pairwise comparison between the two-level

semirigid junctional fixations, CT2 and KT2, did not dem-

onstrate any significant differences in ROM at either the

index or index+1 segment.
, D) and axial rotation (E, F). Line graphs indicate mean normalized range

icate median, interquartile range of proximal fixation level T11−T12 up to

PH, transverse process hook; CT1, 1 level sublaminar tape clamp; CT2, 2

laminar tape knot.



Table 1.

Pairwise p-values of index and index+1 level between all conditions

Table 2.

R2-values from linear regression analysis of all semirigid junctional fixa-

tion techniques

1 level semirigid junctional zone* 2 level semirigid junctional zoney

PSF 0.874 PSF 0.840
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When comparing the two knotted sublaminar tape condi-

tions, KT1 and KT2, a significantly lower ROM in flexion-

extension at the index segment was observed (p=.001) for

KT2. This difference was not observed at the index level

when comparing the clamped tape conditions (CT1 and

CT2) (p=.115). A paired-samples t test revealed no differ-

ence in flexion-extension ROM between the index and

index-1 segments (PSF) for CT2 fixation (p=.972).

At L2-L3, caudal to the lowest fixation level, a normal

ROM was measured in all conditions. Similar ROMs were

measured at the PSF instrumented levels (T11−L2) for all
conditions, although the ROM reduced only to 39.6% to

56.3% along these segments in axial rotation. In lateral

bending, the only significant difference compared with PSF

was for CT2 at the index segment (p=.000).

CT1 0.928 CT2 0.863

KT1 0.945 KT2 0.937

TPH 0.956

PSF, 3 level pedicle screw fixation; CT1, 1 level sublaminar tape

clamp; CT2, 2 level sublaminar tape clamp; KT1, 1 level sublaminar tape

knot; KT2, 2 level sublaminar tape knot; TPH, transverse process hook.

* Linear regression from T9 to T11.
y Linear regression from T8 to T11.
Junctional zone ROM linear regression analysis

Linear regression of the ROM over the junctional levels

from the index-1 to index+1 segments yielded higher R2-

values for TPH, CT1 and KT1 (R2=0.956, 0.928 and 0.945,

respectively), as compared with PSF (index-1 to index+1
R2=0.874) (Table 2). The Pearson’s correlation for KT2

(R2=0.937) was higher than for CT2 (R2=0.863) and PSF

(index-1 to index+2, R2=0.870).

NZ analysis

The normalized NZ in the CT1 and CT2 group compared

with the native condition was significantly reduced at the

index segment 0.166§0.103 (p=.001) and 0.029§0.033



Fig. 4. Normalized neutral zones at semirigid fixation levels. # = p<.05 compared to CT1, y = p<.05 compared to CT2.
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(p=.000), respectively (Fig. 4). The CT1 group had a signif-

icantly smaller NZ compared with the TPHs (0.791§0.409,

p=.032) and KT1 group (1.122§0.487, p=.000). The CT2

group has a significantly reduced NZ at the index segment

compared with the PSF (0.741 § 0.370, p=.008), TPH

(p=.004), and KT1 (p=.000) groups. No significant differ-

ence was measured with respect to the KT2 group (0.592§
0.372) at the index segment. No significant differences

were observed at the index+1 segment for the KT2 and

CT2 groups compared with the control groups.

Discussion

PJK and PJF are highly prevalent after instrumented

thoracolumbar adult spinal deformity correction [1,6]. Kim

et al. suggested that the abrupt change in ROM between the

instrumented spine and the proximal uninstrumented spine

is one of the underlying factors for the development of PJK

[13]. In the current study, five different semirigid junctional

fixation techniques were compared in an ex vivo bio-

mechanical setup with human cadaveric spine segments.

TPHs, one- and two-level clamped sublaminar tape, and

one- and two-level knotted sublaminar tape were compared

with three-level PSF. Although all techniques reduced the

ROM at the index junctional segment(s), TPHs and knotted

sublaminar tape achieved the most linear increase in ROM

across the junctional segments for one- and two-level tech-

niques, respectively. Effects were most pronounced in flex-

ion-extension, but also significant for all techniques in axial

rotation.

ROM

Previously, Viswanathan et al. performed a biomechani-

cal study in which one- and two-level clamped sublaminar

tapes as semirigid junctional fixation was compared with
segmental PSF in eight vertebrae spine segment [20]. The

present study demonstrated similar results for the one- and

two-level semirigid junctional fixation with clamped subla-

minar tapes. Besides a significantly reduced ROM at the

index segment for one-level clamped sublaminar tape, two-

level sublaminar tape does not provide the most linear tran-

sition in flexion-extension ROM across the junctional zone.

The similar ROM at the index-1 level (PSF) compared with

the index level (distal CT) for the CT2 group suggest that

using clamped sublaminar tapes over multiple levels effec-

tively results in rigid fixation similar to PSF at the index

level. In other words, an additional level of clamped subla-

minar tape does not broaden the transition zone, but only

shifts it up one level. In this respect, the knotted sublaminar

tape significantly differs from the clamped sublaminar tape.

As hypothesized, the one-level knotted sublaminar tape

exhibited a significantly higher ROM compared with the

clamped sublaminar tape at the index level, while still

reducing the ROM compared with PSF in a magnitude simi-

lar to TPH semirigid junctional fixation.

The biomechanics of a construct with TPHs at the proxi-

mal end has previously been compared biomechanically to

a segmental pedicle screw constructs in two cadaveric por-

cine studies. Both studies demonstrated the potential to

achieve a gradual transition in ROM using TPH at the prox-

imal end [21,22]. The present study confirms these results

using human cadaveric spinal segments demonstrating the

clear rationale for using TPH as semirigid junctional fixa-

tion. However, in parallel to the reduction of bone mineral

density in the anterior column, the posterior elements are

also affected by the aging process. And among the posterior

elements, the transverse processes are more affected than

the lamina [32]. Therefore, patient specific considerations

should be taken when considering TPHs as a prophylactic

technique for PJK.
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Junctional zone linear regression analysis

A number of studies have suggested means to attain a

“gradual” transition in ROM in the junctional zone. How-

ever, no hypothesis on the optimal transition zone had been

formulated yet. In an effort to provide a quantitative com-

parison, a linear regression analysis over ROMs from the

index-1 segment up to the first uninstrumented segment

(index+1 or index+2) was performed in the present study.

The R2-values of each semirigid junctional fixation tech-

nique suggested a high linear correlation between instru-

mented level and ROM. This overall high R2-value is

inherent to the analysis as the normalized motion is ~0.0 at

the PSF and ~1.0 at the first level proximal to the instru-

mentation. The transverse process hook group had the high-

est R2-value for one-level semirigid junctional fixation

techniques, indicating the most linear transition zone possi-

bly resulting in the best distribution of stress over the UIV

and UIV+1 vertebrae. The R2-Values for knotted sublami-

nar tape were higher compared with clamped sublaminar

tape for one- and two-level fixation techniques, also indicat-

ing a more gradual transition. Finally, the two-level

clamped sublaminar tape group had an R2-value similar to

regular PSF, indicating that the two-level fixation provides

no added benefit over one-level fixation. Although directly

comparing the R2 values is of limited statistical strength,

together with the ROM analysis at individual levels, this

analysis gives a clear indication that these techniques result

in biomechanically distinct transition zones.
NZ

Another indication for an optimal transition zone may be

found when evaluating the effects of various instrumenta-

tion techniques on the NZ, defined as the unforced move-

ment around the neutral position of the spine. In light of

degenerative lumbar disc diseases, Panjabi et al. postulated

that a slimmer NZ is indicative of a more stable spine,

whereas a wide NZ is believed to be associated with pain

[33]. This perception led to the introduction of dynamic

lumbar stabilization systems to reduce lower back pain

[6,34]. Semirigid junctional fixation for thoracolumbar spi-

nal surgery aims at creating a ROM transition zone between

the rigid PSF and the proximally uninstrumented spine.

This does not necessarily imply that a semirigid junctional

fixation should alter the NZ. In contrast to knotted sublami-

nar tape and TPHs, the NZ of clamped tape was diminished

at the index level in the present study. The limited rotational

freedom of the vertebrae with respect to the TPHs and

unconstrained sliding of the knotted sublaminar tape with

respect to the rods possibly facilitate this phenomenon.

Ultimately, this might translate into lower general stresses

when using TPHs and knotted sublaminar tape, but the lack

of additional measurement, for example, intradiscal pres-

sure measurements, restricts us from further differentiating

between the sublaminar fixation techniques.
Study considerations

Although the present study has quantitatively character-

ized the transition zone, it remains unclear how biomechan-

ical findings translate into clinical complication rates. We

have hypothesized that a linear ROM transition over the

junctional zone is ideal, as this seems very intuitive for a

two motion segment junctional zone. However, this may

not be the case, especially for a three motion segment junc-

tional zone. Comparable studies have utilized IDP measure-

ments to obtain an indication of the stresses generated

within the vertebrae after spinal fusion [20,21]. Comparing

the same techniques evaluated in this study in a finite ele-

ment model could provide insight into the stresses within

the different vertebral elements and ligamentous structures

[35]. This could provide us with a better understanding of

the interplay between instrumentation and the stresses act-

ing upon the vertebral elements. Assuming that lower peak

forces in the vertebral bodies would result in a lower inci-

dence of PJK and PJF, a clear advice regarding the optimal

technique for semirigid junctional fixation could then be

postulated.

It must also be noted that the number of techniques that

could be compared was limited. Two level instrumentation

with TPH was not performed as we deemed this condition

clinically irrelevant. We presume that such a construct

would also just shift the junctional zone proximally, similar

to the two-level clamped sublaminar tape condition. Addi-

tionally, the use of tapered rods and low stiffness rods were

considered as alternative techniques to provide a semirigid

junctional fixation. However, previous studies on low stiff-

ness rods and tapered rods demonstrated limited bio-

mechanical effectiveness [21,23]. Further expansion of the

experiment could also be detrimental to the cadaveric speci-

mens, therefore we decided to omit these conditions.

Finally, reinforcement of the anterior column using prophy-

lactic vertebroplasty is also of clinical interest. Previously,

a study in which one- and two-level vertebroplasty supra-

adjacent to PSF was compared with standard PSF in an ex

vivo human cadaveric experiment [36]. This study demon-

strated a lower incidence of vertebral fractures after the

specimens were subjected to eccentric compressive loading

when the specimen were reinforced with two-level prophy-

lactic vertebroplasty. The effects of vertebroplasty are lim-

ited to increasing the strength and stiffness of bony

elements, whereas semirigid fixation supports the soft tis-

sues of the spine and directly affects spinal kinematics.

Thus, direct comparison between these types of techniques

in a quasistatic experimental setup with motion parameters

as the sole outcome would not provide a fair comparison.

This study has certain limitations inherent to ex vivo

cadaveric biomechanical studies. First, the repetitive testing

and absence of randomization in the test sequence may

have potentially biased the results. A strictly defined test

sequence was followed in order to keep the posterior liga-

mentous complex functional throughout the experiment as
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long as possible. Since ligamentous resection was necessary

for sublaminar tape insertion, the native condition at the

start and at the end of a test sequence could not be

completely compared with elucidate any temporal changes

in specimen mechanical properties. However, comparing

the ROM of the uninstrumented segments (L2−L3 and T8

−T9) in the native condition to the experimental conditions

did not reveal significant differences. The absence of signif-

icant differences in these levels indicates that no temporal

effects have influenced the results and the repetitive testing

may only have limited effects on the results.

Strikingly, most tests resulted in an increased ROM

proximal to the upper instrumented vertebrae. Viswanathan

et al. have demonstrated similar effects, but did not address

these findings [20]. We believe that the increased ROM

could be due to two effects: first, the ligament resection

may result in relaxation of the ligamentous structures, span-

ning multiple levels, and thus the biomechanics may be

affected beyond the instrumented segments. Second, the

overall biomechanics may change due to the PSF, and thus

the overall applied moment could shift locally, to produce

impure moments and possibly a force vector.

The donors of the present study were of a relatively high

average age compared with similar studies. This may have

affected the average degree of intervertebral disc degenera-

tion and bone mineral density, although the bone mineral

density was within the normal population range [37]. The

disc status may have influenced the overall flexibility of the

spines, but all results were normalized to the native spine.

Hence, specimen specific effects were reduced as much as

possible. Keeping the intended population with a degener-

ated spine in mind, we expect that this has only limited

effects on the generalization of the results of this study.

Finally, the question remains how the initial biomechani-

cal effects demonstrated in the present study translate into

the long-term, considering that the intended outcome of the

surgical procedure is spinal fusion. Clinically, the majority

of PJK is known to develop in the first 6 months postopera-

tively [5]. Bone apposition associated with the spinal fusion

process, vertebral bone remodeling and soft-tissue adapta-

tion are ongoing during this period, but since these pro-

cesses typically take much longer than 6 months, the initial

fixation characteristics of the semirigid instrumentation

appear to play an essential role in the development of PJK.

The effects demonstrated in the present study are thus only

reflective of the short-term postoperative situation. The

aforementioned biological processes will definitely affect

in vivo spinal biomechanics, but due to the limitations of ex

vivo biomechanical testing, we cannot expound on this.
Conclusions

In the quest for effective means to reduce the incidence

of instrumentation related complications after long-segment

instrumented spinal fusion, we have demonstrated ex vivo

that TPHs, one-level clamped sublaminar tape, and one- or
two-level knotted sublaminar tape all generate a more grad-

ual transition of ROM in the junctional zone. Knotted sub-

laminar tape appears to be capable of extending the

junctional zone over two motion segments, whereas two-

level clamped sublaminar tape seems to shift the junction

by a single level. TPH and knotted sublaminar tapes are

capable of maintaining a more physiological neutral zone

compared with clamped sublaminar tape. Well-designed

clinical studies are required to relate biomechanical find-

ings to clinical effectiveness and thus further elucidate the

relationship between spine biomechanics and the risk of

PJK and PJF after long-segment instrumented spinal fusion.
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