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ABSTRACT

Background: Conditions requiring cervical decompression and stabilization are commonly treated using anterior
cervical discectomy and fusion using an anterior cage-plate construct. Anterior zero profile integrated cages are
an alternative to a cage-plate construct, but literature suggests they may result in less motion reduction.
Interfacet cages may improve integrated cage stability. This study evaluated the motion reduction of integrated
cages with and without supplemental interfacet fixation. Motion reduction of integrated cages were also com-
pared to published cage-plate results.

Methods: Seven cadaveric (C2-T1) spines were tested in flexion-extension, lateral bending, and rotation.
Specimens were tested: 1) intact, 2) C6-C7 integrated cage, 3) C6-C7 integrated cage + interfacet cages, 4)
additional integrated cages at C3-C4 and C4-C5, 5) C3-C4, C4-C5 and C6-C7 integrated cages + interfacet cages.
Motion, lordosis, disc and neuroforaminal height were assessed.

Findings: Integrated cage at C6-C7 decreased flexion-extension by 37% (P = .06) and C3-C5 by 54% (P < .01).
Integrated + interfacet cages decreased motion by 89% and 86% compared to intact (P < .05). Integrated
cages increased lordosis at C4-C5 and C6-C7 (P < .01). Integrated + interfacet cages returned C3-C5 lordosis to
intact values, while C6-C7 remained more lordotic (P = .02). Compared to intact, neuroforaminal height in-
creased after integrated cages at C3-C5 (P < .01) and at all levels after interfacet cages (P < .01).
Interpretation: Anterior integrated cages provides less stability than traditional cage-plate constructs while
supplemental interfacet cages improve stabilization. Integrated cages provide more lordosis at caudal levels and
increase neuroforaminal height more at cranial levels. After interfacet cages, posterior disc height and neuro-
foraminal height increased more at the caudal segments.

1. Introduction

esophagus/trachea and major arteries, dysphagia, and dysphonia. Post-
operative dysphagia in the literature varies greatly with 2%-70% of

Cervical fusion is a commonly performed procedure to treat symp-
toms of cervical spondylosis, disc herniation, and other conditions that
require decompression and/or stabilization. The most commonly used
cervical fusion technique is anterior cervical discectomy and fusion
(ACDF) using an anterior interbody graft/cage with an anterior plate or
a “plated-ACDF”. Fusion success rates with plated-ACDF range from
50% to 100% depending on factors such as comorbidities, and the
number of levels fused, but are typically 93%-97% for single level fu-
sions (Fountas et al., n.d.; Fraser and Hartl, 2007; Veeravagu et al.,
2014). Complications associated with plated ACDF include concerns
over the plate thickness, soft tissue disruption, mobilization of the

patients affected (Fountas et al., n.d.; Cho et al., 2013; Joaquim et al.,
2014; Lee et al., 2005; McAffee et al., 2010; Rihn et al., 2011). Many of
these cases resolve within a few weeks (Fountas et al., n.d.), while
several reports describe an incidence of 10-14% at 1 year (Cho et al.,
2013; Joaquim et al., 2014; Lee et al., 2005; Rihn et al., 2011).
Anterior integrated cages (AIC) also known as zero-profile cages, are
an alternative to a plated-ACDF. These cages have integrated screws or
other mechanisms to assist with fixation to the adjacent vertebral
bodies. AIC have been found to require a less-invasive approach than
plated-ACDF and evidence supports a decrease in dysphagia and dys-
phonia with their use (Grasso and Landi, 2018; Hofstetter et al., 2015;
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Kasliwal and O'toole, 2012; Li et al., 2017). However, literature sug-
gests AIC may have less motion reduction capabilities and greater
subsidence rates compared to plated-ACDF (Kang et al., 2017; Lee et al.,
2015). Lee et al. performed a retrospective cohort study to assess the
postoperative motion stabilization and subsidence rates of cages with
plates (plated-ACDF) and AIC. They concluded that AIC were less ef-
fective at stabilizing the motion segment compared to plated-ACDF and
resulted in a lower fusion rate (Lee et al., 2015).

The question remains, in those patients in which AIC does not
provide sufficient motion reduction, what can be done to reduce motion
without the morbidity of an anterior revision or invasive open posterior
screw and rod fusion surgery?

Posterior interfacet stabilization has been proposed as a technique
to add supplemental fixation to an anterior cage construct (Kasliwal
et al., 2016; Smith et al., 2017). To assess the motion limiting effec-
tiveness of posterior supplementation of AIC, a biomechanical analysis
was conducted. A zero-profile anterior integrated fusion cage (CAVUX®
Cervical Cage-L, Providence Medical Technology Inc.; Pleasanton, CA)
with and without bilateral posterior interfacet cage supplementation
(CAVUX® Cage-B Cervical Posterior Cage with Ally™ Bone Screw, Pro-
vidence Medical Technology Inc.; Pleasanton, CA) was tested to observe
the stabilizing effects of the implant systems and any change in seg-
mental cervical alignment and neuroforaminal height (Fig. 1). To date,
no studies have reported the biomechanical effects of an AIC with and
without supplemental fixation using a posterior cervical stabilization
system (PCSS) consisting of bilateral interfacet fusion cages.

This study compared one level (C6-C7) and two level (C3-C5) AIC
cervical fusion constructs to AIC with supplemental PCSS. We hy-
pothesized that supplemental PCSS stabilization would significantly
improve the motion limiting properties of AIC in one and two-level
fusion constructs. The effects that these constructs had on posture and
indirect neuroforaminal decompression were also studied by evaluating
the change in segmental lordosis, intervertebral disc height and neu-
roforaminal height. Finally, the motion reduction abilities of a stand-
alone AIC and AIC with supplemental PCSS were compared to results
from a previously published study on plated-ACDF (Voronov et al.,
2016).

2. Methods

Seven fresh-frozen cadaveric cervical (C2-T1) spine specimens with
mean (standard deviation) age 42 (7) years, (5 male, 2 female) were
tested. Specimens were radiographically screened for osseous abnorm-
alities and previous spinal surgery. Specimens were thawed and
stripped of paraspinal musculature while leaving osteoligamentous
structures, facet joint capsules and discs intact. Specimen specific mo-
tion analysis was used to non-invasively assess disc height, foraminal
height and segmental disc angles during kinematic evaluation (Havey
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et al., 2015). Fiducial markers were placed on each vertebral body in
preparation for computed tomography (CT) based specimen specific 3-
D motion analysis. Similar to 3-D surgical navigation, this spatial mo-
tion measurement technique combines vertebral body 3-D reconstruc-
tions from fine slice axial CT scans (< 0.63 mm), and motion tracking
of the individual vertebral bodies using the Optotrak® Certus motion
measurement system (Northern Digital Inc., Waterloo, Ontario, CA).
The output of this technique is a digital 3-D animated representation of
the individual vertebral bodies reconstructed from the CT scan moving
in response to the forces and moments applied during testing. This
technique makes it possible to accurately measure the relationship
(lordosis, disc height, neuroforaminal height) between adjacent ver-
tebral bodies throughout the specimen's motion. Individual specimens
were then potted in aluminum cups with polymethyl methacrylate bone
cement and fixed to a kinematic testing apparatus caudally, while the
cephalad end was left unconstrained (Brody et al., 2014; Wojewnik
et al., 2013).

The testing apparatus allowed continuous cycling of the specimen
between specified maximum moment endpoints ( = 1.5 Nm) in flexion-
extension (FE), lateral bending (LB), and axial rotation (AR). Testing
was performed in moment control mode and a six-component load cell
(Model MC3A-6-1000, AMTI Inc., Newton, MA, USA) under the spe-
cimen measured the applied moments. Load-displacement data were
collected until two reproducible load-displacement cycles were ob-
tained (Brody et al., 2014; Wojewnik et al., 2013).

Each of the seven specimens (C2-T1) was tested sequentially in the
following five conditions: 1) intact, 2) C6-C7 AIC, 3) C6-C7
AIC + PCSS, 4) addition of AIC at C3-C4 and C4-C5, 5) AIC + PCSS at
C3-C4, C4-C5 and C6-C7 (Fig. 2). Cervical fusion using AIC was per-
formed according to the manufacturer's surgical guidelines. Following
AIC, a posterior approach was used to place cages bilaterally between
the cervical facet joints of the target level according to the manufac-
turer's guidelines. Kinematic measures included: segmental range of
motion (RoM) in FE, LB and AR, change in segmental lordosis, change
in segmental disc height, and change in segmental neuroforaminal
height in the neutral upright posture.

To determine if parametric statistical analysis was appropriate,
Lilliefors tests based on the one sample Kolmogorov-Smirnov test were
conducted on the range of motion, lordosis, disc height and neurofor-
aminal height data. Results showed the data was not different than the
normal distribution signifying that parametric statistical analysis was
appropriate. Segmental kinematics were analyzed using paired t-tests
with Bonferroni correction for multiple comparisons, unless otherwise
noted. Depending on the analysis, either two or three comparisons were
made. Rather than adjust the level of significance (P < .025,
P < .017), the Bonferroni corrected P values were obtained by taking
the product of the number of comparisons and the uncorrected P value.
This allowed the significance level to be alpha = 0.05 for all Bonferroni

Fig. 1. Surgical implants used in this study. A) Zero-
profile anterior integrated fusion cage (AIC)
(CAVUX® Cervical Cage-L, Providence Medical
Technology Inc., Pleasanton, CA, USA). B) Posterior
interfacet fusion cage (CAVUX® Cage-B Cervical
Posterior Cage with Ally™ Bone Screw, Providence
Medical Technology Inc., Pleasanton, CA, USA).
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Fig. 2. Surgical and testing protocol: A) Intact, B) AIC at C6-C7; C) AIC + PCSS at C6-C7; D) addition of AIC at C3-C4 and C4-C5; E) AIC + PCSS at C3-C4, C4-C5 and

C6-C7.

corrected comparisons. The following comparisons were conducted:
intact vs AIC at one (C6-C7) and two-levels (C3-C5), and AIC vs
AIC + PCSS at one and two levels. A stabilization intervention at any
level is likely to alter RoM from intact conditions at adjacent spinal
levels. Therefore, RoM values after each sequential step were used for
continuing analysis. All comparisons were done separately for FE, LB
and AR as no comparisons across load-types were intended.

3. Results
3.1. Segmental range of motion

Single level (C6-C7) integrated fusion with AIC significantly re-
duced motion in lateral bending and axial rotation compared to the
intact conditions (P < .001). Flexion-extension motion decreased by
37% from a mean (standard deviation) of 9.3 (2.0) degrees intact to 5.9
(2.9) degrees after AIC, but statistical significance was not reached
(P = .056). Two level (C3-C5) fusion using an AIC decreased RoM
compared to the intact condition in all three modes of motion
(P = .002) (Tables 1, 2). Compared to the intact condition, C3-C5
flexion-extension RoM only decreased by 54% from 20.4 (5.4) to 9.4
(6.9) degrees after stand-alone AIC (P = .002). In both one- and two-
level implantations, posterior supplemental fixation (AIC+ PCSS),
further decreased segmental RoM in all modes of motion compared to

3

stand-alone AIC to at most 1.4 (1.8) degrees (P < .04) (Tables 1, 2).

3.2. Change in segmental lordosis

The change in segmental lordosis with insertion of AIC was segment
dependent, with larger increases seen in the more caudal segments. C3-
C4 showed no significant change in lordosis after implantation of AIC
compared to intact (Table 3). At C4-C5, AIC increased segmental lor-
dosis on average by 3.5 (1.6) degrees (P = .004). At C6-C7 the increase
in segmental lordosis from intact to AIC was 8.6 (2.6) degrees
(P < .001).

Comparing AIC in a stand-alone setting to AIC with posterior sup-
plementation (AIC + PCSS), the loss in segmental lordosis was sig-
nificant at C3-C4 (P = .02) and C6-C7 (P < .001) with larger changes
again seen at more caudal segments. Lordosis at C3-C4 and C4-C5 after
AIC with addition of posterior supplemental fixation (AIC + PCSS) was
not significantly different than the intact condition. At C6-C7 after
AIC + PCSS, the motion segment remained 4.3 (2.7) degrees more
lordotic than the intact condition (P = .018) but lost 50% of the lor-
dosis gained from the anterior interbody construct.

3.3. Change in anterior, middle and posterior disc height

At all three implanted levels, insertion of AIC increased anterior and
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Table 1
Segmental range of motion (degrees) after each protocol step presented as mean (standard deviation).
Intact C6-C7 C6-C7 C3-C5 C3-C5
AIC AIC + PCSS AIC AIC + PCSS

C3-C4
Flexion-extension 9.0 (2.9) 9.7 (3.0) 9.7 (3.1) 3.9 (3.0) 1.4 (1.8)
Lateral bending 10.0 (2.7) 11.3 (2.8) 11.0 (2.8) 1.8 (2.4) 0.2 (0.2)
Axial rotation 8.9 (2.4 9.0 (2.4) 9.0 (2.4) 2.3(1.5) 0.3 (0.2)
C4-C5
Flexion-extension 10.1 (2.4) 10.8 (2.7) 10.7 (2.7) 5.6 (3.9) 1.4 (1.4)
Lateral bending 7.8 (2.4) 9.2 (2.3) 8.9 (2.2) 1.6 (1.2) 0.2 (0.1)
Axial rotation 9.7 (2.6) 9.9 (2.8) 10.1 (2.7) 3.8 (2.7) 0.4 (0.3)
C3-C5
Flexion-extension 19.2 (4.9) 20.5 (5.2) 20.4 (5.9 9.4 (6.9) 2.8 (3.1)
Lateral bending 17.8 (4.1) 20.5 (4.2) 19.9 (4.1) 3.4 (2.8) 0.4 (0.2)
Axial rotation 18.6 (4.8) 18.9 (5.0) 19.1 (5.0) 6.1 (3.7) 0.7 (0.4)
C5-Cé
Flexion-extension 10.9 (2.5) 12.1 (2.9) 12.0 (3.1) 12.2(3.1) 12.1 (3.2)
Lateral bending 6.8 (1.8) 7.6 (2.0) 7.4 (2.0) 7.9 (2.5) 7.8 (2.4)
Axial rotation 8.4 (2.4 8.7 (2.7) 8.6 (2.6) 8.7 (2.8) 8.6 (2.8)
C6-C7
Flexion-extension 9.3 (2.0) 5.9 (2.9) 1.0 (0.5) 1.0 (0.4) 1.0 (0.6)
Lateral bending 7.3 (1.6) 1.8 (1.3) 0.3 (0.1) 0.3 (0.1) 0.3 (0.1)
Axial rotation 5.8 (2.0) 2.7 (2.0) 0.5 (0.2) 0.4 (0.2) 0.4 (0.1)

Table 2 Table 4

Statistical analysis of segmental range of motion between protocol steps.
Statistical comparisons made using two-tailed paired t-test with correction for
multiple comparisons. Statistical significance is shown by P < .05.

Intact vs AIC AIC vs AIC + PCSS

C3-C4

Flexion-extension P = .01 P = .02

Lateral bending P < .01 P = .03

Axial rotation P < .01 P = .02

C4-C5

Flexion-extension P < .01 P =.01

Lateral bending P < .01 P = .03

Axial rotation P < .01 P = .02

C3-C5

Flexion-extension P < .01 P = .01

Lateral bending P < .01 P = .03

Axial rotation P < .01 P = .01

C6-C7

Flexion-extension P = .06 P =.01

Lateral bending P < .01 P = .03

Axial rotation P < .01 P = .04
Table 3

Change in segmental lordosis (degrees) between protocol steps presented as
mean (standard deviation). Statistical comparisons made using two-tailed
paired t-test with correction for multiple comparisons. Positive change is an
increase in lordosis. Statistical significance is shown by P < .05.

Intact vs AIC Intact vs AIC + PCSS AIC vs AIC + PCSS

C3-C4 1.3(1.8) P =.32 -0.5(1.9) P=1.0 -1.7(1.1) P =.02

C4-C5 35(1.6) P < .01 1.4(2.8) P = .69 -21(2.0) P=.11

C6-C7 86(26) P < .01 43127 P = .02 -43(1.1) P < .01
middle disc height compared to the intact condition (P < .01)

(Table 4). While posterior disc height also increased at all implanted
levels, the increase was significant at C3-C4 (P = .003) and C4-C5
(P = .002) but was not significantly different than intact at C6-C7
(P = .287).

Compared to AIC, supplemental posterior cages (AIC + PCSS) de-
creased anterior disc height at C3-C4 on average by 0.3 (0.3) mm
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Change in anterior, middle and posterior disc height (mm) between protocol
steps presented as mean (standard deviation). Statistical comparisons made
using two-tailed paired t-tests with correction for multiple comparisons.
Positive change represents an increase in disc height. Statistical significance is
shown by P < .05.

Intact vs AIC Intact vs AIC + PCSS AIC vs AIC + PCSS

Anterior

C3-C4 12(0.7) P=.01 0.8 (0.7) P = .05 -0.4(0.3) P =.03
C4-C5 1.6(05) P < .01 1.3(0.6) P < .01 -0.3(0.4) P=.23
C6-C7 24(07) P < .01 22(0.6) P < .01 -0.3(0.4) P=.40
Middle

C3-C4 1.0(0.5) P=.01 0.9 (0.5) P = .01 -0.2(0.2) P =.26
C4-C5 1.2(04) P < .01 1.1(04 P < .01 -0.1(.2) P=.97
C6-C7 1.4(05 P < .01 1.6(04 P < .01 0.2 (0.5) P=.94
Posterior

C3-C4 09(04) P < .01 0.9(0.4 P < .01 0.0 (0.2) P=1.0
C4C5 0.8(0.3) P < .01 0.9(0.4 P < .01 0.1 (0.2) P =.39
C6-C7 0.4(0.6) P =.29 1.1 (0.4) P < .01 0.7 (0.4) P = .09

(P = .035) while having no significant effect on anterior disc height at
C4-C5 or C6-C7. Middle and posterior disc heights did not change sig-
nificantly after posterior supplemental fixation (AIC + PCSS) at all
tested levels.

Compared to the intact condition, AIC + PCSS significantly in-
creased anterior, middle and posterior disc heights at all implanted
levels (P < .05). Posterior disc height between the intact condition and
AIC + PCSS, increased by 0.9 (0.4) mm at C3-C4 (P = .003) and C4-C5
(P = .002) and by 1.1 (0.4) mm at C6-C7 (P = .001) (Table 4).

3.4. Change in neuroforaminal height (mm)

Like segmental lordosis, the change in neuroforaminal height was
segment dependent, with cranial and caudal cervical segments be-
having differently (Table 5). Neuroforaminal height significantly in-
creased by 0.7 mm at C3-C4 (P = .005) and C4-C5 (P = .003) after AIC
placement, while C6-C7 showed no change from intact. After supple-
mental fixation (AIC + PCSS), C3-C4 and C4-C5 showed a total increase
in neuroforaminal height compared to the intact condition of 1.0 (0.2)
mm (P < .001) and 1.1 (0.5) mm (P = .002) respectively. At C6-C7
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Table 5

Change in neuroforaminal height (mm) between surgical steps. Mean (standard
deviation) of left and right foramen. Statistical analysis performed using two-
tailed paired t-test with correction for multiple comparisons. Statistical sig-
nificance is shown by P < .05.

Intact vs AIC Intact vs AIC + PCSS AIC vs AIC + PCSS
C3-C4 0.7(04) P=.01 1.0 (0.2) P < .01 0.3(0.3) P =.08
C4-C5 0.7(0.3) P < .01 1.1(0.5) P < .01 0.4(0.2) P < .01
C6-C7 0.1(0.5) P=1.0 1.0 (0.5) P < .01 0.9(0.7) P =.03

the interfacet cages (AIC + PCSS) added 0.9 (0.7) mm of neurofor-
aminal height compared to AIC alone, resulting in a total increase of 1.0
(0.5) mm compared to the intact condition (P = .004).

4. Discussion

It is generally accepted that cervical fusion with anterior integrated
cages is a less complex surgery with shorter operative time, blood loss
and soft tissue dissection than plated-ACDF (Hofstetter et al., 2015; Li
et al., 2017). Studies in the literature have documented decreased
dysphasia with AIC (Hofstetter et al., 2015; Joaquim et al., 2014;
Kasliwal and O'toole, 2012; Scholz et al., 2011). However, Kang et al.
and Lee et al. presented evidence that AIC provides less stability re-
sulting in higher pseudarthrosis than plated-ACDF (Kang et al., 2017;
Lee et al., 2015).

4.1. Supplemental use of PCSS

Biomechanical studies confirm that PCSS fixation mechanically
locks translation of the interarticular facet surfaces contributing to a
reduction of cervical segmental range of motion (Leasure and Buckley,
2014; Voronov et al., 2016). The current study is the first to evaluate
the biomechanical role of PCSS placed in the facet joints as a supple-
ment to an AIC at one and two levels. Study results show AIC with PCSS
supplementation provides a significant reduction in range of motion
compared to AIC alone. With this data we can affirm our hypothesis,
and state that supplemental use of bilateral posterior interfacet cages
can significantly improve immediate postoperative segmental stabili-
zation of AIC at one and two levels.

The results of this biomechanical study support the clinical findings
that there is a role for the use of bilateral posterior fusion cages when
added stability is required, such as in patients with elevated risk of
pseudarthrosis (multiple level fusion, smokers, etc.) (Kasliwal et al.,
2016; Smith et al., 2017). If revision or supplemental fixation of an
anterior fusion is necessary, common options include anterior revision
or posterior screw and rod fixation (Balaram et al., 2014; Kaiser et al.,
2009). Pseudarthrosis studies in the literature are not conclusive on the
best revision approach for failed anterior fusion. Anterior reoperation
has certain benefits including reduced morbidity and a more direct
correction of the cause of pseudarthrosis. A posterior open approach
eliminates the increased complexity of revision through scar tissue and
the complications regarding esophagus mobilization and dysphagia

Table 6
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(Kaiser et al., 2009; Piazza et al., 2017).

The posterior open approach also provides effective stabilization,
but it is technically demanding, requires longer hospital stays, has
higher rates of morbidity and complications such as axial neck pain,
infection, higher blood loss, and postoperative pain (Leckie et al., 2016;
Memtsoudis et al., 2011). In cases in which anterior subsidence or
height loss is not an issue, a posterior minimally invasive option may
provide sufficient stabilization while decreasing surgical morbidity
compared to an open posterior approach.

Options for posterior MIS supplemental cervical fixation are limited
but include transfacet screws and interfacet spacers. Transfacet screws
can be effective at stabilizing the motion segment, but their minimally
invasive use is technically demanding with high rates of misplacement
(Husain et al., 2016). Posterior fusion cages placed within the facet
joints may offer an effective means of segmental fixation with a mini-
mally invasive, tissue sparing approach (Kaiser et al., 2009; Kasliwal
et al., 2016; Piazza et al., 2017; Smith et al., 2017). These posterior
cervical cages have been shown to decrease range of motion at the
index level and be effective in the treatment of radiculopathy (Goel and
Shah, 2011; Leasure and Buckley, 2014; McCormack et al., 2013;
Voronov et al.,, 2016). In a clinical study of nineteen symptomatic
pseudarthrosis patients, Kasliwal et al. used cervical interfacet cages to
supplement the preexisting anterior cervical discectomy and fusion
construct (Kasliwal et al., 2016). While this study showed good out-
comes, caution must be used when evaluating pseudarthrosis patients
as candidates for PCSS since a load bearing anterior column is necessary
for these interfacet cages to effectively reduce motion. Patients with
compression fractures or cage/graft subsidence may not be candidates
for this minimally invasive technique.

4.2. AIC vs plated-ACDF

The findings of this study provide evidence that AIC is not as ef-
fective as published results of plated-ACDF at stabilizing cervical mo-
tion segments. In a previous study by Voronov et al. performed in the
same laboratory using similar methodology, range of motion of plated-
ACDF was compared to the intact condition and to ACDF with sup-
plemental PCSS fixation (Table 6) (Voronov et al., 2016). Data from
Voronov et al. (Voronov et al., 2016) after plated-ACDF was compared
to data from this study using a two-tailed unequal variance t-test. Re-
sults of the two studies show that in flexion-extension in both one and
two-level constructs, plated- ACDF provided significantly more motion
reduction than stand-alone AIC. In lateral bending and axial rotation
there was no significant difference between plated ACDF and standa-
lone AIC in either one or two-level constructs. The lack of significance
in lateral bending and axial rotation may be partially due to the smaller
motions and larger variability in motion reduction in the AIC group as
shown in Table 6.

Comparing AIC + PCSS to plated-ACDF shows that addition of PCSS
results in greatly reduced motion over AIC alone, with motion reduc-
tion similar to or better than plated ACDF (Table 6). The significant
reduction in RoM of AIC + PCSS compared to plated-ACDF may not be
clinically relevant but does highlight the effectiveness of PCSS.

Comparison of mean (standard deviation) range of motion (degrees) of plated ACDF and AIC fusion data sets. ACDF and ACDF +PCSS data is from Voronov et al.
(Voronov et al., 2016). Statistical comparison was performed using a two-tailed, two-sample unequal variance t-test with correction for multiple comparisons.

Statistical significance is shown by P < .05.

Fusion level Plated ACDF AIC Plated ACDF vs AIC AIC + PCSS Plated ACDF vs AIC + PCSS
Flexion-extension C6-C7 2.5 (0.8) 5.9 (2.9 P = .04 1.0 (0.5) P < .01

C3-C5 1.7 (0.9) 9.4 (6.9) P < .05 2.8(3.1) P=.76
Lateral bending C6-C7 1.6 (0.7) 1.8 (1.3) P=1.0 0.3 (0.1) P < .01

C3-C5 1.7 (0.6) 3.4 (2.8) P =.35 0.4 (0.2) P < .01
Axial rotation C6-C7 1.7 (0.4) 2.7 (2.0) P = .47 0.5 (0.2) P < .01

C3-C5 2.1 (0.5) 6.1 (3.7) P = .06 0.7 (0.4) P < .01
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Comparisons to the Voronov et al. data set provides evidence that
supplemental posterior interfacet fixation using PCSS can stabilize a
motion segment with an anterior integrated cage (AIC) at least as well
as plated ACDF.

4.3. Sagittal alignment and indirect decompression

Study results show that AIC and PCSS behave differently in the
lower cervical spine (C6-C7) versus the upper cervical spine (C3-C5).
AIC at C6-C7 had a large effect of increasing segmental lordosis which
diminished at each cranial level. A similar response was seen with
placement of PCSS, with a larger reduction in lordosis at C6-C7 sig-
nifying a 50% reduction in lordosis gained by AIC. Lordosis at the more
cranial levels C4-C5 and C3-C4 was not significantly different than the
intact condition after supplementation of AIC with PCSS.

These results were mirrored in the segmental disc height data where
a small increase in posterior height was seen after AIC at C6-C7 and
relatively larger increases in posterior height at the upper levels. These
differential changes in disc height and lordosis after AIC and PCSS are
likely driven by differences in vertebral body morphology and the lo-
cation of the segmental axes of rotation. Bogduk and Mercer, as well as
Hipp and Wharton presented data showing the location of the seg-
mental center of rotation in the cervical spine moves caudally at more
cranial segments (Bogduk and Mercer, 2000; Hipp and Wharton, 2008).
This relationship is likely driven by the location of the facet joints re-
lative to the disc space (Milne, 1991).

Studies in the literature have presented data on indirect neurofor-
aminal decompression with interfacet fusion (Goel and Shah, 2011;
Leasure and Buckley, 2014; Siemionow et al., 2016). Results of this
study provide additional evidence that use of PCSS moderately in-
creases posterior disc height and neuroforaminal height in the im-
mediate postoperative period and can cause a level dependent change
in lordosis. Published clinical results of PCSS document a small de-
crease in lordosis of the treated segment, but no significant change in
overall cervical lordosis (Kasliwal et al., 2016; McCormack et al., 2013;
Siemionow et al., 2016; Tan et al., 2015). When indirect decompression
is intended, special attention should be given to the interplay of lordosis
provided by the interbody device and posterior disc height and neu-
roforaminal decompression provided by the posterior interfacet cages.
Future clinical studies may offer an improved understanding of this
interaction and appropriate indications at the different cervical levels to
achieve optimal outcomes. As with any implant system, it is important
to understand how sagittal alignment may be affected by single and
multi-level instrumentation. Specimens studied in this work were
without significant degenerative changes which would reduce disc
height or change sagittal alignment. Clinically the degenerative process
and bone quality may have varying effects on lordosis, disc height and
indirect decompression. Future analysis of biomechanical data and
validation with clinical findings will provide insight into the effects of
the studied fusion techniques on sagittal balance at different cervical
levels.

4.4. Limitations

The consequence of long-term cyclical loading experienced in vivo
are not reflected in the in vitro evaluation of the tested constructs.
Rather, the results presented provide evidence for the immediate post-
operative effects of the implants. In vivo, compressive loads help to
stabilize instrumented segments (Patwardhan et al., 2003). In this
study, no compressive follower load was used in order to simulate a
worst-case scenario for segmental motion.

C5-C6 is the most operated segment in the cervical spine. In this
study C5-C6 was not implanted so there would be a free mobile disc
between the one level (C6-C7) and two level (C3-C5) fusion constructs.
In biomechanical evaluation, comparisons are best made before and
after surgeries at the same level. This is because segmental kinematics
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such as range of motion and axis of rotation vary between individual
motion segments (Hipp and Wharton, 2008; Martin et al., 2011; White
and Panjabi, 1978). Future studies can evaluate the response of C5-C6
to determine if its response is more similar to C6-C7 or the upper cer-
vical spine.

Finally, this study was performed on donor specimens without sig-
nificant sagittal deformity or degenerative changes. The postural con-
sequences of PCSS on straight or kyphotic cervical spines should be
considered, especially in multi-level use. Clinical studies may be able to
address the relationship between anterior fusion cage height, interfacet
fusion and resulting sagittal balance.

5. Conclusion

In cervical biomechanics the facet joints play just as pivotal a role as
the intervertebral disc in segmental motion (Bogduk and Mercer, 2000;
Jaumard et al., 2011; Milne, 1991). The results of this study provide
evidence that an anterior column support such as an integrated fusion
cage, combined with bilateral posterior interfacet cages intended to
block facet translation, is an effective means of stabilizing a motion
segment to promote fusion.

In the cervical spine there is an antagonistic relationship between
indirect neuroforaminal decompression and segmental lordosis.
Anterior interbody cages provide more lordosis at caudal levels than at
cranial levels. As a result of the contrasting effects on lordosis, posterior
disc height and neuroforaminal height increase more at cranial levels
(C3-C4 and C4-C5) after AIC than at C6-C7.

As in previous clinical and biomechanical studies, this study shows
that PCSS can increase posterior disc height and neuroforaminal height
in the immediate post-operative period (Goel and Shah, 2011; Leasure
and Buckley, 2014; Siemionow et al., 2016). This indirect decompres-
sion from PCSS results in a loss of lordosis at more caudal cervical le-
vels. After PCSS the posterior disc height and neuroforaminal height
increased more at the caudal segments than at cranial segments. These
trade-offs between added lordosis with AIC and reduced lordosis with
PCSS resulted in similar increases in posterior disc height and neuro-
foraminal height after AIC + PCSS at all cervical levels studied.

This and other studies show that stand-alone AIC can provide less
stability than plated-ACDF in the immediate post-operative period
(Kang et al., 2017; Lee et al., 2015). The data presented in this work
provides evidence that in the immediate postoperative period, supple-
mental bilateral interfacet fusion cages can dramatically improve the
motion reduction capabilities of anterior interbody constructs.
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