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Abstract
Purpose  To develop and test synthetic vertebral stabilization techniques (“vertebropexy”) that can be used after decompres-
sion surgery and furthermore to compare them with a standard dorsal fusion procedure.
Methods  Twelve spinal segments (Th12/L1: 4, L2/3: 4, L4/5: 4) were tested in a stepwise surgical decompression and 
stabilization study. Stabilization was achieved with a FiberTape cerclage, which was pulled through the spinous process 
(interspinous technique) or through one spinous process and around both laminae (spinolaminar technique). The specimens 
were tested (1) in the native state, after (2) unilateral laminotomy, (3) interspinous vertebropexy and (4) spinolaminar verte-
bropexy. The segments were loaded in flexion–extension (FE), lateral shear (LS), lateral bending (LB), anterior shear (AS) 
and axial rotation (AR).
Results  Interspinous fixation significantly reduced ROM in FE by 66% (p = 0.003), in LB by 7% (p = 0.006) and in AR by 9% 
(p = 0.02). Shear movements (LS and AS) were also reduced, although not significantly: in LS reduction by 24% (p = 0.07), 
in AS reduction by 3% (p = 0.21). Spinolaminar fixation significantly reduced ROM in FE by 68% (p = 0.003), in LS by 28% 
(p = 0.01), in LB by 10% (p = 0.003) and AR by 8% (p = 0.003). AS was also reduced, although not significantly: reduction 
by 18% (p = 0.06). Overall, the techniques were largely comparable. The spinolaminar technique differed from interspinous 
fixation only in that it had a greater effect on shear motion.
Conclusion  Synthetic vertebropexy is able to reduce lumbar segmental motion, especially in flexion–extension. The spin-
olaminar technique affects shear forces to a greater extent than the interspinous technique.
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Introduction

One of the most frequently used surgical treatment modali-
ties for spinal disorders is spinal fusion, which involves 
internal rigid fixation of the spine with screws and rods and 
bony fusion. Posterior spinal fusion produces reliable short-
term results with rapid pain relief and positive effects on 

patient outcome [1]. However, they inherit the disadvantages 
of implant-related complications, painful pseudarthrosis, 
screw loosening and adjacent segment disease [2–5], with 
one-third of patients requiring reoperation within 15 years 
[6].

In the past, the increasing biomechanical understanding 
of the problems associated with fusion surgery has led to a 
growing interest in the use of motion preserving implants 
[7]. However, so far, neither lumbar intervertebral prostheses 
nor dynamic stabilization techniques [8, 9] provided con-
vincing long-term results, superior to those of spinal fusion. 
Their surgical approach also proved to be more difficult than 
for spinal fusion. Some recent studies showed high reopera-
tion rates and low cost-effectiveness of motion preserving 
spinal procedures [7, 8], which is why these techniques have 
not gained acceptance in clinical practice broadly.

With the knowledge of the above-mentioned disad-
vantages and problems, a new treatment modality was 
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recently developed by Farshad et al. [10], based on ortho-
pedic principles of soft tissue stabilization of bony struc-
tures and joints: ligamentous reinforcement of vertebral 
bodies, the so called “vertebropexy”. The goal of verte-
bropexy is to achieve targeted stabilization of the spine 
by inserting ligamentous grafts to counteract degenera-
tion-related or iatrogenic (e.g., decompression) instabil-
ity, but without immobilizing the segment. In particular, 
this is intended to achieve passive stability in clinically 
important directions of motion such as flexion–extension 
and shear movements, but without stiffening other direc-
tions of motion. Because instability is associated with 
excessive motion and pain [11], the stabilizing procedure 
should achieve clinically good results without the disad-
vantages of implant- and fusion-related complications. 
First clinical cases have shown very promising results, 
but reports on long-term outcome are missing. A similar 
technique was first successfully applied to the cervical 
spine to stabilize the head of a patient with dropped head 
syndrome [12]. Also in the lumbar spine, the biomechani-
cal goal of selective stabilization has been successfully 
demonstrated in cadaveric experiments [10].

If the concept of ligamentous and “soft” reinforcement 
of spinal segments becomes established, an alternative to 
allografts is needed, as these are not widely available. We 
therefore asked: (1) can comparable results be achieved 
with available synthetic material, (2) can vertebral seg-
mental stability be further improved by a different fixa-
tion technique and (3) how does the segmental range of 
motion after semi-rigid fixation with synthetic material 
compare with a standard dorsal fusion procedure?

These questions were addressed biomechanically with 
use of a validated experimental setup.

Materials and methods

Dissection, preparation and storage

The study was approved by the responsible investigational 
review board. Twelve spinal segments (Th12/L1: 4, L2/3: 4, 
L4/5: 4) originating from five fresh frozen cadavers (Table 1; 
Science Care, Phoenix, AZ, USA) were tested. Except for 
age-appropriate changes, the specimens were free of any 
osseous defects or deformities based on computed tomog-
raphy scans (SOMATOM Edge Plus, Siemens Healthcare 
GmbH, Erlangen, Germany). After thawing, the cadavers 
were each separated into the vertebral segments Th12-L1, 
L2-L3 and L4–L5. The specimens were denuded of the sur-
rounding muscle and connective tissue without harming 
the intersegmental ligamentous structures, facet joints or 
intervertebral discs. After preparation, the segments were 
mounted on a testing machine (Fig. 1) with individualized 
3D-printed clamps [13].

Description of the stepwise surgical decompression 
and techniques of the synthetic vertebropexies

Microsurgical decompression with unilateral laminotomy 
and interspinous synthetic vertebropexy

A unilateral approach was used with sparing laminotomy of 
the overlying and underlying lamina. Then a flavectomy was 
performed from cranial to caudal followed by a recessotomy 
in a standard fashion.

For interspinous fixation, the technique of interspinous 
vertebropexy was followed [12], with the exception that syn-
thetic material was used in the present biomechanical tests. 
Both spinous processes were prepared by drilling a 3.2-mm 
hole from one side to the other through the middle of the 

Table 1   Specimen information

Specimen Level Sex Age Cause of death Height (cm) Weight (kg) BMI (kg/m2)

C220688 TH12L1 Male 75 Acute hypoxic and hypercapnic respiratory failure 180.3 68 20.9
C220688 L2L3 Male 75 Acute hypoxic and hypercapnic respiratory failure 180.3 68 20.9
C220707 L4L5 Female 94 COPD 154.9 35.3 14.7
L200232 TH12L1 Male 71 Cardiorespiratory arrest 167.6 150.1 53.4
L200232 L2L3 Male 71 Cardiorespiratory arrest 167.6 150.1 53.4
L200232 L4L5 Male 71 Cardiorespiratory arrest 167.6 150.1 53.4
L211459 TH12L1 Female 78 COPD, tobacco use 170.2 93.4 32.3
L211459 L2L3 Female 78 COPD, tobacco use 170.2 93.4 32.3
L211459 L4L5 Female 78 COPD, tobacco use 170.2 93.4 32.3
P220110 TH12L1 Female 43 Metastatic rectal adenocarcinoma 160 68.9 26.9
P220110 L2L3 Female 43 Metastatic rectal adenocarcinoma 160 68.9 26.9
P220110 L4L5 Female 43 Metastatic rectal adenocarcinoma 160 68.9 26.9



3185European Spine Journal (2023) 32:3183–3191	

1 3

spinous process (Fig. 2). A FiberTape cerclage (Arthrex, 
Naples, Florida) was pulled through the previously drilled 
holes in a double loop technique (Fig. 2). An extension load 
of 5 Nm was applied via the static testing machine to simu-
late a prone position with physiological extension of the 
lumbar spine. The cerclage was then tightened in a stand-
ardized manner with the corresponding tensioner, applying a 
force of approximately 40 pounds in each case (corresponds 
to the second marking on the tensioner). This value was 
chosen arbitrarily. However, the manufacturer recommends 
a maximum force of 60 pounds for fracture treatment, which 
we did not want to exceed in order to avoid overtensioning. 
Afterward, the cerclage was secured with five knots, using 
the tensioner to tighten the first knot.

Spinolaminar synthetic vertebropexy

A FiberTape cerclage was first passed through the preexist-
ing hole in the spinous process of the distal vertebra and 
then passed cranially anterior of the lamina of the proximal. 

The cerclage was then looped around the lamina and passed 
again through the hole in the spinous process of the distal 
vertebra. The same procedure was followed on the oppo-
site side of the vertebra (Fig. 3). The FiberTape cerclage 
was then tightened as described above and secured with five 
knots.

Biomechanical experiments

Biomechanical testing of the twelve specimens was per-
formed on a biaxial (linear and torsion) static testing 
machine (Zwick/ Roell Allroundline 10kN and testXpert III 
Software, ZwickRoell GmbH & Co. KG, Germany; Fig. 1). 
The system is based on a traverse: vertical compression and 
tension can be generated, and torque can be generated in the 
horizontal plane using a torsion motor. The machine was 
complemented with a test setup. It consisted of an x–y table 
and holding arms, allowing specimens to be fixed in hori-
zontal orientation for flexion–extension (FE), lateral shear 
(LS), lateral bending (LB) and anteroposterior shear (AS), 

Fig. 1   The setup for biome-
chanical testing (A) used to test 
spinal segments. Lateral view of 
the interspinous synthetic ver-
tebropexy (B) and spinolaminar 
synthetic vertebropxy (C)

Fig. 2   Schematic illustrations of the interspinous synthetic vertebropexy
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and in vertical orientation for axial rotation (AR). A custom-
ized mounting jig was used for the clamped specimens [12]. 
In each case, the cranial vertebra was loaded while the cau-
dal vertebra was fixed on the x–y table. This allowed transla-
tional motion orthogonal to the loading direction, generating 
pure bending moments and shear forces. The setup allowed 
specimen fixation with extremely high reproducibility (vari-
ability < 0.005°) [11].

Biomechanical testing protocol

Each specimen was tested load-controlled (1) in the native 
state, after (2) unilateral laminotomy, (3) interspinous ver-
tebropexy and (4) spinolaminar vertebropexy. After each 
surgical step, the segments were loaded in FE, LS, LB, AS 
and AR (in the order listed). For each loading case, five pre-
loading cycles were performed before recording the relative 
motion between the cranial and caudal vertebral bodies in 
the sixth cycle. Data were recorded throughout the loading 
cycle, and the amplitude of translational motion of the mark-
ers (LS, AS) and projected angulation in the plane of motion 
(FE, LB, AR) were evaluated.

The segments were initially loaded with ± 10 Nm in the 
bending planes and ± 200 N in the shear loading. Slightly 
higher loads than in the physiological range were chosen 
to test the fixation techniques at extreme loading. Loading 

was applied at a rate of 1°/sec for flexion–extension and 
lateral bending, 0.5°/sec for axial rotation, and 0.5 mm/sec 
for anterior, posterior and lateral shear [13]. During test-
ing, specimens were kept moist by frequent spraying with 
phosphate-buffered saline.

The following comparisons of segmental ROM were 
undertaken: (1) microsurgical decompression with unilateral 
laminotomy versus synthetic vertebropexies, (2) synthetic 
interspinous versus spinolaminar vertebropexy, (3) ligamen-
tous interspinous vertebropexy versus synthetic interspinous 
vertebropexy and (4) synthetic vertebropexies versus dorsal 
fusion. For this purpose, data sets from previously published 
studies [12] were used.

Data analysis

The statistical evaluation was performed with MATLAB 
(MATLAB 2020b, MathWorks, Massachusetts, USA). Non-
parametric tests were used for statistical analysis because 
the assumptions of a normal distribution were not always 
met. The difference in range of motion (ROM) relative to 
the native condition is reported with the median and inter-
quartile range. The Wilcoxon signed rank test was used 
for the statistical comparison of matched relative ROM 
values. Specifically, for the obtained results in each of the 
five loading directions, the relative ROM after the synthetic 

Fig. 3   Schematic illustrations of the spinolaminar synthetic vertebropexy
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vertebropexies was compared with the movement after 
microsurgical decompression with unilateral laminotomy 
and a third comparison consisted of the assessment of pos-
sible differences between the two synthetic vertebropexies. 
Unpaired comparisons of the relative ROM after the syn-
thetic vertebropexies and measurements of the same param-
eter after microsurgical decompression and instrumentation 
were performed with Wilcoxon rank sum tests. Furthermore, 
interspinous synthetic vertebropexy was compared with the 
ROM after interspinous ligamentous vertebropexy. The sig-
nificance level alpha was set to 0.05 and the p-values were 
corrected according to Bonferroni to adjust for multiple 
comparisons.

Results

Effect of synthetic vertebropexies 
after microsurgical decompression with unilateral 
laminotomy

Microsurgical decompression increased native ROM in all 
loading cases (Fig. 4): in FE by 2%, in LS by 5%, in LB by 
1%, in AS by 4% and in AR by 2%.

Interspinous fixation significantly reduced ROM after 
microsurgical decompression in FE by 66% (p = 0.003), in 
LB by 7% (p = 0.006) and in AR by 9% (p = 0.02). Shear 
movements (LS and AS) were also reduced, although not 

significantly: in LS reduction by 24% (p = 0.07), in AS 
reduction by 3% (p = 0.21).

Spinolaminar fixation significantly reduced ROM after 
microsurgical decompression in FE by 68% (p = 0.003), in 
LS by 28% (p = 0.01), in LB by 10% (p = 0.003) and AR by 
8% (p = 0.003). AS was also reduced, although not signifi-
cantly: reduction by 18% (p = 0.06).

Comparison of interspinous and spinolaminar 
vertebropexy using synthetic material

The effect of the two techniques was comparable (Fig. 4): 
FE 34.6% versus 32.9%, n.s. (median; relative ROM after 
interspinous vs. spinolaminar fixation; native = 100%); LS 
79.9% versus 75.2%, n.s.; LB 94% versus 91.2%, n.s.; AS 
100.8% versus 86%, n.s.; and AR 93.1% versus 93.3%, n.s..

Overall, both techniques decreased vertebral body seg-
ment ROM in all loading cases beyond the native state, 
except for the interspinous fixation technique, which did not 
affect AS movement.

One specimen showed a gigli saw effect in the inters-
pinous technique after testing, involving the hole in the 
spinous process of the caudal vertebral body. This is prob-
ably the reason for the greater median ROM in AS motion 
with this technique.

The spinolaminar technique had a higher effect on shear 
motion compared to interspinous fixation. Overall, both 
techniques mainly influenced ROM in FE.

Fig. 4   Effect of microsurgical decompression, interspinous and spinolaminar fixation, and instrumentation
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Comparison of ligamentous interspinous fixation 
(ligamentous vertebropexy) and interspinous 
fixation using a fibercerclage (synthetic 
vertebropexy)

The effect of the two techniques was comparable and thus 
largely independent of the material used for stabilization 
(Fig. 5): FE 34.6% versus 36.8%, n.s. (median; relative 
ROM after interspinous vs. ligamentous interspinous fixa-
tion; native = 100%); LS 79.9% versus 81.7%, n.s.; LB 94% 
versus 95.9%, n.s.; AS 100.8% versus 96.3%, n.s.; and AR 
93.1% versus 93.5%, n.s..

Comparison of synthetic vertebropexies and dorsal 
fusion

Both synthetic vertebropexies affected all loading cases, 
but significantly less than fusion by connecting the inserted 
pedicle screws (Fig. 4). After fusion, all loading cases, 
except LS (LS 14% vs. 24% (n.s.) vs. 28% (n.s.)), showed 
significantly higher median relative reductions compared to 
interspinous and spinolaminar synthetic vertebropexy: FE 
83.3% versus 66% (median; relative reduction after fusion 
vs. interspinous fixation, p = 0.026) versus 68% (relative 
reduction after fusion vs. spinolaminar fixation, p = 0.04); 
LB 73.3% versus 7% (p < 0.001) versus 10% (p < 0.001); AS 

34.9% versus 3% (p = 0.02) versus 18% (p = 0.02); and AR 
49% versus 9% (p = 0.02) versus 8% (p = 0.02).

Discussion

The main findings of the present study are that the two fixa-
tion techniques achieved comparable results to ligamentous 
vertebropexy—they not only restored the native stability of 
the segment after surgical decompression, but also placed 
the segment in a more stable state without complete immo-
bilization of the segment. According to the concept of verte-
bropexy, the greatest effect was obtained with flexion–exten-
sion. In addition, some, although not significant, increase in 
a-p stability was achieved with the spinolaminar technique.

The biomechanical understanding of the human body is 
of utmost importance in orthopedic surgery and especially 
in spine surgery. When degeneration occurs, the stability of 
the disc [14] and ligaments [15] decreases, which can lead 
to instability of the segment and thus pain [11]. However, 
iatrogenic interventions such as common decompression and 
fusion procedures also result in injury to the passive stabiliz-
ers of the target segment or adjacent segment, with similar 
negative consequences. While it is known from previous 
cadaveric reduction studies that decompression risks desta-
bilizing the segment and further advancing the degenerative 

Fig. 5   Comparison of the effect of interspinous fixation using a fibercerclage and ligamentous interspinous fixation (vertebropexy)
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cascade [11, 16, 17], instrumentation with pedicle screws 
restricts segmental mobility to a minimum. The resulting 
redistribution of loads may lead to adverse mechanical 
consequences within the spine, which are associated with 
negative consequences for the patient [18]. Overall, spinal 
fusion exhibits a high rate of complications [2, 4, 5, 19] with 
one-third of patients requiring reoperation within 15 years 
[6]. Nevertheless, posterior spinal fusion (PSF) represents 
the current gold standard.

Since various alternative stabilization techniques have not 
reached clinical acceptance in the past, the present study 
aims to perform basic research on a novel surgical tech-
nique—the technique of vertebropexy. Within this frame, 
this paper presents two semi-rigid fixation techniques, inter-
spinous and spinolaminar synthetic vertebropexy, based on 
the concept of previously published ligamentous verte-
bropexy [10] as an alternative to the commonly used dorsal 
fusion.

As with ligamentous vertebropexy, the technique aims to 
stabilize primarily flexion–extension and, to some degree, 
shear motion. All other directions of motion should remain 
flexible and correspond to the preoperative ROM. Since allo-
grafts are not available for the immensely large spine surgery 
market, are very expensive, and may be rejected by patients, 
synthetic material was used in this specific work and tested 
for the first time.

Both synthetic vertebropexy techniques increased seg-
mental stability for all directions of movement compared 
to prior microsurgical decompression. Considering flex-
ion–extension, the ROM was reduced with both techniques 
by more than 60% compared to the native segment. This 
effect was even more pronounced, although not statistically 
significant, with synthetic interspinous vertebropexy than 
with ligamentous stabilization. The reason for this is prob-
ably the easier tensioning of the cerclage with a tensioning 
system designed specifically for this purpose. However, the 
higher stiffness of the construct also plays a role. In this 
study, commercially available products specifically designed 
for long-term care were used. In the long term, however, 
synthetic ligaments developed specifically for vertebropexy 
that replicate the properties of allografts as closely as pos-
sible will be of great importance.

When comparing the two synthetic vertebropexy tech-
niques, the stabilizing effect was almost comparable. Inter-
estingly, however, shear forces were slightly controlled better 
with the spinolaminar technique: the ROM was reduced in 
LS by 28% and in AS by 18% (relative values, microsurgical 
decompression = 100%). Interspinous fixation reduced ROM 
in LS by 24% in the LS and in AS by 3%. This difference 
can be explained by the fact that the fixation of the segment 
with the spinolaminar technique happens not purely in the 
cranio-caudal direction, but also in the anteroposterior direc-
tion (Fig. 3) and can thus absorb forces in this direction.

The synthetic vertebropexies generate stability, not only 
more "conservatively" than dorsal fusion, but also more 
targeted: they mainly restrict flexion–extension and, to a 
lesser extent, lateral shear; the other directions of motion 
are closely restored to the native state. Fusion resulted in 
significantly higher median relative reductions in ROM, only 
in LS the vertebropexies showed greater effects. This should 
be considered beneficial, as pronounced restrictions are det-
rimental to force redistribution in the lumbar segment [3].

Clinical implications

Considering the previous attempts of dynamic stabiliza-
tion in the cervical and lumbar spine has failed and could 
not achieve sufficient stability despite technical innova-
tions and improvements [20–22], the techniques presented 
here appear encouraging. First, they are reversible, in other 
words, stabilization can be reversed and the option to convert 
to the current gold standard, dorsal fusion, remains. Second, 
application in different indications is possible: for exam-
ple, interspinous fixation can be added after microsurgical 
decompression if the surgeon wishes to achieve more stabil-
ity, such as in existing low-grade spondylolisthesis. When 
the posterior structures are omitted, such as after midline 
decompression, the spinolaminar technique can be used. Of 
note, the proposed fixation techniques are mainly relevant 
in cases where it is unclear whether spinal decompression 
alone is the appropriate surgical treatment or whether fusion 
should be pursued.

Degenerative lumbar spinal stenosis undergoing lum-
bar decompression alone results in a high reoperation rate 
(up to 30%) [23]. Previously identified risk factors include 
facet effusion, disc degeneration and preoperative amount of 
lumbar back pain [23–25]. Fusion, in contrast, is associated 
with longer postoperative recovery, more surgical-related 
complications, and greater costs [26], independent of the 
complications described above. In summary, a good surgical 
alternative for affected patients is still pending and a mid-
dle ground is being sought to neither destabilize nor fix too 
rigidly. The goal must be at least the restoration of native 
stability.

Limitations

This biomechanical study inherits some limitations. First, 
force-driven pure moments allow precise comparisons 
between different surgical steps, but represent very gross 
simplifications of the complex motion and force patterns 
of the human spine in vivo. It is unclear to what extent the 
effects shown will persist over the long term in a mobile 
individual. However, the experimental setup used here 
can be considered as close as possible to simulating real-
ity ex vivo. Second, the ROM reported here most likely 
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corresponds to the postoperative baseline condition. Over 
time, the formation of scar tissue is to be expected, and fur-
ther changes must be anticipated due to the progression of 
the degenerative process. However, we believe that scarring 
will enhance the effect of vertebropexy. In addition, material 
fatigue may reduce the stabilizing effect. The extent to which 
this could be clinically relevant can only be determined in 
clinical trials. Third, when synthetic material such as the 
fibercerclage is used, no relevant loss of tension due to creep 
must be expected; however, the operating surgeon should 
be aware of a possible gigli saw effect in osteoporotic bone. 
In the present study, this was observed in one specimen. To 
avoid this complication, the material used can be guided 
around the spinous process, if the bone quality is known to 
be poor, thus eliminating the need for drilling holes in the 
spinous process. This adapted technique was also tested on 
a trial basis and resulted in similar reductions in ROM.

Conclusion

Synthetic vertebropexy is able to reduce lumbar segmental 
motion, especially in flexion–extension. The spinolaminar 
technique affects shear forces to a greater extent than the 
interspinous technique.
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