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Abstract

Study Design: A systematic review and meta-analysis.

Objectives: The results from previous meta-analyses are limited by the small number of included studies. Moreover, the risk
factors of heterotopic ossification (HO) have not been well studied. Therefore, this study aims to estimate the prevalence of HO
after cervical total disc replacement (CTDR) at different follow-up time points and explore potential risk factors for HO.

Methods: We searched databases to identify eligible studies that reported the rate of HO after CTDR. The pooled prevalence of
HO, according to different grades of HO, length of follow-up and types of prosthesis, and 95% confidence intervals (CIs) were
calculated. Multivariable meta-regression analyses were performed to identify factors that may contribute to the heterogeneity
between estimates.

Results: Of the 94 studies included, 82 studies reported an overall rate of HO, encompassing a total of 5861 cervical spinal levels
that underwent CTDR. The overall pooled prevalence of HO was 32.5% (95% CI 26.7% to 38.4%). Single-level CTDR was
associated with a higher overall rate of HO. When the rate of HO was stratified by McAfee/Mehren classification, the pooled
prevalence of range of motion (ROM)–limiting HO was 11.0% (95% CI 9.2% to 12.8%). Latest publication, single-level CTDR,
longer follow-up period, and studies published outside were associated with a higher rate of ROM-limiting HO.

Conclusions: We provide a comprehensive overview of the prevalence of different grades of HO. This meta-analysis also
identifies and rules out some risk factors for HO after CTDR.
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Introduction

Anterior cervical discectomy and fusion (ACDF) is the

gold-standard surgical treatment for cervical degenerative disc

disease.1 One of the main complications of ACDF is the devel-

opment of adjacent segment degeneration (ASD) and adjacent

segment disease, which occurs when fusion of cervical spinal

segments limits their range of motion (ROM) and increases

intradiscal pressure of the adjacent intervertebral discs.2 One

alternative procedure is cervical total disc replacement

(CTDR), theoretically preserving the ROM of spinal segments

and minimize the risk of ASD.

Nonetheless, heterotopic ossification (HO) has been

reported as a complication of CTDR. HO is defined as the

formation of bone tissue outside the skeletal system.3 Certain

surgeries or trauma such as total hip replacement and spinal

cord injury can also be complicated by HO.3 HO can be graded

from 0 to IV by McAfee classification,4 which was further
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modified by Mehren et al.5 The severity of HO is graded based

on the ROM of spinal segments and the degree of heterotopic

bone invasion around the disc space. Although grade III and

grade IV HO (ROM-limiting HO) reduce the ROM of surgical

spinal segments, a recent meta-analysis of CTDR has not found

any significant association between HO and clinical outcomes

of patients.6

There is a need to estimate the prevalence of HO after

CTDR. The period from CTDR to the development of HO

indicates the longevity of the implanted prosthesis, which

will aid clinicians’ and patients’ decision making. The pre-

valence of HO varies greatly among studies, ranging from

0% over a minimum of 5-year follow-up7 to 100% over

2-year follow-up.8 Although 2 meta-analyses, published in

20 129 and 2017,10 have explored the pooled prevalence of

HO after CTDR, these 2 studies included only a small num-

ber of clinical trials, hindering an accurate estimate of the

prevalence of HO. Furthermore, risk factors associated with

the development of HO have not been well investigated in

these meta-analyses.

Hence, the present systematic review and meta-analysis

attempts to investigate the following research questions:

(1) the pooled prevalence of HO after CTDR, (2) the pooled

prevalence of HO based on different follow-up time points and

types of prosthesis, and (3) the associations of demographic

and surgical factors with the rate of HO.

Methods

Study Selection

A systematic review and meta-analysis was conducted in

accordance with the Preferred Reporting Items for Systema-

tic Review and Meta-Analysis protocols (PRISMA-P)

guideline and the guidelines for academic neurosur-

geons.11-13 We used the following medical subject headings

(MeSH) and text words that were related to CTDR and HO:

Figure 1. PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis) 2009 flow diagram.
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“heterotopic ossification,” “heterotopic bone,” “cervical,”

“arthroplasty,” “total disc/disk replacement,” “artificial

disc/disk replacement,” and “disc/disk prosthesis.” Litera-

ture published up to April 2018 in MEDLINE (OVID inter-

face, 1948 onward), Embase (OVID interface, 1980

onward), the Cochrane Central Register of Controlled Trials

(Wiley Interface, current issue), and PubMed databases

were searched. Reference lists of all publications found in

the initial literature search were manually reviewed for

potential studies.

Two reviewers removed duplications and performed screen-

ing of title and abstract of articles. After screening, full-text

articles would be assessed for compatibility with the inclusion

and exclusion criteria. If more than 1 published article involved

the same study population, the latest articles with the most

comprehensive data was included in this meta-analysis. Any

disagreement between the reviewers would first be resolved by

discussion. If a consensus could not be reached, a senior author

would be consulted.

The inclusion criteria were:

� Clinical studies of CTDR reporting HO rates at the

operative segment

� Cervical disc degeneration disease or disc herniation as

the surgical indication

� Studies that included subjects aged �18 years

� HO graded by McAfee4 or Mehren classification5

� No limit placed on the number of radiologists/spine

surgeons who diagnosed HO, or the type of prosthesis

The exclusion criteria were:

� Subjects with bone diseases (such as osteoporosis or

metabolic bone disease), malignancy, or systemic

infection

� Literature reviews, preclinical studies, case reports,

cadaver tests, or editorials

� Non-English or nonprospective studies

� Absence of data on HO rates

� TDR in the lumbar spine

� Duplicated publications

� Average or minimal follow-up shorter than 1 year

� Rates of HO expressed in number of patients

Data Extraction

After screening and excluding ineligible articles, reviewers

extracted the following data: year of publication, first author,

study design, sample size, study location, age, type of prosthe-

sis, spinal level of surgical segment, surgical indication,

follow-up duration, and rates of HO.

Assessment of Methodological Quality

With regard to randomized controlled trials (RCTs), methodo-

logical quality was assessed in accordance with the guideline

published by the Cochrane Back and Neck Group in the

Cochrane Handbook for Systematic Review of Interventions.14

Item 11, which assesses compliance of intervention, was

removed because CTDR is a single-session intervention. The

Methodological Index for Non-Randomized Studies (MIN-

ORS) was used to assess the methodological quality of non-

randomized trials.15

Assessment of Publication Bias

Publication bias was assessed by funnel plot, Begg and

Mazumdar rank correlation test and Egger’s regression test.

Statistical Analysis

Statistical analysis was conducted with Open Meta-Analyst and

R, version 3.5.0 (“metafor” package 2.0-0). Results were con-

sidered statistically significant if P value was <.05.

Heterogeneity of included studies was calculated by I2 sta-

tistic and Q tests. The random-effects model was used to esti-

mate the pooled prevalence of HO if I2 was larger than 50% or

if P < .10. Otherwise, the fixed-effects model was used. Sub-

group analysis was further conducted, according to grades of

HO, length of follow-up and types of prosthesis.

Figure 2. Risk of bias summary table. “?”: unclear risk of bias; “þ”:
low risk of bias; “�”: high risk of bias.
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Random-effects, multivariable, meta-regression analysis was

conducted to identify the effect of the following demographic

and surgical variables on rates of HO: year of publication, age,

gender, length of follow-up, study design, study location, level

of operation, and spinal level of surgical segment. Subgroup

analysis was performed based on different grades of HO.

Figure 3. (A) The overall rate of heterotopic ossification (HO). (B) The rate of grade I HO. (C) The rate of grade II HO. (D) The rate of grade III
HO. (E) The rate of grade IV HO.
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Results

Study Selection

A total of 599 studies were identified, in which 569 studies

were identified by searching in the databases, 28 studies from

reference lists of the included studies and 2 from the US

Food and Drug Administration clinical trial database.

Removal of duplications and screening of titles and

abstracts yielded 211 full-text articles to be examined for

eligibility. A total of 94 studies were eligible for quantita-

tive and qualitative analyses (Figure 1). Of all the studies

included, 82 studies reported on the overall rate of HO, 59

on grade I, 60 on grade II HO, 70 on grade III HO, 76 on

grade IV HO, and 75 on ROM-limiting HO.

Study Demographics

The average age of patients at the time of receiving CTDR was

44.6 years. More males (53.2%) on average received CTDR

than females. The majority of patients received single-level

CTDR (71.8%), followed by 2-level CTDR (18.6%). The most

commonly operated spinal segments were C5C6 (52.6%),

Figure 3. (continued).
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followed by C6C7 (23.2%) and C4C5 (16.5%). Other demo-

graphic, pre-operative and peri-operative variables were not

well reported by the included studies. Mean operative time and

hospitalization were 109 minutes and 3.8 days, respectively.

Methodological Quality

Figure 2 summarizes the risk of bias of 13 RCTs, which was

assessed in accordance with Cochrane Back and Neck Group

guidelines.14 The included RCTs demonstrated a low risk of

bias in the majority of the criteria, except that there was poten-

tial reporting bias and a lack of intention-to-treat analysis

across most included studies. Details of randomization meth-

ods were also absent in most studies.

The methodological quality of non-RCT studies was

assessed by MINORS.15 The means scores for noncomparative

and comparative studies were 9.7 (out of 16) and 16.3 (out of

24), respectively.

Figure 3. (continued).
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Overall HO

A total of 82 articles reported an overall rate of HO, composed

of 5861 cervical spinal levels that underwent CTDR. The

pooled prevalence of overall HO was 32.5% (95% confidence

interval [CI] 26.7% to 38.4%; Figure 3A). Figure 3B-E shows

the overall prevalence of grade I to grade IV HO. The pooled

prevalence of grade I (pooled HO rate 5.4%, 95% CI 4.1% to

6.6%) and IV HO (pooled HO rate 3.8%, 95% CI 3.0% to 4.7%)

was significantly lower than that of grade II HO (pooled HO

rate 8.4%, 95% CI 6.7% to 10.0%).

Figure 3. (continued).
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Subgroup analyses were conducted based on the types of

prosthesis and the duration of follow-up. Kineflex-C (pooled

HO rate 62.4%, 95% CI 52.5% to 72.2%) and Secure-C (pooled

HO rate 74.2%, 95% CI 68.2% to 80.3%) prostheses

demonstrated higher overall rates of HO, relative to the overall

prevalence of HO (Figure 4A). In contrast, M6-C (pooled HO

rate 1.7%, 95% CI 0% to 4.6%), Prestige ST (pooled HO rate

1.7%, 95% CI 0% to 5.0%), and PCM (pooled HO rate 0.4%,

Figure 3. (continued).
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95% CI 0% to 1.3%) exhibited lower rates of HO following

CTDR than the overall prevalence of HO.

When stratified according to the duration of follow-up, the

overall prevalence of HO following CTDR was 24.8% (95% CI

16.5% to 33.2%) and 45.3% (95% CI 24.9% to 65.7%) in 1 to

2 years and >6 years follow-up subgroups, respectively

(Figure 4B). The overall prevalence of HO was comparable

across subgroups. There was a tendency for the overall HO rate

to increase as the length of follow-up period increased.

ROM-Limiting HO

A total of 75 studies reported the rates of ROM-limiting HO.

The pooled prevalence of ROM-limiting HO was 11.0% (95%
CI 9.2% to 12.8%; Figure 5A). When the analysis was stratified

according to the types of prosthesis, ProDisc-C (pooled HO rate

31.8%, 95% CI 16.6% to 47.1%), Activ-C prosthesis (pooled

HO rate 25.8%, 95% CI 20.9% to 30.6%), and Secure-C pros-

theses (pooled HO rate 19.2%, 95% CI 13.7% to 24.7%) had a

significantly higher rate of ROM-limiting HO than the pooled

prevalence of ROM-limiting HO (Figure 5B).

Figure 5C shows the rates of ROM-limiting HO at various

follow-up time points. The rate of ROM-limiting HO in >6 years

of follow-up studies (pooled HO rate 36.9%, 95% CI 21.0% to

52.8%) was significantly higher than that in studies with 1 to

2 years (pooled HO rate 6.0%, 95% CI 4.3% to 7.7%) and 2 to 3

years (pooled HO rate 4.4%, 95% CI 1.8% to 7.1%) of follow-up.

Figure 4. (A) The overall rate of heterotopic ossification (HO)
stratified by the types of prosthesis. (B) The overall rate of HO stra-
tified by the length of follow-up.

Figure 4. (continued).
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Meta-Regression

Only single-level CTDR was associated with the overall rate

of HO. When the rate of HO was stratified according to

McAfee4 or Mehren classification,5 a number of factors were

associated with the development of each subgrade of HO.

Non-RCT study design and single-level CTDR were associ-

ated with a higher rate of grade I HO; latest publication, non-

RCT study design, studies published outside Asia, male

gender and single-level CTDR were associated with a higher

rate of grade II HO; studies published outside Asia, male

Figure 5. (A) The rate of range of motion (ROM)–limiting heterotopic ossification (HO). (B) The rate of ROM-limiting HO stratified by the
types of prosthesis. (C) The rate of ROM-limiting HO stratified by the length of follow-up.
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gender, single-level CTDR and longer follow-up period were

associated with a higher rate of grade III HO; latest publica-

tion, studies published outside Asia and longer follow-up

period were associated with a higher rate of grade IV HO;

and latest publication, single-level CTDR, longer follow-up

period and studies published outside Asia were associated

Figure 5. (continued).
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with a higher rate of ROM-limiting HO. CTDR at C5C6

spinal level and age were not associated with the overall rate

of HO or any subgrades of HO.

Publication Bias

In Figure 6A and B, there are asymmetries in both funnel plots.

Results from the Begg and Mazumdar rank correlation test

Figure 5. (continued).
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(overall HO P ¼ .0001, Kendall’s tau ¼ 0.29; ROM-limiting

HO P < .0001, Kendall’s tau ¼ 0.58) and Egger regression test

(overall HO P < .0001; ROM-limiting HO P < .0001) also

suggested potential publication bias.

However, the lack of studies in the bottom left side of the funnel

plots in overall HO and ROM-limiting HO studies may not indicate

possible publication bias. The prevalence of HO cannot be lower

than zero, which may explain the asymmetry in the plots.

Discussion

The current systematic review and meta-analysis is composed

of 94 clinical studies and is the most comprehensive assessment

of the pooled prevalence of different grades of HO after CTDR

to date. This meta-analysis is also the first to explore the asso-

ciations between numerous risk factors and HO rates after

CTDR by multivariable, meta-regression analysis.

Our study reported that the overall prevalence of HO 1 to

2 years post-CTDR was 24.8%. By contrast, Chen et al9

reported that the overall prevalence of HO ranged from

44.6% to 58.3% after 1 to 2 years of follow-up, while another

recent meta-analysis reported the rate to be 38%.10 The discre-

pancy between our results and the results of previous meta-

analyses can be explained by the inclusion of more clinical

trials in our review. Some of our included studies with 1 to

2 years of follow-up reported a zero rate of HO, which were not

included in the 2 previous meta-analyses.16-24 Moreover, the

prevalence of HO was expressed in the number of spinal levels

in our study, whereas previous meta-analyses expressed the

prevalence of HO in the number of patients.

A number of risk factors of HO have been identified in our

study. Our meta-analysis and another clinical trial have

reported a significant positive association of single-level

CTDR with the rate of HO.25 Yi et al26 suggested that the

formation of HO is a dynamic process that is constantly

affected by the environment, including biomechanical charac-

teristics of the cervical spine. Since symptomatic patients with

cervical disc degeneration often have pathologies in multiple

cervical spinal segments,27 we infer that multilevel CTDR may

restore the kinematics of the cervical spine of patients better

than single-level CTDR. Therefore, the spine kinematics of

patients who have received multilevel CTDR may exert less

biomechanical disruption on their surgical spinal segments,

thus reducing their rates of HO. One other risk factor of HO

includes male gender.

Different prostheses have their distinct biomechanical char-

acteristics, design, and implantation techniques.28 These varia-

tions have been postulated to contribute to the formation of

HO.28 However, evidence is inconsistent as to which prosthesis

is superior in reducing the rate of HO. In a nonrandomized

study with an average 20 months of follow-up, the rate of

HO was significantly lower in the Bryan disc group than that

in the Mobi-C and ProDisc-C groups.28 By contrast, our meta-

analysis showed that Kineflex-C and Secure-C prostheses had a

higher rate of HO, whereas M6-C, Prestige ST, and PCM pros-

theses had a lower rate of HO, relative to the overall prevalence

of HO. Of note, our findings were limited by the small number

of included studies and the variation in the length of follow-up.

Hence, the results should be interpreted with caution.

Despite the distinct biomechanical characteristics of the

C5C6 spinal segment,29 CTDR at the C5C6 level was not cor-

related with the rate of HO. Besides surgical spinal segments,

age was not a significant predictor of HO.

In addition to biological and surgical factors, the differences

in study design were also associated with the rate of HO. Stud-

ies published in non-Asian countries were associated with

higher rates of grade II to IV HO, which may be due to differ-

ences in ethnicities of subjects. Moreover, the latest publica-

tions tended to have higher rates of grade II and IV HO. The

first grading system of HO in CTDR was first published in

2003.4 As radiologists and spine surgeons are gaining more

experience in grading HO, the accuracy of diagnosing of HO

may tend to improve over time. Last, non-RCT studies were

associated with higher rates of grade I and II HO. Since non-

randomized studies cannot entirely exclude imbalances in

prognostic factors,30 the biases in nonrandomized studies may

lead to differences in the rate of HO between randomized and

nonrandomized studies.

Furthermore, our meta-analysis has shown that a longer

follow-up period was associated with higher rates of grade III

and IV HO. The findings from our study were in congruent with

another meta-analysis, which demonstrated a linear correlation

Figure 6. (A) Funnel plot of the meta-analysis of overall rate of
heterotopic ossification (HO). (B) Funnel plot of the meta-analysis of
rate of range of motion (ROM)–limiting HO.
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between the length of follow-up and the prevalence of ROM-

limiting HO in studies with 1 to 2 years and 2 to 5 years of

follow-up.10 A retrospective study further showed that the sec-

ond follow-up time point was significantly more likely to

develop new and more severe HO than the first follow-up time

point.26 However, whether there is any causal relationship

between the length of follow-up and the rate of HO is unknown.

HO has been suggested to be a progressive phenomenon in

response to environmental factors.26 Constant dynamic load

from nonphysiological motion of the cervical spine on the sur-

gical spinal segments may stimulate bone remodeling and pro-

mote bone formation over time.31

Our meta-analysis has several limitations. First, although

the statistical tests and funnel plots showed possible publica-

tion bias, it is impossible to have negative prevalence rates, and

thus may explain the significant results in these tests. Second,

we found significant heterogeneity across our included studies,

and the residual heterogeneity remained significant after multi-

variate meta-regression analyses. We were unable to account

for perioperative variables such as blood loss, because they

were infrequently reported in the included studies. Third, the

lack of studies with longer than 10 years of follow-up would

not allow an accurate estimate of the point prevalence of HO in

the long-term. Fourth, the number of studies of grade III, grade

IV, and ROM-limiting HO is not equivalent because several

studies reported the rate of one of these outcomes only. Last,

interobserver bias exists, which may underestimate the rate and

severity of HO, regardless of the type of imaging modality

used. To minimize observer bias, most studies employed inde-

pendent clinicians to review the images.

Conclusion

This meta-analysis shows that HO is prevalent in patients who

received CTDR and the rate of HO was higher in studies with

longer follow-up. The prevalence of HO varied according to

the grades of HO, length of follow-up, and types of prosthesis.

Moreover, studies published outside Asia, male gender, single-

level CTDR, and longer follow-up period were risk factors of

different subgrades of HO. The findings from our study may

aid the understanding of the pathophysiology of HO and clin-

ical decision making.
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