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Objective: The high mechanical stress zone at the sudden transition from a rigid to flexible
region is involved in proximal junctional kyphosis (PJK) physiopathology. We evaluated the
biomechanical performance of polyetheretherketone (PEEK) rods used as a nontraditional
long semirigid transition phase from a long-segment metallic rod construct to the nonfused
thoracic spine.

Methods: Pure moment range of motion (ROM) tests (7.5 Nm) were performed on 7 ca-
daveric spine segments followed by compression (200 N). Specimens were tested in the fol-
lowing conditions: (1) intact; (2) T10-pelvis pedicle screws and rods (PSRs); and (3) ex-
tending the proximal construct to T6 using PEEK rods (PSR+PEEK). T10-11 rod strain,
T9 anterolateral bone strain, and T10 screw bending moments were analyzed.

Results: At the upper instrumented vertebra (UIV)+1, PSR+PEEK versus PSR significantly
decreased ROM in flexion (115%, p = 0.02), extension (104%, p = 0.003), left lateral bend-
ing (46%, p = 0.02), and right lateral bending (63%, p =0.008). Also, at UIV+1, PSR+PEEK
versus intact significantly decreased ROM in flexion (111%, p = 0.01) and extension (105%,
p=0.003). The UIV+1 anterior column bone strain was significantly reduced with PSR+
PEEK versus PSR during right lateral bending (p = 0.02). Rod strain polarities reversed with
PEEK rods in all loading directions except compression.

Conclusion: Extending a long-segment construct using PEEK rods caused a decrease in ad-
jacent-level hypermobility as a consequence of long-segment immobilization and also redis-
tributed the strain on the UIV and adjacent levels, which might contribute to PJK physio-
pathology. Further studies are necessary to observe the clinical outcomes of this technique.

Keywords: Biomechanical phenomena, Bone malalignment, Kyphosis, Polyetheretherke-
tone, Mechanical stress

complication of this procedure. The term PJK is used broadly
to define clinical observations ranging from loss of alignment to

Biomechanical understanding of long-segment fusion for =~ compression fracture and junctional mechanical failure above

adult spinal deformity has progressed in recent years; neverthe- ~ an upper instrumented vertebra (UIV).' PJK is a potential

less, proximal junctional kyphosis (PJK) remains an unresolved ~ cause of fixation failure (i.e., top screw loosening and pullout)
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and consequently an important factor contributing to high
rates of revision surgery.” Increasing the durability of multilevel
constructs and preventing PJK remains challenging and has been
the focus of extensive research efforts.

The elasticity modulus of metallic spinal rods (i.e., titanium
or cobalt-chrome) commonly used for fusion procedures is much
greater than that of tissue, including bone, and this difference
in elasticity may significantly alter the distribution of load along
the anterior and posterior vertebral columns at the instrument-
ed and adjacent levels during physiologic loading.’ The high
mechanical stress zone created directly above the UIV by the
sudden transition from an instrumented rigid to a native flexi-
ble region has been hypothesized to be one of the most impor-
tant factors in the physiopathology of PJK.* The occurrence of
PJK is notable in the lower thoracic spine, which acts as a ful-
crum subjected to high physiological forces created by the pas-
sage of lumbar lordotic to thoracic kyphotic curvature—a re-
gion under constant gravitational influence of upper body weight.
Most strategies described to attenuate this blunt transition con-
sist of creating an intermediate semirigid bridge connecting the
2 very distinct mechanical regions. Previously reported tech-
niques include hooks, posterior bands or ligament augmenta-
tion, or cement augmentation, with variable results.>"!

Polyetheretherketone (PEEK) rods have been used as a bio-
material in various configurations for semirigid and dynamic
stabilization spinal procedures.”? PEEK is a thermoplastic, bio-
compatible, radiolucent polymer that resists chemical and radi-
ation damage and that has less rigidity than metallic rods; thus,
it has an elasticity modulus that is closer to cancellous bone."

Traditionally, titanium and cobalt-chrome alloys have been
used as materials for pedicle screw and rod (PSR) instrumenta-
tion. Several laboratory studies have compared PEEK and me-
tallic rod mobility for index-level stabilization, but they have
not looked to adjacent-level behavior.*'** The biomechanical
performance of PEEK rods used as a semirigid transition from
a long-segment metallic rod construct spanning from the lum-
bar region to the nonfused thoracic spine has not been studied
in vitro, to our knowledge. Theoretically, flexible PEEK rods
connected immediately above the UIV have the potential to
create a more evenly distributed load across columns and thus
provide a softer transition that may protect the adjacent spinal
level from high mechanical stress. This cadaveric study observed
the UIV and adjacent-level range of motion (ROM) and strain
distribution (posterior rod and anterior column bone) to inves-
tigate how this strategy might help to mitigate PJK occurrence.

https://doi.org/10.14245/ns.2244146.073

MATERIALS AND METHODS

Seven fresh-frozen human T2-pelvis cadaveric specimens
with intact rib cages were selected for this study; 2 were female
and 5 were male, with a mean (standard deviation [SD]) age of
60.7 (4.9) years. Medical records and plain film radiographs were
reviewed, and direct manual inspection was performed to en-
sure no obvious pathology was present that might affect the
study results. Dual-energy x-ray absorptiometry scans were
performed on L4 of each specimen to assess bone mineral den-
sity, and the mean (SD) was 0.91 (0.16) g/cm’. Informed con-
sent for this study was not required, and institutional review
board approval was not sought because of the cadaveric nature
of the investigation.

Specimens were stored at -20°C until test day and then thawed
in normal saline at 21°C. Muscles and soft tissues were removed
while keeping intact all ligaments, joint capsules, and interver-
tebral discs. The main rib cage structure was entirely preserved
below the second rib; specifically, the intercostal musculature,
costovertebral joints, costal cartilage, body of sternum, and xi-
phoid process were preserved. The first rib and manubrium were
removed. The ischium was bilaterally reinforced with house-
hold wood screws, placed in a rectangular metallic mold, and
embedded using fast-curing resin (Smooth-Cast, Smooth-On,
Inc., Easton, PA, USA) to permit attachment to the base of the
testing apparatus. The top vertebra (T2) was also reinforced
with household screws and embedded in the same resin in a
cylindrical-shaped pot for test frame attachment and loading.

1. Instrumentation

All specimens were initially tested intact before undergoing
PSR fixation. The PSR condition comprised insertion of poly-
axial pedicle screws (6.5 x 45 mm, CD Horizon, Medtronic, Dub-
lin, Ireland) from T10 to S1 and S2 alar-iliac screws (8.5 x 80 mm,
CD Horizon) placed under fluoroscopy guidance (Fig. 1A). Two
5.5-mm diameter cobalt-chrome rods (NuVasive, San Diego,
CA, USA) were contoured bilaterally to fit screw heads from
T10 to S2 to minimize the need for reduction. After specimens
were tested in the PSR condition, the PSR+PEEK condition was
tested. The PSR+PEEK condition comprised additional pedicle
screws (6.5 x 45 mm, CD Horizon) that were inserted bilateral-
ly at T6, and the upper instrumented level of the construct (T'10)
was extended to this level using PEEK rods (6.35x 120 mm, CD
Horizon) connected to the primary construct using inline axial
connectors (Fig. 1B).

PJK revision for constructs with T10 UIV often involves con-
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Fig. 1. (A) T10-S2 alar-iliac pedicle screw and rod construct. (B) Polyetheretherketone rods attached with connectors. (C) Spec-
imen on robotic test frame. Adapted with permission from Barrow Neurological Institute, Phoenix, Arizona.

struct extension to T6, while current posterior tension band tech-
niques similarly aimed at offsetting PJK often extend fixation 2
levels above the UIV. Thus, the rationale for investigating a non-
traditional extension to T6 was that PEEK rods and screws (T6)
could be placed percutaneously, maintain the posterior tension
band, and thereby move ahead of T10 PJK by providing a well-
distributed “soft landing” above the UIV.

2. Biomechanical Tests

Test specimens were fixed caudally to the testing frame table
to permit unconstrained relative medial-lateral translation be-
tween ilia, and they were fixed cranially to the end effector of a
6-degree-of-freedom robotically controlled test frame'® (Fig. 1C).
For each condition tested (Fig. 2), specimens underwent dyna-
mic nondestructive pure moment flexibility tests of 7.5 Nm at a
mean global rotation rate of approximately 1.5° per second for
the following motions: flexion, extension, right and left lateral
bending, and right and left axial rotation, followed by a vertical
compression of 200 N. ROM stability, anterior column bone
strain, rod strain, and screw bending moments were assessed

for all conditions.

3. Angular Motion Tracking
Angular ROM was obtained from 3-dimensional motion mea-
surement with the Optotrak 3020 camera apparatus (Northern

830 www.e-neurospine.org

PSR+PEEK
T6
T7
T8
PSR
T9
@
T10 T10
T11 T
T12 T12
L1 L1
L2 L2
L3 L3
L4 L4
L5 L5
S1 S1
llium llium
O e gavge o 120y 8 Connector
@ strain gauge (120 Q) [ PEEKrod

Fig. 2. llustration showing instrumentation for test conditions.
PEEK, polyetheretherketone; PSR, pedicle screw and rod.
Adapted with permission from Barrow Neurological Institute,
Phoenix, Arizona.
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Digital, Waterloo, Ontario, Canada). This system measured ste-
reophotogrammetrically the 3-dimensional motion of infrared-
emitting markers attached in a noncollinear arrangement to each
vertebra. Custom software was used to convert the marker co-
ordinates to angles about each of the anatomical axes."”

4. Anterior Column Bone Strain

Each specimen was instrumented with a stacked rosette strain
gauge (C2A-06-G1350-120, Micro-Measurements, Raleigh, NC,
USA) placed on the left anterolateral surface of the anterior col-
umn of the T9 vertebral body (Fig. 3). Principal T9 bone strains
during loading in each direction were calculated from strains
recorded at 10 Hz using a StrainSmart data acquisition system
(Vishay, Micro-Measurements, Raleigh, NC, USA).

5. Screw Bending Moment and Rod Strain Monitoring
Before being inserted into bone, the T10 screws on the right
side of the specimen were instrumented with 4 circumferentially
placed uniaxial strain gauges (C2A-06-015LW-120, Micro-Mea-
surements). A loading calibration procedure was performed on
each screw before insertion to establish a strain versus screw
bending moment relationship.'® The right-side rod was instru-

Fig. 3. Strain gauge attached to the anterolateral vertebral body
surface, left anterior column bone. Adapted with permission
from Barrow Neurological Institute, Phoenix, Arizona.
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mented posteriorly with a stacked rosette strain gauge (C2A-
06-G1350-120, Micro-Measurements) midway between T10
and T11. The rod gauge was attached after rod contouring, and
the instrumented rod was not calibrated before use. Rod and
screw strain gauge placements are illustrated schematically in
Fig. 2. Rod and screw strains were recorded simultaneously with
the bone strains using the same data acquisition system.

6. Statistical Analysis

Statistical comparisons of ROM among conditions (intact,
PSR, and PSR+PEEK) were assessed using a one-way repeated-
measures analysis of variance followed by Holm-Sidék post hoc
comparisons as needed, using an alpha level of p=0.05 (Sigma-
Stat, Systat Software, San Jose, CA, USA). Screw bending mo-
ments and bone and rod strains (PSR vs. PSR+PEEK) were an-
alyzed using paired t-tests (Excel, Microsoft, Redmond, WA,
USA).

RESULTS

Overall results showed no obvious evidence of screw or in-
strumentation loosening, pull out, or failure.

1. Range of Motion

ROM values are summarized in Table 1, and all p-values com-
paring ROM for PSR and PSR+PEEK conditions are summa-
rized in Table 2.

1) Upper instrumented level (T10-11) ROM

Compared to the intact condition, PSR instrumentation de-
creased ROM at the uppermost instrumented level (T10-11) in
all loading directions (mean 80%); however, the decrease was
only statistically significant during flexion (70%, p=0.003). When
extending the PSR construct with PEEK rods, no significant
difference was noted between PSR and PSR+PEEK (p=>0.06).
Compared to the intact condition, the PSR+PEEK condition
showed a decrease in ROM in all directions of pure moment
loads with a mean decrease of 89% and statistical significance
in flexion (91%, p=10.001), extension (96%, p=0.047), and right
lateral bending (101%, p=0.035).

2) Upper level adjacent to PSR construct (T9-10) ROM
Compared to the intact condition, ROM after PSR instrumen-
tation was slightly higher at the upper level adjacent to the PSR
construct (T9-10) for all load directions except flexion (mean
decrease of 28%); however, no statistically significant difference
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Table 1. Range of motion in degrees, at 3 levels of interest

Level of interest Flexion Extension Llitnl?l;i?l Ri}f?;éz;fgl‘al ];thtai;;izl Ri(g:;t?;ilal Compression
T10-11 (upper instrumented level)

Intact 1.10+£0.74 -1.77 £1.05 -0.65+0.45 1.16£1.06 1.65+£0.78 -1.65+1.09

PSR 0.33+0.19%"  -0.04+0.13 -0.13+0.10 0.17+0.10 0.42+0.19 -0.50+0.23 -0.03+0.11

PSR+PEEK 0.10£0.05%"  -0.08+0.07*" 0.03+0.11 -0.01£0.11%" 0.39+0.24 -0.51+£0.28 0.04+0.13
T9-10 (upper level adjacent to PSR construct)

Intact 0.81+£0.68 -1.24+0.65 -0.74+0.34 1.17+£0.92 1.21+0.88 -1.58+0.56

PSR 0.62+0.34 -1.35+0.59 -1.14+0.41 1.48+0.93 1.69+0.43 -1.75+0.61 -0.42+0.84

PSR+PEEK -0.09£0.10¢™  0.06+£0.16%™ -0.62+0.29** 0.54+0.24** 0.91+0.48 -1.20+0.67 -0.06+0.14
T5-6 (upper level adjacent to PEEK rod)

Intact 1.07+0.59 -1.69+0.97 -1.15+0.85 1.84+0.66 1.46+0.75 -1.61+0.41

PSR 0.77+£0.45 -1.34+0.86 -1.38+074 1.58 +1.09 1.48+0.47 -1.74£0.62 0.57+0.25

PSR+PEEK 0.63+£0.47%"  -0.76£0.69 -1.34+0.64 1.48+1.10 0.89+0.51 -0.88£0.50*™  0.42+0.63

PSR, pedicle screws from T10 to S1 and S2 alar-iliac screws and cobalt-chrome rods from T10 to S2; PEEK, polyetheretherketone; PSR+PEEK,

PSR + pedicle screws at T6 and additional PEEK rod from T10 to T6.

Note that the compression range of motion is sagittal plane rotation (positive values = flexion, negative values = extension).
*p <0.05, statistically significant differences. 'Relative to intact using 1-way repeated-measures analysis of variance. *Relative to PSR using 1-way

repeated-measures analysis of variance.

Table 2. Summary of all p-values for ROM and strain: PSR versus PSR+PEEK

Level and measurement Flexion Extension Left laFeral Right le.lteral Left a.xial Right ?Xial Compression
bending bending rotation rotation

T10-11 ROM 0.32 0.94 0.06 0.66 0.475 0.12 0.31
T9-10 ROM 0.02* 0.003* 0.02* 0.008* 0.27 0.47 0.31
T5-6 ROM 0.36 0.15 0.93 0.45 0.35 0.04* 0.49

T9 left anterior column bone strain 0.26 0.42 0.09 0.02% 0.22 0.60 0.26
T10 right screw bending moment 0.52 0.20 0.08 0.08 0.03* 0.53 0.46
T10-11 right posterior rod strain 0.56 0.24 0.06 0.002% 0.02% 0.001* 0.001*

ROM, range of motion; PSR, pedicle screws from T10 to S1 and S2 alar-iliac screws and cobalt-chrome rods from T10 to S2; PEEK, polyethere-
therketone; PSR+PEEK, PSR+pedicle screws at T6 and additional PEEK rod from T10 to T6.
Statistical comparisons of ROM assessed using a 1-way repeated-measures analysis of variance; comparisons of screw bending moments and

bone and rod strains were analyzed using paired t-tests.
*p <0.05, statistically significant differences.

was observed (p = 0.27). After extending the construct with PEEK
rods, compared to PSR, ROM decreased in all directions with
statistically significant differences in flexion (115%, p =0.02),
extension (104%, p=0.003), left lateral bending (46%, p=0.02),
and right lateral bending (63%, p=0.008), compared to PSR.
Compared to the intact condition, PSR+PEEK showed a signif-
icant decrease in flexion (111%, p=0.01) and extension (105%,
p=0.003).

3) New upper level adjacent to PEEK rod (T5-6) ROM
At the upper level adjacent to the PEEK construct (T5-6),

832 www.e-neurospine.org

when compared to the intact condition, PSR decreased ROM
for flexion, extension, and right lateral bending (mean decrease
21%), and increased ROM for left lateral bending and left and
right axial rotation (mean increase 10%), but these differences
were not statistically significant (p>0.15). For the PSR+PEEK
versus PSR only, ROM decreased in all directions (mean 27%)
but only significantly during right axial rotation (40%, p=0.04).
Compared to the intact condition, PSR+PEEK significantly de-
creased ROM during flexion (41%, p=0.048) and right axial
rotation (45%, p=0.044).
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Fig. 4. Comparison of mean strain for PSR versus PSR+PEEK test conditions. (A) T9 anterior column bone primary principal
strains (left anterolateral side). Note the reduced mean primary principal strains with PSR+PEEK versus PSR only, with the great-
est reductions during lateral bending (significantly reduced during right lateral bending, p=0.02). (B) Right screw bending mo-
ment. (C) Posterior right-side T10-11 rod strain. Error bars indicate standard deviation. PSR, pedicle screws from T10 to S1 and
S2 alar-iliac screws and cobalt-chrome rods from T10 to S2; PEEK, polyetheretherketone; PSR+PEEK, PSR+pedicle screws at T6
and additional PEEK rod from T10 to T6; VB, vertebral body; FL, flexion; EX, extension; LLB, left lateral bending; RLB, right
lateral bending; LAR, left axial rotation; RAR, right axial rotation; C, compression. Adapted with permission from Barrow Neu-

rological Institute, Phoenix, Arizona.

2. Strain

All p-values for strain comparing PSR and PSR+PEEK con-
ditions are summarized in Table 2, and comparisons of mean
(SD) for PSR versus PSR+PEEK conditions are shown in Fig. 4.

1) T9 anterior column bone strains

Despite a large variability among specimens in terms of T9
anterior column bony surface strain, extending the PSR instru-
mentation above T9 with PEEK rods reduced the mean prima-
ry principal strain in most directions of motion in comparison
to the PSR condition, with a statistically significant reduction
during right lateral bending (p=0.02) (Fig. 4A). (Note that no
pedicle screws were inserted at this level.)

2) T10 right pedicle screw bending moments

Compared to the PSR condition, the addition of the PEEK
rods caused a slight increase in mean T10 screw bending mo-
ment during bending in flexion (21%), extension (43%), right
lateral bending (25%), left lateral bending (36%), and compres-

https://doi.org/10.14245/ns.2244146.073

sion (24%), but these differences were not statistically signifi-
cant (p=0.07). During axial rotation, added PEEK rods signifi-
cantly reduced the mean right-side T10 screw bending moment
by 37% during left axial rotation (contralateral side, p=0.03);
during right axial rotation, the bending moment decreased by
14%, which was not significant (ipsilateral side, p=0.53) (Fig.
4B).

3) T10-11 right-side posterior surface rod strains

Compared to PSR alone, the addition of PEEK rods signifi-
cantly decreased rod strain at T10-11 by 67% (188.8 UE, p=0.002)
in right lateral bending and by 27% (24.5 pE, p=0.001) in com-
pression, and it significantly increased strain by 83% (26.2 pE,
p=0.02) in left axial rotation and by 134% (70.3 pE, p=0.001)
in right axial rotation. Rod strain from the posterior side of the
right rod between T10 and T11 shows that the direction of bend-
ing was reversed with PSR+PEEK versus PSR during all direc-
tions of loading (Fig. 4C). That is, local rod bending between
T10 and T11 screws switched polarity from flexural rod strain

www.e-neurospine.org 833
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to an extension strain or vice versa with PSR+PEEK rods, ex-
cept during compression when a flexural strain was maintained
(Fig. 4C).

DISCUSSION

The incidence of PJK after spinal fusion ranges from 17% to
62%."%° PJK was defined by Glattes et al.*! as a proximal junc-
tional sagittal Cobb angle between the lower endplate of the
UIV and the upper endplate of the 2 supra-adjacent vertebrae
of >210° or at least 10° greater than the preoperative measure-
ment; other authors have suggested 20° as the cutoff.*>** Cur-
rently, the term PJK has much broader connotations and in-
cludes different degrees of severity; however, an angulation of
at least 10° greater than the preoperative angle is the most ac-
cepted definition of PJK.*** Fracture at the UTV and screw loos-
ening are the most common consequences. Risk factors include
violation of posterior soft elements™ (i.e., facet joint capsules,
posterior tension band), large intraoperative curvature correc-
tion (> 30°), stiffness of the constructs, extension of the fusion,
choice of the ULV, preexisting osteoporosis, older age (> 55 years),
and high body mass index.' Because the stiffness of the construct
is implicated in the development of PJK,”*® several prophylac-
tic strategies have been discussed.”"! The biomechanical con-
cept of using a semirigid bridge as a transition from a rigid to a
flexible nonfused zone was addressed in this study, using PEEK
rods attached to the proximal end of the PSR construct with in-
line connectors.

Using finite element analysis of long-segment spinal fusion,
Yagi et al.” observed compressive stresses concentrated on the
anterior column at both the UIV and adjacent level compared
to intact spine. The strain measured on the anterolateral bone
surface at UIV+1 (T9) in our study indicated a decrease in strain
after extending the construct upward with PEEK rods. This find-
ing potentially supports the hypothesis that the described tech-
nique can protect the anterior column from damaging shifts in
mechanical stress involved with PJK genesis.

The choice for the cadaveric specimens and construct designs
in the current study was made based on the attempt to approxi-
mate the physiological scenario but maximize the sensibility
given the risk factors. We believe that our study is the first to
demonstrate this result in cadavers and, more specifically, with
long-segment constructs to the pelvis in specimens with the
entire rib cage structure preserved. To the best of our knowl-
edge, this study is the first T10-pelvis construct reproduced us-
ing cadavers with intact ribs in a biomechanical laboratory. Brid-

834 Wwww.e-neurospine.org

well et al.” hypothesized that a stiffer construct may increase
the risk of PJK. The choice of UIV at T10 in our study is sup-
ported by Bridwell et al.,”* who reported that a UTV lower than
T8 could increase the incidence of PJK. Previous clinical studies
have shown that fusion to the sacrum and/or the ilium is also a
significant risk factor.®* A study by Kim et al.** supports the
theory that distal spinal stability may be related to proximal
stress via a relationship between iliac screw loosening and PJK.
Preservation of the rib cage in the current study sought to mim-
ic the physiological scenario because the rib cage has a stabiliz-
ing effect.’>*

In the present study, upper adjacent-level (T9-10) motion
slightly increased after PSR, but not significantly. Extending the
construct up to T6 with PEEK rods significantly decreased mo-
tion at this level in all directions compared to PSR. The effects
of this decreased motion were noted in terms of decreased strain
(i.e., stress) across the anterior column at T9 as well, with PEEK
rods significantly decreasing left-side anterior column strain
compared to PSR alone during right lateral bending (p=0.02).
The motion of the upper instrumented level (T10-11) decreased
after PSR, with further increased rigidity achieved by the addi-
tion of PEEK rods. Ponnappan et al."* demonstrated in vitro that
PEEK rods offer stability comparable to titanium rods (both
5.5-mm diameter) for lumbar fusion at the index level (not ad-
jacent); however, the angular displacement achieved without
failure was also in excess of that expected for normal nonfused
physiologic lumbar motion.*” Following PEEK rod extension in
our specimens, the motion of the new adjacent level (T5-6) was
significantly reduced in right axial rotation compared to PSR,
unlike the “old adjacent level” (T9-10). This last finding may be
important as it corroborates the hypothesis that the strategy
studied has the potential to mitigate PJK because the motion is
reduced and not increased at the new, more cranial adjacent
level.

The addition of PEEK rods caused small to moderate increas-
es in T10 screw bending moments in the sagittal plane, lateral
bending, and in compression but did not reach statistical sig-
nificance. Overall, and despite a statistically significant decrease
in screw bending moments with PEEK compared to PSR dur-
ing left axial rotation, no substantial differences in magnitudes
were noticed. Changes with screw strains may be explained by
the cantilever effect of bending loads applied to PEEK rods and
transferred via the inline connector attached to the top of the
titanium rod directly above the T10 screw. This connector re-
ceives and shares loads from spinal levels above (T6 to T9) span-
ning the PEEK rod stabilization. It may be hypothesized that if

https://doi.org/10.14245/ns.2244146.073
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the extended UIV level were caudal to T6, this effect might be
attenuated, especially given that there was no anchorage point
between T10 and T6 in the PEEK condition.

Similar to T10 screw bending moments, PEEK rod extensions
did not produce significant changes in T10-11 rod strain mag-
nitudes in flexion and extension. PEEK rod extensions, howev-
er, significantly reduced rod strain in right lateral bending com-
pared to PSR (the highest PSR rod strain magnitudes were not-
ed in this direction) and significantly increased the smallest rod
strains observed in the PSR condition in axial rotation. Rod strain
polarities were also reversed with PEEK rods in all directions of
loading except compression. With right lateral bending, for ex-
ample, we might reasonably expect a caudally directed right-side
force to bend the T10 screw and attached posterior rod into flex-
ion. This effect would tend to induce a tensile strain on the pos-
terior rod surface, as was observed. With attachment of the PEEK
rod extensions, this mechanism was altered. Because it is well
known that higher rod strains (and hence stress) directly corre-
late to reduced rod fatigue life and rod failure, in theory, strain
magnitude reductions should result in a reduction in clinical
instrumentation failure.

The notable observation in the current study of reversed T10-
11 rod strain polarity with PEEK rod extension was also evident
in changes in T9-10 flexion-extension ROM for the same con-
dition. The rationale for this is unclear; however, several factors,
including presence of the rib cage, the extended long length of
the instrumented specimens, and a transitional region between
thoracic and lumbar curvature, may have played a role. Notably
the caudal PEEK rod attachment was located at or near the in-
flection point of these 2 curvatures. The concave and kyphotic
curvature of the extension may have thus acted to influence di-
rectionality of cranially applied loads. The clinical significance
of reversed strain polarity remains unclear.

The disruption of facet joint capsules and paraspinal muscu-
lature during open surgery approaches have been discussed as a
potential risk factor for the development of PJK via the weak-
ening of the soft tissue posterior tension band.*® The strategy
investigated in this study of extending the construct using PEEK
rods can be performed through a minimally invasive approach
and thus also has the potential to preserve these elements. This
potential advantage was not addressed in the current study, and
therefore further clinical studies are necessary.

The cadaveric biomechanics testing paradigm is a limitation
of this study in that it only evaluates immediate stability. Fur-
ther limitations include the absence of paraspinal and trunk
muscles that play a role in stabilizing the spine and the absence
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of a targeted disease mechanism that represents an indication
for the surgery. Our analysis of rod strain was localized and may
not be reflective of overall strain distributions. Different types
of distal ends in long-segment constructs commonly used in a
clinical scenario might have affected the proximal junction dif-
ferently (i.e., use of anterior column support at the base with
interbody devices on L5-S1, use of multirod configurations, as
well as stopping the construct at the sacrum and not extending
to sacropelvic fixation). Strain gauge application near the head
of the T6 screw required the screw head and neck region to ex-
tend substantially outside the pedicle. When combined with
the fixed curvature of the PEEK rods, which cannot be bent to
accommodate individual specimens, this construct was not prac-
tically viable in the cadaver anatomy and hence strain gauged
T6 screws were not used. Following testing of the selected con-
struct, other PEEK rod lengths were also practically difficult to
implement in the same set of cadavers due to facet joint viola-
tion effects. The lack of other similar techniques for compari-
son is also acknowledged as a limitation of the present study.
PJK is a multifactorial complication. Other loading scenarios
not tested in the current study, as well as changing internal me-
chanical stresses that are not currently measurable, may be pres-
ent.”” Factors related to sagittal malalignment, miscorrection or
overcorrection are also part of the PJK pathogenesis.** Cyclical
loading was not included in the current study design as we be-
lieve that nondestructive load magnitudes used in standard
biomechanical tests, coupled with tissue degeneration outside
of the body, preclude any meaningful measure or simulation of
prolonged in vivo service.

CONCLUSION

Extending a long-segment construct using PEEK rods with
connectors redistributed the strain on the upper instrumented
and adjacent levels and caused a decrease in adjacent-level hy-
permobility that might be a contributing factor to the physio-
pathology of PJK. Additionally, this technique decreased the
strain measured at the upper adjacent-level anterior column
with, however, the trade-off of mildly increased proximal screw
bending moment. Further studies are necessary to understand
the biomechanical clinical outcomes of this technique.
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