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Abstract

:

Cervical disc degenerative disease (CDDD) is a common spinal pathology that is often treated with anterior cervical discectomy and fusion (ACDF), cervical disc arthroplasty (CDA), and/or hybrid cervical surgery (HCS). The purpose of this first-time systematic review is to examine the biomechanical outcomes associated with three types of non-contiguous cervical surgeries—ACDF, CDA, and HCS—to provide a greater understanding of non-contiguous cervical surgical biomechanics. A systematic review was performed using PubMed, Cumulated Index to Nursing and Allied Health Literature (CINAHL), MEDLINE, and Web of Science from database inception until June 6th, 2023. The inclusion criteria was any article that reported biomechanical or kinematic outcomes, outcomes for any of the three non-contiguous cervical surgeries, and human-derived and/or human cadaver subjects. A total of 5 biomechanical articles were included from a total of 523 articles. Non-contiguous two-level HCS experienced less drastic range-of-motion (ROM) changes throughout the cervical spine and decreased intervertebral disc pressure (IDP) compared to non-contiguous two-level ACDF. Non-contiguous two-level CDA resulted in more cervical ROM and less non-operative segment facet contact force compared to non-contiguous two level ACDF. There was less cephalad and caudal non-operative segment ROM in non-contiguous two-level ACDF compared to contiguous three-level ACDF.
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1. Introduction


Cervical disc degenerative disease (CDDD) is a common spinal pathology that impacts many patients worldwide and has received extensive attention in the literature [1,2,3,4,5]. Estimates of the prevalence of CDDD in the literature range from 37% to 96%, depending on patient age [6]. Numerous cervical surgical procedures exist for the treatment of CDDD, including anterior cervical discectomy and fusion (ACDF), cervical disc arthroplasty (CDA), and a combination of both of those procedures called hybrid cervical surgery (HCS) [1,2,3,4,5,7,8,9,10,11,12,13]. Patients can develop CDDD in a multi-level contiguous manner, in which adjacent levels of the cervical spine are affected, or in a non-contiguous manner, in which there is “skip-level” CDDD or level(s) of diseased cervical segments between level(s) of healthy cervical segments [1,3,4,5,14,15].



Much of the current literature has focused on cervical surgeries for multi-level contiguous CDDD and related pathologies with a recent systematic review exploring the relative efficacy of ACDF, CDA, and HCS for multi-level contiguous CDDD [15] Furthermore, there has also been a desire to understand the biomechanics of these three cervical surgeries for contiguous CDDD in the form of individual articles and systematic reviews [1,5,12,13,14]. However, there is far less evidence regarding clinical and biomechanical outcomes for non-contiguous ACDF, CDA, and HCS to treat non-contiguous CDDD at this time, presenting a challenge to patients and surgeons alike [16,17,18,19].



To date, no systematic review in the literature examines the biomechanical properties and outcomes of these three cervical surgeries when performed in a non-contiguous manner, despite the publication of multiple individual biomechanical studies in the past five years using previously described methods of cadaveric or finite element analysis [7,8,9,10]. The purpose of this systematic review is to examine the biomechanical outcomes associated with three types of non-contiguous cervical surgeries—ACDF, CDA, and HCS—to provide a benchmark for comparison to contiguous cervical surgeries to guide surgeon decision-making and to advance the current understanding of ideal treatment for non-contiguous cervical pathologies.




2. Materials and Methods


2.1. Information Sources and Search Strategy


This study is a systematic review that was conducted for articles reporting on biomechanical outcomes for non-contiguous ACDF, CDA, or HCS in PubMed, Cumulated Index to Nursing and Allied Health Literature (CINAHL), MEDLINE, and Web of Science from database inception until 6 June 2023. Search terms used in each database were “(non-contiguous OR skip-level OR noncontiguous) AND cervical” and articles were included in the initial search if any of these terms appeared in the article. This study was performed in accordance with the 2020 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [20]. This systematic review was not registered prior to completion.




2.2. Inclusion and Exclusion Criteria


Inclusion criteria was any article that reported biomechanical or kinematic outcomes, any article that included outcomes for any of the three non-contiguous cervical surgeries (ACDF, CDA, and HCS), any level of evidence, full-text articles, English articles, and human-derived and/or human cadaver subjects. Exclusion criteria included any article that did not report biomechanical outcomes, articles that reported on outcomes unrelated to the three included non-contiguous cervical surgeries, articles without full text, animal models, and articles not in English.




2.3. Study Definitions


For the purposes of this study, “initial non-operative cervical spine” refers to a cadaver spine prior to any cervical surgery procedure, as seen in the study by Finn et al. (2011), or a finite element model (FEM) prior to any operative procedures, as seen in the other four included articles [7,8,9,10,11]. For the purposes of this study, “cephalad non-operative segment”, “intermediate non-operative segment”, and “caudal non-operative segment” refer to the cervical segment levels that did not receive surgical intervention and are above, between, and below the operative levels, respectively.




2.4. Article Selection Process


The articles found on initial search in the four databases were upload into Rayyan, a software commonly utilized in the literature for the systematic review process [21]. Duplicate articles were removed manually and then articles were screened by title and abstract by two authors. Any discrepancies were solved by a third author. Articles were then screened by full text by two authors with any discrepancies resolved by a third author. Articles that fully met the inclusion criteria were selected for study inclusion.




2.5. Data Extraction


Data extraction was primarily performed by a single author. Data extracted included authors, year of publication, type of material used for analysis (cadaver or finite element), type of study, cervical levels involved, type of non-contiguous cervical surgery (ACDF, CDA, and HCS), variant of HCS (fusion–arthroplasty or arthroplasty–fusion) and biomechanical outcomes relating to cervical ROM, intervertebral disc pressure (IDP), and cervical facet contact pressure in terms of relative magnitude and location.




2.6. Bias and Quality Assessment


The Methodological Index for Non-Randomized Studies (MINORS) scale was utilized for this systematic review for quality and bias assessment of the included articles [22]. The MINORS scale can be utilized for observational studies that are comparative or non-comparative in nature [22]. Comparative observational studies are assessed via a 0–24-point scale with 12 criteria judged on a 0–2 point scale. Non-comparative observational studies are assessed via a 0–16 point scale with eight criteria judged on a 0–2 scale [22]. Categories in the MINORS scale include clearly stated aim, inclusion criteria, prospective collection of data, appropriate end points for the study aim, unbiased assessment of the study end point, appropriate follow-up period, loss to follow-up, prospective calculation of study size, adequate control group, contemporary groups, baseline equivalence of groups, and adequate statistical analysis [22].




2.7. Certainty Assessment


The Grading of Recommendations, Assessment, Development, and Evaluation (GRADE) approach was used in this systematic review to assess the certainty of evidence for the biomechanical outcome categories [23] The certainty of evidence was rated as high, moderate, low, or very low for each included analysis based on the study design, heterogeneity (treatment differences, sample variability, design differences), risk of bias, indirectness, and publication bias. The “high” category suggests that additional research is unlikely to impact the overall effect estimate. The “moderate” category suggests that additional research is likely to significantly alter the confidence in the effect estimate. The “low” category suggests that additional research is highly likely to significantly change the effect estimate. The “very low” category suggests that any effect estimate of the current study is ultimately uncertain due to the low quality of the articles [23]. Grading was performed by a single author.




2.8. Statistical Analysis


Statistical Package for the Social Sciences (SPSS) version 29.0 (IBM Corp, Armonk, NY, USA) was used for the statistical analysis of this systematic review. Descriptive statistics and frequency weighted means were used to report outcomes from the included articles. A meta-analysis was not performed for this systematic review due to the small number of articles and relative heterogeneity between articles. Instead, a narrative approach was undertaken without numerical synthesis to allow for a better presentation of the data.





3. Results


3.1. Study Selection and Characteristics


A total of 5 articles on the biomechanics of non-contiguous cervical fusion surgeries were included in this systematic review from a total of 523 articles found on initial search [7,8,9,10,11]. See Figure 1 for more information on the article selection process for this study. All five articles were graded via the MINORS scale and can be seen in Table 1. The certainty of the included data was “very low” for all outcomes via the GRADE scale due to a low sample size increasing the risk of bias and the fact that all of the included articles were non-randomized studies. For specifics on individual articles, Finn et al. (2011) compared two-level non-contiguous ACDF to three-level contiguous ACDF. Sun et al. (2020) compared two-level non-contiguous ACDF to two-level non-contiguous CDA [7] Sun et al. (2023) compared two types of non-contiguous hybrid cervical construction surgeries, with the fusion–arthroplasty variant receiving upper segment (C3–C4) ACDF and lower segment (C5–C6) CDA and the arthroplasty-fusion variant receiving upper segment (C3–C4) CDA and lower segment (C5–C6) ACDF [8]. Wu, Meng, Wang, and colleagues (2019) compared non-contiguous CDA and non-contiguous ACDF at C3–C4 and C5–C6, respectively [10]. Wu, Meng, Liu and colleagues (2019) compared two variants of hybrid cervical surgery at C3–C4 and C5–C6 (fusion–arthroplasty, and arthroplasty–fusion) to one another as well as a fusion–fusion control group [9].




3.2. Methodology of Included Articles


Finn et al. (2011) utilized seven fresh and frozen human cadaver cervical spines with levels C3–T1 from patients younger than 65 years old [11]. After measuring the initial ROM of the cadaver cervical spines, an ACDF procedure was conducted in each of the seven cervical spines at C4–C5 and C6–C7 in a non-contiguous fashion [11]. After non-contiguous ACDF testing, the two plates from the prior two ACDF procedures were removed, and an additional ACDF procedure at C5–C6 was performed with the addition of a three-level plate at C4–C7 for contiguous ACDF measurements [11]. Sun et al. (2020) utilized eight finite element models (FEMs) constructed from computed tomography (CT) images of four males and four females (total of eight patients) with mild cervical degenerative disc disease (C2–C7) [7]. Non-contiguous ACDF (CoRoent Contour) and non-contiguous CDA (Prodisc-C) were performed at C3–C4 and C5–C6 with ROM testing in flexion, extension, bilateral side bend, and bilateral axial rotation [7]. Sun et al. (2023) utilized twelve FEMs constructed from CT images of six males and six females (total of twelve patients) with mild cervical spondylopathy [8]. For the hybrid cervical surgery in Sun et al. (2023), the ACDF used NuVasive Helix ACP and CoRoent Contour, whereas the CDA used Prodisc-C [8]. Wu, Meng, Wang, and colleagues (2019) used a single finite element model (FEM) from a healthy male (28 years old) without cervical disease [10]. Wu, Meng, Liu, and colleagues (2019) utilized a FEM from a healthy cervical spine (C2–C7) from a healthy 28-year-old male without cervical disease [9]. All studies using FEMs validated their ROM measurements to ensure they were similar to previously published studies [7,8,9,10]. Furthermore, four of the five included studies with FEMs used C3–C4 and C5–C6 as the two operative levels with the rationale that these levels are the more frequently involved levels in clinical practice. One study, using cadavers, used C4–C5 and C6–C7 as the two operative levels for non-contiguous surgery [11]. Refer to Table 2 for more information on study characteristics.




3.3. Non-Contiguous Hybrid Cervical Surgery Motion


The article by Sun et al. (2023) compared two types of hybrid cervical surgeries [8]. The CDA portion of the non-contiguous hybrid surgeries had significantly more lateral side bend ROM as compared to the initial non-operative cervical spine, regardless of if the CDA was the cephalad or caudal procedure in the hybrid cervical surgery [8]. Furthermore, the fusion–arthroplasty group with CDA at the caudal operative segment had significantly increased caudal non-operative segment ROM in extension (p = 0.015), whereas the arthroplasty–fusion group with CDA at the cephalad operative segment had significantly increased ROM at the cephalad non-operative segment during lateral side bend (p = 0.039) [8]. Overall, Sun et al. (2023) concluded that the differences in ROM at each of the operative segments were related to the biomechanical characteristics of the operative implants (ACDF or CDA) [8]. However, it is important to note that both combinations of HCS had no significant difference in total cervical ROM, indicating similar effects of both surgeries on overall cervical ROM [8]. According to the article by Wu, Meng, Liu, and colleagues (2019), the fusion–fusion (non-contiguous ACDF) comparison group for cervical surgery required far higher force to produce the same ROM in all directions compared to the fusion–arthroplasty and arthroplasty–fusion variants of HCS [9]. Whereas the cephalad, intermediate, and caudal non-operative segment had increased ROM compared to the initial non-operative cervical spine in the fusion–fusion control model, the intermediate non-operative segment had greater ROM than the other two segments [9]. This is in contrast to the two variants of HCS, which experienced more even changes in ROM in the non-operative level, regardless of variant type. Wu, Meng, Liu, and colleagues (2019) concluded that hybrid surgery variants (fusion–arthroplasty or arthroplasty–fusion) had less of an effect on the intermediate non-operative segment compared to the fusion–fusion control model [9].




3.4. Non-Contiguous Hybrid Cervical Surgery Intervertebral Disc Pressure


The fusion–arthroplasty variant of HCS had significantly higher IDP at the cephalad, intermediate, and caudal non-operative segments compared to the initial non-operative cervical spine in all ROM directions [8]. The arthroplasty–fusion variant of HCS had significantly higher IDP at the intermediate and caudal non-operative segments, but not at the cephalad segment, compared to the initial non-operative spine [8]. Both variants of hybrid surgery had relatively lower levels of IDP as compared to non-contiguous ACDF. Depending on the non-operative segment level, the non-contiguous ACDF model increased IDP from 62.9% to 72.5%, whereas the non-contiguous HCS variants increased IDP from 15.0% to 57.1% in the fusion–arthroplasty variant and 10.5% to 59.5% in the arthroplasty variant [9].




3.5. Non-Contiguous Hybrid Cervical Surgery Facet Contact Force


The cephalad and intermediate non-operative segments for both variants of HCS had significantly higher facet contact forces compared to the initial non-operative spine [8]. The fusion–arthroplasty variant of HCS had significantly higher facet contact forces at the cephalad non-operative segment (C2–C3) compared to the arthroplasty–fusion variant (p = 0.007), whereas the arthroplasty–fusion variant had significantly higher facet contact forces at the caudal non-operative segment (C6–C7) compared to the fusion–arthroplasty variant (p < 0.001) [8]. Interestingly, the variant type of HCS influenced the location and magnitude of maximum facet contact force. In the fusion–arthroplasty variant, there was a large increase in the maximum facet contact force (35.7%) in the cephalad non-operative segment treated via ACDF compared to the relatively small increase (2.5%) in the caudal non-operative segment treated via CDA [9]. This pattern repeated in the arthroplasty fusion variant, with the cephalad non-operative segment treated via CDA experiencing smaller increases in facet contact force (14.6%) and the caudal non-operative segment treated via ACDF experiencing larger increases in facet contact force (33.4%) compared to the initial non-operative cervical spine [9]. However, the increase in facet contact force was relatively similar for the intermediate non-operative segment in both variants of HCS [9].




3.6. Non-Contiguous Cervical Disc Arthroplasty Motion


In the study by Sun et al. (2020), the intermediate non-operative cervical segment (C4–C5) and the caudal non-operative cervical segment (C6–C7) had significantly more flexion ROM compared to the initial non-operative cervical spine [7]. The intermediate non-operative segment of the CDA procedure had significantly more lateral side-bend ROM, whereas the cephalad non-operative segment (C2–C3) had significantly less lateral side bend ROM compared to the initial non-operative cervical spine [7]. The cephalad, intermediate, and caudal non-operative segments for the non-contiguous CDA procedure had significantly less flexion, extension, lateral side bend, and axial rotation ROM compared to the non-contiguous ACDF procedure [7]. However, the cephalad operative level (C3–C4) and caudal operative level (C5–C6) had significantly higher ROM in all ROM directions for the non-contiguous CDA procedure compared to the non-contiguous ACDF procedure [7]. Therefore, the non-contiguous CDA procedure resulted in a higher magnitude of ROM in all levels, both operative and non-operative, compared to the non-contiguous ACDF procedure [7]. In the study by Wu, Meng, Wang, and colleagues (2019), the non-contiguous CDA resulted in changes of ROM of −28.8% to 0.5% when examining all cervical ROM directions for the cephalad non-operative segment [10]. Furthermore, the intermediate non-operative segment had changes of −5.5% to 0.3% and the caudal non-operative segment had changes of −0.5% to −9.9% when examining all cervical ROM directions [10].




3.7. Non-Contiguous Cervical Disc Arthroplasty Intervertebral Disc Pressure


There was no significant difference in the intervertebral disc pressure (IDP) at all levels between the non-contiguous CDA procedure and the initial non-operative cervical spine [7]. The IDP for the cephalad, intermediate, and caudal non-operative segment for non-contiguous CDA increased by 2.6% to 9.5%, 3.8% to 10.5%, and 4.0% to 8.3%, respectively, compared to the initial non-operative cervical spine [10].




3.8. Non-Contiguous Cervical Disc Arthroplasty Facet Contact Force


The facet joint contact force at the cephalad non-operative segment was significantly less for the CDA procedure compared to the initial non-operative cervical spine during extension ROM [7]. Furthermore, the cephalad, intermediate, and caudal non-operative segments had significantly less facet joint contact force in the non-contiguous CDA procedure compared to the non-contiguous ACDF procedure [7]. The maximum facet contact force in extension during non-contiguous CDA decreased by 13.0% at the cephalad non-operative segment, increased by 6.4% at the intermediate non-operative segment, and increased by 7.6% at the caudal non-operative segment compared to the initial non-operative cervical spine [10].




3.9. Non-Contiguous Anterior Cervical Discectomy and Fusion Motion


In the study by Finn et al. (2011), the flexion and extension ROM of the intermediate segment (C5–C6) for the non-contiguous ACDF procedure (C4–C5 and C6–C7) was significantly increased compared to the non-operative cervical spines at the beginning of the study (p = 0.022) [11]. However, though cervical side bending and rotation motion were approaching significance, there was no statistically significant difference between the intermittent segment in non-contiguous ACDF compared to the non-operative cervical spine [11]. The segment below C6–C7 had significantly increased ROM in all directions, whereas the segment above C4–C5 only had significantly increased rotation ROM [11]. The magnitude of ROM consisted of about a 35% increase and was similar in all non-operative cervical spine levels (C3–C4, C5–C6, and C7–T1) [11]. Moreover, this increase in ROM for non-contiguous ACDF (35% increase) was less than that seen at the cephalad and caudal non-operative cervical spine levels (C3–C4 and C7–T1) in the contiguous ACDF procedure (72% increase) [11]. This difference in magnitude was significant or nearing significance, with a higher magnitude in the contiguous ACDF compared to the non-contiguous ACDF [11]. When comparing plating systems for two-level non-contiguous ACDF and three-level contiguous ACDF, there was no difference in the ROM for the cephalad and caudal non-operative cervical segment between the two procedures [11]. Furthermore, the caudal non-operative cervical segment of the contiguous ACDF procedure had significant increased rotation ROM compared to the same segment in the non-contiguous ACDF procedure (p = 0.0409), whereas there was no significant difference seen at the cephalad non-operative cervical segment for both procedures (p = 0.43) [11]. In the study by Sun et al. (2020), the cephalad non-operative segment (C2–C3) and the caudal non-operative segment (C6–C7) for ACDF had significantly less flexion, extension, and axial rotation ROM compared to the initial non-operative cervical spine [7]. However, the intermediate non-operative segment (C4–C5) and the caudal non-operative segment (C6–C7) had significantly more lateral side bend ROM in the ACDF procedure compared to the initial non-operative cervical spine (p < 0.001 and p = 0.002, respectively) [7]. In the study by Wu, Meng, Wang, and colleagues (2019), the non-contiguous ACDF caused increases in ROM of the cephalad non-operative segment (C2–C3) from 29.0 to 77.7%, with the most ROM observed during axial rotation, compared to the initial non-operative cervical spine [10]. Furthermore, non-contiguous ACDF resulted in an increase in the intermediate segment (C4–C5) of 39.4% to 89.2% and 35.2% to 74.3% in the caudal segment (C6–C7) compared to the initial non-operative cervical spine [10].




3.10. Non-Contiguous Anterior Cervical Discectomy and Fusion Intervertebral Disc Pressure


The non-contiguous ACDF procedure had significantly higher IDP at the cephalad and caudal non-operative segments compared to the initial non-operative cervical spine. Furthermore, the non-contiguous ACDF procedure had significantly higher IDP at the cephalad, intermediate, and caudal non-operative segments compared to the non-contiguous CDA procedure in flexion, extension, lateral side bend, and axial rotation [7]. Non-contiguous ACDF increased IDP in the cephalad non-operative segment by 52.2% to 66.7% depending on cervical ROM direction compared to the initial non-operative cervical spine, whereas IDP increased in the intermediate non-operative segment by 61.5% to 71.0% depending on cervical ROM [10]. For the caudal non-operative segment, the IDP increased by 69.2% to 80.0% depending on cervical ROM compared to the initial non-operative cervical spine [10].




3.11. Non-Contiguous Anterior Cervical Discectomy and Fusion Facet Contact Force


In extension ROM, the facet joint contact force of the non-contiguous ACDF procedure was significantly more than the initial non-operative cervical spine and the non-contiguous CDA procedure [7]. The maximum facet contact force in cervical extension increased by 36.5% in the cephalad non-operative segment, 54.2% in the intermediate non-operative segment, and 37.4% in the caudal non-operative segment compared to the initial non-operative cervical spine [10]. According to Wu, Meng, Liu, and colleagues (2019), the maximum increase in facet contact force was 50.7% in the cephalad non-operative segment, 54.3% in the intermediate non-operative segment, and 37.6% in the caudal non-operative segment in the non-contiguous ACDF model compared to the initial non-operative cervical spine.





4. Discussion


This study represents the first systematic review to examine the biomechanics of non-contiguous ACDF, CDA, and HCS to date, with numerous systematic reviews examining the biomechanics and clinical outcomes for these cervical surgeries performed in a contiguous manner in the literature [1,2,3,4,5,12,13,14]. CDDD is a common clinical spinal pathology that has been historically treated with ACDF, although procedures such as CDA and HCS are gaining popularity in the literature [12,15,24,25,26]. These procedures have been advocated as traditional ACDF has been associated with various long-term adverse events, such as adjacent segment disease (ASD), in which increased ROM from non-operative segments above and below the fusion level accelerate CDDD [15,27,28,29,30]. Due to this fact, there has been extensive research in the literature comparing these three cervical surgeries, when performed in a contiguous manner, to one another in terms of clinical and biomechanical outcomes [1,2,3,4,5,12,14,15].



Though a recent meta-analysis by Hollyer and colleagues (2020) concluded that contiguous HCS results in less ROM at the adjacent non-operative cervical segments compared to contiguous ACDF, it was unknown if these changes would continue or shift when comparing non-contiguous HCS versus non-contiguous ACDF [15]. The results of this systematic review indicated that non-contiguous two-level HCS experienced less drastic changes in range-of-motion (ROM), as well as decreased intervertebral disc pressure (IDP), compared to non-contiguous two-level ACDF. This is evident in the included study by Wu, Meng, Liu, and colleagues (2019), which demonstrates that non-contiguous two-level HCS, regardless of variant, had less of an impact on the intermediate non-operative segment compared to non-contiguous two-level ACDF [9]. As increased ROM has the potential to cause ASD and accelerate CDDD, this finding in both contiguous and non-contiguous HCS cautiously suggests a possible benefit of HCS over ACDF in this metric. However, it remains to be seen how these biomechanical differences between non-contiguous HCS and non-contiguous ACDF impact clinical outcomes and actual rates of ASD and subsequent reoperation. Due to the relatively high incidence and burden of ASD after cervical surgeries involving segmental fusion, more research is needed on this subject in regard to non-contiguous cervical surgeries for the possible prevention of ASD at nearby segments [27,28,29,30]. Notably, the results of this study are far from proving the superiority of non-contiguous HCS compared to non-contiguous ACDF for biomechanical outcomes, let alone clinical outcomes. Similar to the larger systematic review and meta-analysis by Hollyer and colleagues (2020) concerning contiguous cervical surgeries, the low number of studies, combined with the low quality of evidence, inhibits any solid recommendation from being made [15]. However, this study has value in that it lays the foundation for future research on the biomechanical and kinematic outcomes comparing non-contiguous HCS and non-contiguous ACDF, as well as provides a framework based on the current literature given the paucity of evidence on this subject.



When examining CDA biomechanical outcomes, it is important to note that one of the original purposes of the CDA procedure was to preserve motion and decrease force at the operative segment to prevent ASD. It is not surprising that many studies have then examined these biomechanical outcomes for contiguous CDA procedures [1,5,12,13,14]. However, this systematic review adds to the literature by showing that non-contiguous two-level CDA resulted in more cervical ROM and less non-operative segment facet contact force compared to non-contiguous two level ACDF. As with HCS, the superiority of CDA over ACDF has yet to be proven for contiguous procedures, let alone for non-contiguous procedures [15]. Yet, this study compiles data that indicates similar ROM and force outcomes occur in non-contiguous models. Unfortunately, this study could not comment on biomechanical comparisons between non-contiguous HCS and non-contiguous CDA, which is a comparison that needs to be explored more in the literature. The landmark meta-analysis by Hollyer and colleagues (2020) indicated that although patients treated with HCS had a quicker return to work than patients treated with ACDF, patients treated with CDA had a quicker return to work than HCS patients. Therefore, future biomechanical comparisons need to be performed between non-contiguous HCS and non-contiguous ACDF to investigate these relationships.



This systematic review also indicated that there was less cephalad and caudad non-operative segment ROM in non-contiguous two-level ACDF compared to contiguous three-level ACDF. Although far from proving superiority, the findings of this study suggest that spine surgeons choosing between ACDF variants for non-contiguous CDDD should consider non-contiguous ACDF as a potential viable treatment option, given the risk of ASD [27,28,29,30]. However, high-quality randomized controlled trials are needed before any solid recommendations can be made when choosing contiguous or non-contiguous ACDF for non-contiguous CDDD. Despite these factors, this systematic review paves the way for future research to further investigate these possible biomechanical relationships and the subsequent impact on patient outcomes.



There are certainly multiple limitations that impact the interpretation of these biomechanical results regarding non-contiguous ACDF, CDA, and HCS. First, although comprehensive of all the currently published articles on this subject, this systematic review was only able to include five articles on this topic, with a total sample size of seven human cadavers and sixteen FEMs constructed from human CT images. Therefore, the certainty of this data is “very low”, as indicated by the GRADE scale, due to the small sample size leading to the risk of bias, as well as the non-randomized nature of the included articles. Due to the heterogeneity of the data from the five included articles, a meta-analysis could not be performed and a narrative approach to systematic review was undertaken. High-quality studies with similar methodology should be performed in the future to allow for meta-analysis. Furthermore, this study mostly focused on surgical levels C3–C4 and C5–C6, which limits applicability and generalizability to non-contiguous cervical surgeries at other levels of the cervical spine. It is unknown how biomechanics and/or kinematics may differ with higher or lower cervical spine surgeries. Likewise, the included articles in this systematic review only tested two-level non-contiguous cervical surgeries, suggesting that the impact of multi-level non-contiguous cervical surgeries remains unknown. Future research should focus on studies with larger sample sizes, as well as cervical surgeries in different locations throughout the cervical spine with varying levels of fusion. Another limitation of this study is that all of the subjects/models were representative of healthy or mildly diseased cervical spines. As non-contiguous ACDF, CDA, and HCS are treatments for advanced CDDD, it is unknown how biomechanics may change with identical experiments performed on models with severe CDDD [15]. More research is needed to explore the biomechanics of non-contiguous cervical surgeries in patients with severe CDDD, as well as how these biomechanical outcomes translate to clinical outcomes. Finally, more research is needed in live human patients, likely through advanced imaging studies, as cadavers and/or models have limitations and different variables compared to live subjects.




5. Conclusions


This systematic review suggested that non-contiguous two-level HCS could experience less drastic ROM changes throughout the cervical spine and decreased IDP compared to non-contiguous two-level ACDF. In this study, non-contiguous two-level ACDF resulted in more non-operative segment facet contact force than non-contiguous two-level CDA and more IDP than non-contiguous two-level HCS. Contiguous three-level ACDF results in more non-operative segment ROM compared to non-contiguous two-level ACDF, indicating the potential for viable treatment alternatives for non-contiguous CDDD. Overall, biomechanical outcomes for non-contiguous cervical procedures are similar to those of contiguous cervical procedures. More research with high-level-evidence studies is needed to determine the biomechanical impact on clinical outcomes and investigate the potential superiority of one cervical procedure over another for non-contiguous CDDD.
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Figure 1. PRISMA diagram that depicts this systematic review from initial search findings to final article inclusion. This PRISMA diagram is in accordance with the 2020 PRISMA reporting guidelines. 
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Table 1. MINORS bias and quality grading for the five included articles. The MINORS scale is assessed on a 0–24-point scale with 12 criteria worth 0–2 points for comparative studies. Abbreviations: MINORS, Methodological Index for Non-Randomized Studies.






Table 1. MINORS bias and quality grading for the five included articles. The MINORS scale is assessed on a 0–24-point scale with 12 criteria worth 0–2 points for comparative studies. Abbreviations: MINORS, Methodological Index for Non-Randomized Studies.





	Author (Year)
	Study Type
	Total MINORS Score
	Clearly Stated Aim
	Inclusion of Consecutive Patients
	Prospective Collection of Data
	End Points Appropriate to Study Aim
	Unbiased Assessment of Study End Point
	Follow-Up Period Appropriate to Study Aim
	Less Than 5% Lost to Follow Up
	Prospective Calculation of the Study Size
	Adequate Control Group
	Contemporary Groups
	Baseline Equivalence of Groups
	Adequate Statistical Analysis





	Sun et al. (2020) [7]
	Comparative
	20
	2
	2
	2
	2
	0
	2
	2
	0
	2
	2
	2
	2



	Sun et al. (2023) [8]
	Comparative
	20
	2
	2
	2
	2
	0
	2
	2
	0
	2
	2
	2
	2



	Wu, Meng, Liu et al. (2019) [9]
	Comparative
	17
	2
	1
	2
	2
	0
	2
	2
	0
	1
	2
	1
	2



	Wu, Meng, Wang, et al. (2019) [10]
	Comparative
	16
	2
	1
	2
	2
	0
	2
	2
	0
	1
	2
	1
	1



	Finn et al. (2011) [11]
	Comparative
	20
	2
	2
	2
	2
	0
	2
	2
	0
	2
	2
	2
	2










 





Table 2. Information on the study characteristics and methodology of the five included articles. Abbreviations: ACDF; anterior cervical discectomy and fusion; CDA, cervical disc arthroplasty; HCS, hybrid cervical surgery; FEM, finite element model. Data include author, year of publication, method, model demographics, number of models, devices used, surgical levels, and comparison groups. Dashes indicate data not recorded in an individual study.
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	Author (Year)
	Study Type
	Method of Assessment
	Model Demographics
	Number of Models
	Surgical Devices Utilized
	Surgical Levels
	Comparison Groups by Surgery Type





	Sun et al. (2020) [7]
	Comparative Prospective
	FEM from human CT images
	Male and female with mild cervical degenerative disease
	8 (4 male and 4 female)
	NuVasive Helix ACP (NuVasive, Inc.; San Diego, CA, USA), CoRoent Contour (NuVasive, Inc.; San Diego, CA, USA), Prodisc-C (Synthes; West Chester, Switzerland)
	C3–C4; C5–C6
	Two-level non-contiguous ACDF versus two-level non-contiguous CDA



	Sun et al. (2023) [8]
	Comparative Prospective
	FEM from human CT images
	Male and female with mild cervical degenerative disease
	12 (6 male and 6 female)
	NuVasive Helix ACP (NuVasive, Inc.; San Diego, CA, USA), CoRoent Contour (NuVasive, Inc.; San Diego, CA, USA), Prodisc-C (Synthes; West Chester, Switzerland)
	C3–C4; C3–C7
	Two-level non-contiguous CDA-ACDF variant of HCS versus two-level non-contiguous ACDF-CDA variant of HCS



	Wu, Meng, Liu et al. (2019) [9]
	Comparative Prospective
	FEM from human CT images
	Healthy male without cervical disease
	1
	Zero-P system (Synthes; West Chester, Switzerland), P