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Cervical Disc Arthroplasty for the Treatment of
Noncontiguous Cervical Degenerative Disc Disease:
Results of Mid- to Long-Term Follow-up

Ting-kui Wu, MD, PhD, Jun-bo He, MD, Kang-kang Huang, MD, PhD, Xin Rong, MD, PhD, Chen Ding, MD,
Bei-yu Wang, MD ‘&, Hao Liu, MD, PhD

Department of Orthopaedic Surgery, West China Hospital, Sichuan University, Chengdu, China

Objective: The long-term results of cervical disc arthroplasty (CDA) for noncontiguous cervical degenerative disc dis-
ease (CDDD) are still uncertain. Moreover, it is unclear whether CDA delays or avoids the degeneration of the interme-
diate segment (IS), leading to controversy in the field. Therefore, this study aimed to investigate the mid- to long-term
clinical and radiographic outcomes of CDA in treating noncontiguous CDDD and to explore whether the IS degenerated
faster after CDA than other non-surgically treated adjacent segments.

Methods: We retrospectively analyzed patients with noncontiguous CDDD who underwent CDA in our department
between January 2008 and July 2018. The patients were divided into the CDA and hybrid surgery (HS) groups, and
clinical and radiographic outcomes were evaluated at routine postoperative intervals. Clinical outcomes were
assessed using the Japanese Orthopaedic Association (JOA), neck disability index (NDI), and visual analogue scale
(VAS), while radiographic outcomes included cervical lordosis (CL), C2-C7 range of motion (ROM), segmental ROM,
and disc angle (DA) at the arthroplasty level. Complications were also evaluated.Pre- and postoperative values were
compared using paired t-tests or Wilcoxon rank-sum tests. Independent Student ttests or Mann-Whitney U tests ana-
lyzed continuous data between CDA and HS groups, while chi-square or Fisher exact tests assessed categorical data.

Results: Sixty-four patients with noncontiguous CDDD, with 31 in the CDA group and 33 in the HS group, were evalu-
ated. The mean follow-up time was over 70 months. The most frequently involved levels were C4/5 and C5/6. Both
groups showed significant improvements in JOA, NDI, and VAS values after surgery. Although CL was maintained, the
CL in the CDA group was consistently lower than that in the HS group (p < 0.05). There was a significant decrease in
C2-C7 ROM (p < 0.05), but at the last follow-up, the C2-C7 ROM in the CDA group was greater than that in the HS
group (p < 0.05). At the last follow-up, 44.3% of arthroplasty levels had developed heterotopic ossification (HO), and
48.45% had developed anterior bone loss (ABL). In addition, adjacent segment degeneration (ASDeg) was observed in
the IS (22.7%), superior adjacent segment (20.6%)and inferior adjacent segment (21.9%).

Conclusion: CDA or CDA combined with fusion are viable treatments for noncontiguous CDDD, with satisfactory out-
comes after mid-to-long-term follow-up. ASDeg is similar in non-surgical segments after 70 months of follow-up. ROM
of the IS issimilar to preoperative levels, indicating CDA does not increase the risk of IS degeneration.
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Introduction

nterior cervical discectomy and fusion (ACDF) is a

well-established treatment for degenerative cervical
pathology, characterized by radiculopathy or myelopathy,
occurring at one or multiple levels." However, as the number
of fused segments increases, cervical mobility decreases,”
leading to increased risk of pseudarthrosis formation® and
the need for secondary surgery.* In cases of noncontiguous
cervical degenerative disc disease (CDDD), long-segment
fusion surgery results in sacrificing the intermediate segment
without disc degeneration. Even when a skipped ACDF is
performed, treating only the index segments, the intermedi-
ate segment may still be exposed to extra mechanical stress,
leading to disc degeneration or an accelerated development
of it. Therefore, cervical fusion surgery may not be the opti-
mal treatment strategy for noncontiguous CDDD.

After almost two decades of rapid development, cervi-
cal disc arthroplasty (CDA) has become an established alter-
native to ACDF for treating radiculopathy and myelopathy,
with satisfactory long-term clinical outcomes.’ Clinical trials
have shown noninferiority and potential superiority of CDA
over ACDF for treating one-level and contiguous two-level
CDDD, with 10-year outcomes demonstrating successful
results.”'" Due to its motion-preservation capacity, CDA
has been found to have superior patient outcomes for contig-
uous two-level CDDD, and a reduced reoperation rate at the
adjacent level due to adjacent segment disease (ASDis).>’
Although patients with noncontiguous CDDD were not con-
sidered the optimal candidates for CDA, previous studies
have not regarded noncontiguous CDDD as an absolute con-
traindication for CDA.'>"* Furthermore, some CDA clinical
trials have included several patients with noncontiguous
CDDD but have not analyzed the results separately.

Since there is a lack of sufficient evidence regarding
the long-term effectiveness of CDA in improving symptoms
and function in patients with noncontiguous CDDD, the
study aims to achieve the following objectives: (i) evaluating
the long-term clinical and radiographic outcomes in patients
with noncontiguous CDDD; and (ii) investigating potential
accelerated degeneration of the adjacent IS segment follow-
ing CDA in comparison to non-surgically treated segments.

Methods

Study Population

We conducted a retrospective review of patients who suf-
fered from noncontiguous cervical disc degenerative disease
(CDDD) at our hospital from January 2008 to July 2018.
The study protocol was approved by the institutional ethics
committee of West China Hospital of Sichuan University
(2019 Review (No. 946)), and all enrolled patients provided
informed consent. The inclusion criteria for patients were as
follows: (i) between 18 to 65 years of age; (ii) symptomatic
radiculopathy and/or myelopathy caused by cervical disc
herniation or spondylosis at noncontiguous levels from
C2-T1; and (iii) followed up for at least 48 months. Patients
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were excluded if they had a history of previous (i) anterior
cervical spine surgery; (ii) single or contiguous level DDD;
and (iii) cervical deformity, trauma or tumor, or active sys-
temic infection or infection at the operative level.

Based on the surgical methods used, patients were
divided into two groups: the cervical disc arthroplasty (CDA)
group and the hybrid surgery (HS) group, which involved a
combination of CDA and anterior cervical discectomy and
fusion (ACDF). In the HS group, ACDF was performed at the
segment with radiographic signs of instability, bridging
osteophytes, and severe facet degeneration (Fig. 1).

Surgical Techniques

All surgical procedures were performed by the same experi-
enced surgeon (HL). The anterior cervical spine surgery was
performed as previously described, with a standard right-sided
anterior approach routinely used."*'> Thorough decompres-
sion was achieved by removing the disc material, cartilage, and
osteophytes at the involved levels. A properly sized Prestige-LP
artificial disc (Medtronic SofamorDanek, Memphis, TN, USA)
or Zero-P implant (Synthes, Oberdorf, Switzerland) was then
inserted into the well-prepared intervertebral space based on
the preoperative surgical plan. The placement of the prostheses
was confirmed using C-arm fluoroscopy. Subsequently, a
drainage tube was inserted, and the wound was closed.

Data Collection

In this study, regular evaluations of clinical and radiographic
outcomes were conducted at several time points: before sur-
gery, at 3 and 12 months post-surgery, and during the last
follow-up. X-rays were performed at every follow-up to
maintain economic feasibility, while CT or MRI scans were
performed if necessary. To evaluate clinical outcomes, self-
assessment questionnaires, including the Japanese Orthopae-
dic Association (JOA), neck disability index (NDI), and
visual analogue scale (VAS), were utilized.

Radiographic parameters, including cervical lordosis
(CL), C2-C7 range of motion (ROM), segmental ROM at the
arthroplasty level and non-operated levels, disc angle
(DA) at the operated levels, disc height (DH) at the
arthroplasty levels, and fusion status, were measured in lat-
eral neutral and extension-flexion views. Cobb angles were
used to measure C2-C7 and segmental ROMs, which
were defined as the difference between flexion and extension
views. DH was measured as the vertical distance from the
midpoint at the lower endplate of the cephalad vertebrae to
the horizontal line of the anterior-posterior diameter of the
upper endplate of the caudal vertebrae (Fig. 2).

During the follow-up, data on complications and
adverse events was also collected. Prosthesis subsidence was
defined as a height loss of more than 2 mm in the anterior
or posterior functional spinal unit (FSU), or a change of
more than 5° between the horizontal line across the prosthe-
sis and the posterior vertebral line when compared to the
immediate postoperative value."* The occurrence of hetero-
topic ossification (HO) was graded according to the McAfee
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Fig. 1 Special case. A 43-year-old patient suffered from weakness and pain in both upper limbs. Preoperative X-rays (A) showed a significant loss of
height at the C5/6, and CT scans (B) revealed osteophyte formation. MRI (C—F) demonstratedat disc protrusion C5/6 and C7/T1, leading to
compression the spinal cord. The patient underwent C5/6 ACDF and C7/T1 CDA (G). Follow-up evaluations at 3 months (H), 12 months (l), and

72 months (J-L) post-surgery indicated no notable degeneration at the C6/7 level and preservation of mobility in the cervical spine.

classification system'® and was divided into low-grade HO
(0-II) and high-grade HO (III-IV) based on impaired ROM
criteria.!”'® Anterior bone loss (ABL) was evaluated using
Kieser's methods'*'® (Figure 2). The adjacent segment
degeneration (ASDeg) was semi-quantitatively evaluated
based on the overall degeneration of height loss (graded from
0 to 4), anterior osteophytes (graded from 0 to 3), and
endplate sclerosis (graded from 0 to 2). Next, the three vari-
ables are summed to the overall degree of disc degeneration
(ranging from 0 to 9;Table S1).*

Statistical Analysis

The statistical analysis was conducted using SPSS v22.0 soft-
ware (IBM SPSS Inc., Armonk, NY, USA). The results were
reported as mean + standard deviation (SD) and/or percent-
ages as appropriate. The preoperative and postoperative

values were compared using either the paired t-test or
Wilcoxon rank-sum test. The independent Student t-test
or Mann-Whitney U test was employed for comparing con-
tiguous data between the CDA and HS groups, as appropri-
ate. For categorical data, a chi-square test or Fisher exact test
was used. The statistical significance was set at p < 0.05.

Results

Patient Demographics

A total of 64 patients were available for assessment after
completing an average 70 months of follow-up (range, 48-
121 months). For further analysis, 31 patients were placed in
the CDA group, with a mean age of 46.16 + 6.48 years
(range, 31-59 years) and a gender ratio of 16 males to
15 females. The remaining 33 patients were placed in the
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HS group, with a mean age of 48.97 £ 6.7 years (range,
33-65 years) and a gender ratio of 18 males to 15 females.
The intermediate segment (IS) was predominantly distrib-
uted in the C4/5 (69%), followed by C5/6 (28%), and then
C3/4 and C6/7 (3%). Fifty-three cases skipped one segment
and 11 cases skipped two segments. Detailed patient demo-
graphic information can be found in Table 1.

Clinical Outcomes

For all patients, there was a significant improvement in JOA,
NDI, and VAS scores compared to preoperative values
(p < 0.05). However, no significant difference was observed
between the CDA and HS groups at any of the follow-up
time points (p > 0.05, see Table 2 for details).

MID- TO LONG-TERM OUTCOMES OF CDA FOR NONCONTIGUOUS CDDD

Fig. 2 lllustrations of disc height

(DH) measurement before (A) and after surgery
(B), and anterior bone loss (ABL) after CDA (C,
D). DH was measured as the vertical distance
from the midpoint of the lower endplate of the
upper vertebrae to the horizontal line of the
upper endplate of the lower vertebrae.The ABL
was determined as the ratio of the change in
anteroposterior (AP) endplate diameter at
follow-up compared to 1-week postoperatively,
relative to the initial 1-week postoperative
diameter. The formula was ABL% = (a — a’)/
a x 100%. a, length of AP endplate at 1-week
postoperative; a’, length of APendplate at the
follow-up period.

Radiographic Outcomes

Cervical Lordosis and C2-C7 ROM
In the study population as a whole, the cervical lordosis
(CL) increased significantly from 9.04° 4 7.78° before sur-
gery to 11.57° £ 6.62° at the last follow-up (p = 0.003,
Figure 3). However, in the CDA group, the increase in CL
was not statistically significant (p = 0.348). In contrast, the
HS group had a preoperative CL of 9.53° £ 8.26°, which sig-
nificantly increased to 13.69° & 6.86° (p = 0.004). Despite
similar preoperative CL values between the two groups, the
CDA group had a significantly lower CL value than the HS
group during the follow-up (p < 0.05).

Considered as a whole population, the C2-C7 range of
motion (ROM) decreased significantly from 47.94° £ 12.01° at
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TABLE 1 Demographic data of patients (mean + SD).

Variable CDA HS Statistic p value
No of patient 31 33 - -
Age, yr 46.16 + 6.47 48.97 £ 6.70 t=-1.703 0.094
Gender (M/F) 16/15 18/15 x% = 0.055 0.814°
BMI, kg/m? 23.59 + 3.11 24.05 +2.17 t=-0.685 0.496
Diagnose x% = 1.501 0.472°
Radiculopathy 15 16
Myelopathy 6 10
Radiculomyelopathy 10 7
Level distribution - 1.000°
C3/4 1 0
C4/5 26 26
C5/6 10 11
ce/7 0 1
Follow-up, mo 71.35 + 19.50 70.61 + 18.85 t=0.156 0.881°
?Independent t test.; bchi-square test.; ° Fisher exact test.

TABLE 2 Clinical outcomes between the two groups (mean + SD).

CDA group HS group Statistic p value
JOA
Pre-op 8.77 +£ 1.68 8.55 + 1.46 t=0.581 0.563
Post-op 16.10 + 0.91° 16.09 £+ 0.72°% t=0.029 0.977
NDI
Pre-op 29.74 £ 5.66 28.57 £ 5.89 t=0.807 0.423
Post-op 7.87 + 3.20% 9.00 + 5.11° t=-1.052 0.297
VAS
Pre-op 5.81 +1.49 5.58 + 1.66 t=0.584 0.562
Post-op 1.23 +1.02° 1.36 4+ 1.11° t=-0.515 0.609
Abbreviations: JOA, Japanese Orthopedic Association; NDI, neck disability index; Post-op, postoperatively; Pre-op, preoperatively; VAS, visual analogue scale.; @
p < 0.05 compared with preoperative values, independent t test.
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Fig. 3 Cervical lordosis and C2-C7 ROM were well preserved after CDA. *Compared the CDA group with the HS group, p < 0.05.

admission to 41.89° £ 9.08° at the last follow-up (p < 0.001). In (p = 0.115). In contrast, in the HS group, the C2-C7 ROM at
the CDA group, there was a trend towards a modest decrease in | the last follow-up decreased dramatically and significantly when
the C2-C7 ROM, but it was not statistically significant | compared to the baseline (p < 0.001).
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Fig. 4 Disc angle and ROM at the arthroplasty segment were well preserved during the follow-up period, and no significant differences were found
between the CDA and HS group. *Compared the CDA group with the HS group, p < 0.05.

Radiographic Changes at the Arthroplasty Levels
Considered as a whole, there was a small decrease in disc
angle (DA) from 2.01° +2.00° preoperatively to
1.95° £ 2.37° at the last follow-up (p = 0.852, Figure 4).
Regardless of the arthroplasty levels in the CDA or HS
group, a similar DA was observed before and after surgery,
and no significant difference was observed between the two
groups (p > 0.05). In contrast, at the fusion levels in the HS
group, the DA significantly improved after surgery and was
well maintained through the follow-up period (p = 0.016).
Similar to the change in the whole cervical spine, the
segmental ROM at the arthroplasty levels decreased from
8.36° + 3.44° preoperatively to 7.79° & 2.95°, but no statisti-
cal significance was found (p = 0.143). Regardless of the
location of the arthroplasty levels, the segmental ROM at
the last follow-up slightly decreased when compared to pre-
operative values (p > 0.05). Similarly, the corresponding seg-
mental ROM in the HS group also slightly decreased
(p = 0.970). Furthermore, at only 1 week after surgery, the
ROM at the arthroplasty levels in the CDA group was signif-
icantly larger than that in the HS group (p = 0.027).

ROM at the Non-operated Levels

Intermediate Segment
Overall, the ROM at the index segment (IS) increased from
9.58° £ 3.00° preoperatively to 10.19° &£ 3.15° at the last

ROM at intermediated segment

20 15
-~ CDA *

-= HS

ROM at superior adjacent segment

follow-up (p = 0.042, Figure 5). In the CDA group, the
ROM at the IS increased to 10.93° £ 3.52° at the 3-month
follow-up (p = 0.044), and then gradually returned to a level
similar to the preoperative value, at 9.96° % 3.13°
(p = 0.987). In contrast, the ROM at the IS in the HS group
gradually increased to 10.42° & 3.18° at the last follow-up
(p = 0.007). Although the ROM at the IS in the CDA group
was smaller than that in the HS group at 12 months after the
operation and at the last follow-up, the difference was not
statistically significant (p > 0.05).

Superior Adjacent Segment

Overall, the ROM at the superior adjacent segment slightly
decreased from 6.56° + 2.65° before surgery to 6.36° £ 2.03°
at the last follow-up, but this change was not statistically sig-
nificant (p = 0.557). This trend was consistent regardless of
whether patients were in the CDA group or HS group, as the
ROM at the superior adjacent segment at the last follow-up
was not significantly different from the preoperative value
(p > 0.05). However, when comparing between the two
groups, significant differences in the ROM of the superior
adjacent segment were only found at 1 week and 3 months
follow-up (p < 0.05).

Inferior Adjacent Segment
The overall result showed a significant increase in ROM at

the inferior adjacent segment from 6.65° & 2.86°
ROM at inferior adjacent segment
15
-~ CDA * -o- CDA
- HS -= HS
~10
g
g
=]

0 T T T T T @ 0 T T
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(C]
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Fig. 5 ROM of non-surgical segments remained stable or slightly increased after CDA. Intermediate segment (A), superior adjacent segment (B),
inferior adjacent segment (C). *Compared the CDA group with the HS group, p < 0.05.
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preoperatively to 8.02° £2.23° at the last follow-up
(p < 0.001). However, in the CDA group, although there was
a decrease in ROM at the inferior adjacent segment, there
was no significant difference between the preoperative and
postoperative  values (p =0.05). In contrast, the
corresponding segmental ROM in the HS group significantly
increased from 6.13° £ 2.07° preoperatively to 8.14° £ 1.84°
at the last follow-up (p < 0.001). Significant differences in
ROM at the inferior adjacent segment were observed at
3-month follow-up between the two groups.

Complications

One case of prosthesis subsidence was reported in the CDA
group. The incidence of HO was 44.3%, with 26 segments in
the CDA group and 17 replacement segments in the HS
group developing HO (Table 3). However, there was no sig-
nificant difference in the rate of HO between the two groups

TABLE 3 Heterotopic ossification developed in the CDA and HS groups.

MID- TO LONG-TERM OUTCOMES OF CDA FOR NONCONTIGUOUS CDDD

(p > 0.05). The overall incidence of ABL (Table 4) was
48.45%, with ABL occurring in 50.0% of arthroplasty levels
in the CDA group and 45.7% in the HS group, but this dif-
ference was not statistically significant (p > 0.05). Among all
the operated levels, ASDeg (Table 5) occurred in 22.7% of
the IS, 20.6% of the superior adjacent segment, and 21.9%
of the inferior adjacent segment. In the CDA group, ASDeg
at the IS occurred in 18.9% of cases, which was lower than
in the HS group (26.3%), but the difference was not statisti-
cally significant. Additionally, irrespective of the group, there
was no statistically significant difference in ASDeg among
non-operated levels.

Discussion

In this present study, our objective is to assess the enduring
clinical and radiographic results in patients with

noncontiguous CDDD, while also exploring potential

CDA group (n = 64)

Upper arthroplasty segment Lower arthroplasty segment total HS group (n = 35) Statistic p value®
HO (%) 12 (19.3%) 14 (22.6%) 26 (41.9%) 17 (48.6%) ¥? = 0.399 0.528°
High-grade HO (%) 4 (6.5%) 5 (8.0%) 9 (14.5%) 4 (11.4%) 0.765°

Abbreviation: HO, heterotopic ossification.; ® Compared with all the arthroplasty segment in the CDA group.; b chi-square test.; ¢ Fisher exact test.

TABLE 4 Degree of anterior bone loss in the two groups.

Degree of ABL

] 1 2 3 4 Total
CDA 31 (50.0%) 13 (21.0%) 12 (19.4%) 6 (9.7%) 0 31
HS 19 (54.3%) 8 (22.9%) 6 (17.1%) 2 (5.7%) 0 16
Total 50 (51.5%) 21 (21.6%) 18 (18.5) 8 (8.2%) 0 97

Abbreviation: ABL, anterior bone loss.

TABLE 5 Comparison of the adjacent segment degeneration between the CDA and HS groups.

CDA HS
0 1 2 3 0 1 2 3 Statistic p value
Preoperative
Upper adjacent segment 27 3 0 0 29 4 0 0 1.000?
Intermediate segment 32 5 0 0 30 8 0 0 X2 =0.744 0.389°
Lower adjacent segment 28 3 0 0 31 2 0 0 0.667 ?
Last follow-up
Upper adjacent segment 22 8 0 0 23 8 2 0 ¥ =0.551 0.458°
Intermediate segment 28 6 3 0 25 9 3 1 X2 = 0.585 0.444°
Lower adjacent segment 22 4 4 0 25 6 1 0 x> =0.544 0.461°

2 Fisher exact test,; ° chi-square test.
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escalated degeneration in adjacent segments following CDA.
Our findings revealed an ASDeg occurrence rate of 18.9% at
the IS after CDA, which was consistent with the incidence of
ASDeg in all non-surgical segments. Notably, although the
ASDeg incidence in the IS reached 25.8% after HS, statistical
significance between the CDA and HS groups was not
observed.

CDA: Potential Surgical Management for

Noncontiguous CDDD

The practice of anterior cervical fusion surgery for treating
contiguous or noncontiguous CDDD has been established
since the 1950s, demonstrating successful decompression
and favorable outcomes. Nonetheless, complications such as
nonunion,”' hardwire failure,”> ASDis** and secondary sur-
gery® have been associated with long-segment fusions. If
long-segment fusion is performed for noncontiguous CDDD,
at least three levels would need to be sacrificed, making this
surgical strategy not recommended. Researchers have discov-
ered that contiguous-level degeneration is more common
than skip lesions in patients with multiple levels of disc
degeneration. This suggests that there is a higher probability
of subsequent degeneration occurring at adjacent levels.**
Theoretically, performing ACDF solely at the index levels
may cause exaggerated biomechanical changes on the adja-
cent levels, particularly the IS. In fact, studies have shown
that skip-level ACDF can increase the IS mobility by 35%,>
which ultimately changes its biomechanical environment and
may lead to ASDis in the long-term postoperative follow-up,
ultimately requiring a reoperation.”® Previous studies have
reported a range of 6.25%-43.75% for the incidence of
ASDeg at the IS after skip-level fusion surgery, but the rela-
tively short follow-up period may explain the lower
incidence.””* Interestingly, about 20% of Klippel-Feil
patients have congenital noncontiguous fusion,”® and these
patients have a significantly larger range of motion and
higher degeneration rate at the non-fusion segment when
compared to the normal population.’’ Given these factors
that promote degeneration of the IS after skip-level ACDF,
some surgeons have started using CDA to treat
noncontiguous CDDD.

CDA Presents Biomechanical Advantages

It is pertinent to note a range of findings that contribute to
the understanding of the biomechanical implications and
long-term outcomes of CDA for noncontiguous CDDD.
Biomechanical studies have confirmed that two-level CDA
did not affect the stability of the cervical spine or the ROM
of adjacent segments.’>>> Additionally, our previous finite
element analysis (FEA) demonstrated that skip-level CDA
can preserve segmental ROM and maintain the disc pres-
sure and facet joint force of the IS similar to the intact
C2-C7 cervical spine model under hybrid control test pro-
tocol.”*** These biomechanical findings suggest that CDA
does not cause hypermobility or additional strain on the
IS, and may even retard degeneration in theory. In the

MID- TO LONG-TERM OUTCOMES OF CDA FOR NONCONTIGUOUS CDDD

present study, we found that the incidence of ASDeg at the
IS after CDA was 18.9%, which is higher than the inci-
dence reported for ACDF in the literature. This difference
could be attributed to longer follow-up time and
differences in ASDeg evaluation criteria. Furthermore,
compared to the 2-year results (14.3%), the incidence of
ASDeg at the IS slightly increased.” It is important to note
that disc degeneration and aging are closely related, and we
cannot determine whether the new radiographic changes
were caused by arthroplasty surgery or natural progression
of disc degeneration. Unlike prior studies, the current
study documented the incidence of ASDeg in all non-
surgical segments, and the results suggest that the degener-
ation of the IS was not accelerated compared to other non-
surgical segments after CDA.

CDA with ACDF: Suitable Option for

Noncontiguous CDDD

We also focus on the findings that shed light on the effi-
cacy and biomechanical implications of hybrid surgery
(HS) in the context of noncontiguous CDDD. HS is a com-
bination of CDA and ACDF, which can be performed on
the index segment based on the extent of degeneration. For
instance, a segment with soft protrusions may be treated
with CDA, while a segment with osteophytes and severe
degeneration may require ACDF. In recent years, various
clinical studies have shown that HS can yield satisfactory
outcomes while preserving some level of mobility in the
cervical spine for continuous two- or multi-level
CDDD.'****” Due to the skipped lesion, HS is considered
to be a suitable option for noncontiguous CDDD, as there
is a lower likelihood of the CDA level and ACDF level
affecting each other. Biomechanical studies have confirmed
that the increase in ROM at adjacent segments after HS is
lower than that observed with 2-level ACDF, indicating
that HS has a less detrimental biomechanical effect on
adjacent segments.’® Additionally, our FEA study revealed
that the contributions to motion and force of the non-
surgical levels were evenly distributed, suggesting that the
adjacent segments did not experience additional biome-
chanical stress.”® Thus, ASDeg was expected to occur with
the same likelihood on each non-surgical segment. How-
ever, in our current study, the incidence of ASDeg at the
intermediated segment was 25.8% after HS, which was sim-
ilar to the superior adjacent segment (24.2%) but higher
than the inferior adjacent segment (18.2%). This may be
attributed to the fact that the inferior adjacent segment
included several C7/T1 levels, which have a smaller range
of physiological motion and a lower risk of
degeneration.””*' On the contrary, despite the higher inci-
dence of ASDeg at the IS in patients who underwent HS
compared to those who underwent CDA, the lack of statis-
tical significance between the two groups may be due to
the small sample size. Furthermore, it is worth noting that
the HS group maintained better cervical lordosis, a critical
factor in the development of ASDeg, which could also
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explain the similar incidence of ASDeg between the two
groups. Notably, the ROM of the non-surgical segments
increased by 1°-2° at the last follow-up compared to preop-
erative values in the HS group, which may increase the risk
of ASDeg during a longer follow-up.

Main Complication after CDA

HO and ABL were the main complications after CD
and were currently considered two stages of bone remodeling
following CDA surgery.*’ In the present study, the incidence
of HO, high-grade HO, and ABL at the arthroplasty levels
did not differ significantly between the CDA and HS groups
at the last follow-up. Moreover, the incidence of HO and
ABL was consistent with previous studies on 1-level or con-
tiguous 2-level CDA. Ganbat et al.** predicted that the for-
mation of HO may be related to the redistribution of
vertebral strain energy after artificial cervical disc prosthesis
implantation. Lee et al.*> conducted a cadaveric study and
found no statistically significant difference in segmental
ROM of arthroplasty segments between pure CDA and
HS. Based on these findings, we suggest that surgical levels
after non-contiguous CDA or HS are relatively independent,
and device-related complications at one surgical level do not
affect the other.

14,42
A,

Limitation and Strengths

The current study has several limitations that should be
acknowledged. First, it was a retrospective study with a small
sample size due to the low incidence of noncontiguous
CDDD, and the follow-up time of over 4 years may not have
been sufficient to determine whether CDA can delay the
degeneration of the IS. Second, the patients included in
the study had high heterogeneity, with different IS distribu-
tion and number, and patients who underwent 3-level HS
may have had different baseline levels compared to those
who underwent 2-level HS. Third, the study did not include
patients who underwent skip-level ACDF for comparative
analysis, as there were not enough such patients in our
research center. Fourth, we have extensively used the Zero-P
system during ACDF procedures for cervical spondylosis
since 2008 in our department, with very few patients under-
going the plate-cage system. As a result, we only included
patients who underwent Zero-P ACDF in the current study.
Finally, PACS and Canvas software used to measure disc
height and endplate diameter on X-ray films, despite being
standardized, may have had measurement inaccuracies that
could have been improved.

This study also possesses several strengths. First, this
study represents the first long-term follow-up report on
CDA for noncontiguous multi-segment CDDD. It provides
insights into the extended outcomes of intervening non-sur-
gical segments and offers valuable guidance for
the formulation of surgical strategies. Second, this study
simultaneously =~ examines the implementation of

MID- TO LONG-TERM OUTCOMES OF CDA FOR NONCONTIGUOUS CDDD

personalized CDA surgical strategies within the context of
hybrid replacement and fusion procedures. This expanded
exploration of surgical approaches for patients with
noncontiguous CDDD offers additional choices and clinical
evidence for treatment planning. Third, for the first time,
this study compares the differences in radiographic changes
between the IS and other adjacent non-surgical segments,
observing a similar extent of degeneration among the non-
surgical segments.

Conclusion

DA or CDA combined with ACDF to treat

noncontiguous CDDD can achieve satisfactory mid-to-
long-term clinical and radiographic outcomes, and might be
considered as safe and effective surgical strategies for
noncontiguous CDDD. Among non-surgical segments,
ASDeg incidence was similar after 70 months, and the seg-
mental ROM at the IS was similar to that before surgery,
indicating CDA theoretically did not increase the risk of
degeneration of the IS. However, HS may slightly increase
ROM at the non-surgical segments, which may increase the
risk of ASDeg during longer-term follow-up.
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