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Study Design. Controlled laboratory study.

Objective. The aim was to compare motions at the upper
instrumented vertebra (UIV) and supra-adjacent level (UIV+1)
between two fixation techniques in thoracic posterior spinal fusion
constructs. We hypothesized there would be greater motion at UIV
+1 after cyclic loading across all constructs and bilateral pedicle
screws (BPSs) with posterior ligamentous compromise would
demonstrate the greatest UIV+1 range of motion.
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Summary of Background Data. Proximal junctional kyphosis
is a well-recognized complication following long thoracolumbar
posterior spinal fusion, however, its mechanism is poorly
understood.

Materials and Methods. Twenty-seven thoracic functional
spine units were randomly divided into three UIV fixation groups
(n=9): (1) BPS, (2) bilateral transverse process hooks (TPHs), and
(3) BPS with compromise of the posterior elements between UIV
and UIV+1 (BPS-C). Specimens were tested on a servohydraulic
materials testing system in native state, following instrumentation,
and after cyclic loading. functional spine units were loaded in
flexion-extension (FE), lateral bending, and axial rotation.
Results. After cyclic testing, the TPH group had a mean 29.4%
increase in FE range of motion at UIV+1 versus 76.6% in the BPS
group (P<0.05). The BPS-C group showed an increased FE of
49.9% and 62.19% with sectioning of the facet joints and inter-
spinous ligament respectively prior to cyclic testing.
Conclusion. BPSs at the UIV led to greater motion at UIV+1
compared to bilateral TPH after cyclic loading. This is likely due to
the increased rigidity of BPS compared to TPH leading to a “softer”
transition between the TPH construct and native anatomy at the
supra-adjacent level. Facet capsule compromise led to a 49.9%
increase in UIV+1 motion, underscoring the importance of pre-
serving the posterior ligamentous complex. Clinical studies that
account for fusion rates are warranted to determine if constructs
with a “soft transition” result in less proximal junctional kyphosis
in vivo.

Key words: proximal junctional kyphosis, biomechanical, pos-
terior spinal fusion, thoracolumbar, PJK, pedicle screws, transverse
process hooks

Spine 2023;48:E94-E100

roximal junctional kyphosis (PJK) is a debilitating
complication of posterior spinal fusion (PSF;
Table 1). First described by Glattes et al in 2005,! PJK
involves the development of a kyphotic deformity at the
junction between a rigid fusion construct and the mobile
motion segments immediately cephalad to the construct.
Glattes defined PJK as an angle >10° in the sagittal plane
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List of Abbreviations

Abbreviation Definition

PJK Proximal junctional kyphosis

PSF Posterior spinal fusion

uv Upper instrumented level

UIV+1 Vertebral level immediately cephalad to
fusion

AlS Adolescent idiopathic scoliosis

TPH Transverse process hooks

BPS Bilateral pedicle screws

ROM Range of motion

PLC Posterior ligamentous complex

BMD Bone mineral density

FE Flexion-extension

LB Lateral bending

AR Axial rotation

ISL Interspinous ligament

BPS-C Bilateral pedicle screws with compromised
posterior ligaments

between the inferior endplate of the upper instrumented
vertebra (UIV) and the superior endplate of the vertebra two
levels supra-adjacent that is also >10° than the
preoperative measurement.! Historically, PJK was thought
to be a radiographic finding with little clinical significance,
however, more recent literature has demonstrated PJK can
lead to greater pain and worse clinical outcomes.'™” In
severe cases, PJK may progress to proximal junctional
failure requiring revision surgery.® Although PJK is a
relatively common complication, affecting roughly 14% of
adolescents and 30% of adults,®'? there is no consensus on
the etiology or best prevention strategy. Multiple patient-
related and surgical factors contribute to PJK, including
construct rigidity, posterior ligamentous integrity, UIV
selection, sagittal imbalance, and patient age.!%%11-22

Advances in instrumentation have contributed to
increased use of pedicle screws due to greater stability and
deformity correction.!*16:17:21 Unfortunately, the increased
construct rigidity achieved with pedicle screws at the UIV
may lead to increased rates of PJK.%%%16:21.22 Helgeson
et al*! performed a review of 283 adolescent idiopathic
scoliosis (AIS) patients who were treated with PSF using
pedicle screw, hook, or hybrid constructs and found a
greater proximal junctional angle with pedicle screw con-
structs compared to those that used hooks at the UIV.
Similarly, Kim et al'® found greater PJK incidence in AIS
patients treated with all-pedicle screw constructs compared
to hook constructs. Additionally, they saw a similar increase
when comparing hybrid to all hook constructs.!® A similar
study in adult patients found a greater rate of PJK in adult
patients with PSF constructs that used pedicle screws at the
UIV compared to hooks.??

Although clinical studies have demonstrated a link
between construct rigidity and PJK, few studies have exam-
ined this biomechanical relationship in vitro. In a porcine
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model, Thawrani et al?® demonstrated that bilateral trans-
verse process hooks (TPHs) at the UIV led to lower stiffness
at the UIV and less motion at UIV+1 compared to bilateral
pedicle screw (BPS) constructs. Similarly, Facchinello et al?3
found that PSF constructs using less stiff rods and TPH at the
UIV allowed for a more gradual transition in stiffness
between the UIV and UIV+1. Metzger et al>* performed an
in vitro study in human thoracic spine specimens to compare
PSF construct rigidity utilizing BPS, supralaminar hooks, or a
unilateral hook and pedicle screw at the UIV. They found
greater range of motion (ROM) at UIV+1 in BPS constructs
compared to the hook and hybrid constructs.2* Several bio-
mechanical studies have also demonstrated the contribution
of posterior ligamentous complex (PLC) structures to PSF
proximal junction stability.24-2¢

While these biomechanical studies highlight the rela-
tionship between PSF construct rigidity and proximal
junction mobility at time-zero, they are limited in that these
tests were quasistatic. PJK develops and progresses over
time and is most commonly diagnosed within the first
postoperative year but can be evident within three months
postsurgery.>* The spine experiences roughly 2200 motion
cycles per day,?” and quasistatic ROM tests may not rep-
resent the true effect of PSF constructs on junctional
motion. Cyclic biomechanical testing allows approximation
of in vivo postoperative motion by subjecting specimens to
thousands of motion cycles. There is a dearth of literature
utilizing cyclic motion protocols to evaluate PSF construct
rigidity and PJK risk.

The purpose of this study was to compare proximal
junction ROM between PSF constructs using either BPS or
TPH at the UIV before and after cyclic loading. The sec-
ondary purpose was to evaluate ROM at the proximal
junction following PLC compromise under cyclic load. We
hypothesized that there would be greater ROM at UIV+1 in
the pedicle screw group compared to the TPH group, and
PLC compromise would lead to the greatest ROM increase.

MATERIALS AND METHODS

Specimens

Nine cadaveric thoracolumbar spines (T3-L2) were pro-
cured and stored at -30°C. The specimens were screened for
deformities, bone mineral density, and prior injuries and
instrumentation. Specimens were cleaned of nonstructural
soft tissue, preserving the ligaments, joint articulations,
transverse processes, and intervertebral disks. Each speci-
men was disarticulated into 3 functional spine units (FSUs):
T3-T6, T7-T10, and T11-L.2. The cranial and caudal ver-
tebrae were potted at approximately half-axial height in
polyvinyl chloride cups using 1:1 Bondo and fiberglass resin
mixture (Bondo; 3M Company, St. Paul, MN) for rigid
fixation to the testing system.

Biomechanical Testing
FSUs were mounted on a servohydraulic material testing
system augmented with a Spine Test Fixture (MTS 858 Mini
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Figure 1. Anterior aspect of a vertebral motion segment mounted in the
servohydralic testing system with optical tracking sensors affixed.

Bionix II; M'TS Systems Corp., Eden Prairie, MN; Fig. 1). The
caudal pot was affixed to a lower base mounted on X-Y
linear railing for passive translation. The cephalad pot was
affixed to an upper base mounted to the Spine Test Fixture
for applying bending rotations and torques. An infrared rigid
body marker (Optotrak Certus; Northern Digital Inc.,
Waterloo, Ontario, CA) was attached to the anterior aspect
of each vertebral body to record three-dimensional vertebral
kinematics (Fig. 1). FSUs were nondestructively bent in
flexion-extension (FE), lateral bending (LB), and axial
rotation (AR) under angular control at a 0.5°/s rate with a
constant 10 N axial compression preload throughout and
until the predetermined 5 Nm torque limit was reached.
Bending in each direction was repeated three times to
minimize creep; ROM was recorded during the third
repetition.

Experimental Design

Once the intact ROMs were evaluated, matched FSUs from
the same cadaver were randomly assigned to one of three
groups. Each group was instrumented with pedicle screws at
the lower exposed level and UIV instrumentation according
to group assignment. One group was instrumented with BPS
at the UIV, one with TPH at the UIV, and one with BPS that
underwent sequential sectioning of the bilateral facet joints

E96  www.spinejournal.com

and interspinous ligament (ISL) between the UIV and UIV+1
prior to cyclic testing (BPS-C). Each FSU was then potted
with the distal aspect of the rods incorporated into the pot-
ting to simulate a long construct.”® Following instrumenta-
tion, ROMs were evaluated again using the same testing
procedure described above. The instrumented FSU were
fatigued with cyclic loading in FE (£ 5 Nm) at 1 Hz rate for
20,000 cycles. ROMs were evaluated again after cyclic
loading. As there is little literature regarding cyclic testing in
the spine, 20,000 cycles was chosen to maximize motion
cycles while preserving cadaveric specimens for the duration
of the experiment.

Surgical Treatment

Specimens were instrumented by one of two fellowship-
trained spine surgeons. Once the soft tissues were removed,
pedicle screw start points were prepared with a 3 mm high-
speed burr (Medtronic, Fridley, MN) and an awl. Screw
depth was measured using a blunt-tip probe and ruler and
5.5 mm polyaxial pedicle screws (Medtronic) were placed.
Screw placement was confirmed via fluoroscopy and then
3.5 mm titanium rods were contoured and secured with set
screws. In the TPH group, appropriately sized TPH (Depuy,
Westchester, PA) were anchored to the transverse process at
the UIV and secured to the rods with set screws. Rods were
then incorporated into potting as described above.

Data Reduction

Three-dimensional vertebral motions were processed, fil-
tered using a fourth-order zero-lag Butterworth filter (f;=
100 Hz, f.=1 Hz), and converted into Euler angles with
custom MATLAB scripts (vR2020a; MathWorks Inc.,
Natick, MA). Euler angles were translated to vertebral
ROMs in FE, LB, and AR. The segmental ROM at UIV/UIV
+1 were calculated and normalized to their respective intact
ROMs as percentage change relative to intact.

Statistical Analysis

Percentage change in FE, LB, and AR ROMs from intact
before and after cyclic loading were compared between the
three groups using two-way mixed analysis of variance
followed by Bonferroni-adjusted post hoc pairwise com-
parisons (P <0.05). The number of cycles to failure for
specimens that failed prior to 20,000 cycles was compared
between the three groups using Kruskal-Wallis test. All
statistical analyses were performed using R (v4.0.2; Vienna,
Austria) in RStudio (v1.3; RStudio, Inc., Boston, MA).

RESULTS

Prefatigue Testing

There was no significant difference in percentage change in
ROM from intact at UIV+1 after instrumentation between
TPH and BPS (Fig. 2, Table 2). FE ROM at UIV+1
increased by 49.9% after facet joint violation (Fig. 2) in the
BPS-C group. FE ROM at UIV+1 did not change after ISL
violation compared to facet joint violation alone prior to
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M Pre-Fatigue I Pre-Fatigue+Violated Facets+Violated ISL
Pre-Fatigue+Violated Facets [l Post-Fatigue

p=0033

P < 0.001

Flexion—Extension ROM (% Change)

TPH BPS BPS-C
Treatment

Figure 2. Percent change in flexion-extension range of motion (ROM)
at upper instrumented vertebra (UIV)+1 from uninstrumented motion
segments following 20,000 flexion-extension cycles at 5° per second
under 10 N axial compression. BPS indicates bilateral pedicle screws
at the UIV; BPS-C, bilateral pedicle screws at the UIV with sequential
compromise of the facet joints and interspinous ligament; TPH, bilat-
eral transverse process hooks at the UIV.

cyclic loading (P =10.493; Fig. 2). Facet joint violations and
the subsequent ISL violation had no effect on LB and AR
ROM at UIV+1 compared to each other and the ROMs
measured at initial prefatigue instrumentation (Figs. 3, 4,
Table 2).

Postfatigue Testing

After cyclic loading, the BPS group demonstrated more FE
ROM at UIV+1 compared to the TPH group (Fig. 2). No
difference was found in FE ROM at UIV+1 between TPHs
and BPS-C or between BPS without and with PLC
compromise. The percentage change in ROM from native
at UIV+1 after initial instrumentation did not differ for LB
and AR ROM across all groups (Figs. 3, 4). There was no
difference in ROM between specimens with respect to UIV
level (P> 0.05 for all planes).

FE ROM at UIV+1 increased from prefatigue to post-
fatigue in both the TPH and BPS group (Fig. 2). Within the
BPS-C group, there were no differences in FE ROM after
ISL violation and cyclic loading relative to the ROM
evaluated after the facet joints alone were violated (Fig. 2).

LB ROM at UIV+1 increased after cyclic loading com-
pared to prefatigue instrumentation within the BPS group
(Fig. 3). There were no differences in LB ROM at UIV+1
between prefatigue and postfatigue instrumentation within
the TPHs and BPS with sequential sectioning groups
(Fig. 3). AR ROM at UIV+1 increased after cyclic loading
compared to prefatigue instrumentation in the TPH group
(Fig. 4). No differences were found in AR ROM at UIV+1
between prefatigue and postfatigue instrumentation in the
BPS groups without and with sequential posterior element
compromise (Fig. 4).
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M Pre-Fatigue I Pre-Fatigue+Violated Facets+Violated ISL
Pre-Fatigue+Violated Facets [l Post-Fatigue
p=0.014
100
15
50

25

Lateral Bending ROM (% Change)

TPH BPS BPS-C

Treatment

Figure 3. Percent change in lateral bending range of motion (ROM) at
upper instrumented vertebra (UIV)+1 from uninstrumented motion
segments following 20,000 flexion-extension cycles at 5° per second
under 10 N axial compression. BPS indicates bilateral pedicle screws
at the UIV; BPS-C, bilateral pedicle screws at the UIV with sequential
compromise of the facet joints and interspinous ligament; TPH, bilat-
eral transverse process hooks at the UIV.

Cyclic Failure

For specimens that failed prior to 20,000 cycles (TPH:
n=4, BPS: n=3, BPS-C: n=3), there was no difference in
the number of cycles survived (2995+ 5024 vs. 3347+2209
vs. 1068+ 764; P=0.453).

Specimen Characteristics
There were no between-group differences in bone mineral
density at the UIV or total specimen mean (P=0.860 and

M Pre-Fatigue M Pre-Fatigue+Violated Facets+Violated ISL
Pre-Fatigue+Violated Facets [l Post-Fatigue

Axial Rotation ROM (% Change)

TPH

BPS
Treatment

BPS-C

Figure 4. Percent change in axial rotation range of motion (ROM) at
upper instrumented vertebra (UIV)+1 from uninstrumented motion
segments following 20,000 flexion-extension cycles at 5° per second
under 10 N axial compression. BPS indicates bilateral pedicle screws
at the UIV; BPS-C, bilateral pedicle screws at the UIV with sequential
compromise of the facet joints and interspinous ligament; TPH, bilat-
eral transverse process hooks at the UIV.
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0.840, respectively). In addition, there was no difference in
ROM in any direction based on the ULV level in prefatigue
or postfatigue testing.

DISCUSSION

The etiology of PJK is multifactorial, and the PLC is a
critical component in maintaining sagittal alignment fol-
lowing PSF.'620-24 The purpose of this study was to
determine if TPH or BPS creates a “soft transition” in the
setting of a long posterior thoracic fusion. This soft tran-
sition may protect the PLC structures thereby mitigating the
risk of PJK. We found a statistically significant increase in
FE ROM at UIV+1 in the BPS group compared to the TPH
group after cyclic loading. These results demonstrate how
TPH provides a “soft transition” compared to BPS. The
secondary aim was to evaluate the importance of PLC
integrity to proximal junction mobility. Facet joint violation
led to a nearly 50% increase in ROM at UIV+1, and this
motion did not significantly increase when the ISL was
sectioned as well. These findings further emphasize the
importance of the PLC in the setting of PSF.

Cyclic loading was performed in this study to better repli-
cate the functional loads the spine experiences postoperatively.
In a similar study, Metzger et al** investigated the effect of
differing UIV instrumentation in PSF constructs on ROM at
the UIV and UIV+1. They found that ROM at UIV+1
increased in flexion with increasing construct stiffness, and
BPS led to the most flexion compared to a hybrid or a bilateral
lamina hook construct. They also found greater ROM in LB
and AR with BPS compared to other constructs.?* Qur study
measured change in ROM at UIV+1 between specimens prior
to and after instrumentation, whereas Metzger and colleagues
measured change in ROM as a percentage of the entire
specimen ROM. In a porcine model, Thawrani et a/*° found
increased ROM at UIV+1 in BPS constructs compared to
TPH. While Thawrani et al*° utilized full porcine spine
specimens, Metzger et al** used short segment thoracic spines
more similar to the FSU in this study and found that short
spine segments can be adequately used to analyze motion and
stiffness in PSF constructs. Additionally, Cammarata et al'®
performed a finite element analysis of PSF constructs and risk
factors for PJK and found that TPH at the UIV led to
decreased rigidity at the proximal junction and less risk for
PJK compared to BPS constructs. The results of these studies
support our major findings in the postfatigue data that TPH at
the UIV led to a smoother transition zone between the PSF
construct and native compared to BPS constructs.

This study also demonstrates the importance of main-
taining PLC structures during thoracic PSF. Facet capsule
compromise led to 49.9% increased FE ROM at UIV+1.
These results are similar to findings by Anderson et al,?
who performed a biomechanical analysis of UIV+1 motion
after a series of posterior spine procedures. They sequen-
tially performed potentially destabilizing procedures and
found 6.59% loss of flexion stiffness after ISL sectioning
followed by an additional 44.72% loss of flexion stiffness
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after facet capsule sectioning.?* Although we sectioned the
facet capsule first in this study, the results are similar in that
UIV+1 motion increased most after this step, and margin-
ally after ISL sectioning. Kim et al'® had similar findings in
that sectioning the ISL did not lead to a significant change in
ROM at UIV+1 in a BPS PSF construct. In a finite element
model, Aubin et al*® found an increased flexion angle at
UIV+1 by 10%, 28%, and 53% when the bilateral facet
joints, ISL, and a combination of both structures. These
studies and our findings highlight the importance of main-
taining the facet capsule during PSF instrumentation.
Additionally, facet capsule integrity may serve as another
risk factor for PJK when using BPS at the UIV, as pedicle
screw insertion poses a higher risk of facet joint violation
than TPH insertion.*

This study has several limitations. This study does not
address the tradeoff between PJK and pseudoarthrosis. There
is sparse literature examining the tradeoff of increased
rigidity and fusion rates in long PSFs. Theoretically, a less
rigid construct may decrease the rate of PJK while increasing
the rate of pseudoarthrosis. While there is a paucity of liter-
ature regarding adult deformity correction, two studies
examining AIS found no significant difference in pseu-
doarthrosis rates between hook and pedicle screw
constructs.>”>*" This is an important clinical question which
warrants further investigation. Additionally, our findings
remain limited by the limitations of a cadaveric study.
Although the three groups in the study were adequately
powered, these constructs were implemented at different
vertebral levels in a simulated long construct. Previous studies
have demonstrated UIV location in the thoracolumbar
spine may predispose patients to PJK.'*1733 Unfortunately,
the subgroups of differing constructs with similar UIV
are underpowered to detect a meaningful difference, but there
was no significant difference in UIV+1 motion when com-
paring ULV level across all constructs. Conversely, the con-
sistent increase in UIV+1 motion in the BPS group across all
UIV levels may strengthen the conclusion that TPH at the
UIV in long PSF constructs may lead to decreased risk of PJK
regardless on UIV level. Finally, this study did not evaluate
motion changes at UIV+2, which can be used to evaluate PJK
as described by Glattes et al.! Despite this limitation, this
study was able to determine significant differences in motion
at UIV+1 between UIV anchor types under cyclic load.

CONCLUSION

BPSs at the UIV led to greater motion at UIV+1 compared to
bilateral TPH after cyclic loading. This is likely due to the
increased rigidity of BPS compared to TPH leading to a
“softer” transition between the TPH construct and native
anatomy at the supra-adjacent level. Facet capsule com-
promise led to a 49.9% increase in UIV+1 motion, under-
scoring the importance of preserving the PLC. Clinical studies
that account for fusion rates are warranted to determine if
constructs with a “soft transition” result in less PJK in vivo.

Spine

> Key Points

O Using BPSs at the upper instrumented level of PSF
constructs led to greater motion at the superior-
adjacent level as compared to TPHs after cyclic
loading.

Violation of the facet joint capsule led to an
almost 5o% increase in motion at the superior-
adjacent level. Maintenance of the posterior
ligamentous structures is key to minimizing risk
of PJK.

Clinical in vivo studies that account for fusion
rates are warranted to determine if less rigid
instrumentation at the upper level of PSF
constructs leads to less PJK.
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