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The ideal procedure for multilevel cervical degenerative disc diseases remains controversial. Recent studies on
hybrid surgery combining anterior cervical discectomy and fusion (ACDF) and artificial cervical disc replacement
(ACDR) for 2-level and 3-level constructs have been reported in the literature. The purpose of this study was
to estimate the biomechanics of 3 kinds of 4-level hybrid constructs, which are more likely to be used clinical-
ly compared to 4-level arthrodesis.

Eighteen human cadaveric spines (C2-T1) were evaluated in different testing conditions: intact, with 3 kinds of
4-level hybrid constructs (hybrid C3-4 ACDR+C4—6 ACDF+C6~7ACDR; hybrid C3-5ACDF+C5-6ACDR+C6-7ACDR;
hybrid C3-4ACDR+C4-5ACDR+C5-7ACDF); and 4-level fusion.

Four-level fusion resulted in significant decrease in the C3—C7 ROM compared with the intact spine. The 3 dif-
ferent 4-level hybrid treatment groups caused only slight change at the instrumented levels compared to in-
tact except for flexion. At the adjacent levels, 4-level fusion resulted in significant increase of contribution of
both upper and lower adjacent levels. However, for the 3 hybrid constructs, significant changes of motion in-
crease far lower than 4P at adjacent levels were only noted in partial loading conditions. No destabilizing ef-
fect or hypermobility were observed in any 4-level hybrid construct.

Four-level fusion significantly eliminated motion within the construct and increased motion at the adjacent seg-
ments. For all 3 different 4-level hybrid constructs, ACDR normalized motion of the index segment and adja-
cent segments with no significant hypermobility. Compared with the 4-level ACDF condition, the artificial discs
in 4-level hybrid constructs had biomechanical advantages compared to fusion in normalizing adjacent level
motion.
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Background

As the criterion standard, anterior cervical discectomy and fu-
sion (ACDF) has been successfully used for cervical disc disease
treatment with satisfactory clinical outcome and a proven fu-
sion range of more than 90% [1]. However, altered mechanics,
such as higher stress and increased intradiscal pressures, oc-
curred at adjacent levels. This has been associated with accel-
erated degenerative diseases at a rate of 2.9% per year within
10 years [2]. Moreover, the longer fusion would be faced with
more significant risk. Multilevel arthrodesis, such as 4-level
fusion, is more likely to result in adjacent segment degenera-
tion, challenging fusion, and pseudarthrosis [3].

By preserving some amount of cervical motion and preventing
overload of adjacent levels, artificial cervical disc replacement
(ACDR) has become the alternative to fusion, with the poten-
tial to avoid the adverse effects of arthrodesis on adjacent lev-
els [4]. Recent clinical studies reported that 1-level ACDR was
an emerging technology with satisfactory effects as good as
ACDF, at least in the short or medium term [5].

However, multilevel cervical spondylosis is not rare in clinical
practice. Considering that multilevel segments fusion results
in greater loss of mobility at instrumented levels, benefits for
loads reduction at adjacent levels may be more important than
single-level spondylosis [6], but more stringent indications and
hypermobility also lead to the limitation of multilevel ACDR [7].
Hybrid surgery (HS), which combines ACDF and ACDR, may be
a promising procedure by preserving segmental motion of the
cervical spine and avoiding long-level fusion.

As a new combination procedure, HS still needs to be evaluat-
ed by biomechanical tests and clinical studies. Recently, some
authors reported a few biomechanical experiments for 2-lev-
el and 3-level HS and found that HS may be a safe and effec-
tive operation for certain patients [8]. However, to the best
of our knowledge, there is still little biomechanical research
on 4-level HS. Aside from 4 levels of degenerative diseases at
the same time, the 4-level hybrid construct may also be a ra-
tional alternative for symptomatic adjacent levels after prior
2-level cervical fusion, avoiding 4-level fusion.

Using an in vitro human cadaveric model, the objective of the
present study was to investigate the biomechanical behavior
of 4-level hybrid fusion and artificial cervical disc replacement
compared to a 4-level anterior cervical fusion by measuring
motion changes at instrumented levels and adjacent levels.

CLINICAL RESEARCH

Figure 1. Testing set-up for in vitro biomechanical testing of
cervical specimens.

Material and Methods

Specimen preparation

Eighteen intact fresh cadaveric cervical spines from C2 to T1
(age range, 42-68 years) were used for this study. These adult
human cadavers were all obtained from Guangzhou Medical
University in China. All cervical spines were evaluated for bone
mineral density (BMD) using dual-energy x-ray absorptiome-
try scanning, and measured BMD values ranged from 0.57 to
0.74 g/cm?. Before biomechanical testing, the musculature
and fascia were carefully removed but the ligamentous struc-
tures were preserved. Specimens were excluded if fractures,
traumatic pathology, bridging osteophytes, or other conditions
existed as indicated by anteroposterior and lateral screening
radiographs, because these conditions can significantly af-
fect the biomechanics of the cervical spine. Once harvested,
each cervical specimen was immediately conserved in a plas-
tic bag and frozen at —20°C. In preparation for biomechanical
tests, all required spines were thawed at 4°C for 12 h and at
room temperature on the testing day. The proximal vertebra
(C2) and distal vertebra (T1) were mounted in a cylindrical con-
tainer separately using Wood'’s metal (melting point: 60~70°C),
then the C2 was attached to the upper fixture and the T1 was
mounted to the lower testing platform with screws. Plexiglas
motion detection markers were fixed to the posterior aspects
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Figure 2. Testing conditions. Eighteen human cadaveric spines from C2 to T1 were divided into 3 groups (4DPPD, 4PPDD, and 4DDPP)

and 4-level fusion (4P).

of each vertebra from C2 to T1. Every marker was equipped
with 3 non-collinear light-emitting diodes so that it could be
detected by an optoelectronics motion measurement system
(Optotrak, Northern Digital Inc., Waterloo, Ontario, Canada).

Biomechanical tests protocol

Biomechanical testing was performed using a 6 degrees of free-
dom spine simulator equipped with modules for spine test-
ing, consisting of a controlled (displacement) XY slide table
assembly (MTS Bionix370.02A/T Systems Corp., Eden Prairie,
MN, USA) (Figure 1). All biomechanical tests were performed
under the hybrid testing protocol proposed by Panjabi, which
includes pure moments for the intact condition and then total
spinal motion replicated under displacement control for sub-
sequent reconstructions [9]. Unconstrained intact moments
of 2 Nm were used for flexion-extension (FE), lateral bend-
ing (LB), and axial rotation (AR) testing by measuring the op-
erative- and adjacent-level range of motion (ROM). Each test
was repeated for 3 loading cycles and the data from the third
cycle were used for analysis. During the biomechanical tests,
all cervical specimens were moistened with 0.9% NaCl physi-
ologic serum spray to avoid tissue dehydration.

Reconstruction procedures

After analysis of the intact spines, 18 cervical spines were di-

vided into 3 groups (A, B, and C). For each specimen, a simu-

lated fusion and non-fusion construct was created between

C3 to C7 and tested in the following conditions (Figure 2):

1. Group A: disc replacement (C3-C4), 2-level anterior fusion
(C4-Ce), disc replacement (C6-C7); 4-level disc plate disc
(4DPPD).

2. Group B: 2-level anterior fusion (C3-C5), 2-level disc replace-
ment (C5-C6; C6-C7); 4-level plate plate disc disc (4PPDD).

3. Group C: 2-level disc replacement (C3-C4; C4—C5), 2-level
anterior fusion (C5-C7); 4-level disc disc plate plate (4DDPP).

4. All of the above A, B, and C: 4-level plate (4P).

In the biomechanical tests, the ACDR was a titanium alloy
UHMWPE Cervical Disc (Discover Cervical Disc, Depuy Spine,
Inc., Raynham, MA, USA). The ACDF was performed using an
interbody cage (Telamon TM, Medtronic Sofamor Danek USA,
Inc.) and an anterior cervical plating (ACP) system (OrionTM
cervical plate, Medtronic Sofamor Danek, Memphis, TN, USA
or DOC Cervical Plate, Depuy Spine, Inc., Raynham, MA, USA)
(Figure 3).

Data and statistical analysis

The relative rotation at the C3—C7 corpectomy or adjacent lev-
el was normalized with respect to the overall rotation of the
potted spine (C2-T1). For data analysis, the overall rotation
of C2-T1 was set 15° in flexion and extension, as well as 12°
in lateral bending and axial rotation, so that all tested cervi-
cal specimens could reach. One-way analysis of variance was
used to analyze the differences between treatment groups,
with a statistical significance of P<0.05.

Results

Motion changes at the 3 instrumented levels

At the instrumented levels, 4-level fusion (4P) resulted in sig-
nificant decrease in the C3-C7 ROM compared with the intact
spine in FE, LB, and AR (p<0.05). Compared to intact spines, al-
most 75% of motion was successfully restricted at C3-C6 fu-
sion levels in flexion and extension, as well as 65~70% in lat-
eral bending and axial rotation.

The 3 different hybrid treatment groups, 4DPPD, 4PPDD, and
4DDPP, caused only slight change in the C3—-C7 ROM com-
pared to intact except for flexion (p>0.05). No significant dif-
ferences were observed between 4DPPD, 4PPDD, and 4DDPP
in the C3—C7 ROM in FE, LB, and AR (p>0.05). The 4P condi-
tion was the stiffest. Significant differences were observed
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Figure 3. Instrumented cervical specimens: 4DPPD (A), 4PPDD (B), 4DDPP (C), and 4P (D).
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Figure 4. Segmental ROM relative to total C2-T1 ROM (15°) in flexion (A) and extension (B) (*: statistical significant difference, p<0.05,
4DPPD/4PPDD/4DDPP/4P vs. intact; I: Standard Deviation)
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Figure 5. (A-D) Segmental ROM relative to total C2-T1 ROM (12°) in lateral bending and ROM (10°) in axial rotation (*: statistical
significant difference, p<0.05, 4DPPD/4PPDD/4DDPP/4P vs. intact; I: Standard Deviation).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]  [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License




Lliao Z. et a.:
Biomechanics of artificial disc replacements adjacent to a 2-level fusion...
© Med Sci Monit, 2015; 21: 4006-4014

CLINICAL RESEARCH

4-G5

5-C6 6-(7

A
ROM at instrumented levels in flexion (normalization) ROM at instrumented levels in extension (normalization)
05 M Intact 05
I 4DPPD %
[ 4PPDD 1
W A4DDPP 4
4P
0.3
= =
=] 2
0.2
0.1
0.0

G-(4

4-c5 5-C6 6-(7

Figure 6. ROM at instrumented levels relative to total C2-T1 ROM (15°) in flexion (A) and extension (B) (*: statistical significant
difference, p<0.05, 4DPPD/4PPDD/4DDPP/4P vs. intact; I: Standard Deviation).

between each hybrid treatment group and 4P in the C3-C7
ROM (p<0.05) (Figures 4, 5).

More normal motion with ACDR within construct

For each instrumented level, all 4DPPD, 4PPDD, and 4DDPP hy-
brid constructs caused reduction of ROM at the arthrodesis
level and produced motion increase at the arthroplasty lev-
el compared to intact. All had significant differences (p<0.05;
maximal variation of +90%) (Figure 6, Table 1).

Motion changes at adjacent levels

At the adjacent levels, 4-level arthrodesis resulted in a sig-
nificant increase of contribution of both upper and lower ad-
jacent levels in FE, LB, and AR (p<0.05; maximal variation of
+340%). Concerning 4DPPD, 4PPDD, and 4DDPP hybrid con-
structs, significant changes of motion increase were only not-
ed at the upper adjacent level in flexion and right bending,
as well as at the lower adjacent level in extension and later-
al bending (p<0.05; maximal variation of +70%) (Figures 4—6).

Discussion

The ideal procedure for multilevel cervical degenerative disc
diseases (DDD) remains controversial. As a predominant sur-
gical option, anterior cervical discectomy and fusion (ACDF)
has been widely performed for radiculopathy and myelopathy
from degenerative, inflammatory, and traumatic processes [10].
However, ACDF notably impairs normal cervical biomechanics,
decreases motion at the instrumented levels, and alters me-
chanics at adjacent segments, resulting in higher stress and
hypermobility. This has been associated with the accelera-
tion of adjacent segment degeneration (ASD) [11]. Moreover,

longer multilevel fusion is more likely to result in disk degen-
eration of the adjacent segments. In theory, when more cervi-
cal levels are fused, more compensatory motion and pressure
occur at the adjacent levels, and the likelihood of ASD increas-
es. Brodke et al. [12] reported that the fusion rate of 1-level
ACDF was as high as 97%, whereas the fusion rate of 3-level
ACDF decreased to 83%. Lee et al. [13] reported that 2-level
fusion significantly increased compensatory pressure at adja-
cent intervertebral disks compared to intact. They also found
that 2-level hybrid construct has relatively better biomechan-
ical effects on the adjacent segment discs and facets when
compared to fusion construct. Swank et al. [14] revealed that
the likelihood of pseudarthrosis was 10% for 1-level surgery,
44% for 2-level surgery, and 54% for 3-level surgery.

Recently, artificial cervical disc replacement (ACDR) has been
widely accepted as a surgical alternative, with the potential to
preserve motion and maintain normal sagittal alignment and
balance at the instrumented segments [15]. With surgical tech-
nology progress, ACDR has gained popularity. Ren et al. [16]
evaluated the mid- to long-term clinical outcomes after ACDR
and ACDF and reported that ACDR may result in better mid-
to long-term functional recovery and a lower rate of subse-
quent surgical procedures compared to ACDF.

According to previous 1- and 2-level cervical disk diseases
studies, the use of ACDR leads to satisfactory clinical and ra-
diological outcomes [17,18]. Therefore, ACDR could be an at-
tractive procedure for treating multilevel cervical disc diseases.
Nevertheless, more than strict indications and hypermobility,
multilevel ACDR may also lead to more rigorous surgical pro-
cedures and more arthroplasty-related complications. It is not
always easy to find the ideal location for the implanted ar-
tificial disk prosthesis [19]. It remains unknown how the in-
creased difference affects the normal physiological property
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Table 1. ROM at instrumented levels relative to total C2-T1 ROM (12°) in lateral bending and ROM (10°) in axial rotation:
mean # standard deviation (*: no statistical significant difference, p>0.05, 4DPPD/4PPDD/4DDPP/4P vs. intact).

C3-C4

Left bending

C4-C5

C5-Cé C6-C7

4P 0.075+0.020

0.05940.015

0.044+0.016 0.07840.023

of the cervical spine after multilevel ACDR [20]. Therefore, a
rational surgical procedure for multilevel cervical disk diseas-
es involving 3 or more levels needs to be developed.

Hybrid surgery (HS) combing arthroplasty and arthrodesis tech-
nique has been introduced to clinical surgery in recent years.
HS can maintain segmental motion of fused levels and avoids
the drawbacks of multilevel ACDF, as well as decrease possi-
ble complications of multilevel ACDR [21,22]. According to the
current knowledge on HS for 2-level and 3-level constructs, HS
demonstrates a biomechanical advantage and may be a safe
and valid procedure for treating multilevel cervical disc dis-
eases. Barrey et al. [23] found that 2-level ACDR and hybrid

constructs showed better biomechanical properties than 2-level
ACDF, and increased stress occurred only at the lower adjacent
level, while 2-level ACDF caused ROM increase at both upper
and lower adjacent segments. Faizan et al. [24] revealed that
the spinal stiffness after HS was far closer to intact construct
in all bending motions except extension, compared to 2-level
fusion. Liu et al. [25] showed that 2-level hybrid surgery and
ACDR did not alter ROM and minimally changed ICR at the ad-
jacent levels compared to 2-level fusion. For 3-level cervical sur-
gery, Ding et al. [26] stated that HS may be a rational alterna-
tive to ACDF for 3-level cervical disease due to the equivalent
or improved early clinical outcomes, with less impact at adja-
cent levels. Kang et al. [19] suggested that HS should be a safe
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and effective alternative for multilevel cervical disk diseases in-
volving 3 levels. Jia et al. [8] reported a systematic review of 8
biomechanical and 7 clinical papers and found some short-term
evidence to support hybrid surgeries. Liao et al. [27] found that
artificial cervical disc replacement in 3-level constructs normal-
ized motion of its segment and adjacent segments.

However, to the best of our best knowledge, there is still
only very low-quality evidence about 4-level hybrid surgery.
The complications after 4-level fusion may be more serious
due to longer-level arthrodesis [28]. Furthermore, it is com-
mon for patients to undergo a second longer revision fusion,
such as 4-level fusion, due to ASD after previous 2-level fu-
sion, which may more easily result in recurrent ASD. Four-level
HS may be a promising procedure, but appropriate evidence
for its use is currently lacking. Barbagallo et al. [29] reported
that 2 patients underwent a 4-level HS procedure (arthroplas-
ty at C3-C4, C4—C5; arthrodesis at C5-C6, C6—-C7) with mean
24-month follow-up, and found that 4-level HS is as safe and
reliable as 2-level and 3-level HS without revision. Considering
the very low-quality evidence available, more in vitro biome-
chanical and in vivo clinical studies on 4-level HS should be
developed. Thus, 3 general kinds of 4-level HS (4DPPD, 4PPDD,
and 4DDPP), which are more likely to be used in clinic prac-
tice, were compared to 4-level fusion (4P) in this biomechan-
ical study. The purpose of this in vitro research was to evalu-
ate the kinematics of artificial disks next to a 2-level fusion
by asking 2 questions: (1) Do artificial disc replacements ad-
jacent to a 2-level fusion in 4-level hybrid constructs normal-
ize motion at adjacent segments? and (2) Are artificial discs
adjacent to a 2-level fusion subjected to a more challenging
biomechanical environment that may result in hypermobility?

As expected, 4-level arthrodesis induced great reduction of
ROM for 3 loading conditions (FE, LB, and AR). The limitation
of motion was more marked in FE (mean reduction by ~75%)
than in LB and AR (mean reduction by 65~70%). In contrast,
although 4DPPD and 4DDPP induced significant reduction of
ROM in flexion, 4DPPD, 4PPDD, and 4DDPP caused only slight
change in the C3—C7 ROM compared to intact (p>0.05). No sig-
nificant differences were observed between 4DPPD, 4PPDD, and
4DDPP in the instrumented levels, but significant differences
were observed between each hybrid treatment group and 4P.
At the adjacent segments, 4-level arthrodesis significantly in-
creased the contribution of upper and lower adjacent levels
to global ROM in FE, LB, and AR. However, for 4DPPD, 4PPDD,
and 4DDPP hybrid constructs, significant changes of motion

References:

1. Zechmeister I, Winkler R, Mad P: Artificial total disc replacement versus
fusion for the cervical spine: a systematic review. Eur Spine J, 2011; 20:
177-84

CLINICAL RESEARCH

increase far lower than 4P at adjacent levels were only noted
in partial loading conditions. Therefore, artificial disc replace-
ments in 4-level constructs restored partly cervical kinemat-
ics at instrumented levels and also normalized motion at ad-
jacent segments.

On the other hand, all 4DPPD, 4PPDD, and 4DDPP hybrid con-
structs produced significant motion increase at the arthroplasty
level compared to intact (maximal increase by ~90%). In addi-
tion, 1 artificial disc did not affect the biomechanical behavior
of the other implanted disc and there was little difference be-
tween 2 implanted discs in the same hybrid surgery. We did
not observe destabilizing effect or hypermobility for 2 implant-
ed discs in any 4-level hybrid construct. Nevertheless, artifi-
cial discs placed adjacent to a 2-level arthrodesis should face
a more challenging biomechanical environment compared to
a stand-alone disc [30]. Therefore, artificial discs used in such
a clinical HS surgery should be able to accommodate more
moment loads or undue wear during the expected lifespan.

This study has the limitations of any in vitro cadaveric bio-
mechanical study of the cervical spine. We focused mainly on
the extent of motion without considering the quality of mo-
tion. Another limitation of the current study was the lack of
intradiscal pressures (IDP) measurement, which should con-
tribute to further understanding of ASD. A more complete bio-
mechanical evaluation of cervical kinematics after 4-level hy-
brid surgery should be developed by finite element methods
or in vivo imaging techniques.

Conclusions

This study analyzed the biomechanics of artificial disc replace-
ments adjacent to a 2-level fusion in 4-level hybrid constructs.
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hybrid constructs had biomechanical advantages compared to
fusion in normalizing adjacent-level motion.

Conflict of interest

None.

2. Hilibrand AS, Carlson GD, Palumbo MA et al: Radiculopathy and myelopa-
thy at segments adjacent to the site of a previous anterior cervical arthrod-
esis. ] Bone Joint Surg Am, 1999; 81: 519-28

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License




CLINICAL RESEARCH

3

S

wi

(=2}

~

o

el

10.

11.

12.

13.

14.

15.

16.

17.

. Chang SW, Kakarla UK, Maughan PH et al: Four-level anterior cervical dis-

cectomy and fusion with plate fixation: Radiographic and clinical results.
Neurosurgery, 2010; 66: 639-47

. Cason GW, Herkowitz HN: Cervical intervertebral disc replacement. ) Bone

Joint Surg Am, 2013; 95: 279-85

. Kepler CK, Brodt ED, Dettori JR, Albert TJ: Cervical artificial disc replacement

versus fusion in the cervical spine: a systematic review comparing multi-
level versus single-level surgery. Evid Based Spine Care J, 2012; 3: 19-30

. Prasarn ML, Baria D, Milne E et al: Adjacent-level biomechanics after single

versus multilevel cervical spine fusion. J Neurosurg Spine, 2012; 16: 172-77

. Shin DA, Yi S, Kim KN, Shin HC: Artificial disc replacement combined with

fusion versus two-level fusion in cervical two-level disc disease. Spine,
2009; 34: 1153-59

. JiaZ, Mo Z, Ding F et al: Hybrid surgery for multilevel cervical degenerative

disc diseases: a systematic review of biomechanical and clinical evidence.
Eur Spine J, 2014; 23: 1619-32

. Panjabi MM: Hybrid multidirectional test method to evaluate spinal adja-

cent-level effects. Clin Biomech, 2007; 22: 257-65

Fay LY, Huang WC, Tsai TY et al: Differences between arthroplasty and an-
terior cervical fusion in two-level cervical degenerative disc disease. Eur
Spine J, 2014; 23: 627-34

Lopez-Espina CG, Amirouche F, Havalad V: Multilevel cervical fusion and
its effect on disc degeneration and osteophyte formation. Spine, 2006; 31:
972-78

Brodke DS, Zdeblick TA: Modified Smith-Robinson procedure for anterior
cervical discectomy and fusion. Spine, 1992; 17: S427-30

Lee MJ, Dumonski M, Phillips FM et al: Disc replacement adjacent to cer-
vical fusion: a biomechanical comparison of hybrid construct versus two-
level fusion. Spine, 2011; 36: 1932-39

Swank ML, Lowery GL, Bhat AL, McDonough RF: Anterior cervical allograft
arthrodesis and instrumentation: multilevel interbody grafting or strut graft
reconstruction. Eur Spine J, 1997; 6: 138-43

Heller JG, Sasso RC, Papadopoulos SM et al: Comparison of BRYAN cervical
disc arthroplasty with anterior cervical decompression and fusion: Clinical
and radiographic results of a randomized, controlled, clinical trial. Spine,
2009; 34: 101-7

Ren C, Song Y, Xue Y, Yang X: Mid-to long-term outcomes after cervical disc
arthroplasty compared with anterior discectomy and fusion: A systemat-
ic review and meta-analysis of randomized controlled trials. Eur Spine J,
2014; 23: 1115-23

Burkus JK, Haid Jr RW, 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. ] Neurosurg
Spine, 2010; 13: 308-18

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lliao Z. et a.:
Biomechanics of artificial disc replacements adjacent to a 2-level fusion...
© Med Sci Monit, 2015; 21: 4006-4014

Coric D, Nunley PD, Guyer RD et al: Prospective, randomized, multicenter
study of cervical arthroplasty: 269 patients from the Kineflex| C artificial
disc investigational device exemption study with a minimum 2-year fol-
low-up. J Neurosurg Spine, 2011; 15: 348-58

Kang L, Lin D, Ding Z et al: Artificial disk replacement combined with mid-
level ACDF versus multilevel fusion for cervical disk disease involving 3 lev-
els. Orthopedics, 2013; 36: e88-94

Auerbach JD, Jones K], Fras Cl et al: The prevalence of indications and con-
traindications to cervical total disc replacement. Spine J, 2008; 8: 711-16

Cunningham BW, Hu N, Zorn CM, McAfee PC: Biomechanical comparison
of single-and two-level cervical arthroplasty versus arthrodesis: Wffect on
adjacent-level spinal kinematics. Spine J, 2010; 10: 341-49

Cho BY, Lim J, Sim HB, Park J: Biomechanical analysis of the range of mo-
tion after placement of a two-level cervical ProDisc-C versus hybrid con-
struct. Spine, 2010; 35: 1769-76

Barrey C, Campana S, Persohn S et al: Cervical disc prosthesis versus ar-
throdesis using one-level, hybrid and two-level constructs: An in vitro in-
vestigation. Eur Spine J, 2012; 21: 432-42

Faizan A, Goel VK, Biyani A et al: Adjacent level effects of bi level disc re-
placement, bi level fusion and disc replacement plus fusion in cervical spine-
a finite element based study. Clin Biomech, 2012; 27: 226-33

Liu B, Zeng Z, Van Hoof T et al: Comparison of hybrid constructs with 2-lev-
el artificial disc replacement and 2-level anterior cervical discectomy and
fusion for surgical reconstruction of the cervical spine: A kinematic study
in whole cadavers. Med Sci Monit, 2015; 21: 1031-37

DingF, Jia Z, Wu Y et al: Fusion-nonfusion hybrid construct versus anterior
cervical hybrid decompression and fusion: A comparative study for 3-lev-
el cervical degenerative disc diseases. Spine, 2014; 39: 1934-42

Liao Z, Fogel GR, Pu T et al: Biomechanics of hybrid anterior cervical fusion
and artificial disc replacement in 3-level constructs: An in vitro investiga-
tion. Med Sci Monit, 2015; 21: 3348-55

Lopez-Espina CG, Amirouche F, Havalad V: Multilevel cervical fusion and
its effect on disc degeneration and osteophyte formation. Spine, 2006; 31:
972-78

Barbagallo GMV, Assietti R, Corbino L et al: Early results and review of the
literature of a novel hybrid surgical technique combining cervical arthrod-
esis and disc arthroplasty for treating multilevel degenerative disc disease:
opposite or complementary techniques?. Eur Spine J, 2009; 18: 29-39

Martin S, Ghanayem AJ, Tzermiadianos MN et al: Kinematics of cervical to-
tal disc replacement adjacent to a two-level, straight versus lordotic fusion.
Spine, 2011; 36: 1359-66

Indexed in:
[ISI Journals Master List]
[Chemical Abstracts/CAS]

[Index Medicus/MEDLINE]
[Index Copernicus]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[EMBASE/Excerpta Medica]



