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Restoration of Spinal Alignment and Disk
Mechanics following Polyetheretherketone Wafer
Kyphoplasty with StaXx FX

BACKGROUND AND PURPOSE: EPFs sustained during VCFs degrade the disk’s ability to develop IDP
under load. This inability to develop pressure in combination with residual kyphotic deformity increases
the risk for adjacent vertebral fractures. We tested the hypothesis that StaXx FX reduces kyphosis and
endplate deformity following vertebral compression fracture, restoring disk mechanics.

MATERIALS AND METHODS: Eight thoracolumbar, 5-vertebrae segments were tested. A void was
selectively created in the middle vertebra. The specimens were compressed until EPF and to a grade
|-II' VCF. PEEK wafer kyphoplasty was then performed. The specimens were then tested in flexion-
extension (=6 Nm) under 400-N preload intact, after EPF, VCF, and kyphoplasty. Endplate deformity,
kyphosis, and IDP adjacent to the fractured body were measured.

RESULTS: Vertebral body height at the point of maximal endplate deformity decreased after EPF and
VCF and was partially corrected after StaXx FX, remaining less than intact (P = .047). Anterior vertebral
height decreased after VCF (P = .002) and was partially restored with StaXx FX, remaining less than
intact (P = .015). Vertebral kyphosis increased after VCF (P < .001) and reduced after StaxXx FX,
remaining greater than intact (P = .03). EPF reduced IDP in the affected disk in compression-flexion
loading (P < .001), which was restored after StaXx FX (P = 1.0). IDP in the unaffected disk did not
change during testing (P > .3).

CONCLUSIONS: StaXx FX reduced endplate deformity and kyphosis, and significantly increased ante-
rior height following VCF. Although height and kyphosis were not fully corrected, the disk's ability to

pressurize under load was restored.

ABBREVIATIONS: EPF = endplate fracture; IDP = intradiskal pressure; PEEK = polyetherether-
ketone; VCF = vertebral compression fracture

Vertebroplasty and balloon kyphoplasty are widely applied
techniques for the management of compression frac-
tures.'” In addition to pain relief, they both aim at increasing
the strength and stiffness of the affected vertebra, thereby pre-
venting further deterioration of segmental spine biomechan-
ics.* In particular, kyphoplasty by using an inflatable balloon
tamp attempts to restore the height of the fractured vertebral
body and to correct the local kyphosis.

In patients with osteoporotic VCFs, the risk for subsequent
fractures has been reported to be 5-fold after a single vertebral
fracture and up to 12-fold in the presence of 2 or more frac-
tures.®® Individuals with VCFs also tend to develop significant
kyphotic deformity. This modifies the loads within the ky-
photic segment by shifting the center of gravity forward, ulti-
mately increasing the compressive loads and the risk for adja-
cent vertebral fractures.” "'
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Under normal conditions, the nucleus develops pressure
when the spine is loaded. This pressure allows the nucleus to
share load with the annulus, producing a uniform load on the
vertebral body. If no nucleus pressure is created, there will be
no load-sharing within the disk and the annulus alone will
bear the load, leading to an increased load on the anterior
cortex. Changes in the properties of the intervertebral disk
have been shown to alter the pattern of load distribution be-
tween the disk and the vertebral centrum.'*'? The coexistence
of an osteoporotic compression fracture with endplate depres-
sion also alters the mechanical properties of the intervertebral
disk, thereby modifying the load distribution within the adja-
cent spine areas.'* Depression of the fractured vertebral end-
plate has been shown to decrease intervertebral disk pressure
and increase adjacent level strain in compression-flexion load-
ing, therefore predisposing adjacent vertebrae to fracture.'*
Based on this finding, it has been suggested that in addition to
restoring spinal sagittal alignment, the ability to fully reduce
the entire fractured endplate is equally important to restore
load transmission across the fractured level and decrease the
likelihood of adjacent vertebral fractures.'*

Recently, StaXx FX has been introduced as an alternative to
traditional balloon kyphoplasty. The StaXx FX system (Spine
Wave, Shelton, Connecticut) uses a percutaneous, parape-
dicular (posterolateral vertebral body) approach developed as
an alternative to traditional vertebroplasty and kyphoplasty.
By using PEEK wafers, it provides controlled and vertically
directed fracture reduction and vertebral augmentation in
1-mm increments with a permanent implant. Other theoreti-
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Fig 1. Testing setup shown in schematic (4) and photo (B).

cal advantages over the currently applied techniques of verte-
broplasty and balloon kyphoplasty include retained intraop-
erative fracture reduction and a reduced amount of cement
infusion, and thus a lower likelihood of cement extravasation.

The current study tested the hypothesis that PEEK wafer
kyphoplasty reduces vertebral kyphosis and endplate defor-
mity following VCEF, thereby restoring the disk’s ability to de-
velop pressure under load.

Materials and Methods

Specimens and Experimental Setup
Eight fresh-frozen human thoracic-lumbar specimens (age range,
67.8 £ 5.7 years; 4 male, 4 female), each consisting of 5 vertebrae
(T10-L2, T12-L4, and L1-L5), were used. All specimens were radio-
graphically screened to exclude pre-existing osteoporotic fractures
within the tested levels, severe disk space collapse, bridging osteo-
phytes, and vertebral neoplastic disease. Bone mineral attenuation of
the index and adjacent levels was determined by using dual energy
x-ray absorptiometry (Lunar Prodigy/DPX Series; GE Healthcare,
Waukesha, Wisconsin). The specimens were thawed at room temper-
ature (20°C) 24 hours before testing. The paravertebral muscles were
dissected, while keeping the disks, ligaments, and posterior bony
structures intact. The most cephalad and caudal vertebrae of each
specimen were anchored in cups by using bone cement and pins.
The specimen was fixed to the testing apparatus at the caudal end
and was free to move at the cephalad end. A moment was applied by
controlling the flow of water into bags attached to loading arms fixed
to the cephalad vertebra. A 6-axis load cell (model MC3A-6-1000;
AMTI, Newton, Massachusetts) was placed under the specimen to
measure the applied loads and moments. The apparatus allowed for
continuous cycling of the specimen between specified maximal mo-
ment end points in flexion and extension. The load-displacement
data were collected until 2 reproducible load-displacement loops
were obtained. This required a maximum of 3 loading cycles. The
collected data from the last cycle were used for analysis.
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The motion of the cephalad vertebra relative to the caudal vertebra
was measured by using an optoelectronic motion measurement sys-
tem (model 3020, Optotrak; Northern Digital, Waterloo, Ontario,
Canada). In addition, biaxial angle sensors (model 902-45; Applied
Geomechanics, Santa Cruz, California) were mounted on the ceph-
alad and caudal vertebrae to allow real-time feedback for the optimi-
zation of the preload path. The spines were instrumented with pres-
sure transducers (model 060S-1000; Precision Measurement, Ann
Arbor, Michigan) in the nucleus pulposus of the disks above and
below the target vertebra. The pressure transducers were calibrated
before the testing of each specimen by using a pressure chamber. Load
and pressure data were collected throughout the loading cycle at a rate
of 5 Hz, resulting in approximately 200 data points from 0 to 6 Nm.

Compressive preload was applied to the specimens according to
the follower load concept'® where the compressive preload is applied
along a path that follows the curve of the spine. By applying a com-
pressive load along the follower load path, the segmental bending
moments and shear forces due to the preload application are mini-
mized, allowing a multisegment thoracolumbar spine to support
physiologic compressive preloads without constraining the sagittal
plane motion.'® The preload was applied by using bilateral loading
cables attached to the cup holding the cephalad vertebra. The cables
passed freely through guides anchored to the vertebrae adjacent to the
target vertebra (Fig 1). To avoid creation of stress risers, the cable
guide mounting technique did not violate the cortices of the vertebral
bodies adjacent to the target vertebra. No cable guides were mounted
to the target vertebra. The loading cables were connected to loading
actuators under the specimen. The cable guide mounts allowed an-
teroposterior adjustments of the follower load path. The alignment of
the preload path was optimized by adjusting the cable guide locations
to minimize changes in the sagittal alignment of the specimen when a
compressive load of up to 400 N was applied. The cables were coated
with radiopaque barium solution to be visible on x-ray images. A
radiopaque ball (19.05 mm in diameter) was used as a calibration
marker for the x-ray images.



Intact

Void Creation

Load application: EPF

Re-load: VCF

StaXx FX

Fig 2. Testing sequence shown on specimen 6. Intact specimen with pressure transducers inserted in the disks above and below the middle vertebra (A). Dashed circle shows the location
of the void created to selectively fracture the upper endplate of the middle vertebra (B). Arrow indicates location of pressure transducer in cephalad disk: Note the location of the transducer
within the vertebral body space after EPF and VCF (C and D) and restoration of the intact transducer location after StaXx FX (£).

Experimental Protocol

Each specimen was tested under flexion-extension moments (*£6
Nm) with a 400-N compressive preload intact, after EPF, after VCF,
and after kyphoplasty with PEEK wafers. Pressure was recorded in the
disks above and below the middle (target) vertebra (Fig 2A).

Experimental Creation of Endplate and VCF

A previously described technique was used to selectively fracture only
the upper endplate of the middle vertebra.'* Through a small opening
on the anterior wall, a void was created selectively under the upper
endplate and was extended to one-third of the vertebral body trabec-
ular content; thereby creating a “stress-riser” under the target end-
plate (Fig 2B). The specimen was flexed to 5 Nm and compressed by
using the loading cables until a fracture of the upper endplate (loss of
continuity or development of endplate concavity) without significant
anterior height loss was evident on fluoroscopy (Fig 2C). After cre-
ation of the EPF, the specimen was loaded in flexion-extension (+6
Nm) with a compressive preload of 400 N. Following the moment
loading, the specimen was again flexed to 5 Nm and compressed until
an anterior height loss of 20%—-30% was seen radiographically (Fig

2D). After creation of the vertebral compression fracture, the speci-
men was again loaded in flexion-extension (=6 Nm) with a compres-
sive preload of 400 N.

Reduction of the Vertebral Kyphotic Deformity Using
PEEK Wafer Kyphoplasty

After vertebral fracture, the specimen remained under a physiologic
compressive preload of 150 N, representing the compressive preload
on the lumbar spine in the prone position.'” PEEK wafer kyphoplasty
was performed by using the StaXx FX device following the manufac-
turer’s instructions. In this procedure, PEEK wafers with a thickness
of 1 mm, width of 8 mm, and a length of either 20, 25, or 30 mm were
inserted through a parapedicular approach (posterolateral vertebral
body). The wafers were progressively inserted in a manner that each
newly introduced wafer pushed the previously implanted wafers su-
periorly until the desired fracture reduction was achieved (Fig 2E).
The wafers were inserted and positioned such that maximal reduction
of the endplate deformation without overcorrection was observed
radiographically by using sagittal, frontal, and 2 oblique views. Bone
cement was then injected around the wafer stack to stabilize the PEEK
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wafers and fractured vertebra. The cement was allowed to harden for
1 hour with the specimen at room temperature and under a 150-N
compressive load. The specimen was then retested in flexion-exten-
sion with a compressive preload of 400 N.

Data Analysis

CT scans (section increment, 0.6 mm; Sensation Cardiac 64, Siemens,
Malvern, Pennsylvania) were taken of each specimen intact and fol-
lowing implant insertion to evaluate the placement of the PEEK wa-
fers within the index vertebra. Endplate deformity, anterior vertebral
height, vertebral kyphosis, and segmental kyphosis measurements
were performed at the index level by using computer software (Im-
age-Pro Plus, version 4.1.0; MediaCybernetics, Bethesda, Maryland)
on digital fluoroscopy images taken with the specimen in neutral
posture under 400-N compressive preload by 2 independent observ-
ers. The first observer (P.P.T.) is a neurosurgeon and fellowship-
trained spine surgeon. The second observer (S.M.R.) is a PhD bio-
medical engineer with 11 years of experience in spine biomechanics.
Pearson coefficients were calculated to determine interobserver reli-
ability. The endplate deformity was measured as the vertebral height
at the point of maximal endplate depression. To ensure that the height
measurement was taken at the same location for each testing condi-
tion, the location of the maximal endplate deformation was first de-
termined in the EPF condition as the point of the lowest EPF concav-
ity. The distance from that location to the posterior rim along the
inferior endplate was then measured and used to determine the loca-
tion for the vertebral height measurements in all other testing condi-
tions. Disk pressure was normalized so that values in neutral position
under 400-N preload were taken to 0 to compensate for thermal drift-
ing of sensors throughout testing. As a result, the change in pressure
from neutral to full flexion for each testing condition was used for
analysis. The data were analyzed by using repeated measures analysis
of variance with Bonferroni correction for 4 comparisons with the
level of significance set at P = 0.05. The SPSS statistical package,
version 15.0 was used (SPSS, Chicago, Illinois).

Results

Baseline Data

The average bone mineral attenuation of the index vertebra
was 0.80 * 0.14 g/cm®. No significant difference was seen in
the bone densities at the index level and both adjacent levels
(P > .10). An average of 15 = 1.0 wafers (range, 13—16) and
4.0 = 0.8 mL of cement were inserted during the kyphoplasty
procedure to achieve the maximal endplate deformity reduc-
tion possible. In all specimens, the cement was injected evenly
between the anterior and posterior aspects of the wafer stacks.
No extravasation of bone cement was noted. Three-dimen-
sional CT scan reconstructions showed appropriate place-
ment of the PEEK wafers below the endplate deformity in all
specimens (Fig 3).

Interobserver reliability among the 2 independent observ-
ers was strong for all measurements; thus, all values presented
are an average of both independent measurements (k = 0.90,
0.96, 0.90, and 0.94 for anterior height, endplate deformity,
vertebral kyphosis, and segmental kyphosis, respectively).

Endplate Deformity
Endplate deformity significantly increased after EPF and VCF.
Vertebral heights at the point of maximal endplate deformity
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Fig 3. 3D CT scan reconstructions of specimen 6 showing placement of the PEEK wafers
and cement below the endplate deformity.

X 18 p —aal ¥ Compared to intact
* Compared to intact + Compared to VCF

Intact VCF StaXx FX

Fig 4. Vertebral body height at the location of maximal endplate deformity as a percentage
of intact height as shown on specimen 6.

were 71.3 & 6.5% and 66.6 = 7.4% of intact controls after EPF
and VCF, respectively (P < .001). After PEEK wafer kypho-
plasty, though the deformity was remarkably reduced (P <
.001), it remained greater than intact, with a vertebral height at
the point of maximal endplate deformity of 88.7 = 8.3% of
intact controls (P = .022) (Fig 4).

Anterior Height

Anterior vertebral body height at the index level was un-
changed with endplate deformity (91.9 * 9.3% of intact, P =
.095) but was significantly decreased with VCF (80.8 = 9.3%
of intact, P = .002). After PEEK wafer kyphoplasty, though the
anterior height was significantly increased compared with the
height with VCF (P = .015), it remained less than intact
(86.3 * 9.0% of intact, P = .019).

Kyphosis

Vertebral kyphosis did not change after EPF (P = .24); how-
ever, it increased by 7.8 = 3.2° after vertebral compression
fracture (P = .003). After PEEK wafer kyphoplasty, vertebral
kyphosis was reduced by 3.5 = 1.8° (P < .001), while remain-
ing greater than intact (P = .02).

After EPF, segmental kyphosis increased by 7.4 = 4.6°
(P=.01) compared with intact and was increased by 9.96 *
3.5° from intact controls following VCF (P < .001). StaXx
FX decreased segmental kyphosis by 2.2 = 1.0° (P < .001),
but segmental kyphosis remained greater than intact (P =
.003).



Pressure in Flexion in Disc with Fractured Endplates

‘ == |ntact ==== Endplate Fracture = = Vertebral Fracture ===StaXx FX

0.16 23.2

0.14 - 20.3

0.12 - 174

Pressure Transducer -
= 0.10 145 =~
© =
€ 008 /é/ 162
Q -
T o7 g
0 %]
2 oos — = 58 &
.................. 2.9
.......... P Y .
2 3 4 5 6
Moment (Nm)
Pressure in Flexion in Disc with Intact Endplates

| === |ntact ==== Endplate Fracture = = Vertebral Fracture ===StaXx FX ‘

0.16 / 23.2

0.14 g 20.3

P
0.12 5 17.4
PressureTransducer / s, e
= 010 = 14.5 ~
o / 5® * [
£ 0.08 b e 16 %
o — /, - °
7 0o N < 8.7 §
0
(4

2 0.04 / 58 &

0.02 2.8

0 T T T T T T 0
0 1 2 3 4 5 6

Moment (Nm)

Fig 5. Representative intradiskal pressure under flexion-compression loading (specimen 6)
in the cephalad disk with damaged endplates (top) and in the caudal disk with undamaged
endplates (bottom).

IDP in Flexion

Flexion IDP in the cephalad disk with the damaged endplate
significantly reduced after both EPF and VCF compared with
intact (27.5 = 18.6% and 36.3 = 8.8% of intact values, respec-
tively; P < .001). It was restored after StaXx FX to 81.4 =
39.7% of intact values (P = 1.00). Flexion disk pressure was
not significantly affected in the caudal disk where endplates
remained undisturbed during the experiment (P > .27) (Fig
5).

Discussion

The efficacy of kyphoplasty by using the StaXx FX system in
correcting endplate deformity and restoring intervertebral
disk mechanics following compression fractures in osteopo-
rotic vertebrae was tested by using a previously validated tech-
nique. EPF caused a significant reduction in the vertebral body
height at the point of maximal endplate deformity compared
with intact, and it significantly reduced the ability of the inter-
vertebral disk to develop IDP under flexion-compression
loading compared with the intact disk. Anterior vertebral
body height at the index level was significantly reduced only
after vertebral compression fracture. Kyphosis induced by ver-
tebral body fracture, though improved after augmentation,
remained greater than intact. StaXx FX increased endplate
height to 90% of intact, increased anterior height to 86% of
intact, significantly decreased kyphotic deformity and re-
stored disk pressure to 81% of prefracture values. No changes
in the pressure profiles were seen in the disk where the end-

plates had not been damaged, which is consistent with the
observations of Tzermiadianos et al.'*

The major concern associated with compression fractures
is deformity progression and the increased risk of adjacent
fractures. Although new adjacent fractures do occur with or
without the use of vertebroplasty or kyphoplasty, there is still
no adequate documentation on the risk of adjacent fracture
after vertebral augmentation.'®'? This is probably dependent
more upon load transmission to the surrounding structures
and maintenance of spine alignment rather than upon changes
in the vertebral bone stiffness."*

In an osteoporotic vertebral body, kyphosis increases peak
stresses up to 2.5-fold. If kyphotic spinal alignment alters load
sharing and disturbs the balance between vertebral segments
leading to an increased likelihood of new fractures, any effort
to correct the kyphosis to prevent subsequent vertebral frac-
tures is justified.*''® Gaitanis et al'' showed that cement aug-
mentation with hyperextension almost totally restored ante-
rior and middle vertebral column height; however, posterior
height was not corrected adequately. The results from the cur-
rent study closely match those of Gaitanis et al'' in terms of
restoration of anterior height, whereas StaXx FX was able to
nearly equally reduce both the vertebral and segmental
kyphosis.

It has been demonstrated that sustained disk compression
in the lumbar spine reduces the volume and pressure in the
nucleus pulposus, while increasing compressive forces in the
periphery of the annulus.* Sustained bending and compres-
sion also narrow disk space height, creating slack in the colla-
gen fibers in the annulus, making them unable to resist tensile
forces related to bending.? It has also been shown that load
distribution between the cortical and cancellous bone within a
vertebral body are largely dependent upon the intervertebral
disk properties.'>"* Data from in vitro studies indicate that
endplate injury increases the space available for the nucleus,
which cannot increase pressure during flexion, thus decreas-
ing IDP at adjacent segments.'**"** The result of decreased
nuclear pressure is increased stress on the annulus and apoph-
yseal ring.'®*’

Tzermiadianos et al'* tested the hypothesis that the inabil-
ity of the disk to generate adequate IDP after vertebral frac-
tures in human cadaveric specimens will increase loading of
adjacent vertebra predisposing them to fracture even in the
absence of a kyphotic deformity. In this study, after cement
augmentation, disk pressure increased during flexion by 15 =
11% in the specimens with intact endplates, whereas it was
decreased by 19 = 26.7% in the disks with the fractured end-
plates. It was suggested that load concentration on the anterior
part of adjacent vertebrae can be associated with an increased
risk of fracture and that in addition to the correction of the
spinal alignment, reduction of the fractured endplate is a ma-
jor factor for restoring normal load sharing, thus decreasing
the likelihood of adjacent vertebral fractures.'*

In the current study, the endplate deformity and kyphosis
induced after a compression fracture were reduced substan-
tially with StaXx FX, and the pressure within the disk with
damaged endplates was fully restored to intact levels. This sug-
gests that StaXx FX can address both factors thought to be
associated with adjacent fractures: spinal alignment and al-
tered disk mechanics.
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The present findings should be interpreted under the spec-
trum of the study limitations. Biomechanical testing cannot
fully replicate physiologic loads. In particular, the complex
musculature at the thoraco-lumbar level renders a direct re-
production of muscle load nearly impossible in a cadaveric
spine. Although pressure was recorded in both flexion and
extension, the pressure data were only presented for flexion
loading due to difficulties in interpreting the data in extension.
In most cases, a decrease in pressure was seen as the spine
moved into extension following fracture and PEEK wafer ky-
phoplasty. This may be due to several reasons. First, the re-
peated and high magnitude compressive loading required to
create the fractures (~1500-2000 N) led to height loss to the
posterior aspect of the disk, which was evident radiographi-
cally. This disk height loss led to abutment of the posterior
endplates, a large amount of compression of the posterior an-
nulus during extension, or both, and may then have created a
hinging effect on the motion segment. Second, the timing of
facet joint engagement as the motion segment moves in exten-
sion will be affected by a decrease in disk height, with facet
engagement occurring sooner with smaller disk height. End-
plate abutment and motion segment hinging may have then
led to decreased disk pressure under extension loading. As a
result, extension pressure data have not been presented due to
difficulty in interpreting the data in a way that is meaningful in
the context of VCFs that are more likely to occur under flexion
loading. Furthermore, all testing steps (endplate and vertebral
body fracture, PEEK wafer kyphoplasty) were carried out
acutely. Therefore, the long-term course of fracture and aug-
mentation at both the index and adjacent segments remains
unknown.

To our knowledge, there are no published laboratory or
clinical studies on the use of StaXx FX for the treatment of
VCFs. An ongoing clinical study suggests that PEEK wafer
kyphoplasty, in addition to cement infusion, seems to be a safe
and effective procedure that relieves pain and delivers less ce-
ment volume compared with conventional techniques.**
However, the long-term effects and consequences have yet to
be determined.

Conclusions

The current study showed that in an acute treatment scenario,
StaXx FX can effectively reduce the kyphotic and endplate
deformity associated with VCFs and allow the intervertebral
disk to develop pressure under load, thereby restoring normal
disk mechanics and load sharing. Therefore, kyphoplasty by
using the StaXx FX system may be a mechanically viable treat-
ment method for osteoporotic vertebral compression frac-
tures, which addresses the 2 main risk factors related to adja-
cent fractures: kyphotic deformity and altered disk
biomechanics. Because there is a paucity of clinical data, fur-
ther in vivo studies are needed to test the efficacy of PEEK
wafer kyphoplasty in eliminating pain, restoring spinal align-
ment, and possibly reducing the risk of adjacent vertebral frac-
tures in the long term.
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