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Biomechanical evaluation of different semi-rigid junctional fixation 
techniques using finite element analysis 
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A B S T R A C T   

Background: Proximal junctional failure is a common complication attributed to the rigidity of long pedicle screw 
fixation constructs used for surgical correction of adult spinal deformity. Semi-rigid junctional fixation achieves a 
gradual transition in range of motion at the ends of spinal instrumentation, which could lead to reduced junc-
tional stresses, and ultimately reduce the incidence of proximal junctional failure. This study investigates the 
biomechanical effect of different semi-rigid junctional fixation techniques in a T8-L3 finite element spine 
segment model. 
Methods: First, degeneration of the intervertebral disc was successfully implemented by altering the height. 
Second, transverse process hooks, one- and two-level clamped tapes, and one- and two-level knotted tapes 
instrumented proximally to three-level pedicle screw fixation were validated against ex vivo range of motion data 
of a previous study. Finally, the posterior ligament complex forces and nucleus pulposus stresses were quantified. 
Findings: Simulated range of motions demonstrated the fidelity of the general model and modelling of semi-rigid 
junctional fixation techniques. All semi-rigid junctional fixation techniques reduced the posterior ligament 
complex forces at the junctional zone compared to pedicle screw fixation. Transverse process hooks and knotted 
tapes reduced nucleus pulposus stresses, whereas clamped tapes increased nucleus pulposus stresses at the 
junctional zone. 
Interpretation: The relationship between the range of motion transition and the reductions in posterior ligament 
complex and nucleus pulposus stresses was complex and dependent on the fixation techniques. Clinical trials are 
required to compare the effectiveness of semi-rigid junctional fixation techniques in terms of reducing proximal 
junctional failure incidence rates.   

1. Introduction 

Spinal fusion with segmental pedicle screw fixation (PSF) is the 
mainstay surgical correction of adult spinal deformity (ASD). Two of the 
most prevalent complications after spinal fusion surgery for ASD are 
proximal junctional kyphosis (PJK) and proximal junctional failure 
(PJF) (Kim et al., 2012). PJK is defined as a change of ≥10◦ in the 
proximal junctional sagittal Cobb angle compared to the preoperative 
value (Glattes et al., 2005). PJK occurs in approximately 20%–40% of 
the surgically treated patients, mostly within the first two years after 
fusion (DeWald and Stanley, 2006; Kim et al., 2012). PJF may be defined 
as an increase in proximal junctional angle of >15◦, fracture of the 
uppermost instrumented vertebra (UIV) or UIV + 1, failure of UIV 

instrumentation, or the need for proximal extension of fusion within 6 
months postoperatively (Spina et al., 2017). 

The pathophysiology behind PJK and PJF is debatable. Resection of 
the posterior ligament complex (PLC) during surgery may be of influ-
ence, as these ligaments naturally prevent PJK (Cahill et al., 2012). Yagi 
et al. (Yagi et al., 2011) state that 81% of PJK cases were caused by 
either disc or ligamentous failure. Furthermore, low bone mineral den-
sity (BMD) is a major PJF risk factor as increased vertebral compressive 
stresses increase the risk for vertebral fractures (Spina et al., 2017). 
Finally, the abrupt change in range of motion (RoM) is believed to result 
in increased stresses between the rigid UIV and the supra-adjacent 
mobile segments, resulting in PJK and/or PJF (Kim et al., 2005). 
Therefore, it has been postulated that a more gradual change in RoM 
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leads to a reduction in stresses, and thus a reduced risk for PJK (Cahill 
et al., 2012). 

Several clinical and biomechanical studies have investigated a vari-
ety of semi-rigid junctional fixation techniques to reduce construct 
stiffness at the proximal end of a rigid PSF construct (Doodkorte et al., 
2021a). In a recent biomechanical study by Doodkorte et al. (Doodkorte 
et al., 2021b), multiple semi-rigid junctional fixation techniques were 
directly compared in an ex vivo experimental setup. This study demon-
strated the feasibility of achieving a gradual RoM transition zone 
proximal to a rigid three-level PSF by means of two different sublaminar 
tapes and one-level transverse process hooks (TPH) (Fig. 1). The sub-
laminar tapes included one- and two-level clamped sublaminar tape 
(CT1 and CT2), and one- and two-level knotted sublaminar tape (KT1 
and KT2). All semi-rigid junctional fixation techniques provided a more 
gradual transition zone compared to PSF by reducing the RoM at the 
junctional levels. However, significant differences in the junctional zone 
kinematics between the techniques were identified. 

The outcome parameters measurable in ex vivo experimental studies 
are generally limited to kinematics. Finite element (FE) modelling offers 
the potential to measure PLC forces and intervertebral discs (IVDs) 
stresses. FE modelling could therefore be used to assess the effect of 
different PJK prophylactic techniques on the RoM and the change in 
stresses and strains at the UIV + 1. 

IVD degeneration plays an essential role in the pathogenesis of ASD 
and correlates with a decreased RoM (Silva and Lenke, 2010). Therefore, 
the objectives of this study are: first, to incorporate the degenerative 
changes of the IVD in an existing FE model of the spine in order to 
accurately replicate the biomechanical behavior of human cadaveric 
spine specimens (Meijer, 2011). Second, to simulate TPH, CT1, CT2, KT1 
and KT2 as semi-rigid junctional fixation techniques, and validate the in 
silico RoM against the ex vivo biomechanical results attained in the study 
by Doodkorte et al. (Doodkorte et al., 2021b) Finally, to investigate 
whether the gradual change in RoM arising from different types of 
instrumentation will reduce PLC and IVD stresses in the proximal 
junctional zone, which potentially reduces the risk of developing PJK/ 
PJF. 

2. Methods 

2.1. Biomechanical experiment 

Experimental results were obtained from a previous study, that 

aimed to study instrumentation related complications after long- 
segment instrumentation for the treatment of adult spinal deformity 
(Doodkorte et al., 2021b). In summary, seven human cadaveric osteo-
ligamentous spine segments (T8-L3, average donor age of 83.1 years) 
were tested in seven different conditions: the native condition, three- 
level PSF, and three-level PSF supplemented with five different semi- 
rigid junctional fixation techniques, namely TPH, KT1, KT2, CT1, and 
CT2 (Fig. 1). Due to donor availability, the lowest instrumented segment 
was L3. Further specifications of the preparations of the cadaveric spine 
segments can be found in the study by Doodkorte et al. (Doodkorte et al., 
2021b) Instrumentation constructs were chosen based on previous 
studies, from which these techniques were copied (Doodkorte et al., 
2021a). All conditions were subjected to four cycles of ±5 Nm loading in 
flexion-extension and lateral bending. Segmental RoM was calculated in 
each test. Prior to biomechanical testing of the spine, the seven spines 
tested were graded for their level of IVD degeneration using the 8-level 
modified Pfirrmann grading scale (Griffith et al., 2007). 

2.2. Parametric finite element model 

A parametric FE model, originally developed by Meijer (Meijer, 
2011) and later on validated by Roth et al. (Roth et al., 2021), was used 
to simulate the experiments (Fig. 2A). The geometry of the vertebrae 
varies along the spine based upon the position of the endplates (Lan-
grana et al., 2006; Mizrahi et al., 1993). The facet joints have been 
implemented as two parallel surfaces with a distance of 0.6 mm in be-
tween. To account for the reduced stiffness of the ligaments towards the 
cranial levels a gradient was applied to the cross-sectional area (CSA) of 
most ligaments (Table 1) (Roth et al., 2021). Material properties of the 
other structures are shown in Table 2. Isotropic linear elastic material 
properties were defined for the vertebral body, posterior elements and 
endplates. To account for their typical nonlinear behavior, the nucleus 
pulposus and annulus fibrosus ground substance were modelled as 
hyperelastic solids, as described by incompressible Mooney-Rivlin 
equations. Annulus fibers are included by linear elastic, tension-only 
rebar elements. These fibers are oriented at +30◦ and − 30◦ respective 
to the transverse plane, with a 16% volume ratio. The non-linear 
behavior of the ligaments is defined by a piecewise linear-elastic equa-
tion, with different stiffness properties in three regions (Table 1). For the 
facet joints, frictional contact was defined with friction coefficient 0.01. 

Fig. 1. In the ex vivo experiment, the human cadaveric spine segments were instrumented with; three-level pedicle screw fixation (PSF) and subsequently tested with 
transverse hooks (TPH), one- and two-level clamped sublaminar tape (CT1 and CT2), and knotted sublaminar tape (KT1 and KT2) as semi-rigid junctional fixation. 
Reprinted from Doodkorte et al. (2021a), with permission from Elsevier. 
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2.3. Modelling disc degeneration 

In order to represent the spine segments used in the previous ex-
periments as accurately as possible, disc degeneration of the seven 
experimentally used spine segments was implemented in silico by 
reducing IVD height. The modified MRI-based Pfirrmann grades of the 
individual IVDs were interpolated to a 4-level scale (0–3) to allow for 
translation to the radiographic classification system proposed by Kettler 
et al. (Kettler et al., 2011) This classification system incorporates disc 
height reduction and therefore allows for back-translation of IVD 
scoring to disc height reduction. We assumed that grade 1, 2, and 3 
correspond to a reduction of IVD height by 16.5%, 49.5%, and 82.5% of 
the original height similar to Schmidt et al. (Schmidt et al., 2007) In the 
subsequent validation of the semi-rigid junctional fixation techniques, 
the IVD grade of the seven cadavers (T8-L3) was averaged for each IVD 
level and adapted into the FE model as described above, creating a single 

average ‘degenerative’ FE model. 

2.4. Implementing semi-rigid junctional fixation techniques 

Bilateral spinal rods were introduced as modelled by Meijer (Meijer, 
2011). Material properties for the spinal rods were assigned to corre-
spond with the titanium rods used in the biomechanical experiment by 
Doodkorte et al. (Doodkorte et al., 2021b) (Ø5.50 mm, E = 110 GPa, ν =
0.3). 

PSF was modelled as a rigid body connection between the lamina and 
the rod (Fig. 2B). A single pedicle screw was modelled as three rigid 
body connections to constrain rotation of the rod in all directions. The 
TPH was modelled as a rigid body connection between the most lateral 
point of the transverse process to four coplanar points located on the 
rod, thereby allowing rotational degrees of freedom at the side of the 
bone (Fig. 2C). Each tape (CT1, KT1, CT2 and KT2) was modelled as a 

Fig. 2. A) Spinal FE model of segmental levels T8-L3, based on a healthy mature spine; B) Pedicle screw fixation modelled as three rigid body connection connecting 
the lamina and rod at the UIV; C) Transverse process hook modelled as one rigid body connection connecting the transverse process to the rod at the UIV + 1; D) Tape 
modelled as a single line element for each tape connecting the lamina to the rod at the UIV + 1). 

Table 1 
Material properties of the ligament. ALL = anterior longitudinal ligament, PLL = posterior longitudinal ligament, CL = facet joint capsular ligaments, ITL = inter-
transverse ligaments, FL = flaval ligament, ISL = interspinous ligament, SSL = supraspinous ligament (SSL), CSA = cross sectional area.  

Ligament CSA [mm2] Region 1 Region 2 Region 3 

L2-L3 step/ level T8-T9 Strain [− ] E [MPa] Strain [− ] E [MPa] Strain [− ] E [MPa] 

ALL 61 5 31 0.00–0.12 24.1 0.12–0.45 90.7 0.45–0.58 45.2 
PLL 25 1 19 0.00–0.09 19.2 0.09–0.34 181.5 0.34–0.45 58.5 
CL 38 1 32 0.00–1.00 0.96 1.00–2.00 19.2 2.00–3.00 6.4 
ITL 39 1 33 0.00–0.09 34.2 0.09–0.15 335.7 0.15–0.17 112.7 
FL 29 1 23 0.00–0.05 5.0 0.05–0.50 13.1 0.50–0.58 4.0 
ISL 2 – 2 0.00–0.12 1.2 0.12–0.30 5.3 0.30–0.40 2.5 
SSL 30 – 30 0.00–0.12 1.8 0.12–0.30 8.0 0.30–0.40 3.8 

Ligament material properties derived from: (Chazal et al., 1985), (Goel et al., 1995), (Heuer et al., 2007), (Meijer, 2011), (Roth et al., 2021) 
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single elastic isotropic actuator element connecting the lamina to the rod 
at the superior end of the lamina, with rotational degrees of freedom at 
both ends (Fig. 2D). Based on literature data describing the mechanical 
behavior of the fully secured sublaminar cable systems (Mazda et al., 
2009; Roth et al., 2018), Young’s Moduli were set at 21.9 GPa for KT and 
36.1 GPa for CT, respectively. The CSA was set to 1.28 mm2 for KT 
(representing a double loop) and 0.64mm2 for CT (representing a single 
loop). In case of sublaminar tape fixation, surgical resection of flaval 
ligaments was represented by removal of the corresponding elements. 

In the ex vivo experiment, a pre-tension of 700 N and 500 N was 
applied on the sublaminar tape for CT and KT, which after initial tension 
loss, a common phenomenon (Menard Jr. et al., 2013), results in 
approximately 300-500 N and 50-100 N internal loop tension, respec-
tively (internal laboratory observation). In the FE model, the sublaminar 
tapes were represented by actuator elements and pre-tensioning was 
simulated by reducing the element length prior to simulating pure 
moment loading. The required actuator element shortening was deter-
mined iteratively until the desired pre-tension was reached. An average 
pre-tension of 380 N and 90 N was applied for the CT and KT, 
respectively. 

2.5. Simulations 

All simulations were performed in Marc Mentat (version 2014.0.0, 
MSC Software Corporation, Newport Beach, CA). Each model was tested 
in flexion-extension and lateral bending by applying a moment of 5 Nm 
in each direction. The caudal endplate of the spine segment was con-
strained for all displacements and rotations. The moment was applied to 
the cranial endplate of the T8 vertebra in 50 increments, while 
displacement constraining boundary conditions were applied to ensure 
bending in one plane only (i.e. a restriction in lateral direction in case of 
flexion-extension and a restricting in anterior-posterior movement in 
case of lateral bending). 

2.6. Analysis 

The segmental RoM of the seven FE models with patient-specific IVD 
degeneration, but without instrumentation, were compared to the re-
sults of the native condition of the biomechanical experiment with a 
paired-samples t-test using SPSS statistics software (SPSS 25; IBM, Chi-
cago, IL). Bonferroni correction was applied to account for multiple 
comparisons. Furthermore, the results of the seven degenerative FE 
models were compared to the results of the original ‘healthy’ model and 
the average ‘degenerative’ FE model. 

Segmental RoMs of the instrumented conditions were normalized to 
the non-instrumented RoMs identical to the biomechanical experiment 
(Doodkorte et al., 2021b). The highly stable construct along the thor-
acolumbar junction allowed for isolated evaluation of the cranial seg-
ments of the semi-rigid junctional fixation. Therefore, for comparison of 
the FE model to the ex vivo experiment, special interest was given to the 
semi-rigid fixation levels T10-T11 (index motion segment) and T9-T10 
(the index+1 motion segment). Forces in the PLC (average ISL and 
SSL) and average Von Mises Stress (VMS) in the IVD (mean of nucleus 
pulposus elements) were measured at ultimate flexion and normalized to 
the non-instrumented FE model. The transition of PLC forces and nu-
cleus pulposus (NP) VMS across the junctional zone were qualitatively 
analyzed. 

3. Results 

3.1. Disc degeneration 

Implementing IVD height decrease as a means to represent the 
degenerative spine had a substantial effect on segmental RoM in both 
flexion-extension and lateral bending, which is especially noticeable in 
the thoracic spine (Fig. 3A,B). The mean of the seven individual 
degenerative FE models approximated the ex vivo results very well, as no 
significant difference was found between the mean RoM of the seven 
degenerative FE models and the ex vivo RoM for the native spine con-
dition at any level (p > 0.05). Finally, the average degenerative FE 
model provided a valid representation for the mean of the seven 
degenerative models as only minute differences (<5%) were obtained 
between the mean RoM values of the seven degenerative models and the 
average degenerative model. For this reason, the average degenerative 
model was used for all subsequent simulations. 

3.2. Semi-rigid junctional fixation implementation 

Excellent agreement between the ex vivo normalized RoM (nRoM) 
and in silico nRoM was attained for the instrumented conditions along 
the complete spine segment (Fig. 4). At the junctional zone, we observed 
that the in silico nRoM mostly falls within the first and third quartile of 
the experimental data in flexion-extension. The nRoMs for CT1 at the 
index+1 motion segment and CT2 at the index motion segment are 
outside the 95% CI, but still in the same ranking in relation to the other 
modelled conditions. Still focusing on the junctional zone, but in lateral 
bending, the in silico nRoMs lie within the first and third quartile of the 
ex vivo nRoMs, except for underestimations of TPH, CT1, CT2 and KT1 at 
level T11-T12 (of which only TPH is outside the 95% CI). 

Outside the junctional zone, almost all in silico nRoMs lie within the 
25th–75th percentile of the ex vivo nRoMs. Notable exceptions in 
flexion-extension are an underestimation of the nRoM by the FE model 
at T8-T9 for the KT and CT conditions. In lateral bending, the nRoM is 
slightly overestimated at level L1-L2 for all conditions except KT2 
(outside the 95% CI for PSF) and above the mean for all conditions. 

Compared to the native spine, PSF reduced the PLC forces by 98% at 
index-1, but an increase to 108% was observed at the index segment 
(Fig. 5A). All semi-rigid junctional fixation techniques reduced the PLC 
forces at the junctional zone compared to PSF. TPH showed the most 
gradual change in PLC forces, over two motion segments, with the forces 
reduced to 52% at the index as compared to the native spine. KT1 
resulted in a slightly less gradual change, with PLC forces of 12% at the 
index. KT2 completely unloaded the PLC at the index and rendered 
forces of 65% at the index+1. Both CT1 and CT2 took over 100% of the 
PLC forces at the index and around 50% at the index+1, thus creating 
the same gradual change as TPH, but requiring an extra motion segment 
for a gradual transition of PLC forces. 

Regarding the IVD, the TPH and KT1 reduced the stresses in the NP 
almost by half at the index level to 48% and 55%, respectively (Fig. 5B). 
KT2 reduced the NP VMS to 41% at index and 51% and index+1. 

Table 2 
Material properties of the parametric spinal FE model.  

Anatomical 
structure 

Material properties 
type 

Values References 

Vertebral body Isotropic linear 
elastic 

E = 3 GPa, 
ν = 0.3 

(Shirazi-Adl and 
Drouin, 1988) ( 
Schmidt et al., 2007) 

Vertebral posterior 
elements 

Isotropic linear 
elastic 

E = 3 GPa, 
ν = 0.3 

(Goel et al., 1995) ( 
Schmidt et al., 2006) 

Endplates Isotropic linear 
elastic 

E = 50 
MPa, ν =
0.25 

(Lu et al., 1996) 

Annulus fibers Linear elastic, 
Tension-only rebar 
elements 

E = 1.2 
GPa, ν =
0.3 

(Roth et al., 2021)  
(Heuer et al., 2007) 

(Schmidt et al., 2006) 
Annulus 

groundsubstance 
Mooney-Rivlin C10 =

0.08 MPa, 
C01 =
0.02 MPa 

(Mizrahi et al., 1993) 
(Benneker et al., 
2005)  
(Fujiwara et al., 1999) 

Nucleus pulposus Mooney-Rivlin C10 =
0.12 MPa, 
C01 =
0.09 MPa 

(Schmidt et al., 2006)  
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Strikingly, the stress in the NP for both CT1 and CT2 increased to 199% 
and 195% at the T11-T12 and 124% and 134% at the index level, 
respectively. This elevated NP stress was also present at index+1 for CT2 
(104%). 

4. Discussion 

PJK and PJF are major complications following surgical treatment of 
ASD correction using long segmental PSF (Kim et al., 2012). A gradual 
change in RoM in the junctional zone should lead to a gradual change in 
stresses, and thereby a reduced risk for PJK (Ou-Yang et al., 2020). In the 
current study, we successfully implemented IVD degeneration into an 
existing parametric spinal FE model to replicate ex vivo results obtained 
with human cadaveric material (Meijer, 2011; Roth et al., 2021). Sub-
sequently, five different semi-rigid junctional fixation techniques were 
validated against experimental data from an ex vivo human cadaveric 
experiment by Doodkorte et al. (Doodkorte et al., 2021b) only for pure 
flexion-extension and lateral bending movement. Finally, the transitions 
in PLC forces and NP VMS did not scale proportionally with the nRoM 
transition for various semi-rigid junctional fixation techniques. 

Considering PJK is a forward decompensation of the spine, the nRoM 
and stresses in the PLC and NP in flexion were of primary interest (Bess 
et al., 2017). In case of PSF, forces in the PLC showed a similar abrupt 
increase as observed for the nRoM at the proximal end of the PSF. All 
semi-rigid junctional fixation techniques reduced PLC forces at the 
junctional zone as compared to PSF. TPH showed the most gradual 
change in PLC forces at the junctional zone over two spinal levels, as was 
also observed for nRoM, followed by KT1. Strikingly, CT1 and CT2 
showed the same change in forces as TPH. However, the transition zone 
was shifted one level up, a pattern similar to the shifted nRoM transition 
zone of CT2. PCL forces were mitigated by KT2 on the index level, which 
is not reflected by the nRoM. Clearly, the nRoM reduction is not pro-
portional to the percentage force reduction in the PLC. Previous studies 
showed that the large forces used to tension tethers also resulted in 
complete unloading of the PLC (Buell et al., 2019). Complete unloading 
of the PLC at the index and ~50% unloading at the index+1 corresponds 
to the relatively rigid kinematic behavior of CT fixation. 

When evaluating the NP stresses, it appears that KT1, KT2 and TPH 
reduce the stresses in the IVD substantially, but to a different extent. The 
transition in NP stresses are also not directly proportional to the nRoM 
transition, as was previously noted by Buell et al. (Buell et al., 2019) 
Strikingly, CT1 and CT2 conditions increased instead of decreased NP 
stresses at the junctional zone. Cho et al. (Cho et al., 2018) measured an 

increased lordosis angle with posterior tension band instrumentation, 
with higher forces resulting in increasing angles in a human cadaveric 
experiment. Similarly, the high tension forces used in CT instrumenta-
tion resulted in the posterior translation of the index (and index+1) 
vertebrae in the current model. Therefore, CT techniques appear to 
disrupt the interplay between the anterior and posterior column of the 
spine. The exact contribution of each tissue of the spinal motion segment 
in the development of PJF is yet to be established. Following this 
implementation validation study, application of a hybrid testing proto-
col to the developed FE models, as described by Panjabi (Panjabi, 2007), 
allows for further investigation of the individual tissue contributions. 
Furthermore, the clinical implications of the non-proportional relation 
between nRoM and stresses over the junctional zone are still to be 
determined. A prospective analysis of patients treated with the different 
studied techniques comparing the effectiveness on preventing PJK 
would be the next step in research. Data from such a trial is crucial to 
elucidate the importance of these numerical findings and to compare the 
effectiveness of the semi-rigid junctional fixation techniques in terms of 
reducing PJK/PJF incidence rates. 

The FE model clearly showed the stable thoracolumbar junction and 
abrupt increase in nRoM at the proximal end of the PSF. The nRoM re-
sults of FE models including the semi-rigid junctional fixation instru-
mentation in flexion-extension and lateral bending were in good 
agreement with the ex vivo data. Specifically, most in silico nRoM results 
lay within the 25th and 75th percentile of the biomechanical experiment 
with some specific exceptions, notably for the CT conditions. In case of 
flexion, the model underestimated nRoMs for CT1 at index+1 and T8-T9 
and KT and CT at T8-T9. It must be noted that the nRoMs for the 
experimental data were above 1.0. This discrepancy was previously 
discussed by Doodkorte et al. (Doodkorte et al., 2021b) and is more 
likely to be an experimental artefact rather than a model error. In lateral 
bending, the FE model slightly underestimates the nRoM for most in-
strumentations at the index motion segment. This may be due to con-
strained out-of-plane movements in the FE model together with the 
asymmetry of the cadaveric spines i.e., the spine was experimentally 
allowed out of plane movements during the lateral bending test, which 
were constrained in silico. Despite the abovementioned differences be-
tween the FE model and the ex vivo experiment, the majority of the re-
sults was in agreement and no difference in ranking between the semi- 
rigid junctional fixation with respect to nRoM was measured. There-
fore, the results presented herein may be considered representative. 

IVD degeneration was implemented in the FE model by reducing the 
height of the IVD based on the modified Pfirrmann grading scale of the 

Fig. 3. Segmental range of motion in flexion-extension (A) and lateral bending (B) of the ‘healthy’ FE model, the ex vivo measurements, the seven ‘degenerative’ 
models (mean ± 1SD) and the average ‘degenerative’ model. 
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cadaveric spine segments in accordance with Kettler et al. (Kettler et al., 
2011) and no material properties were adapted for the degenerative FE 
model. The latter was because the Pfirrmann grade can only provide 
very limited information about the material properties of the disc, while 
disc height is better quantifiable and has a major influence on the RoM 
(Meijer, 2011). It should be noted that the stresses in the disc are less 
affected by this limitation as these are determined mainly by the applied 
force/moment and cross-sectional geometry. 

Strikingly, the ex vivo data showed an elevated RoM at level T10-T11 
as compared to the surrounding segments. Other experimental data 
shows a more gradual decrease in RoM from L3 towards T8, just like the 
seven ‘degenerative’ FE models (White and Panjabi, 1978; Wilke et al., 
2017). Although the (non-significant) discrepancy at the T12-L1 level 
between the ‘degenerative’ FE model and the ex vivo results must be 

pointed out, this was of no concern for the instrumentation comparison 
considering that level is the most stable fusion level in all conditions. 
The average ‘degenerative’ FE model shows excellent agreement with 
the mean of the seven FE models of the cadavers. This average ‘degen-
erative’ model was therefore considered valid for the implementation of 
the semi-rigid junctional fixation. 

The simplifications made whilst implementing the instrumentation 
should be considered. The tapes were modelled as actuators in order to 
apply pre-tension, preventing the tapes from being compressible. This 
might have affected RoM calculations, especially in extension and in 
application of the pretension for two-level sublaminar tape fixation. 
Further development of the model could explore implementing the tape 
as an actuator in series with a non-linear tension-only element. 
Furthermore, the current instrumentation techniques might be 

Fig. 4. Normalized range of motion in flexion-extension (A), and lateral bending (B). Boxplots include the mean and interquartile range from T11-T12, the most 
proximal PSF instrumented level, to T9-T10, the index+1. Blue rhombuses indicate the results of the FE simulations for each corresponding instrumentation. Native) 
uninstrumented spine, PSF) three level pedicle screw fixation, TPH) transverse process hook, CT1) 1 level sublaminar clamped tape, CT2) 2 level sublaminar clamped 
tape, KT1) 1 level knotted sublaminar tape, KT2) 2 level knotted sublaminar tape. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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compared to less invasive techniques, like the recent Novel Cable An-
chor System (Doodkorte et al., 2022). Finally, the NP and annulus 
fibrosus were modelled as hyperplastic solids rather than as poro-elastic, 
preventing calculation of true hydrostatic intradiscal pressures. Hence, 
the current study presented the VMS in the NP, limiting comparison to 
relevant ex vivo intradiscal pressure measurements and translation to-
wards PJK/PJF risk. Despite these simplifications, the nRoMs of the FE 
model were highly comparable to the biomechanical results and a non- 
linear relation between nRoM transition zones and the transition of 
stresses over the same zone was demonstrated. 

5. Conclusion 

The RoMs calculated from the FE model were in close agreement 
with the biomechanical results for all semi-rigid junctional fixation 
instrumentation types, in both lateral bending and in flexion-extension. 
The transition in the PLC and NP stresses were not always proportional 
to the nRoM transition, i.e. a smooth nRoM transition zone does not 
directly imply a smooth transition in stresses. Prospective evaluation, 
subjecting each of the semi-rigid junctional fixation techniques to the 
same rotation, and a robust clinical trial are required for the translation 
of the findings into clinical applicability. 
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