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BACKGROUND: Short- andmid-term studies have shown the effectiveness of cervical disc
arthroplasty (CDA) to treat cervical disc degeneration.
OBJECTIVE: To report the 10-yr outcomes of amulticenter experiencewith cervical arthro-
plasty for 1- and 2-level pathology.
METHODS: This was a prospective study of patients treated with CDA at 1 or 2 contiguous
levels using the Mobi-C R© Cervical Disc (Zimmer Biomet). Following completion of the
7-yr Food and Drug Administration postapproval study, follow-up continued to 10 yr for
consenting patients at 9 high-enrolling centers. Clinical and radiographic endpoints were
collected out to 10 yr.
RESULTS: At 10 yr, patients continued to have significant improvement over baseline Neck
Disability Index (NDI), neck and arm pain, neurologic function, and segmental range of
motion (ROM). NDI and pain outcomes at 10 yr were significantly improved from 7 yr.
Segmental and global ROM and sagittal alignment also were maintained from 7 to 10 yr.
Clinically relevant adjacent segment pathology was not significantly different between 7
and 10 yr. The incidenceofmotion restrictingheterotopic ossification at 10 yrwasnot signif-
icantly different from 7 yr for 1-level (30.7% vs 29.6%) or 2-level (41.7% vs 39.2%) patients.
Only 2 subsequent surgeries were reported after 7 yr.
CONCLUSION: Our results through 10 yr were comparable to 7-yr outcomes, demon-
strating that CDA with Mobi-C continues to be a safe and effective surgical treatment for
patients with 1- or 2-level cervical degenerative disc disease.

KEYWORDS: Cervical disc arthroplasty, Total disc replacement,Mobi-C disc, Degenerative disc disease, Adjacent
segment pathology, Heterotopic ossification
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A nterior cervical discectomy and fusion
(ACDF) has been the standard surgical
treatment for symptomatic cervical

ABBREVIATIONS: ACDF, anterior cervical
discectomy and fusion;ANOVA, analysis of variance;
ASD, adjacent segment degeneration;ASP, adjacent
segment pathology; CDA, cervical disc arthroplasty;
CI, confidence interval; DDD, degenerative disc
disease; FDA, Food and Drug Administration; HO,
heterotopic ossification; MCS, mental component
score; NDI, Neck Disability Index; PCS, physical
component score; rASP, radiographic adjacent
segment pathology; ROM, range of motion; SVA,
sagittal vertical axis; VAS, Visual Analog Scale

Supplemental digital content is available for this article at
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spondylosis since the mid-20th century.
However, ACDF alters spinal biomechanics
by affecting segmental motion and placing
additional stress on adjacent discs, which may
accelerate degeneration.1-4 Logically, ACDF
was thought to lead to higher incidence of
symptomatic adjacent segment pathology (ASP)
than cervical disc arthroplasty (CDA).5
CDA was designed as an alternative to ACDF

for treating degenerative disc disease (DDD) at
1 or more levels while preserving motion. By
simulating the natural motion of the spine, CDA
is believed to reduce degeneration at the adjacent
segments compared to ACDF.4,6-11 CDA has
been extensively evaluated in multiple Food
and Drug Administration (FDA) randomized
controlled trials, and short- to mid-term data
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FIGURE 1. The Mobi-C C© Cervical Disc. See Supplemental Digital Content, for a detailed description
of the Mobi-C device. C© Zimmer Biomet, used with permission.

indicate it is a safe and effective treatment for both 1- and 2-level
cervical DDD.
The safety and effectiveness of the Mobi-C R© Cervical Disc

(Mobi-C, Zimmer Biomet, Westminster, Colorado) has been
reported at 2 to 7 yr, and at most time points, the Mobi-C has
shown statistically superior results to ACDF in terms of composite
measures of overall success.12-16 The purpose of this post market
study is to report the 10-yr outcomes of a multicenter experience
with a subset of patients treated with Mobi-C for 1- and 2-level
pathology.

METHODS

Study Design
This was a prospective cohort study of patients previously treated with

CDA at 1- or 2 contiguous levels using the Mobi-C (Zimmer Biomet;
Figure 1). Patients were enrolled in the prospective, randomized multi-
center Investigational Device Exemption (IDE) clinical trial (Clinical-
Trials.gov registration no. NCT00389597). Institutional review board
approval and patient informed consent were obtained at all investi-
gational sites. Enrollment criteria included a diagnosis of DDD with
radiculopathy or myeloradiculopathy at either 1 or 2 contiguous levels
from C3 to C7 with no prior cervical operations. Details of the study
protocol, inclusion and exclusion criteria, and patient characteristics have
been reported previously.16

Patient Selection
Between April 2006 and March 2008, 413 patients were treated

with 1- or 2-level CDA. The FDA approved the Mobi-C in 2013 and
required a postapproval study to collect data out to 7 yr. The safety
and effectiveness outcomes of these CDA patients were compared with

the ACDF control patients out to 7 yr postoperatively.16 Following
completion of the 7-yr FDA postapproval study, consenting CDA
patients at 9 high-enrolling centers were followed at 10 yr.

Outcomes
Outcomes were defined in the original IDE study and included

the Neck Disability Index (NDI), Visual Analog Scale (VAS) neck
and arm pain, SF-12 physical component score (PCS) and mental
component score (MCS), patient satisfaction, neurologic function,
secondary surgical procedures (removals, revisions, reoperations, or
additional fixation), and adverse events (AEs). Neurological function
was assessed with tests of sensory, reflex, and motor function. Neuro-
logical success was defined as maintained or improved motor, sensory,
and reflex assessment compared to preoperative baseline. Radiographic
endpoints included segmental and global range of motion (ROM),
sagittal balance (C2-C6 angle), ASP and heterotopic ossification (HO).
Radiographic adjacent segment pathology (rASP) was defined with the
Kellgren-Lawrence scale.17 HO was graded by the system adapted from
McAfee and Mehren.18,19 During the 10-yr postmarket study, sagittal
vertical axis (SVA; C2-C7), the horizontal distance between the C2 and
C7 plumb lines, was obtained from neutral lateral X-rays at preoper-
ative, early postoperative, and 10 yr. Independent radiologists (Medical
Metrics, Inc., Houston, Texas) conducted radiographic evaluations.

Statistical Analysis
All CDA patients and follow-up from 9 sites were included in the

analysis. Repeated measures, mixed effects analysis of variance (ANOVA)
was used to compare 10-yr outcomes with preoperative and 7-yr
outcomes within the CDA group. The analysis was designed to assess
whether a statistically significant improvement from baseline observed at
7 yr was maintained out to 10 yr. The ANOVA model also included
number of treated levels to evaluate whether results differed between
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FIGURE 2. Flow chart of patient enrollment and follow-up.

1- and 2-level CDA. P-values were adjusted for multiplicity using a
Monte Carlo simulation-based method to compute adjusted P-values
and confidence limits. Because follow-up of the control group was
completed at 7 yr, data for the CDA patients at 10 yr are assessed without
any between-group statistical comparisons with ACDF. Survival function
estimates for secondary surgery and serious device-related adverse events
were generated using the Kaplan-Meier method, with the log-rank test
to compare survival functions. All patients that were withdrawn or lost-
to-follow-up were censored at their last visit prior to study withdrawal.
CDA patients undergoing a device removal and conversion to fusion were
censored after the surgery. Categorical proportions were compared using
a 2-sided McNemar’s test for comparing dependent samples or Fisher’s
exact test for independent samples. Confidence intervals for proportions
were calculated with the Clopper-Pearson exact binomial method. Statis-
tical analyses were performed using SAS version 9.4 (SAS Institute, Cary,
North Carolina).

RESULTS

Study Cohort
From the original enrollment of 257 CDA patients at 9 sites,

231 patients were eligible for follow-up after 7 yr (Figure 2). There

were no significant differences in preoperative characteristics
between these patients and the original FDA cohort. Ten-year
follow-up was obtained from 81% (187/231) of patients available
at 7 yr, and 75.1% (187/249) of all CDA patients enrolled at
these sites, after excluding 8 patients that were converted to
fusion or died. Seventeen (17) patients were not available for
in-person follow-up and did not have 10-yr radiographs, but
patient reported outcomes (NDI, pain, SF-12), adverse events,
and reoperation were collected via phone interview and review
of medical records. The longest follow-up was 11.2 yr (1897.9
cumulative yr).

Clinical Outcomes
Ten years after CDA, patients continued to have significant

improvement (P < .001) from baseline NDI, neck and arm
pain, and SF-12 PCS and MCS (Table 1). NDI and pain
outcomes at 10 yr were significantly improved from 7 yr, but these
improvements were less than the minimal clinically important
difference for NDI (15/100) and pain (10/100). At 10 yr,
86.3% of CDApatients hadmaintained or improved neurological
function compared to 86% at 7 yr (P = .60). Overall patient
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TABLE 1. Patient-reported Outcomes∗

Outcome Baseline 7 yr 10 yr Mean� 10 yr vs baseline [95% CI] P value† Mean� 10 vs 7 yr [95% CI] P value‡

NDI 54.4 19.3 15.1 37.3 [33.8–40.8] <.0001 3.4 [1.5–5.3] .003
VAS Neck 72.1 20.3 13.3 56.8 [51.7–61.9] <.0001 6.2 [1.7–10.7] .002
VAS Arm 69.9 15.5 11.3 57.1 [51.6–62.7] <.0001 4.7 [0.2–9.2] .037
SF12 PCS 32.9 45.7 47.5 14.1 [12.0–16.3] <.0001 1.6 [−0.3–3.5] .13
SF12 MCS 41.6 51.0 51.5 9.4 [7.1–11.8] <.0001 0.7 [−1.2–2.5] .91

∗Least squares means and confidence intervals adjusted for other covariates in the model.
†10 yr vs baseline. ‡ 10 yr vs 7 yr.
P-values are adjusted for multiple comparisons. All analyses of patient-reported outcomes included the comparison of outcomes between levels treated. For each outcome, there
was no significant difference (P > .05) between 1- and 2-level CDA across all time points. Therefore, results for clinical outcomes by visit are reported for all CDA patients combined.

TABLE 2. Subsequent Surgery at the Index or Adjacent Level After
CDA Through 10 yr (n= 257)

Subsequent surgerya Patients (%) 95% CIb

Surgery at index level 13 (5.1%) 2.7%-8.5%
Removal 6 (2.3%) –
Reoperation 4 (1.6%) –
Supplemental fixation 2 (0.8%) –
Revision 1 (0.4%) –

Surgery involving adjacent level(s) 11 (4.3%) 2.2%-7.5%
Any subsequent surgery 20 (7.8%) 4.8%-11.8%

aSome secondary surgeries involvedboth index andadjacent levels. Somepatients had
more than 1 secondary surgery.
bClopper-Pearson exact binomial confidence intervals.

satisfaction remained very high, with the majority of CDA
patients reporting “very satisfied” (10 yr: 88.8% vs 7 yr: 88.0%;
P = .26).

Safety Outcomes
Two subsequent surgeries were reported after 7 yr. A patient

with 2-level CDA presented with debilitating neck and radicular
pain and underwent bilateral posterior instrumented fusion of
the index levels 9.5 yr after surgery, with the original Mobi-C
implants (Zimmer Biomet) left in place. In the second case, a
patient with single level CDA at C5-6 presented with cervical
spondylosis at a nonadjacent level and underwent ACDF at the
C3-4 level, 7.4 yr after CDA. There were no adjacent level
surgeries reported after 7 yr. Of the 13 secondary surgeries at
the index level, 6 were device removals, with 4 patients fully
converted to fusion and 2 2-level patients converted to hybrid
constructs with 1 Mobi-C left in place. Total incidence of subse-
quent surgery after 10 yr was 5.1% (13/257) at the index level
and 4.3% (11/257) at an adjacent level (Table 2). The Kaplan-
Meier curves illustrate the consistently low rate of adjacent level
secondary surgery (4.5%) in the CDA group at 7 yr and beyond
(Figure 3).
The survival function for serious device-related AEs at 7 yr was

96.4% [95% CI: 94.1%-98.7%]. Between 7 and 10 yr, 7 device-

FIGURE 3. Kaplan-Meier cumulative risk of subsequent surgery at an
adjacent level in CDA and fusion patients. Fusion patients are from the same
study centers, but were not followed beyond 7 yr. Log rank test; P = .0002.

related AEs were reported in 5 patients (HO – 5; subsidence-2),
but none were classified as serious (ie, required hospitalization or
reoperation).

Radiographic Outcomes
CDA patients maintained segmental and global ROM with no

statistically significant changes between 7 and 10 yr (Figure 4;
Table 3). Similar to ROM, sagittal balance (C2-C6 angle) was
maintained from 7 to 10 yr (P > .05; Table 4). Both preoper-
atively and postoperatively, over 80% of patients were lordotic
(SVA 0-30 mm). There was a small increase in SVA from preop-
erative to postoperative, but SVA at 10 yr was not significantly
changed from initial postoperative alignment (P > .05).
Clinically relevant (grade 3/4) rASP at 10 yr was not signif-

icantly different from the 7-yr incidence (P > .05; Table 5).
The incidence of motion-restricting (grade 3/4) HO at 10 yr
was not significantly different from the 7-yr incidence for 1-level
(30.6% vs 28.7%; P = .99) or 2-level (41.6% vs 38.5%; P = .58)
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FIGURE 4. ROM in flexion/extension (left) and lateral bending (right) for CDA patients from preoperative to 10 yr.

TABLE 3. Segmental and Global ROM (degrees) in CDA Through 10 yr

Flexion/extension Lateral bending
Global ROM (C2-C6
flexion/extension)

2-level superior 2-level inferior 1-level 2-level superior 2-level inferior 1-level 2-level 1-level

Preoperative 8.9 6.8 7.8 5.6 4.9 5.0 37.0 38.8
7 yr 9.4 6.8 9.7 5.1 4.7 5.2 37.9 42.7
10 yr 9.5 6.9 9.3 4.9 4.5 5.1 38.2 41.6
P-valuea .91 .97 .59 .99 .99 .90 .99 .19

a10 yr vs 7 yr.

TABLE 4. Sagittal Balance and Sagittal Vertical Alignment in CDA Patients

Sagittal balance (C2-C6 angle (◦)) Sagittal alignment (C2-C7 SVA (mm))

Follow-up 2-level 1-level 2-level 1-level

Preoperative 4.3 4.8 16.4 15.7
Postoperative 10.2 7.7 18.5 18.1
7 yr 9.8 8.6 – –
10 yr 8.6 8.6 20.3 17.4
P values
10 yr vs preoperative <.0001 <.0001 <.001 0.69
10 yr vs postoperative 0.78 0.31 0.28 0.82
10 yr vs 7 yr 0.90 0.86 – –

CDA patients (Table 6). Although segments with grade 3/4 HO
had reduced ROM, many retained some motion (Figure 5).

DISCUSSION

The Mobi-C (Zimmer Biomet) received FDA approval in
2013, and the clinical trial was completed after 7 yr of
follow-up. This postmarket study evaluated the safety and effec-

tiveness of the Mobi-C implanted at 1 or 2 levels out to
10 yr. At 10 yr, both 1- and 2-level CDA demonstrate sustained
improvement of NDI, pain scores, and SF-12. The percentage
of patients who maintained their neurological function also
remained stable. Progression of rASP and HO from 7 to 10 yr
was minimal. One patient underwent secondary surgery at the
index level after 7 yr, bringing the cumulative rate to 5.1%. The
10-yr cumulative rate of adjacent surgery was 4.3%.
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TABLE 5. Progression of Grade 3/4 rASP

1-level 2-level

Years CDA ACDF CDA ACDF

2 10.1% 11.9% 3.4% 13.9%
5 15.4% 29.0% 8.6% 35.7%
7 22.7% 37.5% 8.4% 45.3%
10 21.3% – 10.2% –
P valuea .16 <.0001
P-valueb .13 .25

aMobi-C vs ACDF at 7 yr. Fisher’s exact test.
bMobi-C 10 yr vs 7 yr. McNemar’s test based on patients with data at both 7 and 10 yr.

ROM and sagittal alignment were maintained at 10 yr
compared to early postoperative baseline. Two key advantages of
CDA over fusion are preserving segmental ROM, and accommo-
dating flexion/extension with improved global sagittal alignment.
The first advantage of CDA has been well established in the
literature, but little data exists that illustrates how CDA influ-
ences sagittal alignment. In our study, preoperative SVA in CDA
patients was similar to normal values reported in the literature
for healthy asymptomatic subjects.20 Patients undergoing CDA
would be expected to flex and extend their neck better than
the fusion patients. While global ROM improved after CDA,
there was little change in sagittal alignment from preoperative
to postoperative in the neutral plane (see Supplemental Digital
Content for a discussion of potential study limitations).

Long-term Safety and Effectiveness of CDA
At 10 yr, Mobi-C patients maintained statistically significant

improvements in NDI, pain, and SF-12 PCS. These results
suggest that the Mobi-C continues to be a clinically sound
alternative to cervical fusion. The Mobi-C has previously been
compared with ACDF for 1- and 2-level cervical disc disease out
to 7 yr after surgery in a multicenter, prospective, randomized
IDE trial. Postoperative outcomes have demonstrated statistically
significant improvement in NDI, VAS arm and neck pain, and
SF-12 at 24 to 84 mo in the CDA group compared with ACDF,
especially after 2-level treatment.12-16 In addition, the overall
success rate was statistically higher in the 2-level CDA compared
to ACDF at 84 mo.

The Mobi-C has also been studied outside of the US in
a large single-armed prospective study with outcomes reported
through 5 yr.21 This study included additional indications such as
treatment at up to 4 levels, patients with previous spine surgery,
even at the index level, and patients with prior cervical fusions.
The authors reported favorable outcomes, with no significant
difference between the single level and multilevel patients.
Presently, results from 7 to 10 yr have been published on

many of the CDA devices that are approved by the FDA for
single-level16,22-26 and 2-level treatment.16,27,28 These studies
consistently demonstrated superiority or noninferiority of CDA
compared to ACDF, lower rates of secondary surgeries, low rates
of serious AEs, and maintenance of motion.

Adjacent Segment Pathology
One of the major concerns with ACDF is the development of

adjacent segment degeneration (ASD) and the resulting need for
reoperation to relieve associated symptoms.29 When motion in
treated segments is eliminated through fusion, adjacent segments
become hypermobile and adjacent discs experience increased
loads and stresses.6,8,10,11 In turn, these kinematic changes have
the potential to initiate or accelerate pathologies in untreated
adjacent segments.30 On the other hand, CDA preserves motion
and natural spinal kinematics, provides mechanical stabilization
after neural decompression and discectomy, and reduces the
incidence of ASP. In vitro studies have found that adjacent
segment motion, intradiscal pressure, and facet joint loading are
unchanged following CDA.3,31
CDA has previously been shown to have lower rates of

ASD,16,32-34 and lower rates of adjacent level subsequent
surgery,16,22,23,35-39 compared to ACDF. In this study, the
Mobi-C has shown maintenance of motion out to 10 yr, and little
or no progression of clinically relevant rASP after 5 yr, suggesting
that most progression of rASP after CDA occurs in the first 5 yr
postoperatively. In our study, clinically relevant rASP occurred in
10% of 2-level and 21% of 1-level CDA patients. We are only
aware of 1 other study that has reported ASD in CDA patients
out to 10 yr. Mehren et al40 reported ASD in 35.7% of patients
at 10 yr, but their study used different criteria for defining ASD
than that used in our study.
ASP after CDA has been reported sporadically, and sometimes

with differing definitions, but long-term studies have reported on

TABLE 6. Progression of Motion-restricting (Grade 3/4) HO in CDA Patients Through 10 yr

Grade 3-4 HO

Treated levels 2 yr 5 yr 7 yr 10 yr P valuea

1-level 11.3% (11/98) 30.0% (27/90) 28.7% (25/87) 30.6% (19/62) .99
2-level 15.5% (23/148) 26.6% (37/139) 38.5% (50/130) 41.6% (45/108) .58

aComparison of 10 yr vs 7 yr. McNemar’s test based on patients with data at both 7 and 10 yr.
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FIGURE 5. ROM in flexion/extension (left) and lateral bending (right) in CDA patients by follow-up and HO grade. After 5 yr, ROM remained
stable regardless of level of HO.

the incidence of adjacent level subsequent surgery as a proxy for
clinically symptomatic ASP. Our rate of adjacent surgery at 10 yr
was 4.3% and unchanged from earlier time points. Other long-
term studies of CDA reported adjacent level surgery occurring in
4.5% to 13.8% of patients, compared to rates of 16% to 24% in
ACDF controls.25,26,28,41 Long-term studies and meta-analyses
estimate a cumulative incidence of adjacent level surgery ranging
from 21% to 37% at 10 yr after ACDF.7,42-45 Recent studies have
addressed the need to differentiate radiographic evidence of ASP
from clinically symptomatic ASP, as well as identify the factors
that lead to ASP and adjacent level surgeries after CDA.39,46,47

HO and Effect on ROM
In this study, rates of grade 3/4 HO at 10 yr were 30.6%

in 1-level patients and 41.6% in 2-level (highest grade at either
level). These rates were not significantly higher than those at 7 yr.
Our findings at 7 yr also reflect those reported earlier for grades
3/4 (1-level: 28.7%; 2-levels: 37.4%) with the Mobi-C device.48
Similarly, Gornet et al26,28 reported grade 3/4 HO of 28.6% and
39% in 1- and 2-level patients at 10 yr, while Mehren et al40
reported grade 3/4 HO rates of 58% at 10 yr. Several studies
have reported complete HO (grade 4) or solid fusion in approx-
imately 11% of CDA patients at 7 yr.22,26,28,48 Grade 4 HO
in our study at 10 yr was 12.9% and 12.0% in 1- and 2-level
patients, respectively. Similarly, Gornet et al26,28 reported 9% and
13% incidence of grade 4 HO at 10 yr, while Mehren et al40
reported a rate of 26% at 10 yr. Although significant HO can
restrict segmental ROM,40,48 we show that those patients with
grade 3/4 HO and reduced ROM still retain some motion at
10 yr. Although HO can negate the motion-preserving advantage
of CDA, it does not appear to negatively affect patient-reported
outcomes.48-50 In those cases, complete loss of motion after CDA
would be considered equivalent to a successful ACDF surgery.

CONCLUSION

Our results through 10 yr demonstrate that CDA with
Mobi-C (Zimmer Biomet) continues to be a safe and effective
surgical treatment for patients with 1- or 2-level cervical
DDD. This study provides additional evidence of the long-term
durability of CDA out to at least 10 yr.

Funding
The device manufacturer, Zimmer Biomet initiated and funded the Mobi-C C©

Cervical Disc FDA IDE clinical trial and postapproval study. Zimmer Biomet
contributed to the design and conduct of the study, and provided assistance with
analysis of data, manuscript preparation, and review.

Disclosures
The authors received no financial support for the research, authorship, or

publication of this article. The authors report the following potential conflicts:
Dr Kim is a patent holder and recipient of royalties for Zimmer Biomet product
and consultant for Zimmer Biomet. Dr Bae is a patent holder and recipient of
royalties for Zimmer Biomet products, and past consultant for Zimmer Biomet.
Dr Hisey is a patent holder and consultant for Zimmer Biomet. Dr Nunley is a
patent holder and consultant for Zimmer Biomet. Dr Hoffman holds direct stock
ownership in Zimmer Biomet. Dr Jackson is a consultant for Zimmer Biomet.

REFERENCES
1. Chang UK, Kim DH, Lee MC, Willenberg R, Kim SH, Lim J. Changes in

adjacent-level disc pressure and facet joint force after cervical arthroplasty compared
with cervical discectomy and fusion. J Neurosurg Spine. 2007;7(1):33-39.

2. WangCS, Chang JH, ChangTS, ChenHY,ChengCW. Loading effects of anterior
cervical spine fusion on adjacent segments. Kaohsiung J Med Sci. 2012;28(11):586-
594.

3. Dmitriev AE, Cunningham BW, Hu N, Sell G, Vigna F, McAfee PC. Adjacent
level intradiscal pressure and segmental kinematics following a cervical total disc
arthroplasty. Spine (Phila Pa 1976). 2005;30(10):1165-1172.

4. Robertson JT, Papadopoulos SM, Traynelis VC. Assessment of adjacent-segment
disease in patients treated with cervical fusion or arthroplasty: a prospective 2-year
study. J Neurosurg Spine. 2005;3(6):417-423.

NEUROSURGERY VOLUME 88 | NUMBER 3 | MARCH 2021 | 503



KIM ET AL

5. Rosenthal P, Kim KD. Cervical adjacent segment pathology following fusion: is it
due to fusion? World J Orthop. 2013;4(3):112-113.

6. Fuller DA, Kirkpatrick JS, Emery SE, Wilber RG, Davy DT. A kinematic study
of the cervical spine before and after segmental arthrodesis. Spine (Phila Pa 1976).
1998;23(15):1649-1656.

7. Hilibrand AS, CarlsonGD, PalumboMA, Jones PK, BohlmanHH. Radiculopathy
and myelopathy at segments adjacent to the site of a previous anterior cervical
arthrodesis. J Bone Joint Surg (Am). 1999;81(4):519-528.

8. Matsunaga S, Kabayama S, Yamamoto T, Yone K, Sakou T, Nakanishi K. Strain on
intervertebral discs after anterior cervical decompression and fusion. Spine (Phila
Pa 1976). 1999;24(7):670-675.

9. Eck JC, Humphreys SC, Lim TH, et al. Biomechanical study on the effect of
cervical spine fusion on adjacent-level intradiscal pressure and segmental motion.
Spine (Phila Pa 1976). 2002;27(22):2431-2434.

10. Elsawaf A, Mastronardi L, Roperto R, Bozzao A, Caroli M, Ferrante L. Effect of
cervical dynamics on adjacent segment degeneration after anterior cervical fusion
with cages. Neurosurg Rev. 2009;32(2):215-224.

11. Park DK, Lin EL, Phillips FM. Index and adjacent level kinematics after cervical
disc replacement and anterior fusion. Spine (Phila Pa 1976). 2011;36(9):721-730.

12. Davis RJ, Kim KD, Hisey MS, et al. Cervical total disc replacement with
the Mobi-C cervical artificial disc compared with anterior discectomy and
fusion for treatment of 2-level symptomatic degenerative disc disease: a
prospective, randomized, controlled multicenter clinical trial. J Neurosurg Spine.
2013;19(5):532-545.

13. Hisey MS, Bae HW, Davis R, et al. Multi-center, prospective, randomized,
controlled investigational device exemption clinical trial comparing Mobi-C
cervical artificial disc to anterior discectomy and fusion in the treatment of
symptomatic degenerative disc disease in the cervical spine. Int J Spine Surg.
2014;8:7 (doi:10.14444/1007).

14. Hisey MS, Zigler JE, Jackson R, et al. Prospective, randomized comparison
of one-level Mobi-C cervical total disc replacement vs. anterior cervical
discectomy and fusion: results at 5-year follow-up. Int J Spine Surg. 2016;10:10
(doi:10.14444/3010).

15. Radcliff K, Coric D, Albert T. Five-year clinical results of cervical total disc
replacement compared with anterior discectomy and fusion for treatment of 2-
level symptomatic degenerative disc disease: a prospective, randomized, controlled,
multicenter investigational device exemption clinical trial. J Neurosurg Spine.
2016;25(2):213-224.

16. Radcliff K, Davis RJ, Hisey MS, et al. Long-term evaluation of cervical disc
arthroplasty with the Mobi-C cervical disc: a randomized, prospective, multicenter
clinical trial with seven-year follow-up. Int J Spine Surg. 2017;11(4):244-262.

17. Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Ann Rheum
Dis. 1957;16(4):494-502.

18. McAfee PC, Cunningham BW, Devine J, Williams E, Yu-Yahiro J. Classification
of heterotopic ossification (HO) in artificial disk replacement. J Spinal Disord Tech.
2003;16(4):384-389.

19. Mehren C, Suchomel P, Grochulla F, et al. Heterotopic ossification in total cervical
artificial disc replacement. Spine (Phila Pa 1976). 2006;31(24):2802-2806.

20. Hardacker JW, Shuford RF, Capicotto PN, Pryor PW. Radiographic standing
cervical segmental alignment in adult volunteers without neck symptoms. Spine
(Phila Pa 1976). 1997;22(13):1472-1479.

21. Dufour T, Beaurain J, Huppert J, Dam-Hieu P, Bernard P, Steib JP. Clinical
and radiological evaluation of cervical disc arthroplasty with 5-year follow-up: a
prospective study of 384 patients. Eur Spine J. 2019;28(10):2371-2379.

22. Janssen ME, Zigler JE, Spivak JM, Delamarter RB, Darden BV 2nd, Kopjar B.
ProDisc-C total disc replacement versus anterior cervical discectomy and fusion
for single-level symptomatic cervical disc disease: seven-year follow-up of the
prospective randomized U.S. Food andDrug Administration investigational device
exemption study. J Bone Joint Surg (Am). 2015;97(21):1738-1747.

23. Phillips FM, Geisler FH, Gilder KM, Reah C, Howell KM, McAfee PC. Long-
term outcomes of the US FDA IDE prospective, randomized controlled clinical
trial comparing PCM cervical disc arthroplasty with anterior cervical discectomy
and fusion. Spine (Phila Pa 1976). 2015;40(10):674-683.

24. Vaccaro A, Beutler W, Peppelman W, et al. Long-term clinical experience with
selectively constrained SECURE-C cervical artificial disc for 1-level cervical disc
disease: results from seven-year follow-up of a prospective, randomized, controlled
investigational device exemption clinical trial. Int J Spine Surg. 2018;12(3):377-
387.

25. Lavelle WF, Riew KD, Levi AD, Florman JE. Ten-year outcomes of cervical disc
replacement with the BRYAN cervical disc. Spine (Phila Pa 1976). 2019;44(9):601-
608.

26. Gornet MF, Burkus J, Shaffrey ME, Schranck FW, Copay AG. Cervical disc
arthroplasty: 10-year outcomes of the Prestige LP cervical disc at a single level.
J Neurosurg Spine. 2019;31(3):317-325.

27. Lanman TH, Burkus JK, Dryer RG, Gornet MF,McConnell J, Hodges SD. Long-
term clinical and radiographic outcomes of the Prestige LP artificial cervical disc
replacement at 2 levels: results from a prospective randomized controlled clinical
trial. J Neurosurg Spine. 2017;27(1):7-19.

28. Gornet MF, Lanman TH, Burkus JK, et al. Two-level cervical disc arthroplasty
versus anterior cervical discectomy and fusion: 10-year outcomes of a prospective,
randomized investigational device exemption clinical trial. J Neurosurg Spine.
2019;31(4):508-518.

29. Kaye ID, Hilibrand AS. Adjacent level disease-background and update based on
disc replacement data. Curr Rev Musculoskelet Med. 2017;10(2):147-152.

30. Matsumoto M, Okada E, Ichihara D, et al. Anterior cervical decompression and
fusion accelerates adjacent segment degeneration: comparison with asymptomatic
volunteers in a ten-year magnetic resonance imaging follow-up study. Spine (Phila
Pa 1976). 2010;35(1):36-43.

31. Cunningham BW, Hu N, Zorn CM, McAfee PC. Biomechanical comparison of
single- and two-level cervical arthroplasty versus arthrodesis: effect on adjacent-
level spinal kinematics. Spine J. 2010;10(4):341-349.

32. Burkus JK, Haid RW Jr, Traynelis VC, Mummaneni PV. Long-term clinical
and radiographic outcomes of cervical disc replacement with the Prestige disc:
results from a prospective randomized controlled clinical trial. J Neurosurg Spine.
2010;13(3):308-318.

33. Luo J, Gong M, Huang S, Yu T, Zou X. Incidence of adjacent segment degener-
ation in cervical disc arthroplasty versus anterior cervical decompression and fusion
meta-analysis of prospective studies. Arch Orthop Trauma Surg. 2015;135(2):155-
160.

34. Wu TK,Wang BY,Meng Y, et al. Multilevel cervical disc replacement versus multi-
level anterior discectomy and fusion. Medicine (Baltimore). 2017;96(16):e6503.

35. Delamarter RB, Zigler J. Five-year reoperation rates, cervical total disc replacement
versus fusion, results of a prospective randomized clinical trial. Spine (Phila Pa
1976). 2013;38(9):711-717.

36. Burkus JK, Traynelis VC, Haid RW Jr, Mummaneni PV. Clinical and radiographic
analysis of an artificial cervical disc: 7-year follow-up from the Prestige prospective
randomized controlled clinical trial. J Neurosurg Spine. 2014;21(4):516-528.

37. Jackson RJ, Davis RJ, Hoffman GA, et al. Subsequent surgery rates after cervical
total disc replacement using a Mobi-C cervical disc prosthesis versus anterior
cervical discectomy and fusion: a prospective randomized clinical trial with 5-year
follow-up. J Neurosurg Spine. 2016;24(5):734-745.

38. Chang KE, PhamMH, Hsieh PC. Adjacent segment disease requiring reoperation
in cervical total disc arthroplasty: a literature review and update. J Clin Neurosci.
2017;37:20-24.

39. Ghobrial GM, LavelleWF, Florman JE, RiewKD, Levi AD. Symptomatic adjacent
level disease requiring surgery: analysis of 10-year results from a prospective,
randomized, clinical trial comparing cervical disc arthroplasty to anterior cervical
fusion. Neurosurgery. 2019;84(2):347-354.

40. Mehren C, Heider F, Siepe CJ, et al. Clinical and radiological outcome at 10 years
of follow-up after total cervical disc replacement. Eur Spine J. 2017;26(9):2441-
2449.

41. Sasso WR, Smucker JD, Sasso MP, Sasso RC. Long-term clinical outcomes of
cervical disc arthroplasty: a prospective, randomized, controlled trial. Spine (Phila
Pa 1976). 2017;42(4):209-216.

42. Cho SK, Riew KD. Adjacent segment disease following cervical spine surgery.
J Am Acad Orthop Surg. 2013;21(1):3-11.

43. Xia XP, Chen HL, Cheng HB. Prevalence of adjacent segment degeneration
after spine surgery: a systematic review and meta-analysis. Spine (Phila Pa 1976).
2013;38(7):597-608.

44. Lee JC, Lee SH, Peters C, Riew D. Adjacent segment pathology requiring reoper-
ation after anterior cervical arthrodesis: the influence of smoking, sex, and number
of operated levels. Spine (Phila Pa 1976). 2015;40(10):E571-E577.

45. Butterman GR. Anterior cervical discectomy and fusion outcomes over 10 years.
Spine (Phila Pa 1976). 2018;43(3):207-214.

46. Nunley PD, Kerr EJ III, Cavanaugh DA, et al. Adjacent segment pathology after
treatment with cervical disc arthroplasty or anterior cervical discectomy and fusion,

504 | VOLUME 88 | NUMBER 3 | MARCH 2021 www.neurosurgery-online.com



TEN-YEAR OUTCOMES OF MOBI-C CERVICAL DISC

part 1: radiographic results at 7-year follow-up. Int J Spine Surg. 2020;14(3):269-
277.

47. Nunley PD, Kerr EJ, III, Cavanaugh DA, et al. Adjacent segment pathology after
treatment with cervical disc arthroplasty or anterior cervical discectomy and fusion,
part 2: clinical results at 7-year follow-up. Int J Spine Surg. 2020;14(3):278-285.

48. Nunley PD, Cavanaugh DA, Kerr EJ III, et al. Heterotopic ossification after
cervical total disc replacement at 7 years—prevalence, progression, clinical impli-
cations, and risk factors. Int J Spine Surg. 2018;12(3):352-361.

49. Guérin P, Obeid I, Bourghli A, et al. Heterotopic ossification after cervical disc
replacement: clinical significance and radiographic analysis. A prospective study.
Acta Orthop Belg. 2012;78(1):80-86.

50. Lee SE, Chung CK, Jahng TA. Early development and progression of heterotopic
ossification in cervical total disc replacement. J Neurosurg Spine. 2012;16(1):31-36.

Acknowledgments
The authors would like to thank William B. Dolman, MS (Zimmer Biomet

Spine) for statistical support and assistance with preparation of the manuscript.

Supplemental digital content is available for this article at www.
neurosurgery-online.com.

Supplemental Digital Content. Device description, study limitations. The
Supplemental Digital Content provides a detailed description of the Mobi-C
(Zimmer Biomet) cervical disc and a discussion of potential study limitations.

NEUROSURGERY VOLUME 88 | NUMBER 3 | MARCH 2021 | 505

https://academic.oup.com/neurosurgery/article-lookup/doi/10.1093/neuros/nyaa459#supplementary-data
https://academic.oup.com/neurosurgery/article-lookup/doi/10.1093/neuros/nyaa459#supplementary-data

