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Abstract
Purpose  To develop ligamentous vertebral stabilization techniques (“vertebropexy”) that can be used after microsurgical 
decompression (intact posterior structures) and midline decompression (removed posterior structures) and to elaborate their 
biomechanical characteristics.
Methods  Fifteen spinal segments were biomechanically tested in a stepwise surgical decompression and ligamentous stabili-
zation study. Stabilization was achieved with a gracilis or semitendinosus tendon allograft, which was attached to the spinous 
process (interspinous vertebropexy) or the laminae (interlaminar vertebropexy) in form of a loop. The specimens were tested 
(1) in the native state, after (2) microsurgical decompression, (3) interspinous vertebropexy, (4) midline decompression, and 
(5) interlaminar vertebropexy. In the intact state and after every surgical step, the segments were loaded in flexion–extension 
(FE), lateral shear (LS), lateral bending (LB), anterior shear (AS) and axial rotation (AR).
Results  Interspinous vertebropexy significantly reduced the range of motion (ROM) in all loading scenarios compared to 
microsurgical decompression: in FE by 70% (p < 0.001), in LS by 22% (p < 0.001), in LB by 8% (p < 0.001) in AS by 12% 
(p < 0.01) and in AR by 9% (p < 0.001). Interlaminar vertebropexy decreased ROM compared to midline decompression by 
70% (p < 0.001) in FE, 18% (p < 0.001) in LS, 11% (p < 0.01) in LB, 7% (p < 0.01) in AS, and 4% (p < 0.01) in AR. Verte-
bral segment ROM was significantly smaller with the interspinous vertebropexy compared to the interlaminar vertebropexy 
for all loading scenarios except FE. Both techniques were able to reduce vertebral body segment ROM in FE, LS and LB 
beyond the native state.
Conclusion  Vertebropexy is a new concept of semi-rigid spinal stabilization based on ligamentous reinforcement of the spinal 
segment. It is able to reduce motion, especially in flexion–extension. Studies are needed to evaluate its clinical application.
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Introduction

Spinal fusion has become a very common surgical proce-
dure, among others in the treatment of degenerative disor-
ders of the spine. The indications for this surgical proce-
dure are diverse and include low-back pain due to facet joint 
osteoarthritis, degenerative spondylolisthesis, degenerative 
scoliosis and segmental instability. The latter can also be a 
result of iatrogenic destabilization following surgical resec-
tion of ligamentous structures as well as the facet joint. 
However, spinal fusion is associated with serious long-
term complications, such as adjacent segment degeneration 
(ASD), screw loosening, pseudoarthrosis, implant failure, 
and, in rare cases, neurovascular injury during implant inser-
tion [1–5]. The redistribution of loads with subsequently 
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increased biomechanical stress are believed to act as accel-
erators of ASD [1, 2, 6] and proximal junctional kyphosis 
[7]. Further, long fusions can lead to a relevant, irreversible 
loss of motion, which can cause postural changes [8].

Although these challenges are well-known, alternative 
techniques of spinal stabilizations have not yet yielded 
satisfactory results with broad clinical impact. Semi-rigid 
fixation techniques have been proposed to overcome the 
above-mentioned challenges, but resulted in new complica-
tions at the implant–bone interface, such as device breakage, 
dislocation or screw loosening [9–11].

A promising concept that utilizes the orthopedic prin-
ciples of ligament reinforcement for joint stabilization 
has already been successfully applied to the treatment of 
dropped head syndrome, resulting in a fusion-free stabiliza-
tion of the head [12]. Therefore, we inquired if such liga-
mentous fixation of the vertebra, would be feasible in the 
lumbar spine. Further, we aimed to elaborate on the biome-
chanical characteristics of two ligamentous vertebral stabi-
lization techniques usable after microsurgical decompres-
sion (intact posterior structures) and midline decompression 
(removed posterior structures).

Materials and methods

Dissection, preparation and storage

The study was approved by the responsible investigational 
review board. Fifteen spinal segments (TH12/L1: 3, L1/2: 3, 
L2/3: 3, L3/4: 3, L4/5: 3) originating from seven fresh frozen 
cadavers (Table 1; Science Care, Phoenix, AZ, USA) were 
tested. After thawing, CT scans (SOMATOM Edge Plus, 

Siemens Healthcare GmbH, Erlangen, Germany) were per-
formed to exclude bony defects. The specimens were care-
fully dissected without harming bony processes, paraspinal 
ligaments or the intervertebral discs. After preparation, the 
segments were mounted on a testing machine (Fig. 4a) using 
custom 3D-printed-clamps [13].

Description of the stepwise surgical decompression 
and techniques of vertebropexy

Microsurgical decompression and interspinous 
vertebropexy

A bilateral approach was used with sparing laminotomy 
of the overlying and underlying lamina. Then a flavec-
tomy was performed from cranial to caudal followed by a 
standard recessotomy.

Both spinous processes were prepared for allograft pas-
sage by predrilling a 3.2-mm hole from one side to the 
other through the middle of the spinous process. The holes 
were overdrilled using a 5-mm drill bit, taking care not to 
create an iatrogenic fracture (Fig. 1). A gracilis or semiten-
dinosus tendon allograft (AlloSource, Centennial, Colo-
rado) was prepared, thinning the allograft to a maximum 
diameter of 4 mm and reinforcing one end of the tendon 
with a Fiberwire No. 2 (Arthrex, Naples, Florida) using a 
2-cm-long Krackow suture [14] (Fig. 1). For vertebropexy, 
the tendon graft was looped twice. The other end of the 
tendon was similarly reinforced with a Fiberwire No. 2, 
creating a loop in addition to the Krackow suture (Fig. 1). 
Thereafter, the allograft was pulled through the previously 
drilled holes in a double loop technique (Fig. 2a–c). An 
extension load of 5Nm was applied via the static testing 

Table 1   Specimen information

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

C200862 L1L2 Male 68 Metastatic malignancy of the stomach 177.8 55.3 17.5
C200862 L3L4 Male 68 Metastatic malignancy of the stomach 177.8 55.3 17.5
S201932 L1L2 Female 56 Anoxic brain failure 160 67.1 26.2
S201932 L3L4 Female 56 Anoxic brain failure 160 67.1 26.2
S201942 L1L2 Male 49 Probable atherosclerotic coronary disease 167.6 103.9 40
S201942 L3L4 Male 49 Probable atherosclerotic coronary disease 167.6 103.9 40
S200838 L4L5 Male 45 Pending 177.8 81.6 25.8
S210555 TH12L1 Male 57 Acute cardiac arrest 182.9 68.5 20.5
S210555 L2L3 Male 57 Acute cardiac arrest 182.9 68.5 20.5
S210555 L4L5 Male 57 Acute cardiac arrest 182.9 68.5 20.5
L201826 TH12L1 Female 62 Acute respiratory failure 167.6 132 47
L201826 L2L3 Female 62 Acute respiratory failure 167.6 132 47
S210473 TH12L1 Male 59 Congestive heart failure 167.6 66.2 23.6
S210473 L2L3 Male 59 Congestive heart failure 167.6 66.2 23.6
S210473 L4L5 Male 59 Congestive heart failure 167.6 66.2 23.6
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Fig. 1   Visualization of the 
allograft preparation for both 
vertebropexies and determina-
tion of the graft length

Fig. 2   Schematic illustrations of the interspinous vertebropexy: the allograft is looped through the holes in the spinous processes and then tight-
ened
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machine to simulate a prone position with physiological 
extension of the lumbar spine. The Fiberwire was knotted 
using the cow hitch technique (Fig. 2d): a double-stranded 
knot configuration with a loop on one side, secured by four 
half hitches. This technique is biomechanically stronger 
and stiffer compared to several other conventional knots 
[15]. The knot was tightened with a force of 70N using a 

needle holder (Fig. 2e). The applied force was objectified 
with a force gauge. Finally, the second end of the tendon 
was sutured to the loop (Figs. 2f, and  4b).

The same surgical approach is used for both steps 
(decompression and fixation) so no additional muscle 
attachments need to be released for fixation of the verte-
bral segment.

Fig. 3   Schematic illustrations of the interlaminar vertebropexy: two allografts are passed behind the laminae and brought together to form a loop 
and then tightened

Fig. 4   The setup for biomechanical testing (A) used to test spinal segments. Posterior view of the interspinous vertebropexy (B) and interlaminar 
vertebropexy (C)
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Midline decompression and interlaminar vertebropexy

The supraspinous and interspinous ligaments were sharply 
removed with a Leksell rongeur, and the two spinous pro-
cesses were partially removed. Midline decompression was 
performed with the osteotome, taking care not to harm 
the facet joints. The remaining ligamentum flavum was 
exposed and removed from cranial to caudal.

Two tendon allografts were reinforced in the same man-
ner as described above (Fig. 1). Then the reinforced ends 
of the tendons were carefully passed under the laminae 
on both sides from cranial to caudal (Fig. 3a). A rongeur 
was used to pull the tips of both tendons up through the 
distal interlaminar window or above the inferior lamina 
(Fig. 3b). The segment was reloaded with 5Nm extension 
and the Fiberwire was knotted bilaterally using a cow hitch 
and tightened with a force of 70N (Fig. 3c). The remain-
ing part of the tendon was sutured to the loop (Fig. 3D, 
Fig. 4c).

The two ligamentous stabilization techniques are used 
for different indications. Additional soft tissue disruption 
can therefore be avoided as the same approach is used for 
decompression.

Biomechanical experiments

Biomechanical testing of the 15 specimens was performed 
on a biaxial (linear & torsion) static testing machine 
(Zwick/ Roell Allroundline 10kN and testXpert III Soft-
ware, ZwickRoell GmbH & Co. KG, Germany; Fig. 1a). 
The system is based on a traverse to generate vertical com-
pression and tension and a torsion motor to generate torque 
in the horizontal plane. The machine was complemented 
with a testing setup consisting of an x–y-table and hold-
ing arms that allow for specimen fixation in a horizontal 
orientation for flexion–extension (FE), lateral shear (LS), 
lateral bending (LB), and anteroposterior shear (AS), and 
in a vertical orientation for axial rotation (AR). A cus-
tomized mounting apparatus for the clamped specimens 
was used [13], consisting of high-precision fitting rings, 
pins, and a mechanism to compress the connection with a 
defined load before tightening. Loading was applied to the 
cranial vertebra while the caudal vertebra was fixed to the 
x–y-table allowing for translational movement orthogonal 
to the loading direction. Coupled motions around the x- 
and y-axis were prevented, restricting all motions to the 
test plane. With this configuration, translation forces, as 
might occur with a fully constrained setup, are eliminated, 
resulting in pure moments and pure forces in the plane of 
interest. Further details on the test setup, including images 
of all loading configurations, are provided in a previously 
published study [16].

Biomechanical testing protocol

Each specimen was tested load-controlled (1) in the native 
state, after (2) microsurgical decompression, (3) interspinous 
vertebropexy, (4) midline decompression and (5) interlami-
nar vertebropexy. The surgical steps are illustrated in Fig. 5. 
After every surgical step, the segments were loaded in FE, 
LS, LB, AS and AR (in the listed order). For each loading 
case, five preloading cycles were conducted before the rela-
tive motion between the cranial and caudal vertebral bodies 
was recorded in the sixth cycle.

Fig. 5   Workflow of the performed experiments. FE = Flexion–exten-
sion, LB = lateral bending, AR = axial rotation, AS = anteroposterior 
shear, LS = lateral shear, ROM = range of motion
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The segments were initially loaded with ± 10 Nm in the 
bending planes and ± 200 N in shear loading. In order to 
test the fixation techniques on extreme loads, slightly higher 
loads were chosen than the physiological range. Loading 
was applied with a velocity of 1°/s in flexion–extension and 
lateral bending, 0.5°/s in axial rotation, and 0.5 mm/s in 
anterior, posterior and lateral shear [17]. During testing, 
specimens were kept moist by frequently spraying them with 
phosphate buffered saline.

Data analysis

The 3D motion data of the vertebrae (Atracsys Fusion Track 
500, recording frequency 10 Hz, tracking accuracy 0.09 mm 
[RMS]) were used to correct the load–deflection curves 
of the testing machine. The centerline of the load–deflec-
tion hysteresis was fitted using a fifth-order polynomial. 
A standardized method [16] was used to separate positive/
negative load directions in the load–deflection curves. For 
symmetrical load directions (LB, AR, and LS), the average 
values between negative and positive load (left, right) were 
used. Torsional preload in the sagittal plane was determined 
by analyzing the moment change in the neutral position 
between flexion and extension after each surgical step.

The statistical evaluation was performed with MATLAB 
(Matlab 2020b, MathWorks, Massachusetts, USA). The 
difference in range of motion (ROM) relative to the native 
condition is reported with median and interquartile 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 direc-
tions, the ROM after the vertebropexies was compared with 
the movement after the respective previous decompression 
steps and a third comparison consists of the assessment of 
possible differences between the two vertebropexy steps. 
The mean values were used for segment-wise analysis, as 
only three data points were available per spinal level. Due to 
multiple comparisons, the significance level α was adjusted 
with Bonferroni corrections and set to be 0.05/2 = 0.025.

Results

The absolute ROM of the native segment and the segment 
after microsurgical decompression, interspinous verte-
bropexy, midline decompression, and interlaminar verte-
bropexy is shown in Table 2 according to loading case.

Table 2   For each of the five 
levels (TH12/L1, L1/2, L2/3, 
L3/4, L4/5) three cadaveric 
segments were available (15 
segments in total)

The table shows the absolute mean range of motion native, after surgical decompression and stabilization 
by segment
FE flexion–extension (°); LS: lateral shear (mm); LB lateral bending (°); AS anteroposterior shear (mm); 
AR axial rotation (°)

Native Microsurgical 
decompression

Vertebropexy Midline decom-
pression

Interlaminar 
vertebropexy

Th12/L1 FE 5.7
LS 0.6
LB 5
AS 0.7
AR 1.5

FE 5.9
LS 0.7
LB 5.2
AS 0.8
AR 1.5

FE 2.2
LS 0.5
LB 5.2
AS 0.8
AR 1.5

FE 6.4
LS 0.7
LB 5.6
AS 0.9
AR 1.8

FE 2.7
LS 0.6
LB 5.5
AS 0.9
AR 1.8

L1/L2 FE 5.8
LS 1.8
LB 5.4
AS 2.3
AR 1.6

FE 6.3
LS 2
LB 5.6
AS 2.7
AR 1.7

FE 4
LS 1.9
LB 5
AS 2.5
AR 1.6

FE 6.7
LS 2.1
LB 6
AS 2.9
AR 2.4

FE 2.7
LS 1.8
LB 5.7
AS 2.6
AR 2.4

L2/L3 FE 9.2
LS 1.4
LB 10.1
AS 2.2
AR 3.7

FE 9.6
LS 1.5
LB 10.4
AS 2.3
AR 3.8

FE 2.7
LS 1
LB 9.6
AS 1.9
AR 3.1

FE 10.6
LS 1.6
LB 11
AS 2.6
AR 3.9

FE 4.3
LS 1.2
LB 9.8
AS 2.2
AR 3.3

L3/L4 FE 9.2
LS 3.6
LB 8.8
AS 3.6
AR 7.4

FE 9.9
LS 3.7
LB 9.2
AS 3.9
AR 7.6

FE 3.6
LS 3.3
LB 8
AS 3.5
AR 7

FE 11.8
LS 4.6
LB 10.7
AS 5.2
AR 9.2

FE 4.1
LS 3.9
LB 9.4
AS 4.5
AR 8.6

L4/L5 FE 12.2
LS 1.9
LB 9.3
AS 1.7
AR 3.7

FE 12.6
LS 1.9
LB 9.7
AS 1.9
AR 3.8

FE 4
LS 1.4
LB 9
AS 1.6
AR 3.3

FE 13.1
LS 2
LB 10.1
AS 2
AR 3.8

FE 4.7
LS 1.5
LB 9.3
AS 1.8
AR 3.6
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Interspinous vertebropexy

Interspinous vertebropexy significantly reduced the ROM 
in all loading scenarios (Online Resource 1). The liga-
mentous stabilization technique was able to decrease the 
ROM after microsurgical decompression in FE by almost 
70% (p < 0.001), in LS by 22% (p < 0.001), in LB by 8% 
(p < 0.001), in AS by 12% (p < 0.01), and in AR by 9% 
(p < 0.001). The effect of interspinous vertebropexy based 
on segments (Table 2) was relatively constant, and independ-
ent of the segment.

Interlaminar vertebropexy

Interlaminar vertebropexy significantly decreased the ROM 
of all segments compared to midline decompression in all 
loading scenarios. ROM was decreased by 70% (p < 0.001) 
in FE, 18% (p < 0.001) in LS, 11% (p < 0.01) in LB, 7% 
(p < 0.01) in AS, and 4% (p < 0.01) in AR. The ROM was 
comparable between the segments.

Comparison of the two vertebropexy techniques

Vertebral segment ROM was significantly smaller with the 
interspinous vertebropexy compared to the interlaminar 
vertebropexy for all loading scenarios except FE. In FE, 
the effect of the two techniques was comparable (36.7 vs. 
43.1%, p = 0.08 (median; relative ROM after stabilization; 
native = 100%). Significantly smaller vertebral segment 
ROM was achieved using interspinous vertebropexy in LS 
(81.7 vs. 98.1%; p < 0.01), LB (95.9 vs. 100.3%; p < 0.001), 
AS (96.3 vs. 115.9%; p < 0.001), and AR (93.5 vs. 115.5%; 
p < 0.001).

Overall, both techniques decreased vertebral body seg-
ment ROM in FE, LS and LB beyond the native state.

The vertebropexy mainly reduced ROM in FE, in the 
other loading cases the effect was considerably smaller. The 
decompression steps led to increased ROM in each loading 
scenario compared to the native state.

Discussion

By applying the concept of ligamentous stabilization of 
joints to the spine, a novel technique of segmental stabili-
zation, namely “vertebropexy” is described and its biome-
chanical performance in cadaveric specimens is reported. 
Vertebropexy not only restored the native segmental stabil-
ity after decompression, but transferred the segment to a 
semi-rigid state, a finding which was most pronounced in 
flexion–extension.

Depending on the integrity of the dorsal structures after 
decompression two surgical techniques were developed: (1) 

interspinous vertebropexy following posterior microsurgical 
decompression with preservation of midline structures and 
(2) interlaminar vertebropexy following posterior decom-
pression without preservation of midline structures. These 
structures mostly provide passive stability in flexion [16]. 
With both vertebropexy techniques segmental stability could 
be increased for all directions of movement compared to 
prior decompression. Considering flexion–extension, ver-
tebropexy reduced the ROM by more than 50% compared 
to the native segment.

When comparing the two vertebropexy techniques, the 
stabilizing effect of the interspinous technique was more 
pronounced. This can be explained by the smaller lever arm 
of the interlaminar technique compared to the interspinous 
technique, as the distance to the center of rotation, i.e., to 
the center of the disc, is smaller. A force of 70N for tighten-
ing the knot was arbitrarily chosen to not exceed the load to 
failure [18], to minimize the risk of iatrogenic fracture, and 
to use a force that could be easily achieved in the operating 
room.

Spinal fusion is currently used to treat various spinal 
pathologies and has an overall high complication rate [1–7] 
with one-third of patients requiring reoperation within 
15 years [19]. Most of the long-term complications are 
believed to be consequences of a relevant change of bio-
mechanical loads due to the increased stiffness of the fused 
segments [1, 2, 6, 8]. However, due to unsatisfying alterna-
tives, spinal fusion is still considered the gold standard for 
surgical treatment of several spinal conditions. To counter 
the disadvantages of spinal fusion, an alternative method 
was developed that would increase spinal stability without 
completely immobilizing the vertebral segment. Previous 
concepts pursuing the same goal failed: spinous process 
implants, were initially followed with growing interest. 
However, in recent years, some studies have shown higher 
rates of reoperation with low cost-effectiveness, so they are 
hardly in use anymore [9, 11]. The same applies to cervi-
cal wiring techniques: sublaminar wires for atlantoaxial 
fusion were first described by Galli in 1939 [20] and have 
been further developed over the years [21, 22]. However, 
despite improvements and innovations, no technique has 
gained acceptance due to insufficient stability. Therefore, 
we aimed for a novel method that avoids any foreign mate-
rial, generates stability, and is reversible, with the option of 
conversion to the current gold standard, dorsal fusion. With 
these requirements in mind, we have transferred the ortho-
pedic concept of ligamentous stabilization of joints to the 
spine. A comparable ligamentous stabilization has already 
been successfully performed in a case report on the cervical 
spine to treat dropped head syndrome [12]. In the present 
study, this idea was transferred to the lumbar spine. A first 
attempt at ligament stabilization, called "syndesmoplasty," 
for unilateral degenerative spondylolisthesis was performed 
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as early as 1999 [23]. The latter follows a related non-rigid 
stabilization technique using an artificial ligament whose 
free ends are inserted into the vertebral body through a hole 
in the pedicle, crossed within the vertebral body, and exit the 
vertebral body via the contralateral pedicle. For lower grade 
spondylolisthesis (Meyerding grade 1 and 2) good clinical 
and radiological results were reported. The authors con-
cluded the technique as a valuable alternative in treatment 
of degenerative spondylolisthesis compared to rigid fusion.

The biomechanical characteristics of both vertebropexy 
techniques seem promising. Furthermore, vertebropexy 
might have other advantages compared to spinal fusion: it 
is fully reversible, the use of biologic tissue eliminates the 
need for foreign bodies (e.g., metal implants), fusion can still 
be performed secondarily if ineffective, segment stability is 
increased while avoiding complete fusion, and preventing 
postural deformity.

Limitations

This study is a proof-of-concept study. Although allograft 
implantation itself is a long-established method, it has not 
yet been studied in the application of vertebropexy. The 
data demonstrate reduced ROM in the vertebropexy groups. 
However, to what extent this stability remains in a mobile 
person with more supple constructs and human movements 
cannot be answered. Thus, the next step will be to demon-
strate clinical applicability.

Long-term maintenance of stability is also a factor that is 
not easily answered. Certainly, some tension is lost by slight 
creep of the allograft. However, it is known from anterior 
cruciate ligament reconstruction that this occurs in the first 
few minutes and under load [24], implying that our study 
has already quantified the relaxed state. In the long term, 
biological effects, such as tendon degradation, could also 
play a role in biomechanical stability.

In addition, there are other biomechanical factors whose 
effects on the patient are difficult to assess. For example, 
vertebropexy is certainly associated with a shift in the center 
of rotation since fixation is posterior. Also, a possible gig-
gli saw effect of the tendon in osteoporotic bone, which did 
not occur in our study but could be conceivable, could be 
a potential issue. A disadvantage of the interlaminar tech-
nique is the inevitable weakening of the ligamentum flavum, 
by creating a small passage for the tendon allograft, of the 
overlying and underlying segment.

Conclusion

Vertebropexy is a new concept of semi-rigid spinal sta-
bilization based on ligamentous reinforcement of the 
spinal segment. It is able to reduce motion, especially in 

flexion–extension. Studies are needed to evaluate its clinical 
application.
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