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OVERVIEW OF THESIS PAPERS

Cervical disc degeneration is a natural age-related process that significantly impacts quality of
life and productivity while imposing a considerable burden on healthcare resources. This thesis
focuses on two major aspects of cervical disc degeneration treatment-ACDF and CDA. While
ACDF has been plagued with incidences of adjacent segment degeneration, CDA has gained
prominence due to motion preservation and preserved neck bio kinematics that is thought to
retard development of adjacent segment degeneration. In this study, we evaluated surgical
outcomes (revision surgery) and implant-specific factors associated with the development of

adjacent segment degeneration (ASD).

The first paper examines the comparative burden of revision surgery associated the traditional
anterior cervical discectomy and fusion (ACDF) and the more contemporary motion-sparing
cervical disc arthroplasty (CDA). While CDA has gained popularity due to its potential to
preserve motion, emerging evidence suggests it may not necessarily reduce the rate of revision
surgeries compared to ACDF. This study utilized medical record reviews from a large academic
medical center to investigate revision surgery rates in a naturalistic setting. To minimize bias
from surgical variability, all cases were performed by a single experienced surgeon, ensuring

consistent expertise across procedures.

The second paper focused on evaluating development of ASD (adjacent segment degeneration)
in the context of total cervical disc replacement. It compared the outcomes of novel, less
constrained implants M6-C and Mobi-C with the earlier, more constrained Prodisc-C implant.
While CDA has demonstrated a clear advantage over ACDF in reducing ASD, comparative data
between different CDA implants are sparse. This study addresses this gap, offering insights into
the implant-specific factors influencing ASD development and potentially guiding clinical

decision-making for optimal patient outcomes.

These projects provide a comprehensive evaluation of surgical techniques and implant

technologies, contributing to the evolving field of cervical spine surgery.
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ABSTRACT

Background & objective: Cervical disc arthroplasty (CDA) is increasingly favored over
anterior cervical discectomy and fusion (ACDF) for its potential to preserve segmental motion
and reduce biomechanical stress on adjacent levels. However, discrepancies in the literature
persist regarding revision surgery rates associated with these procedures. This study aimed to
compare the hazard and predictors of revision surgery between ACDF and CDA in a consecutive
series of patients treated at our academic medical center.

Methods: In a propensity-score matched cohort study, we analyzed 312 cases (matched 2:1
between ACDF and CDA) from a single institution, covering the period from January 2008 to
June 2023. Our goal was to compare revision surgery rates between ACDF and CDA as well as
identify factors associated with the necessity for ACDF and CDA revision surgery. We used Cox
regression models with adjustment for patient demographics, comorbidities, and operative

details.

Results: We observed that CDA was associated with a lower hazard of revision surgery relative
to ACDF (HR 0.36; 95%CI 0.017-0.77; p=0.01). Overall, two-level disc surgery was not
different from one-level disc surgery in the hazard for revision surgery (HR 0.78; 95% CI 0.48-
1.53; p=0.48). Additionally, age, gender, diabetes mellitus, hypertension, heart disease, chronic

steroid exposure, and opioid dependency were not associated with the need for revision surgery.

Conclusion: Relative to ACDF, CDA surgery demonstrated a lower risk for cervical disc

revision surgery.

Keywords

Disc degeneration, revision surgery, ACDF (anterior cervical discectomy and fusion), CDA

(cervical disc arthroplasty), one level, two levels



INTRODUCTION

Cervical disc degeneration is a common condition that affects large portions of the population
beginning in early adulthood and progressively worsens over time (1), imparting profound effect on
the quality of life. Disc degeneration presents with debilitating symptoms such as axial neck pain,
radiculopathy, and myelopathy, which not only diminish the quality of life for the ballooning aging
population (2) but also decrease productivity among younger demographics and increase healthcare

utilization (3).

Anterior Cervical Discectomy and Fusion (ACDF) is an established conventional surgical option for
treating symptomatic cervical disc disease recalcitrant to conservative management; however, cervical
disc arthroplasty (CDA) is a newer, motion-preserving procedure that has gained increasing popularity
in recent years (4). Though outcomes are generally favorable, there is a known revision surgery rate
post-ACDF due to complications like adjacent segment disease (4). CDA has heralded reduced re-
operation rates through reduced adjacent segment strain. A residual CDA revision surgery risk has
resurfaced that dampens the excitement of this novel procedure. More studies are now discounting the
CDA reduced revision surgery claim with data regarding actual revision rates associated with ACDF

and CDA getting murky and controversial (5) (6).

Earlier randomized clinical studies have demonstrated revision surgery rates of up to 16% for ACDF
and 3.9% for CDA (7). Revision surgery rates between ACDF and CDA has been shown not to be
significantly different in the early periods after index surgery but demonstrates mid-term divergence
after about five years of follow up (7) implying that the progression of adjacent disc disease may be an

inherent aspect of natural degeneration (8) modified by post-surgical implant kinematics.



Though CDA has been described as an excellent breakthrough in the management of cervical disc
degeneration (9), a number of studies have challenged the idea that CDA has a lower rate of revision
compared to ACDF (10). A systematic review and meta-analysis showed that ACDF resulted in fewer
reoperations when compared with CDA (11). Other studies have found no differences between ACDF
and CDA regarding revision surgery rates (12). These discrepancies underscore the importance of
further research while refining the patient selection criteria to enhance surgical outcomes. In addition, a
few studies have explored and compared predictors of revision surgery for ACDF and CDA
procedures, which may differ in their biomechanical pathophysiology. ldentifying predictors of
revision surgery is paramount in refining the choice of an appropriate surgical procedure, thereby

minimizing the likelihood of invoking additional interventions.

In this study, we examined a consecutive series of patients at a single large academic medical center
undergoing ACDF or CDA in a matched-cohort analysis. We sought to not only identify differences in
gross revision rates, but also elucidate how factors such as demographics, comorbidities, lifestyle and
surgical factors impact the need for revision surgery. Insights gleaned aim to bolster the evidence base
guiding surgical decisions, ultimately facilitating the selection of the most suitable intervention for

each patient and elevating the standard of care within the field.



METHODS

Study Design, Patient Selection

We conducted a retrospective propensity score—matched cohort study of a consecutive series of
patients who underwent cervical disc arthroplasty (CDA) or anterior cervical discectomy and fusion
(ACDF) at our academic medical center, all performed by a single surgeon (author JC). Inclusion
criteria encompassed patients aged 20 to 70 years who underwent ACDF or CDA for single- or two-

level degenerative cervical spondylosis between January 2008 and December 2023.

Patients aged over 70 years were excluded from this study comparing anterior cervical discectomy and
fusion (ACDF) with cervical disc arthroplasty (CDA) to minimize confounding and ensure clinical
comparability between groups. CDA is less frequently performed in older patients due to concerns
about advanced spondylosis, reduced bone quality, and facet joint degeneration, which diminish the
benefits of motion-preserving techniques (28) Including elderly patients could also introduce selection
bias, as those undergoing CDA at this age often represent a healthier subset, potentially skewing
revision outcomes (29) Additionally, older individuals are more likely to have comorbidities and
increased all-cause mortality, which may interfere with accurate estimation of revision rates and
introduce competing risks (30). The primary surgical objective in older patients often shifts toward
achieving spinal stability rather than preserving motion, further complicating comparisons between
ACDF and CDA in this age group (31). Furthermore, follow-up compliance tends to decline in older
populations due to health deterioration or mobility issues, increasing the likelihood of censoring (32).
Finally, reduced bone quality in the elderly heightens the risk of implant subsidence or loosening,

especially in CDA, where stability depends more heavily on bone integrity (33).



Patients undergoing surgery for tumor resection, correction of congenital malformations, infections, or
trauma were excluded from the study. Additionally, cases involving hybrid procedures or combined
anterior-posterior (“front-back”) approaches were omitted. Revision surgeries performed to address
immediate postoperative complications, such as bleeding, were also excluded, as these did not reflect

implant-specific failures.

A total of 866 anterior cervical discectomy and fusion (ACDF) cases and 123 cervical disc arthroplasty
(CDA) cases were initially evaluated for eligibility. Among these, 95 ACDF cases involving hybrid
procedures, one ACDF case performed for tumor resection, and 19 CDA cases (13 tumor resections
and 6 trauma-related surgeries) were excluded based on the study’s inclusion criteria. This left 770
ACDF and 104 CDA cases eligible for propensity score matching. Applying a 2:1 matching ratio, 562
ACDF cases were excluded due to caliper mismatch, yielding a final matched cohort of 208 ACDF and
104 CDA patients, as depicted in the CONSORT diagram (Figure 1).Baseline characteristics were
comparable between included and excluded subjects, with the exception of age, which showed a

statistically significant difference with a large standard mean difference (Table 2)

Although ACDF and CDA are distinct surgical interventions with differing biomechanical and kinetic
properties, a unified analytical model was employed to evaluate shared outcomes. This approach was
deliberately chosen to harmonize measurement metrics in a context where the overarching surgical
objective—spinal decompression and stabilization—is consistent across procedures. The model
accounts for potential differences in baseline characteristics, prognostic factors, and inherent revision
risks associated with each technique. Time-to-event was defined as the interval from the index surgery

to revision.

Dependent and Independent Variables
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The primary exposure of interest was the type of surgery—either cervical disc arthroplasty (CDA) or
anterior cervical discectomy and fusion (ACDF), with ACDF serving as the reference group.
Covariates included demographic factors such as age at the time of the index procedure, gender (male
or female), body mass index (BMI), smoking status, and history of prolonged steroid use or opioid
dependence. Medical comorbidities assessed included hypertension, diabetes mellitus (DM), cancer,
asthma, chronic obstructive pulmonary disease (COPD), mood disorders, peptic ulcer disease, and
heart disease. Surgical variables included the number of levels operated (1 vs. 2), the position of the
index disc, and estimated intraoperative blood loss. Since blood loss was uniformly minimal (less than

50 mL) across all procedures, it was excluded from further consideration.

It is worth noting that some of the variables initially collected were excluded from the final
multivariable model based on Lasso and Ridge regularization techniques, which penalize collinearity

and retain only the most informative predictors.

Ascertainment of the primary outcome (revision surgery)

The primary outcome was the presence and timing of revision surgery, identified through a
comprehensive review of all patients who underwent reoperation during the study period. Revision
surgery was defined as any subsequent surgical intervention at the index or adjacent cervical level
performed to address persistent or newly developed symptoms—such as radiculopathy, myelopathy, or
both—following the initial (index) procedure. For patients who underwent multiple revisions, only the

time to the first reoperation was considered in the analysis.

Cohort Construction and Propensity Score Matching
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Patient inclusion for the CDA cohort was followed by the creation of a matched ACDF cohort using
propensity score matching. Initially, matching was attempted using age, sex, and the number of levels
operated. However, the addition of further matching variables significantly reduced the pool of suitable
matches. As a result, the final matching process was restricted to age and sex to preserve sample size
and matching quality. Propensity scores were generated via logistic regression to estimate the
probability of receiving CDA based on these covariates. Matching was then performed using a nearest-
neighbor caliper matching algorithm, with a caliper width of 0.02. Each CDA patient was matched

with two ACDF patients (1:2 ratio) who had the closest propensity scores within the defined caliper.

Statistical Analysis

Baseline characteristics were summarized using counts and percentages for categorical variables and

means with standard deviations for continuous variables that were normally distributed.

All statistical analyses were performed using Stata 17 (StataCorp LLC, 4905 Lakeway Drive, College
Station, TX 77845, USA). For each predictor variable, hazard ratios (HRs), 95% confidence intervals
(Cls), and p-values were reported. A conventional p-value threshold of <0.05 was used to denote

statistical significance.

Survival analysis was conducted using an adjusted Cox proportional hazards regression model to
assess the risk of revision surgery between ACDF and CDA cohorts. Kaplan-Meier survival curves

were generated to visualize time-to-event distributions.

The proportional hazards assumption was assessed using scaled Schoenfeld residuals. The assumption

was considered satisfied if the rho coefficients were close to zero and the global test yielded a p-value
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greater than 0.05. In this study, all rho coefficients approximated zero, and p-values exceeded the set

threshold for significance, indicating no violation of the proportional hazards assumption.

To identify additional predictors of revision surgery beyond the primary exposure (CDA vs. ACDF),
an initial elastic net regression analysis was conducted incorporating all candidate variables. This
analysis identified smoking status, chronic steroid use, mood disorders, and opioid dependence as
influential predictors. These were subsequently combined with pre-specified covariates—including
age, sex, BMI, and number of levels operated—Dbased on established clinical relevance from prior

studies. The final multivariable Cox model incorporated these variables.

To address multicollinearity and enhance model robustness, both Lasso and Ridge regularization
techniques were applied. These methods penalize over fitting while retaining important variables with

meaningful contributions to the outcome.

Ethical Approval

This study was conducted with the approval of the Brigham and Women’s Hospital Institutional
Review Board. Given the retrospective study design, the requirement for informed consent was
waived. All patient identifiers were removed to maintain data confidentiality in accordance with

institutional and regulatory guidelines.
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RESULTS

Baseline Characteristics

After applying the inclusion and exclusion criteria, 770 patients who underwent anterior cervical
discectomy and fusion (ACDF) and 104 patients who underwent cervical disc arthroplasty (CDA) were
identified (Figure 1 consort diagram). Given the goal of a 2:1 ACDF-to-CDA matching ratio and the
limited number of CDA cases, the propensity-score matching caliper was adjusted to optimize balance
between cohorts. This refinement resulted in 208 matched ACDF and 104 CDA patients included in

the final analysis (Table 1).

After propensity score matching, baseline characteristics between the anterior cervical discectomy and
fusion (ACDF) and cervical disc arthroplasty (CDA) cohorts were largely balanced. Both groups had a
mean age of 44+ 8 years (p=0.74), and mean body mass index (BMI) was comparable (ACDF:
29.7+6.7 vs. CDA: 28.8 £ 6.4; p=0.26). Sex distribution was similar (CDA: 56% female vs. ACDF:
53%; p=0.66), as was the prevalence of opioid dependence (CDA: 18% vs. ACDF: 20%; p=0.76).
However, the ACDF group exhibited higher rates of hypertension (37% vs. 18%; p=0.01), diabetes
mellitus (15% vs. 4%; p=0.01), and active smoking (43% vs. 28%; p=0.01) compared to the CDA
group. Despite these statistically significant differences, the standardized mean differences (SMDs) for
these variables remained within acceptable thresholds, indicating adequate covariate balance post-
matching. This suggests that the propensity score matching process effectively minimized baseline

disparities between the cohorts, enhancing the validity of subsequent comparative analyses.

To assess the representativeness of the matched cohort and evaluate potential selection bias introduced

by matching, we compared baseline characteristics between patients included in the analysis and those
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excluded due to unmatched status. Apart from age—which showed a substantial imbalance
(standardized mean difference [SMD] = 1.12, p = 0.01)—all other baseline variables were relatively
comparable, with only minimal to moderate differences observed (Table 2). This observation
underscores the role of propensity score matching in altering the study population making it more
homogeneous. Save for the disparities in age, the relatively comparable characteristics of study
inclusions and exclusions demonstrate that findings of this study can be inferred to the broader

population.

There was a trend toward a higher proportion of 2-level surgeries in the ACDF group compared to
CDA (51% vs. 39%, p=0.05). Additionally, the ACDF group had a significantly longer follow-up
duration (mean: 52 months) than the CDA group (mean: 33 months; p=0.01). To minimize potential
bias related to differential follow-up, the observation period was truncated at 100 months, aligning

both cohorts to a common maximum duration.

Propensity score matching effectively enhanced covariate balance between the ACDF and CDA
cohorts. For instance, the standardized mean difference (SMD) for age decreased from 1.6 to 0
following matching, indicating complete alignment on this key variable. Notably, the unmatched
ACDF cohort exhibited a broader and older age distribution (mean: 55.5 years; range: 17-91), which

was narrowed to a mean of 44.5 years (range: 23-65) in the matched cohort (Table 1).

Incidence of revision surgery for CDA vs. ACDF

In the matched cohort, revision surgery was performed in 6.7% of cervical disc arthroplasty (CDA)
patients (7 of 104) and 15.9% of anterior cervical discectomy and fusion (ACDF) patients (33 of 208).

The majority of these revisions—approximately 90%—were due to adjacent segment degeneration

15



(ASD). When accounting for follow-up duration, the incidence rates of revision surgery were 18 per

1,000 person-years for the CDA group and 67 per 1,000 person-years for the ACDF group.

Risk of revision surgery for CDA vs. ACDF

CDA was associated with a lower risk of revision surgery both in the univariable (HR 0.37, 95% CI,
0.18-0.78, P=0.01) and multivariable model (HR=0.36, 95% CI, 0.17-0.77, P=0.01) relative to ACDF
surgery. Among those who had CDA revisions, only one implant device placement imperfection was

reported that required a repeat salvage ACDF operation.

Kaplan-Meier Survival Analysis: Revision-Free Probability in CDA vs. ACDF

The Kaplan-Meier survival analysis revealed that patients undergoing cervical disc arthroplasty (CDA)
consistently exhibited a higher probability of remaining revision-free compared to those who
underwent anterior cervical discectomy and fusion (ACDF) throughout the follow-up period (Figure

3).

Initially, both cohorts demonstrated high survival probabilities within the first 20 months
postoperatively. However, a notable divergence emerged thereafter, with the ACDF group
experiencing a more pronounced decline in survival probability. This trend suggests that revision
surgeries occurred earlier and more frequently among ACDF patients relative to their CDA

counterparts.

Throughout the follow-up duration, the CDA cohort maintained a relatively stable and higher survival
probability, whereas the ACDF group continued to exhibit a substantial cumulative decline. This

pattern underscores an increased overall risk of revision surgery in the ACDF group over time.
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These findings align with previous studies indicating that CDA may be associated with a lower
incidence of revision surgeries compared to ACDF. For instance, a meta-analysis reported that CDA

had fewer secondary surgeries at both the index and adjacent levels compared to ACDF.

In summary, the Kaplan-Meier analysis supports the notion that CDA offers a sustained advantage in
reducing the likelihood of revision surgery over time, highlighting its potential benefits in the surgical

management of cervical disc degeneration.

Other predictors of time to revision surgery

This study found no significant predictors influencing the risk of revision surgery for ACDF and CDA.
Age was not a statistically significant factor for time to revision. While univariable analysis suggested
a lower hazard with increasing age (HR 0.96, 95% CI 0.93-1.00, p=0.05), this association did not
persist in multivariable modeling (HR=0.98, 95% CI 0.94-1.03, p=0.15). Categorizing age showed no

significant association for those over 50 compared to younger patients with revision surgery.

BMI (body mass index) as a continuous variable showed no significant association with revision
surgery in unadjusted (HR 0.99, 95% CI 0.94-1.04, p=0.66) or adjusted (HR 0.98, 95% CI 0.94-1.04,
p=0.54) analyses. BMI categorization (overweight: HR 0.96, 95% CI 0.42-2.21, p=0.92; obesity: HR
0.78, 95% CI 0.36-1.68, p=0.52) equally did not demonstrate any group as significantly associated

with revision surgery.

The number of surgical levels (one vs. two-level procedures) was not significantly associated with time
to revision in either unadjusted (HR 0.75, 95% CI 0.41-1.41, p=0.37) or adjusted (HR 0.78, 95% ClI

0.48-1.53, p=0.48) models.
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There were no gender differences in revision risk, with females showing no significant hazard
compared to males in both univariable (HR 1.98, 95% CI 0.95-3.36, p=0.07) and multivariable (HR
1.62, 95% CI 0.83-3.15, p=0.16) models. Similarly, smoking did not significantly influence revision
risk in the unadjusted (HR 0.98, 95% CI 0.53-1.82, p=0.66) and adjusted (HR 0.98, 95% CI 0.52-1.85,

p=0.94) analyses.

Overall, no demographic or clinical predictor evaluated in this study demonstrated significant

association with revision surgery for either ACDF or CDA cohorts.
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DISCUSSION

This study provides a detailed analysis of the association of CDA surgery with revision surgery
relative to ACDF surgery in a large academic referral center. It highlights the differences in risk
profiles of revision surgery inherent in the ACDF-CDA surgical dichotomy while exploring the
contributions of baseline patient characteristics to the risk of revision surgery. Findings from this study
demonstrate CDA as being significantly associated with a lower risk of requiring revision surgery

relative to ACDF.

In our study, 90% of revision surgeries in both the anterior cervical discectomy and fusion (ACDF)
and cervical disc arthroplasty (CDA) cohorts were attributed to adjacent segment degeneration (ASD),
with the remaining 10% due to index-level implant failures. This distribution contrasts with findings
from Badhiwala et al.'s meta-analysis, which reported higher rates of index-level reoperations in
ACDF patients compared to those undergoing CDA (13),(16). The discrepancy may stem from
differences in study design. Our research was conducted within a single-center setting, with all
procedures performed by the same experienced surgeon, thereby minimizing variability in surgical
technique and implant selection. In contrast, Badhiwala et al.'s analysis encompassed multicenter
randomized controlled trials (13), (16), where variations in surgical expertise and hardware choices

could influence revision rates.

These findings suggest that consistent surgical expertise and standardized implant selection may
reduce the incidence of index-level failures, emphasizing the importance of surgical consistency in

achieving favorable long-term outcomes.
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In our study, CDA demonstrated a statistically significant association with a lower risk of revision
surgery relative to ACDF surgery. This is in agreement with Manjot et al (14), Nunley et al (15), and
Shin et al (16) whose studies reported fewer revision surgeries among CDA compared to ACDF.
Studies by Zhu et al and Turkov posit that ACDF by being associated with increased adjacent segment
degeneration increases vulnerability to higher rates of revision surgery (17) (18). In addition, fusion of
cervical segments with joint loss in ACDF is associated with function loss at the operation site with
associated neck instability that increases the chances of needing a revision surgery (17). Studies have
shown that relative to ACDF, CDA is preferred for younger demographics and this is thought to be
behind the lower hazard for revision surgery associated with CDA compared to ACDF (19) (20) (21).
In our study, young demographics preferentially received more CDA treatments than ACDF that
typically have less advanced disc degeneration. This may partly explain why CDA was associated with

lower hazards for revision surgery relative to ACDF.

In our study, revision surgery rates for cervical disc arthroplasty (CDA) and anterior cervical
discectomy and fusion (ACDF) were comparable within the first two years of follow-up. However,
beyond this period, a significant divergence emerged, with the ACDF cohort exhibiting an accelerated
rate of revisions. This pattern aligns with findings from Badhiwala et al., who reported a notable
divergence favoring CDA at the five-year mark, with adjacent-level surgery rates of 4.3% for CDA

versus 10.8% for ACDF, and index-level reoperations of 5.2% versus 12.7%, respectively (13).

The stepwise decline observed in our Kaplan-Meier survival curves suggests that implant failure is
predominantly a gradual process, likely due to cumulative biomechanical stress and progressive wear,
rather than abrupt construct failure. This pattern underscores the importance of material durability and

long-term mechanical resilience in cervical disc arthroplasty implants.
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Notably, our study's consistent surgical expertise—stemming from procedures performed by a single
experienced surgeon—may have contributed to the observed outcomes by minimizing variability in
surgical technique and implant selection. This contrasts with multicenter studies, where differences in

surgical expertise and hardware choices could influence revision rates.

These findings highlight the potential long-term advantages of CDA over ACDF in reducing the
likelihood of revision surgeries, emphasizing the need for durable implant materials and consistent

surgical practices to optimize patient outcomes.

From a clinical perspective, these findings emphasize the need for long-term monitoring of CDA
implants to detect early signs of wear-related failure. Regular radiographic and functional assessments
could help identify patients at risk of implant deterioration before symptomatic failure occurs.
Additionally, patient selection remains crucial—factors such as bone quality, segmental mobility, and

preoperative degeneration may influence long-term implant performance.

The steeper decline of the ACDF curve relative to CDA may indicate superior long-term durability of
CDA, potentially due to its ability to preserve motion and maintain more favorable mechanical
properties (14-16). The observed differences in revision probability suggest that CDA may be
preferable in patients where minimizing the risk of revision surgery is a priority, particularly in those at

higher risk of complications from fusion procedures.

However, the findings of this study should be interpreted in the context of patient-specific factors,
including comorbidities, surgeon expertise, and surgical indications. While our analysis suggests a
potential long-term protective effect of CDA, further research is needed to validate these results and

explore the underlying mechanisms. Randomized controlled trials or well-matched cohort studies with
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rigorous adjustments for confounding variables (e.g., age, comorbidities) would provide more

definitive evidence on the comparative effectiveness of these procedures.

Beyond post-surgical kinematics, this finding supports the assertion by Koerner, Kepler, and Albert
(22) that differences in revision surgery rates may stem from the fundamental disparities in surgical
approaches. This suggests that each procedure possesses intrinsic characteristics that influence its long-

term durability and resistance to revision.

While Kumagai (10) identified age as the most significant predictor of cervical disc degeneration, our
study found no significant association between age and the likelihood of revision surgery. This lack of
association persisted even after stratifying patients into two age groups: under 50 and over 50 years.
Given that disc degeneration accelerates with age (10), it would be expected that older cohorts
experience a higher hazard for revision surgery due to ongoing degenerative processes. However, this

anticipated trend was not observed in our analysis probably due to the small sample size.

Similarly, although some studies suggest that an elevated BMI is linked to poorer surgical outcomes
and higher revision rates in cervical spine procedures (10), the underlying mechanism remains unclear.
Whether the increased risk is driven by accelerated disc degeneration, impaired wound healing, or
other biomechanical factors has yet to be determined. In our study, BMI was not significantly
associated with revision surgery. Even when categorized into normal weight, overweight, and obese

groups, no significant differences in revision rates were identified.

Regarding the number of surgical levels, Anand et al. (23), Radcliffe et al. (24), and Laratta et al. (25)
reported higher revision rates for two-level ACDF compared to one-level procedures, attributing this to
increased intradiscal pressure, greater biomechanical strain, and accelerated adjacent segment

degeneration (16, 4, 24, 13). However, our study found no significant difference in revision rates
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between one-level and two-level procedures in both ACDF and CDA cohorts. These findings align
with those of Gornet et al. (24), whose clinical trial demonstrated comparable revision rates between

ACDF and CDA for both one- and two-level surgeries.

While a greater number of fused segments theoretically increases strain on adjacent discs, multiple
CDA levels could potentially amplify implant placement imperfections, hence exacerbating adjacent
segment stress. However, our study may not have fully captured such observation due to the
uniformity of surgical technique, as all procedures were performed by a single experienced surgeon,

thus minimizing variability in implant positioning.

Like in our study, previous studies by Badhiwala et al. (13), Gornet et al. (24), and Joachim et al. (7)
reported that index level revision surgeries occur less frequently in CDA compared to ACDF.
However, we observed a nearly identical incidence of adjacent segment degeneration in both ACDF
and CDA cohorts. This suggests that factors beyond the surgical approach may contribute to long-term

degenerative changes.

A meta-analysis by Badhiwala et al. (13) identified female gender and smoking as significant risk
factors for revision surgery, findings that contrast with our study. Our analysis found no significant
gender differences in revision risk for either ACDF or CDA. Similarly, smoking was not associated
with an increased likelihood of revision surgery probably due to lack of data granularity, potentially
obscuring the effects of long-term smoking such as vascular compromise and impaired healing. The
contribution of the small sample sizes could not be ruled. Higher revisions reported among women in
some studies may not necessarily reflect a greater gender predisposition to cervical degeneration but a
higher propensity for women to seek healthcare compared to men (26, 27). Further research is needed
to disentangle behavioral factors from physiological contributors to revision  risk.
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STUDY STRENGTHS AND LIMITATIONS

Our study's strengths include its controlled single-center design, which ensures consistency in surgical
expertise and eliminates institutional variations commonly encountered in multi-center studies. This
setting enhances internal validity, while the use of high-quality electronic medical records further

strengthens data reliability.

However, several limitations should be considered. The retrospective design inherently introduces
potential biases, and the relatively shorter follow-up period for the CDA cohort limits the assessment
of long-term revision risks. Additionally, the single-center nature of the study may restrict the

generalizability of the findings to broader populations.

Residual confounding remains a significant limitation, as illustrated by several scenarios. For instance,
patients may develop new comorbidities during follow-up that affect the risk of revision surgery but
were not captured at baseline. Additionally, smoking was treated as a binary variable, without
accounting for the intensity or duration of exposure—such as pack-years—which may influence
outcomes more precisely. Other potentially influential factors, like preoperative spinal alignment and
postoperative activity levels, were also not included as predictors in the model. These omissions
highlight the possibility that unmeasured or inadequately measured variables may still confound the

observed associations.

The exclusion of 562 ACDF observations due to the lack of suitable CDA matches introduces the
potential for selection bias, which may impact the internal validity of the study findings. Propensity
score matching aims to reduce confounding by balancing covariates across treatment groups; however,

when a large portion of one cohort—such as ACDF patients—is excluded, the remaining matched
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sample may no longer represent the broader ACDF population (34). In particular, patients who were
excluded may have had more comorbidities, more complex pathology, or other clinical characteristics
that precluded CDA consideration, thereby creating a matched sample enriched for healthier, lower-
risk ACDF patients (35). Consequently, any comparative analysis between ACDF and CDA may
disproportionately reflect outcomes in this more selective subgroup rather than the typical ACDF
population seen in routine clinical practice. This "healthy user" effect could lead to an underestimation
of revision rates or other adverse outcomes associated with ACDF, artificially narrowing or even
reversing the true difference in surgical durability between the two procedures (36). Additionally,
generalizability of the findings may be limited, particularly when translating results to older or

medically complex patients who are often considered for ACDF but not CDA.

Despite these limitations, our findings provide valuable insights into the comparative risks of revision

surgery following ACDF and CDA, offering important considerations for clinical decision-making.
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CONCLUSION

In this matched cohort study, cervical disc arthroplasty (CDA) was associated with a significantly
lower incidence of revision surgery compared to anterior cervical discectomy and fusion (ACDF).
Specifically, 6.7% of patients in the CDA group underwent revision surgery versus 15.9% in the
ACDF group. When adjusted for follow-up duration, this corresponded to 18 and 67 revisions per
1,000 person-years for CDA and ACDF, respectively. Notably, approximately 90% of these revisions
were attributed to adjacent segment degeneration (ASD). Importantly, the number of disc levels

operated on did not significantly influence the incidence of revision surgery.

These findings align with existing literature, which indicates higher reoperation rates following ACDF
compared to CDA. For instance, a meta-analysis reported reoperation rates of 6.1% for ACDF and
3.1% for CDA. Another study found that at 7-year follow-up, the rate of adjacent-level reoperation was

4.3% in the CDA group versus 10.8% in the ACDF cohort.

These results suggest that CDA may offer a durable advantage over ACDF in reducing the risk of
revision surgery, particularly due to ASD. Future studies with larger cohorts and extended follow-up
are warranted to further elucidate the long-term benefits of CDA and to confirm these findings across

diverse patient populations.
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TABLES AND FIGURES

Table 1: Baseline participant characteristics

Variable CDA (n=104) ACDF (n=208) SMD P value
Age (years) mean, SD 44 +8 44+8 0.00 0.74
BMI (Kg/M2) mean, SD 28.816.4 29.7+6.7 0.14 0.26
Hypertension (n, %) 19 (18%) 77 (37%) 0.44 0.01
Diabetes mellitus (n, %) 4 (4%) 32 (15%) 0.37 0.03
Mood disorders (n, %) 51 (49.0%) 116 (56%) 0.14 0.26
Chronic use of steroids (n, %) | 17 (14%) 29 (16%) 0.06 0.57
Opioids’ dependence (n, %) 19 (18%) 41 (20%) 0.05 0.76
Smoking (n, %) 29 (28%) 90 (43%) 0.32 0.01
Female gender (n, %) 58 (56%) 110 (53%) 0.06 0.66
Levels operated | 1-level 63 (61%) 102 (49%) 0.24 0.05
2-levels 41 (39%) 106 (51%) 0.24

Interpretation of SMD (standardized mean difference)

e SMD <0.2: minimal imbalance (good balance)
e SMD 0.2-0.5: mild imbalance
e SMD 0.5-0.8 moderate imbalance

e SMD >0.8: large imbalance requiring attention
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Figure 1: Sample selection Consort diagram
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Table 2: Baseline characteristics of Included and excluded participants

Variable Included=0 (n=562) | Included=1 (n=312) | SMD P value
Age (mean, SD) 58+12 4610 1.12 0.01
BMI (kg/M2) 28.6+5.8 29.0+5.9 0.07 0.31
Hypertension (n) 317 (56.4%) 120 (38.5%) 0.37 0.01
Diabetes mellitus (n) 119 (21.2%) 36 (11.5%) 0.26 0.01
Mood disorder (n) 284 (50.5%) 193 (61.9%) 0.23 0.01
Steroids overuse (n) 45 (8.0%) 19 (6.1%) 0.07 0.30
Opioids dependence 73 (13.0%) 43 (13.8%) 0.02 0.74
(n)
Smoking (n) 247 (44.3%) 118 (38.2%) 0.12 0.79
Levels 1-level | 188 (33.5%) 159 (51.0%) 0.36 0.01
operated (n) | 2 levels | 260 (46.3%) 141 (45.2%)
Female (n) 297 (52.8%) 182 (58.2%) 0.11 0.12
Table 3: Regression table of ACDF & CDA revision surgery predictors
Variable Unadjusted HR | 95% CI | P value Adjusted 95%Cl |P
HR value
ACDF 1.00 - - 1.00 - -
CDA 0.37 0.18- 0.01 0.36 0.17- 0.01
0.78 0.77
Age (years) |0.96 0.93- 0.05 0.98 0.94- 0.15
1.00 1.03
BMI (kg/m2) | 0.99 0.94- 0.66 0.98 0.94- 0.54
1.04 1.04
Non smoking | 1.00 - - 1.00 - -
Smoking 0.98 0.53- 0.96 0.98 0.52- 0.94
1.82 1.85
1-disc level 1.00 - - 1.00 - -
2 disc levels | 0.75 0.41- 0.37 0.78 0.48- 0.48
1.40 1.53
Male sex 1.00 - - 1.00 - -
Female sex 1.92 0.95- 0.07 1.62 0.83- 0.16
3.36 3.15
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Fgure 2 Rowchart of revision surgeries far ACOF and CDA coharts
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Figure 3: The Kaplan Meier’s curve showing probability estimates of avoiding revision

surgery events over months of observation for ACDF and CDA cohorts
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ABSTRACT

Background & objective: Cervical Disc Arthroplasty (CDA) is increasingly preferred over Anterior
Cervical Discectomy and Fusion (ACDF). Focus is now directed towards identifying CDA implant
devices capable of replicating the natural neck motion. Prodisc-C, Mobi-C and M6-C CDA implants
represent diversity in industry design biomechanics and in the ranges of motion executed. Literature is
awash with comparative studies between individual CDA implant devices and ACDF. No comparison
between more than two CDA implants has been done using another CDA implant as the reference.
This inquiry sought to evaluate the development of adjacent segment degeneration in Mobi-C and M6-

C relative to Prodisc-C and explore for any associated complications.

Methods: 17 M6-C, 21 Prodisc-C and 32 Mobi-C cases operated by author JC between 2008 and
2024 in our academic center hospital were retrospectively reviewed for the development of ASD
(adjacent segment degeneration). Demographic, lifestyle, comorbidities and operative factors were
explored for their association with developing ASD. The distribution of ASD composites and
complications were evaluated to explore if particular CDA implants were associated with specific

complications.

Results: The risk of developing ASD with M6-C (HR 1.94; 95% CI 0.19-20.14; p=0.58) and Mobi-C
(HR 1.69; 95% CI 0.26-10.77; p=0.58) were not different to that of Prodisc-C. None of the predictor
variables evaluated was associated with an elevated risk of developing ASD. CDA composite measures

and complications were not associated with any particular implants.

Conclusion

No differences were detected in the risk of developing ASD among M6-C and Mobi-C relative to
Prodisc-C. In addition, no implant related complications demonstrated significant association with any

particular implants.

Keywords: CDA, implants, ACDF, M6-C, Prodisc-C, Mobi-C, STATA, ASD
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INTRODUCTION

Cervical disc arthroplasty (CDA) is a preferred alternative to fusion surgery for cervical spondylosis
due to its motion-preserving properties (1-3). Optimal disc function relies on six degrees of motion:
flexion, extension, lateral bending, axial rotation, anteroposterior translation, and caudal-cranial
motion (4). CDA implants are classified as constrained, semi-constrained, or non-constrained based on
their ability to replicate physiological kinematics. Inadequate replication of natural neck kinematics
exerts intradiscal stress at adjacent segments, a kin to fusion-related biomechanical consequences (5).

The Prodisc-C (Centinel Spine) is constrained, permitting flexion, extension, lateral bending, and axial
rotation (6). The Mobi-C (Zimmer Biomet) is semi-constrained, allowing all ranges of motion except
caudal-cranial translation (7), while the M6-C (Orthofix) is non-constrained, designed to mimic native
spine kinematics (8). Comparative studies have largely relied on biomechanical simulations, with
Mobi-C demonstrating reduced stress transmission to adjacent levels (9) and Prodisc-C improving
index-level flexion-extension while lowering adjacent intradiscal pressure (9). However, such models
fail to capture long-term implant-endplate interactions (10). Progressive cervical degeneration can
cause discomfort, reduced quality of life, and, if refractory to conservative management, necessitate

salvage anterior cervical discectomy and fusion (ACDF) (11).

While individual comparisons of Prodisc-C (12), Mobi-C (13-14), and M6-C (15) to ACDF suggest a
lower adjacent segment degeneration (ASD) risk (12), direct comparisons across constrained, semi-
constrained, and non-constrained CDA implants remain limited. Prior research found no significant
ASD risk differences between Mobi-C and M6-C, but Prodisc-C has not been included as a reference
in such analyses. Additionally, the roles of extraneous patient factors in ASD development remain

underexplored.

This study compares the less-constrained M6-C and semi-constrained Mobi-C to the more constrained
Prodisc-C to evaluate ASD risk. We hypothesize that M6-C and Mobi-C are associated with a lower
hazard of developing ASD relative to Prodisc-C.
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METHODOLOGY

Study population & design

After ethical approval, medical records of 70 patients in the Brigham and Women’s Hospital EPIC
database who underwent 1 or 2-level cervical disc replacement by a single experienced surgeon (author
JC) between 2008 and 2024 were reviewed. Patients were included if they were between 20 and 70
years of age. Exclusions included congenital cervical spine and cord malformations, surgeries done
due to trauma, spinal cord or cervical vertebra tumors and any other surgical procedures other than
cervical disc replacement. Also excluded were patients who underwent disc replacement involving
more than 2 levels and hybrid procedures. Of the 100 records initially identified, 30 were further
excluded due to inadequate follow-up data. The retained records comprised 17 M6-C, 21 Prodisc-C
and 32 Mobi-C CDA implant arthroplasties that were reviewed for the development of adjacent
segment degeneration and a comparative analysis performed for M6-C and Mobi-C relative to Prodisc-
C. The reviewed records included patient demographics, x-ray images taken pre-operatively, intra-
operatively and during the follow-up period. Inclusion and exclusion of subjects is depicted in a

consort diagram (Figure 1).

Continuous and categorical data

Continuous measurements such as age and BMI (body mass index) were presented as mean and
standard deviation while categorical measures were presented as frequencies and percentages. A
conventional threshold of p < 0.05 was used to denote statistical significance when comparing baseline
characteristics across the three groups The Kruskal-Wallis test was used for continuous variables and the

Fisher’s exact test for categorical variables due to the small samples involved.
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Defining the primary outcome: adjacent segment degeneration

The presence of adjacent disc degeneration was assessed from radiographic images based on the
Kettler’s diagnostic criteria. The disc level caudal and cranial to the surgical index site was evaluated
on plain lateral erect radiographs for every patient based on the Kettler’s diagnostic criteria. Evaluation
of radiographs for presence of adjacent segment degeneration was independently done by the
investigator and the research mentor (author JC) independently and then jointly for concurrence. The
degeneration triad of disc height loss, vertebral endplate sclerosis (whitening and irregularity) and
formation of osteophytes were assessed. Normal disc height was scored 0, less than 30%-disc height
loss scored 1, more than 33% but less than 66% scored 2 and more than 66% scored 3. A small
osteophyte measuring <2mm corresponded to score 1, 2 if between 2mm and 4mm and score 3 if more
than 4 mm. Endplate sclerosis was recorded as O if none existed, 1 if it occupied less than half of the
endplate surface and 2 if occupying more than half of the surface area. The overall grade of
degeneration was arrived at by summation of these individual variable scores. According to Kettler, a
score between 1 and 3 corresponded to grade 1 or mild degeneration, 4 to 6 scores grade 2 (moderate

degeneration) and 7 to 9 scores grade 3 (severe degeneration).

In this study, grades 0 and 1 were amalgamated into early/no degeneration and coded 0 while grades 2

and 3 were considered as late or advanced degeneration and coded 1.

Data analysis and Visualization

Since the binary outcome variable coded for either the presence or absence of adjacent disc
degeneration over a period of observation, a Cox proportional hazards regression was undertaken with
patient demographics (age, BMI, gender), comorbidities (hypertension, mood disorder, diabetes

mellitus, COPD), lifestyle (smoking), operative factors (number of disc levels operated) and CDA
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implant devices (M6-C, Prodisc-C and Mobi-C) as predictor variables. Time to event was evaluated
from the date of arthroplasty surgery to the development of ASD and for those in whom the ASD event
was not observed, time from arthroplasty to loss to follow-up or time of administrative censoring. Data
was presented using tables and figures while a Kaplan Meier’s curve presented the survival analysis to
visualize survival probability of CDA implants M6-C, Mobi-C and Prodisc-C avoiding developing
ASD over the period of observation. Interactions were not performed owing to the small sample size

that limited the power of the study.

Multicollinearity and Model Construction

To assess potential collinearity among predictor variables, a variance inflation factor (VIF) analysis was
conducted, which indicated no evidence of multicollinearity. Additionally, Lasso and ridge regression
techniques were applied to regularize the model by penalizing highly correlated predictors while retaining
variables of statistical significance, even in the presence of some degree of correlation. The proportional hazards
assumption of the Cox regression model was evaluated using Schoenfeld residuals and was found to be robust,

indicating no violation.

Identifying secondary outcomes: CDA complications

CDA prosthetic complications and features of ASD such as endplate osteolysis, osteophytes, endplate
sclerosis and abnormal kyphosis and lordosis posturing that have been cited in other studies were
actively sought for and recorded. The cervical Cobb’s angles created by the intersection of straight
lines drawn from the inferior endplates of C2 and C7 vertebra were reviewed for hyper-lordosis or
kyphosis curvature. Endplate osteolysis and sclerosis next to the CDA implant were also actively
evaluated. Both the primary and secondary outcomes were independently evaluated by the investigator
and the research mentor (author J.C) then jointly for concurrence. Presence of complications and ASD

features were taken through correlational studies against the CDA implants.
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Data truncation and handling missing data

The mean follow-up time in months was 25+10 for M6-C, 44+27 for Mobi-C and 48+34 for Prodisc-
C. Due to the disparities in the observation periods between CDA implant devices, follow up time was
truncated at the longest observation time of the M6-C cohort with the comparatively shortest
observation time, which was 40 months in our study. A complete case analysis was performed while
excluding incomplete data for all the 30% of observations (n=30) that lacked follow-up cervical x-rays.
Since the missing follow-up x-rays are tied to shorter period of observation, the missingness is not
random aka not missing at random (NMAR). The short observation period limited the ability to
observe ASD events that typically develop over extended periods and this had potential to
underestimate the ASD event rate. There is a likelihood of patients with shorter observation time to be
systematically different from those with longer follow ups that would potentially introduce both a
selection bias and survivor bias in the analysis. In addition, including patients with shorter observation
period would cause them to be right censored since the primary outcome (ASD event) could not have
occurred within the short observation time. Though excluded from the final analysis, the baseline
characteristics of the 30 patients with incomplete follow up data were not different from those with

extended observation time (who were included in the study) as shown on table 2.

Data analysis was conducted using Stata version 17 software (StataCorp LLC, College Station, Texas,

USA).
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RESULTS

Baseline characteristics of the study population

Between 2008 and 2024, a total of 70 patients aged 20 to 70 years underwent cervical disc arthroplasty
(CDA) using Prodisc-C (n = 21), M6-C (n = 17), or Mobi-C (n = 32) implants and were followed for
the development of adjacent segment degeneration (ASD). The mean age of the study cohort was 44
years (SD = 8), with a range of 22 to 64 years. One-level CDA accounted for 57% of cases, while 43%

underwent two-level procedures. Females comprised 58.6% of the study population.

Baseline characteristics were generally well-balanced across the three CDA implant groups, with no

statistically significant differences observed (Table 1).

An evaluation of baseline characteristics among patients excluded due to inadequate follow-up
similarly showed a balanced distribution (Table 2). Direct comparison between included and excluded
subjects did not reveal statistically significant differences. However, standardized mean differences
(SMDs) highlighted subtle disparities. Specifically, hypertension was perfectly matched between
groups (SMD = 0.00), while BMI, diabetes mellitus, mood disorder, steroid use, opioid dependence,
and female gender demonstrated negligible imbalances (SMD < 0.20). Moderate differences (SMD
between 0.20 and 0.50) were noted for age, presence of residual ASD, number of disc levels operated,

and smoking status, as detailed in Table 3.
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Univariable and multivariable analysis of predictors for developing ASD

To evaluate factors associated with the development of ASD among patients undergoing cervical disc
arthroplasty (CDA), we analyzed clinical and demographic predictors across the three implant groups.
A total of 21 ASD events were recorded: 3 in the M6-C cohort, 9 in the Prodisc-C cohort, and 9 in the
Mobi-C cohort. Cox proportional hazards model was employed in assessing the association between
patient characteristics, surgical factors as well as lifestyle factors and the risk of developing ASD.
Predictor variables were assessed singly in a univariable model then in a multivariable model adjusting

for other model variables. The findings are tabulated in Table 4.

Unadjusted model

Relative to Prodisc-C, the hazard of developing ASD in patients fitted with M6-C (HR 1.47, 95% CI
0.25-8.53, p=0.67) and Mobi-C (HR 1.59, 95% CI 0.49-5.19, p=0.44) was 47% and 59% more than
that due to Prodisc-C respectively but this difference was statistically not significant as depicted in

Table 4.

Adjusted model:

After adjustment, the hazard of developing ASD was elevated for both M6-C (HR 1.94, 95% CI: 0.19-
20.14) and Mobi-C (HR 1.69, 95% CI: 0.26-10.77) relative to Prodisc-C, though neither association

reached statistical significance (p = 0.58 for both comparisons).

Visualizing the Hazard of Developing ASD across Prodisc-C, M6-C, and Mobi-C

A Kaplan-Meier survival curve was generated to illustrate the probability of remaining free from ASD

across the three implant types and to compare their survival distributions (Figure 3). This analysis
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assessed the risk of ASD among patients who underwent cervical disc arthroplasty (CDA) with

Prodisc-C, M6-C, or Mobi-C for intractable cervical spondylosis.

The log-rank test indicated no statistically significant differences in ASD-free survival among the three
implants (p = 0.97). Similarly, the Kaplan-Meier curves showed no evident differences in the hazards
of developing ASD between Prodisc-C, M6-C, and Mobi-C. However, the statistical power of this

analysis was limited, which may have influenced the ability to detect potential differences.

Association of steroids, number of disc levels operated, gender, ASD residuals and comorbidities

with developing ASD

Chronic steroid use (vs. none) was associated with a significantly higher risk of developing ASD (HR
8.45, 95% CI 1.37-52.17, p=0.02), though the wide confidence intervals reflect the small number of
events and the instability of the estimate that calls for this observation to be interpreted with caution.
The hazard for ASD in 2-level CDA (vs. 1-level) was lower (HR 0.17, 95% CI 0.02-1.38, p=0.10), but
not statistically significant. Residual ASD features post-surgery were also not significantly associated
with ASD development (HR 2.06, 95% CIl 0.45-9.32, p=0.35). Other model variables, including
female gender, hypertension, and mood disorders, showed no significant associations (Table 4).

Overall, none of the predictors demonstrated a statistically significant association with ASD

Age categorization and risk of developing ASD

Since age, as a continuous variable, did not demonstrate a significant association with ASD, we
explored the over-less than 50 age categorization considering that by age 50, natural disc degeneration

is typically more advanced. Multivariable analysis of patients undergoing cervical disc arthroplasty

44



identified being over 50 years as a significant risk factor for developing ASD relative to individuals

under 50 (HR 3.5, 95% CI 1.1-11.5, p=0.04).

Analysis of ASD Composite Measures and Implant-Specific Complications

Secondary outcomes included assessing the composite measures of adjacent segment degeneration
(ASD) and implant-related complications. ASD is defined by composite metrics including endplate
sclerosis, uncovertebral arthropathy, osteophytes, anterolisthesis, and retrolithesis. Post-arthroplasty
complications include subluxations and kyphotic or lordotic changes. These metrics were designed to
indicate the presence of ASD and were analyzed to investigate potential differences in degeneration
patterns across implant types. Given that these outcomes differed from the primary variables of
interest—namely age, BMI, and implant type—they were not included in the univariable or
multivariable models. Rather, they were assessed independently to offer a broader perspective on

ASD-related findings and implant-specific complications using correlational methods.

The distribution of ASD composite measures did not reveal significant correlation with any particular
implant—M6-C, Mobi-C, or Prodisc-C. Similarly, none of the identified complications demonstrated a

statistically significant relationship with a specific implant, as detailed in Table 5.
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DISCUSSION

This analysis, conducted at a large academic tertiary referral center, provides important insights into
the risk of adjacent segment degeneration (ASD) among patients receiving M6-C, Mobi-C, and
Prodisc-C cervical disc arthroplasty (CDA) implants. Based on implant biomechanics, we
hypothesized an increasing association with ASD in the order of M6-C (least constrained), Mobi-C
(semi-constrained), and Prodisc-C (most constrained). However, after 40 months of follow-up, the
Kaplan-Meier probability curves for ASD avoidance showed minimal separation among the groups,

with no statistically significant differences observed.

This lack of statistical significance suggests that implant type may not substantially influence ASD risk
within the observed timeframe. However, given the small sample size, relatively short follow-up
period, and limited number of events, these results should be interpreted cautiously. While M6-C is
biomechanically designed to mimic natural cervical disc motion, we did not find a significantly lower
ASD risk compared to Prodisc-C. Similarly, Mobi-C's association with ASD was not different from

that of Prodisc-C.

Our findings align with those of Hui et al., who found no significant differences in ASD development
between M6-C and Mobi-C (16). However, while their retrospective cohort study compared only M6-
C and Mobi-C in a single-institution cohort with a 15-year follow-up, our study evaluated M6-C and
Mobi-C relative to Prodisc-C as the reference implant. This distinction, along with the need for
truncation due to differing follow-up durations across implants, may have influenced our findings.
Notably, prior studies have shown that Mobi-C allows for a greater range of extension than M6-C,
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though their flexion capacities are similar (2, 17). These subtle biomechanical differences might
contribute to the lack of statistically significant differences observed in ASD risk. A larger sample size

may be needed to detect meaningful differences if they exist.

The comparable ASD risk observed across Prodisc-C, Mobi-C, and M6-C raises questions about
whether a mobile core truly reduces ASD risk or whether our sample size was insufficient to detect a
potential effect. As suggested by Zavras et al., all levels of CDA constraint are associated with lower
ASD risk compared to ACDF (12). However, long-term follow-up may be necessary to discern
differences between various CDA implants. While studies comparing M6-C and Mobi-C to ACDF
have demonstrated the superiority of motion-preserving implants in preventing ASD and improving
range of motion (16, 18), the lack of significant differences in our study suggests that the disparities
among CDA implants may be subtle. Nonetheless, this conclusion is tentative given the small sample
size. To our knowledge, this is the first study to compare ASD outcomes between two less-constrained

late-market CDA implants and an earlier, more constrained implant.

Patient and Surgical Factors

Age and ASD risk: Age is a well-established predictor of cervical disc degeneration (19, 20). In our
study, each additional year of age was associated with a 7% increased ASD risk, though this was not
statistically significant. The age distribution (2264 years) may have limited our ability to assess the

impact of advanced age beyond this range.

Multilevel Surgery: Multilevel CDA is generally associated with a higher ASD risk, partly due to
potential implant placement imperfections (21). However, our study did not demonstrate an elevated

hazard, likely due to the expertise of a single experienced surgeon (author J.C.), minimizing
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implantation discrepancies. In multicenter studies, variations in surgical expertise may reveal a higher

ASD risk associated with multilevel procedures.

BMI and ASD: Higher BMI is linked to multiple comorbidities (22) and adverse postoperative
outcomes (23). However, we found no significant association between BMI and ASD risk in either the
Mobi-C or M6-C cohorts relative to Prodisc-C. Again, our small sample size may have limited

statistical power to detect this effect.

Residual ASD and CDA’s protective effect: ASD residuals were noted on some patients who had
undergone M6-C and Mobi-C index arthroplasty surgery (e.g., disc height reduction) that was not
resolved during surgery. These residual changes did not appear to accelerate ASD progression. While
this finding requires validation in larger studies, it raises the possibility that CDA implants may help
slow ASD progression, even in cases with pre-existing degeneration. Successful correction of cervical
disc spondylosis has been associated with regression of anterior osteophyte complexes (27), and this

may explain why residual degenerative changes did not worsen after surgery.

Chronic Steroid Use and ASD: Chronic steroid use was significantly associated with an increased
ASD risk. Although no direct link between steroids and ASD has been established, steroids are known

to disrupt cytokine release and arachidonic acid biosynthesis, promoting disc degeneration (24).

Smoking and ASD: Smoking, a well-recognized risk factor for cervical disc degeneration (25), did not
demonstrate a significant association with ASD probably due to the limited sample size that could have

precluded the detection of a true effect.

Gender and ASD: In an unpublished study, we found no significant association between female gender and
revision surgery in both CDA and ACDF cohorts (26). Likewise, this study found no significant association
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between being female and ASD, further supporting the view that disc degeneration affects men and women

equally.

Arthroplasty-Related Complications

A single case involving the Mobi-C implant resulted in device locking in flexion, leading to
exaggerated cervical kyphosis and necessitating salvage ACDF revision. Although this distribution
was not statistically different from the null (p=1.00), it is noteworthy given that its opposite—
hyperlordotic curvature—was nearly significant for the same implant (p=0.09). Segmental kyphosis at
the index surgical site has previously been reported with the spine locked in flexion (27). We
hypothesize that Mobi-C may be prone to implant snapping in either flexion or extension, though
further research is needed to confirm this and to elucidate factors influencing cervical spine locking

and the role of implant design in anteroposterior instability.

Bone loss (osteolysis) affecting the implant-endplate axis has been documented with the Bryan device,
Mobi-C, and others (28), (29). However, our study did not identify any cases of endplate osteolysis,
likely due to the limited sample size and follow-up duration, which may have reduced the power to

detect such events.

The distribution of osteophytes, implant subluxation, anterolisthesis/retrolisthesis, and uncovertebral
arthropathy (table 4) did not significantly differ between the Mobi-C and M6-C cohorts, suggesting no

clear association between these complications and any specific implant type.
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LIMITATIONS AND FUTURE RESEARCH

Several limitations may affect the interpretation and generalizability of the study’s findings. The
relatively small sample size of cervical disc arthroplasty (CDA) cases, compounded by missing data,
restricted statistical power, potentially limiting the ability to detect significant differences in the
primary outcome. As a result, the possibility of type Il errors—where subtle differences between

implant types remain undetected—cannot be excluded.

Additionally, the study’s demographic profile, comprising patients aged 22 to 64 years, limited its
applicability to older populations, where age-related degenerative changes may follow a different
trajectory. This highlights a potential selection bias, as missing data could have contributed to attrition

during follow-up.

Future research would benefit from prospective study designs with more comprehensive
methodologies. Rather than relying on binary categorizations of ASD, incorporating detailed,
multidimensional metrics could provide a more nuanced understanding of degenerative changes and
their clinical relevance. Furthermore, long-term follow-up in larger, multi-center cohorts, particularly
those including older patients, is essential to fully assess the comparative effectiveness and safety of
CDA implants. Addressing these limitations in future studies will refine current knowledge and

enhance patient outcomes.
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CONCLUSION

Our findings suggest that Prodisc-C, M6-C, and Mobi-C implants have comparable ASD risk profiles.
The risk of developing adjacent segment degeneration (ASD) with M6-C and Mobi-C implants was not
significantly different from that of Prodisc-C. While early trends suggested a potential advantage for M6-C in

terms of ASD avoidance, the long-term outcomes remain uncertain due to study limitations.

Further research with larger, prospectively followed cohorts is essential to accurately determine the
true risk of ASD associated with novel cervical disc arthroplasty (CDA) implants. This is particularly
important given the significant complications and reduced quality of life associated with salvage
anterior cervical discectomy and fusion (ACDF) procedures following CDA failure. In addition, an
evaluation of ASD associated with novel less constrained CDA implants would unfold the advantages

of having a mobile core in replicating natural neck kinematics.
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TABLES AND FIGURES

Tablel: Distribution of baseline characteristics per implant type for included observations.

Variable M6-C Prodisc-C Mobi-C Total Global p value for
n=17 n=21 n=32 difference

Age in years (mean SD) 46+7 44+8 4519 4518 0.81

BMI kg/m?(Mean SD) 27.9.44.3 | 27.31£6.2 29.4+6.3 28.4+5.8 | 0.43
Hypertension (n, %) 2 (12%) 4 (19%) 6 (19%) 12 0.80
Diabetes mellitus (n, %) 0 (0%) 1 (5%) 2 (6%) 3 0.58
Mood disorder (n, %) 12 (71%) | 7 (33%) 18 (56%) 37 0.06
Steroids use (n, %) 1 (6%) 5 (24%) 5 (16%) 11 0.32

Use of opioids (n, %) 1 (6%) 4 (19%) 7 (22%) 12 0.35
Smoking (n, %) 5 (33%) 7 (29%) 6 (19%) 18 0.46

No. of disc 1 level 11 (65%) | 14 (67%) 15 (47%) 40 0.28
levels (n, %) | 2 levels 6 (35%) 7 (33%) 17 (53%) 30

Female gender (n, %) 12 (71%) | 12 (57%) 17 (53%) 41 0.49
Residual ASD post-surgery | 6 (38%) 6 (30%) 12 (39%) 24 0.81

Table 2: baseline characteristics of observations excluded due to inadequate follow up x-rays

Variable M6-C Prodisc-C | Mobi-C Total Global p value
n=7 n=17 n=6 for difference

Age in years (mean SD) 3916 44+10 4145 4248 0.33

BMI kg/m?(Mean SD) 33.6.£9.8 | 28.9+6.0 | 25.6+4.2 29.3+7.1 | 0.12
Hypertension (n, %) 1(14%) | 3 (18%) 1 (17%) 4 0.98
Diabetes mellitus (n, %) 1(14%) |1 (6%) 0 (0%) 2 0.58

Mood disorder (n, %) 4 (57%) | 7 (41%) 1(17%) 12 0.33

Steroids use (n, %) 2 (29%) | 3 (18%) 1 (17%) 6 0.81

Use of opioids (n, %) 2 (29%) | 3 (18%) 1 (17%) 6 0.81
Smoking (n, %) 2 (29%) | 7 (41%) 1 (17%) 10 0.52

No. of disc levels | 1 level | 6 (86%) | 11 (65%) |4 (67%) 21 0.58

(n, %) 2 levels | 1 (14%) 6 (35%) | 2 (33%) 9

Female gender (n, %) 4 (57%) | 8 (47%) 3 (50%) 15 0.90

Residual ASD post-surgery | 1 (14%) | 6 (35%) 0 (0%) 6 0.21

NB: The baseline characteristics were balanced across the 3 CDA implants similar to those included in

the study.
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Table 3: Comparative distribution of baseline characteristics between the included and excluded

subjects

variable Excluded (n=30) Included (n=72) P value | SMD
Age (years) mean, SD 4248 4418 0.13 0.25
BMI (kg/M2) mean, SD 29.3+7.1 28.2+5.8 0.42 0.17
Hypertension 5 (17%) 12 (17%) 0.99 0.00
Diabetes mellitus 2 (7%) 3 (4%) 0.59 0.11
Mood disorder (n) 12 (40%) 37 (51%) 029 |0.22
Steroids overuse (n) 6 (20%) 10 (14%) 044 |0.16
Opioids dependence (n) 6 (20%) 12 (17%) 0.69 |0.08
Smoking (n) 10 (38%) 18 (25%) 0.39 |0.28
Disc levels 1-level 21 (70%) 40 (56%) 0.18 |0.30
operated (n) 2-levels 9 (30%) 32 (44%)

Female gender (n) 15 (50%) 42 (58%) 044 |0.16
Residual ASD (n) 7 (24%) 26 (38%) 020 |0.31

Table 4: Unadjusted and adjusted hazards for developing ASD in the full model

Variable Unadjusted | 95% CI P value | Adjusted 95% ClI P
HR HR value
implant | M6-C 1.47 0.25-8.53 | 0.67 1.94 0.19-20.14 | 0.58
Mobi-C 1.59 0.49-5.19 | 0.44 1.69 0.26-10.77 | 0.58
Prodisc-C reference - - Reference - -
Age (years) 1.04 0.97-1.11 | 0.25 1.07 0.97-1.19 |0.19
BMI (kg/m?) 0.99 0.91-1.08 | 0.88 1.03 0.91-1.16 | 0.67
normotensives - - - 1.00 - -
Hypertension 1.80 0.61-5.30 | 0.28 1.82 0.44-752 |0.41
No mood disorder - - - 1.00 - -
Mood disorder 2.10 0.71-6.20 | 0.14 3.64 0.49-27.18 | 0.21
No chronic steroid use | - - - 1.00 - -
Chronic steroid use 2.52 0.85-7.50 | 0.10 8.45 1.37-52.17 | 0.02
No opioid overuse - - - 1.00 - -
Opioids overuse 2.25 0.77-6.60 | 0.14 1.59 0.35-7.30 | 0.55
1-disc level - - - 1.00 - -
2-disc levels 0.56 0.19-1.67 | 0.31 0.17 0.02-1.38 | 0.10
Male gender - - - 1.00 - -
Female gender 0.52 0.18-1.51 | 0.23 0.38 0.08-1.82 | 0.23
No ASD residuals - - - 1.00 - -
Residual ASD 2.59 0.92-7.29 | 0.07 2.06 0.45-9.32 | 0.35

NB: No significant association between predictor variables and risk of developing ASD was noted.
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Table 5: Distribution of adjacent segment degeneration features (composites) and post-arthroplasty

complications by implant type.

ASD metric/complication | Prodisc-C M6-C Mobi-C Total Fisher Exact test
(n=21) (n=17) (n=32) (n=70)

Endplate sclerosis (n) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.99
Subluxation (n) 2 (0%) 0 (0%) 4 (12.5%) 6 (8.6%) |0.47

Kyphotic changes (n) 0 (0%) 0 (0%) 1 (3%) 1(1.4%) |0.99
Uncovertebral 5 (24%) 3 (14%) 5 (16%) 13 (18.6) 0.74
arthropathy (n)

Lordotic changes (n) 1 (0.05%) | 0 (0%) 6 (19%) 7 (10%) 0.09
Osteophytes (n) 10 (0.50) 3 (14%) 13 (41%) 26 (37%) | 0.16
antero/retrolithesis (n) 3 (14%) 2 (12%) 4 (12.5%) 9 (13%) | 0.99

Fisher’s exact p value <0.05 denotes a significant distribution different from the null.

ASD is defined by composite metrics including endplate sclerosis, uncovertebral arthropathy, osteophytes,
anterolisthesis, and retrolithesis. Post-arthroplasty complications include subluxations and kyphotic or lordotic

changes.
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Figure 1: CONSORT Diagram Depicting Recruitment of Patients into CDA implant adjacent segment

degeneration study

CDA assessed for eligibility (n=121)

r— No follow-up x-rays (n=30)

) Hybrid surgery (n=1)

—él Cancer associated (n=13)
W >2 levels operated (n=1)

H Trauma (n:6)

Recruited for final analysis (n=70)
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Figure 2: KM survival curve showing survival probability over observation time
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The Kaplan-Meier survival analysis was used to estimate the survival probability of not developing
ASD over the period of observation. The vertical axis represents the survival probability, ranging from

0.00 to 1.00, while the horizontal axis shows the time of observation in months.
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SUMMARY FINDINGS OF THE TWO THESIS PROJECTS

1. Comparison of CDA and ACDF in Cervical Spondylosis

Cervical disc arthroplasty (CDA) demonstrated a significantly lower hazard of revision surgery
relative to anterior cervical discectomy and fusion (ACDF). No demographic, comorbidity, or
lifestyle factors were significantly associated with revision surgery. These findings reinforce
CDA as a preferred surgical option for treating cervical spondylosis, particularly due to its
motion-sparing benefits, which may contribute to its growing adoption over the conventional

ACDF.

2. Adjacent Segment Degeneration in Total Cervical Disc Replacement

In comparing M6-C and Mobi-C with Prodisc-C cervical disc implants, both M6-C and Mobi-C
showed trends toward lower hazards of adjacent segment degeneration (ASD). However, these
associations did not achieve statistical significance, likely due to limited sample sizes. The
study found no significant predictors for ASD development, suggesting the need for larger,
well-powered studies to clarify these trends and further explore the potential advantages of M6-
C and Mobi-C, the prototypes of novel less constrained CDA implants. The outcomes would
justify or dampen the enthusiasm associated with creating arthroplasty implants capable of

replicating the natural neck biomechanics.

This comprehensive analysis highlights the evolving role of CDA in cervical spine surgery and

underscores the need for further research in ASD outcomes following total disc replacement.

60



OVERALL STRENGTHS, LIMITATIONS, AND FUTURE DIRECTIONS

The two thesis projects leveraged the robust EPIC database, which facilitated efficient retrieval of
patient records. This resource provided a solid foundation for the analysis. However, certain limitations
were notable. For instance, predictors such as smoking lacked detailed information, including the age
at first debut, frequency, type of agents smoked, and smoking duration. Access to such granular data

would have allowed for more precise exploration of the predictors' true associations.

Additionally, while propensity score matching was instrumental in balancing covariates, it led to the
exclusion of enormous non-matching observations. This approach, though statistically rigorous,
reduced the sample size and study power and potentially deprived the study of valuable information
that could have enriched the findings. The single-center design also restricted the generalizability of
the results to broader populations. Furthermore, the retrospective nature of the study meant the
investigator had no control over the quality or completeness of the data collected. The 2" project had a
small sample size that presented significant differences in the observation time of the CDA implants
under review. This meant that the study suffered inadequate power to demonstrate the true

associations.

Future studies should address these limitations by utilizing large, multi-center datasets to ensure
adequate power and broader applicability of findings. Designing prospective studies would further
enhance the ability to control data quality and collect comprehensive information on key predictors
such as smoking habits and other lifestyle factors. Such improvements would contribute to more robust

and generalizable results.
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