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Can semirigid fixation of the rostral instrumented
segments prevent proximal junctional kyphosis in the case
of long thoracolumbar fusions? A finite element study
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OBJECTIVE Proximal junctional kyphosis (PJK) is a relatively common complication following long instrumented pos-
terior spinal fusion. Although several risk factors have been identified in the literature, previous biomechanical studies
suggest that one of the leading causes is the sudden change in mobility between the instrumented and noninstrumented
segments. The current study aims to assess the biomechanical effect of 1 rigid and 2 semirigid fixation techniques
(SFTs) on developing PJK.

METHODS Four T7-L5 finite element (FE) models were developed: 1) intact spine; 2) 5.5-mm titanium rod from T8 to L5
(titanium rod fixation [TRF]); 3) multiple rods from T8 to T9 connected with titanium rod from T9 to L5 (multiple-rod fixa-
tion [MRF]); and 4) polyetheretherketone rod from T8 to T9 connected with titanium rod from T9 to L5 (PEEK rod fixation
[PRF]). A modified multidirectional hybrid test protocol was used. First, a pure bending moment of 5 Nm was applied to
measure the intervertebral rotation angles. Second, the TRF technique’s displacement from the first loading step was ap-
plied to the instrumented FE models to compare the pedicle screw stress values in the upper instrumented vertebra (UIV).

RESULTS In the load-controlled step, at the upper instrumented segment, the intervertebral rotation values relative

to TRF increased by 46.8% and 99.2% for flexion, by 43.2% and 87.7% for extension, by 90.1% and 137% for lateral
bending, and by 407.1% and 585.2% for axial rotation, in the case of MRF and PRF, respectively. In the displacement-
controlled step, maximum pedicle screw stress values at the UIV level were highest in the case of TRF (37.26 MPa,
4213 MPa, 44.4 MPa, and 44.59 MPa for flexion, extension, lateral bending, and axial rotation, respectively). Compared
to TRF, in the case of MRF and PRF, the screw stress values were reduced by 17.3% and 27.7% for flexion, by 26.6%
and 36.7% for extension, by 6.8% and 34.3% for lateral bending, and by 49.1% and 59.8% for axial rotation, respectively.
CONCLUSIONS FE analysis has shown that the SFTs increase the mobility at the upper instrumented segment and
therefore provide a more gradual transition in motion between the instrumented and rostral noninstrumented segments
of the spine. In addition, SFTs decrease the screw loads at the UIV level and hence could help reduce the risk for PJK.
However, further investigations are recommended to evaluate the long-term clinical usefulness of these techniques.
https://thejns.org/doi/abs/10.3171/2023.1.SPINE22931
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ics has led to a significant increase in the prevalence
of adult spinal deformity.! In treating patients with
adult spinal deformity, the application of surgical fixation
techniques has grown significantly. However, these surgi-

IN recent years, the upward shift in age demograph-

cal techniques remain a cause for concern and must be
carefully considered because they are associated with in-
creased revision and complication rates.! Proximal junc-
tional kyphosis (PJK) is a complication with an incidence
rate ranging from 17% to 39% within 2 years of surgery.?

ABBREVIATIONS AF = annulus fibrosus; FE = finite element; GS = ground substance; HD = Hausdorff distance; IVD = intervertebral disc; IVR = intervertebral rotation;
MRF = multiple-rod fixation; NP = nucleus pulposus; PEEK = polyetheretherketone; PJK = proximal junctional kyphosis; PRF = PEEK rod fixation; ROM = range of motion;
SFT = semirigid fixation technique; SK = segmental kyphosis; TPH = transverse process hook; TRF = titanium rod fixation; UIV = upper instrumented vertebra.
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PJK is an abnormal kyphotic deformity affecting the
vertebral components proximal to the upper instrumented
vertebra (UIV). PJK is described by the segmental kypho-
sis (SK) defined by the proximal junctional Cobb angle
measured between the UIV and the vertebra 2 levels ros-
tral to the UTV (UIV+2).} PIK occurs if the SK between the
UIV and UIV+2 is at least 10° or if the SK increases by at
least 10° after surgery.’ In more severe cases, PJK includes
vertebral subluxation, vertebral body fracture, implant fail-
ure, damage to the posterior ligament complex, or adjacent-
level degeneration, thus requiring revision surgery.*

Various patient-specific risk factors have been linked to
PJK, such as older age, higher body mass index, lower bone
mineral density, and presence of comorbidities.’ Surgery-
related risk factors have also been identified, such as the
position of the UIV, given that PJK is more likely to oc-
cur at the lower thoracic and the thoracolumbar regions.’
Furthermore, a high construct rigidity, a high degree of
corrected deformity, and the number of fused vertebrae
were also considered surgical risk factors.® In addition,
the quantitative GAP (Global Alignment and Proportion)
score was found to be an efficient tool for predicting me-
chanical complications such as PJK

Besides these, the sudden change in rigidity between
the instrumented and noninstrumented segments was also
identified as a contributing factor to the onset of PJIK.®
To address this problem, various semirigid fixation tech-
niques (SFTs)® were introduced in the literature, such as
transverse process hooks (TPHs),” transition rods with
a smaller diameter,'® or the use of polyetheretherketone
(PEEK) at the rostral end instead of metallic alloys."! The
purpose of such implants is to provide a more gradual
transition to normal motion at the UIV level following
long instrumented posterior spinal fusion, thereby reduc-
ing the probability of developing PJK.!?

Previously, various in vitro experiments were performed
to investigate the effect of different spinal constructs on
the development of PJK. Thawrani et al. analyzed the bio-
mechanical effect of placing TPHs at the UIV level® and
found that TPHs can provide a more gradual transition
in motion than more rigid constructs and thus reduce the
incidence of postoperative PIK.° Viswanathan et al. pub-
lished their findings that the SFTs could effectively extend
the transition zone and reduce peak stress at the UTV level
of long-segment thoracolumbar fixations."* Doodkorte et
al. analyzed different SFTs, such as TPHs, and the use of
sublaminar tapes at the rostral end of the construct.”? They
found a more beneficial transition in mobility at the junc-
tional levels in all semirigid constructs compared to the
conventional pedicle screw fixation.'?

Besides the in vitro measurements, finite element (FE)
analyses were also used to understand the biomechanical
background of PJK. Bess et al. evaluated the effect of pos-
terior anchored polyethylene tethers and concluded that
the tethers provided a more gradual transition in range
of motion (ROM) and reduced the load in the posterior
ligament complex and in the pedicle screws at the UIV
level.* Zhang et al. investigated the application of PEEK
rods and found that the risk of PJK is lower in the case
of SFTs in which PEEK rods are used.'> As pointed out,
these studies agree that the biomechanical assessment of
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the instrumented spinal segments may help predict and
prevent postoperative PJK.

In the current study, 2 different SFTs were investigated
and compared to the conventionally used titanium rod fix-
ation (TRF) technique. The multiple-rod fixation (MRF)
technique, based on the arrangement of thinner titanium
rods in a shield pattern, was introduced by Farkas and
Varga in 2002.* MRF aims to improve angular mobility
while maintaining the stability resulting from the titanium
material.'® The PEEK rod fixation (PRF) technique con-
sists of PEEK material at the rostral end of the construct
to decrease its rigidity. Among the previous in vitro and
in silico studies of SFTs, the MRF technique has not been
previously investigated in relation to PJK. Furthermore,
the effect of PEEK material at the rostral end of the con-
struct on mobility and load distribution in long posterior
spinal fixations has not been previously analyzed.

The present study investigates the biomechanical
impact of MRF and PRF by comparing their effect on de-
veloping PJK after long thoracolumbar fusion. The mobil-
ity related to the SFT was evaluated through the interver-
tebral rotation (IVR) values, whereas the load at the UTV
level was characterized by the maximum stress values on
the implant-bone surface and the stress distribution at the
ULV level.

Methods
Development of the Intact T7-L5 Model

The nonlinear FE model of the T7-L5 spine was devel-
oped based on CT scans (Hitachi Presto; Hitachi Medi-
cal Corp.) of the thoracolumbar and lumbar regions (slice
thickness 0.625 mm) obtained in a healthy 24-year-old
man (Fig. 1A). The CT data of the patient were obtained
from the hospital’s PACS in DICOM extension, followed
by an anonymization process performed using the Clin-
ical Trial Processor software (Radiological Society of
North America).” Using the 2D images of the CT scans,
a threshold-based segmentation was used to obtain the
3D geometrical representation of the thoracolumbar and
lumbar spine segment in the Mimics software (Mimics
Research, Mimics Innovation Suite version 23.0; Materi-
alise). Subsequently, the triangulated surface meshes were
imported into 3-Matic software (Mimics Research, Mim-
ics Innovation Suite version 21.0; Materialise) in STL for-
mat. Both the thoracolumbar (T7-L1) and lumbar (L1-5)
regions included the first lumbar vertebra, which served
as a basis for the n-point rigid surface registration, creat-
ing the T7-L5 spine model in a common reference system
(Fig. 1B). The quality of the registration and alignment
was checked by calculating the Hausdorff distance (HD)
with MeshLab software (MeshLab version 1.3.2; Metro
Tool, Visual Computing Lab) (Fig. 1C).18

The aligned T7-L5 spine model was then imported into
HyperWorks software (Altair Engineering, Inc.), where the
final geometry model was constructed. The vertebrae were
divided into the 1-mm thin cortical shell, the cancellous
core, the 0.5-mm thin vertebral endplates, and the posteri-
or elements.'*?° The bony components of the vertebral bod-
ies were meshed with 1-mm linear tetrahedral elements.
Facet joints were modeled as 0.25-mm thin cartilaginous
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FIG. 1. Overview of the modeling process. A: The segmentation of the thoracolumbar and lumbar regions. B: Rigid surface regis-

tration of the generated 3D thoracolumbar and lumbar models a

nd the aligned T7-L5 geometry model. C: Visualization of the HD

between the 2 L1 geometries acquired from the thoracolumbar and lumbar CT scans. Figure is available in color online only.

layers with an initial gap of 0.5 mm between the adjacent
surfaces using wedge elements.?"*> The geometry of the in-
tervertebral discs (IVDs) was created based on anatomical
descriptions in which 8-node hexahedral elements were
used.”® The IVD included the 0.5-mm thin cartilaginous
endplate, the nucleus pulposus (NP), and the annulus fibro-
sus (AF) built from 6 concentric layers around the NP.>* AF
was modeled as composite-like material consisting of the
annulus ground substance (GS) and the annulus fibers. The
fibers were modeled with 2-node truss elements at an al-
ternating angle of 30°/150° to the axial plane of the IVD.?
The fiber’s cross-sectional area values were acquired from
the fiber’s volume ratio to the GS, which varied from the
inner to the outer layers: 5% at the innermost and 23% at
the outermost layer.?¢ The NP accounted for 45% of the
IVD volume and was shifted posteriorly, agreeing with the
general anatomical descriptions.?>?” All 7 major ligaments
were included in the current study—anterior longitudinal
ligament, posterior longitudinal ligament, interspinous
ligament, supraspinous ligament, capsular ligaments, liga-
mentum flavum, and intertransverse ligament. These were
modeled using uniaxial spring elements.?®
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Material Properties

The current study adopted homogeneous and isotro-
pic material properties for all anatomical regions. Linear
elastic material properties were used for the cortical and
cancellous bone, the vertebral and cartilaginous endplates,
and the posterior elements.??32 In the case of the facet
joints, the Neo-Hooke hyperelastic material property was
applied.” For the annulus GS and the NP, a 2-parameter
Mooney-Rivlin formulation was used to simulate their in-
compressible behavior.* Given that the inner layers of the
IVD are less stiff than the outer layers, the annulus fibers
were weighted by scalar factors obtained for each layer
(innermost layer: 0.65; outermost layer: 1).3* Ligaments
were modeled with tension-only nonlinear stress-strain
curves reported in the literature.?® The material properties
and the element types are summarized in Table 1.

Model Calibration and Validation

The material properties of the IVDs in the thoraco-
lumbar region (T7-L1) were calibrated to approximate
the IVR values measured in vitro. Two scalar calibration
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TABLE 1. Summary of the applied material properties and element types of the current study

Region Element Type Material Properties Reference
Cortical bone C3D4 E =10,000;v=0.3 Rohlmann et al., 2006°
Trabecular bone C3D4 E=100;v=0.2 Shirazi-Adl et al., 1986
Posterior elements C3D4 E =3,500; v=0.25 Shirazi-Adl et al., 1986%
Vertebral endplate C3D4 E =1,200; v=0.29 Lietal., 2015%
Cartilaginous endplate  C3D6, C3D8 E=238,v=042 Finley et al., 201832
Facet cartilage” C3D6 C10=5.36;D1=0.04 Finley et al., 2018%
NPt C3D8H C10=0.12; C01=10.03 Schmidt et al., 20073
AF GSt C3D8H Lumbar region: C10 = 0.18; C01 = 0.045; thoracic region: calibrated Schmidt et al., 2006;** Schmidt et

stress-strain relationship al., 200738

AF fibers T3D2 Lumbar region: weighted nonlinear stress-strain relationship (CSA values  Shirazi-Adl et al., 1986;3" Schmidt

calculated at each layer); thoracic region: calibrated stress-strain relationship

etal., 2006;* Lu et al., 2013%

Ligaments SPRINGA Nonlinear stress-strain relationship Rohlmann et al., 2006%
Titanium C3D4 E =110,000; v=0.3 Lietal., 2015%
PEEK C3D4 E=3,600;v=0.3 Lietal., 2015%

C01, C10, D1 = material parameters; CSA = cross-sectional area; E = Young's modulus (in MPa); v = Poisson’s ratio.

* Neo-Hooke hyperelastic model.
T Mooney-Rivlin hyperelastic model.

parameters were introduced: Agg was used to calibrate the
material of the annulus GS, with extreme values of 0.0025
and 238, which correspond to the physiological limits of
the GS material; A, was used as a weighting factor for
the stress-strain relationship of the fibers and could take
values between 0.3 and 2.3

To validate the T7-L5 intact spine model, pure bend-
ing moments were applied in the 3 anatomical planes to
mimic flexion-extension, lateral bending, and axial rota-
tion. Multiple FE models were created and loaded at the
most rostral endplate, whereas the most caudal endplate
was fixed in all degrees of freedom.? Calculated IVR val-
ues of the FE models were compared with the available in
vitro data from the literature.?-3

Development of the Spinal Fixation Models

To investigate the biomechanical effect of different
SETs on the onset of PJK, in addition to the intact model
(Fig.2A), 1 rigid and 2 semirigid models were developed as
follows. 1) TRF—model with posterior fusion of the spine
from T8 to L5 performed using bilateral pedicle screws
and 5.5-mm-diameter titanium rods (Fig. 2C). 2) PRF—
model with 5.5-mm-diameter PEEK rods between T8
and T9 combined with posterior stabilization of the spine
from T9 to L5 achieved using bilateral pedicle screws and
5.5-mm-diameter titanium rods. A rod connector system
was placed to connect the titanium and PEEK rods (Fig.
2B). 3) MRF—model with five 1.9-mm-diameter titanium
rods between T8 and T9 combined with posterior fusion
of the spine from T9 to LS performed using bilateral pedi-
cle screws and 5.5-mm-diameter titanium rods. A rod con-
nector system was placed to connect the titanium and the
multiple titanium rods (Fig. 2D).

Load and Boundary Conditions

For all FE models, the loading was applied at the su-
perior endplate of T7, whereas the inferior endplate of L5

was fixed in all degrees of freedom. For a proper biome-
chanical evaluation of adjacent-segment effects, a modi-
fied multidirectional hybrid test protocol has been applied
in this study, consisting of 2 consecutive loading steps.*
1) Load-controlled step: the intact T7-L5 and the instru-
mented FE models were loaded with 5-Nm pure bending
moment in the anatomical planes to simulate flexion-ex-
tension, lateral bending, and axial rotation.”* IVR values
of the intact spine and the spinal fixation techniques were
measured. Then, the IVR values of the intact spine were
used to normalize the results of the 3 instrumented FE
models. For symmetrical load cases, such as lateral bend-
ing and axial rotation, the right- and left-side values were
averaged. 2) Displacement-controlled step: for a physi-
ologically realistic comparison, the displacement of the
TRF technique obtained from the first loading step was
used as an input for the second loading step. The maxi-
mum von Mises stress values in the pedicle screws and
the stress distribution at the UIV level were analyzed. The
maximum stress values for lateral bending and axial rota-
tion were averaged similarly to the first step.

Results
Hausdorff Distance

HD values were calculated to assess the quality of the
alignment and registration. HD values were visualized
between the segmented thoracolumbar-based L1 and the
lumbar-based L1 vertebrae (Fig. 1C). Minimum and maxi-
mum HD values were 0 mm and 1.37 mm (mean 0.15 mm,
root mean square 0.2), respectively.

Model Calibration and Validation

Weighting factor values for the annulus GS were be-
tween 0.28 and 0.5, and for the fibers the values were be-
tween 0.4 and 0.5. In more detail, the weighting factors
obtained from the calibration process are given in the
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FIG. 2. The analyzed spinal fixation techniques in lateral and posterior views. A: The intact T7-L5 model. B: The PRF model. C:
The TRF model. D: The MRF model. Figure is available in color online only.

online appendix, Supplementary Table 1. The IVR results
of the model calibration were within the range of avail-
able in vitro measurements for all load cases, except at
the T9-10 level for lateral bending (Supplementary Fig.
1-3). In flexion-extension and axial rotation, the predicted
values showed good agreement with the in vitro midval-
ues, whereas in lateral bending, the predictions of the FE
model slightly underestimated the in vitro measurements.

Load-Controlled Step

IVR values were measured against 5-Nm pure bending
moment during the load-controlled step. The SFTs pro-
vided higher IVR values at the UIV level than the TRF
technique for all loading directions. At the UIV level, the

666  J Neurosurg Spine Volume 38 ¢ June 2023

IVR results—normalized by the intact spine—of the TRF,
MREF, and PRF models were 6.48%, 9.63%, and 12.90%
for flexion (Fig. 3A), and 7.0%, 10.02%, and 13.14% for
extension (Fig. 3B), respectively. For lateral bending, MRF
and PRF gave 1.9 and 2.4 times higher IVR results than
TREF; below the UIV level, all 3 fixation techniques gave
values lower than 2.7% of the intact spine’s IVR (Fig. 3C).
Among all the load cases, axial rotation gave the largest
normalized IVR values, with 8.76%, 44.77%, and 60.51%
for TRF, MRF, and PREF, respectively (Fig. 3D).

Displacement-Controlled Step

Maximum von Mises stress values for the screw bodies
were analyzed under identical displacements for all fixa-
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FIG. 3. Calculated IVR angle values, normalized for results in the intact spine, against 5-Nm pure bending moment for (A) flexion,

(B) extension, (C) lateral bending, and (D) axial rotation.

tion techniques. In general, for all load directions, the TRF
model provided the largest, whereas PRF gave the lowest
peak stress values (Fig. 4). At the UIV level, TRF induced
stress values of 37.26 MPa, 42.13 MPa, 44.4 MPa, and
44.59 MPa in flexion, extension, lateral bending, and axial
rotation, respectively. In comparison to the TRF, the appli-
cation of the MRF and PRF techniques reduced the maxi-
mum stress values by 17.28% and 27.72% for flexion, by
26.56% and 36.67% for extension, by 6.82% and 34.26%
for lateral bending, and by 49.07% and 59.81% for axial
rotation. In contrast to the other load cases, the maximum
stress values below the UIV level were not reduced com-
pared to the UIV level for axial rotation—the results were
44.59 MPa, 45.99 MPa, 46.56 MPa, 53.26 MPa, and 48.34
MPa at T8, T9, T10, T11, and T12, respectively (Fig. 4D).

Stress Distributions

Distribution of the von Mises equivalent stress values
at the UIV level was visualized and evaluated through
an axial section of the FE models. In general, the larg-
est area with stress higher than 10 MPa was found in the
TRF model, whereas PRF included the smallest area with
stress. The stress distributions in flexion and extension
show a similar trend; i.e., the TRF technique results in
much higher pedicle screw stress in both loading cases.
In contrast, MRF gives less stress, whereas the PRF tech-
nique induces the least stress in both loading directions
(Fig. 5A and B). For right lateral bending, the stress dis-
tribution pattern of the MRF model shows similarity with
the TRF model with respect to magnitude and expansion
(Fig. 5C). In contrast, for axial rotation, the peak stress

values appeared at the outer edge of the screw bodies in
the instrumented models, with the TRF model containing
notably more area with stress above 10 MPa than the MRF
and PRF models (Fig. SD).

Discussion

PJK remains a relatively common complication follow-
ing a long instrumented posterior spinal fusion. The risk
factors associated with PJK vary on an individual basis,
such as older age, high body mass index, low bone min-
eral density, comorbidities, the surgical approach, instru-
mentation type, amount of deformity correction, position
of the UIV, and number of vertebrae.**-*> Previously, the
sudden change in mobility was also identified as one of
the risk factors, as reported by Kim et al.** In line with this
recognition, multiple surgical procedures and instrument
types have been developed to dampen this phenomenon
and help the transition to normal motion at the junctional
level 313 The proposed surgical solutions include conserv-
ing the posterior ligament complex and augmentation with
polymethylmethacrylate. Furthermore, the application of
dynamic fixation systems or SFTs, such as TPHs, transi-
tion rods, or various types of elastic tethers or tapes, was
also investigated. The current study aimed to compare the
biomechanical effect of 1 rigid fixation technique and 2
different SFTs on the development of PJK after long tho-
racolumbar fusion.

The results of the current study highlight the fact that
SFTs increase the mobility and provide a more gradual
transition in motion between the instrumented and non-
instrumented spinal segments. The FE method we used
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FIG. 4. Calculated maximum von Mises stress values on rostral pedicle screws against displacement-controlled load for (A) flex-

ion, (B) extension, (C) lateral bending, and (D) axial rotation.

allows comparison of different techniques under identical
anatomy and loading conditions, indicating that biome-
chanical differences are solely due to the fixation tech-
nique used.

The HD is a well-accepted and widely used criterion
for evaluating the quality and accuracy of the segmenta-
tion and registration process.** The HD value associated
with the segmentation process represents the registration
quality; a lower HD value means higher accuracy.** The
mean HD value between the lumbar and thoracolumbar L1
vertebra in the current study (minimum O mm, maximum
1.37 mm, mean 0.15 mm, root mean square 0.2) indicates
that the registration quality is sufficient and does not com-
promise the results of the FE analysis.

Previous studies described the material properties of the
lumbar spine region; those parameters were adopted in the
current study for the whole thoracolumbar (T7-L5) spinal
segment.?$2%31-34 However, the biomechanical characteris-
tics of the thoracic region differ from those of the lumbar
spine.®® This difference is due to the smaller IVD height,
the stabilization effect of the thicker thoracic ligaments,
and the presence of costovertebral joints.*® To offset this
effect, a careful calibration was performed to adjust the
IVR predictions of the thoracic region to multiple experi-
mentally obtained in vitro results.**3® The calibration pro-
cess was accomplished by varying the weighting factor of
the AF, considering the physiological limits reported in the
literature.** The calibration resulted in a T7-L5 FE model
validated against [IVR and ROM of the spinal segment, and
therefore suitable for further biomechanical analysis.

A modified multidirectional hybrid test protocol was

668 J Neurosurg Spine Volume 38 « June 2023

used in the current study; it was introduced originally by
Panjabi.** This loading method is particularly suitable for
investigating adjacent-segment effects, because it consists
of 2 successive and related loading steps. First, in the load-
controlled step a pure bending moment of 5 Nm was ap-
plied to the intact and instrumented models, and then the
IVR results of the intact model were used to normalize
the predictions of the fixation techniques for the sake of
better comparison with other investigated SFTs.>"'> Sub-
sequently, a displacement-controlled load was applied to
the rigid technique and the 2 SFTs until the desired ROM
from the first step was achieved. Although Panjabi sug-
gested using the displacement of the intact spinal segment,
corresponding values of the TRF technique were used to
obtain physiologically suitable results and ensure direct
comparison based on the pedicle screw load.

Our findings in the current study agree with previously
published in silico and in vitro studies,'>!* in that the SFTs
allow a more gradual transition to normal motion. Accord-
ing to the predictions based on the current models, MRF
and PRF behave less rigidly at the junctional level in all
loading directions, especially in lateral bending and axial
rotation. In axial rotation, the advantages of the SFTs were
clearly visible; they provided substantially higher IVR
values compared to the rigid technique. Similar findings
were described by Doodkorte et al.'>—namely that in axial
rotation, the semirigid spinal instrumentations behave less
rigidly and increase the mobility of the spinal segments at
the UIV level. In lateral bending, all fixation techniques
significantly limited the motions below the UIV level;
thus, the role of the dampening zone increases to help the
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FIG. 5. Von Mises stress distributions of the 3 fixation techniques at the UIV level for (A) flexion, (B) extension, (C) right bending,
and (D) left rotation. The maximum scale value was set to 10 MPa uniformly. Due to the symmetrical stress distribution patterns,
only one direction was considered for lateral bending and axial rotation. Figure is available in color online only.

transition between the instrumented and intact segments
of the spine. In addition, similar results were found in a
recent cadaveric in vitro experiment by Pereira et al., who
investigated the biomechanical effect of PEEK rods con-
nected to long posterior titanium fixation.* They conclud-
ed that extension using PEEK rods allows redistribution of
the load on the adjacent levels and decreases adjacent-level
hypermobility that might be a risk factor for PJK.

The SFTs that we investigated countered the rigid tech-
nique in that a connector device was used to join the differ-
ent systems. This connector itself can increase the mobility
of the construct. Accordingly, to avoid biased conclusions,

the effect of the connector device on mobility was inves-
tigated in Supplementary Study 1 by creating and analyz-
ing a theoretical titanium-titanium fixation technique. The
results help separate the biomechanical effects of the con-
nector device and the fixation techniques, thus allowing
appropriate conclusions. Based on the results described in
Supplementary Study 1, the connector device alone does
not significantly influence mobility, and the SFTs are re-
sponsible for most mobility increases and load reduction.
Pedicle screw load is an essential factor when it comes
to the comparison of different fixation techniques.” The
load of the pedicle screws indicates that the application of
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SFTs generally reduced the maximum stresses in all fixa-
tion techniques and for all loading directions at the UI'V
level. It is noteworthy that below the junctional level, the
maximum stress values are relatively high for axial rota-
tion compared to other loading modes.

The ability of SFTs to reduce the pedicle stresses also
has clinical implications, because it means a lower prob-
ability of vertebral compression fractures and pedicle
screw pullout."” In addition, the decreased screw load helps
prevent endplate fractures at the UIV+1 level.* Based on
these results, using SFTs reduced the load and increased
the mobility at the UIV level; hence, these SFTs contribute
to the unloading of the adjacent segment and thus reduce
the risk of developing PJK.

Similar to other FE analyses, the current study has some
limitations worth highlighting. FE analysis is an effective
tool to predict the biomechanical behaviors of anatomi-
cal structures. However, contrary to advanced biological
models, it cannot address biological or physiological ef-
fects, because its calculation is based solely on mechanical
theories. The results presented in our study are based on
the anatomy of a healthy 24-year-old man. Our study did
not consider different anatomical variations due to spinal
degeneration, age, and sex. Furthermore, several simplifi-
cations in the modeling process were used because the sta-
bilizing effects of the rib cage, the thoracic wall muscles,
and costotransverse and costovertebral ligaments, as well
as the effect of the upper-body weight, were not included
in the current study. In order to avoid reporting unrealis-
tic motion values originating from the listed simplifica-
tions, only normalized IVR values were included in this
study. Previously published studies in the literature also
considered the UI'V+2 and UIV+3 levels, which were not
included in the current study. Due to the static load and
simplified screw geometries applied, this study cannot
accurately predict the fatigue strength and the number of
cycles to failure in the pedicle screws.

Despite the limitations mentioned above, the current
FE analysis allowed a direct biomechanical comparison
between the presented rigid and semirigid spinal fixation
techniques by using identical anatomy and loading con-
ditions. The computational model could be further de-
veloped by considering the effect of the rib cage and the
muscle forces and by simulating the upper-body weight
with a compressive follower load. However, we believe that
the relative difference between the techniques would not
change; thus, the presented results provide a satisfactory
basis for comparison. However, in future work, the model
could be extended rostrally to allow a more detailed bio-
mechanical analysis at the UIV+2 and UIV+3 levels.

Based on our results, MRF and PRF techniques could
reduce the risk of developing PJK after long thoracolum-
bar fusions. However, additional biomechanical studies
and comprehensive clinical trials are recommended to
analyze the clinical outcomes of these biomechanically
supported load-distributing SFTs.

Conclusions

Following long instrumented spine surgeries, the devel-
opment of PJK is a frequent and clinically significant com-
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plication characterized by an unclear, multifactorial back-
ground. In the current study, FE analysis has been used to
evaluate the effect of 2 SFTs compared to a conventional
rigid fixation technique. In agreement with the literature,
based on the findings in the current study, less rigid fixa-
tions at the rostral part of the stabilization construct al-
low a more gradual transition in motion between the in-
strumented and intact segments of the spine. Decreasing
the load on the pedicle screws at the upper instrumented
level could help prevent the development of PJK. However,
further biomechanical and clinical studies are needed to
evaluate the long-term clinical efficacy.
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