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Abstract

Study Design: Meta-analysis.

Objectives: To evaluate the long-term efficacy and safety of total disc replacement (TDR) compared with fusion in patients with
functionally disabling chronic low back pain due to single-level lumbar degenerative disc disease (DDD) at 5 years.

Methods: PubMed and Cochrane Central Register of Controlled Trials databases were searched for randomized controlled
trials reporting outcomes at 5 years for TDR compared with fusion in patients with single-level lumbar DDD. Outcomes included
Oswestry Disability Index (ODI) success, back pain scores, reoperations, and patient satisfaction. All analyses were conducted
using a random-effects model; analyses were reported as relative risk (RR) ratios and mean differences (MDs). Sensitivity analyses
were conducted for different outcome definitions, high loss to follow-up, and high heterogeneity.

Results: The meta-analysis included 4 studies. TDR patients had a significantly greater likelihood of ODI success (RR 1.0912; 95%
CI 1.0004, 1.1903) and patient satisfaction (RR 1.13; 95% CI 1.03, 1.24) and a significantly lower risk of reoperation (RR 0.52; 95%
CI 0.35, 0.77) than fusion patients. There was no association with improvement in back pain scores whether patients received
TDR or fusion (MD �2.79; 95% CI �8.09, 2.51). Most results were robust to sensitivity analyses. Results for ODI success and
patient satisfaction were sensitive to different outcome definitions but remained in favor of TDR.

Conclusions: TDR is an effective alternative to fusion for lumbar DDD. It offers several clinical advantages over the longer term
that can benefit the patient and reduce health care burden, without additional safety consequences.
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Introduction

Lumbar degenerative disc disease (DDD) is a common cause of

debilitating low back pain, with a lifetime prevalence

of approximately 62% to 84%.1-4 Strategies for the treatment

of symptomatic lumbar DDD always begin with nonsurgical

approaches consisting of a combination of rehabilitation

and medication. For patients with functionally disabling
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mechanical discogenic back pain who fail to improve after

several months of conservative therapy, surgical options such

as spinal fusion or lumbar total disc replacement (TDR) may be

considered.

The goal of spinal fusion has been to reduce pain by elim-

inating motion at the affected segment. Inherently, this changes

the mechanics of the spine and can place increased stress on

neighboring segments.5,6 Complications of fusion include

pseudoarthrosis, hardware-related issues (breakage, local pain),

and possibly increased adjacent segment radiographic degen-

eration.5-8 While fusion rates and efficacy outcomes have

improved in past decades, as many as one third of postfusion

patients continue to experience symptoms, often leading to

repeated operations in a predictable percentage of patients.9-11

Total disc replacement is an alternative treatment option that

is indicated in a subset of fusion-eligible patients with disco-

genic low back pain due to single-level DDD who have failed

conservative treatment. TDR devices approved by the US Food

and Drug Administration allow segmental motion by attempt-

ing to mimic the function of an intervertebral disc. By allowing

segmental motion at the affected level and restoring stability to

the spine, TDR reduces back pain, improves functional perfor-

mance, and, in contrast to fusion, reduces the incidence of

radiographic degeneration of adjacent segments.12 The design

of TDR devices has evolved over time, and more recent TDR

devices that have been studied in randomized controlled trials,

such as the activL Artificial Disc (Aesculap, Tuttlingen,

Germany), further advance motion-preserving technology by

supporting controlled translational and rotational movement.13

These advanced mechanisms translate into improved biome-

chanics that are designed to result in even less wear on facet

joints and adjacent segments.13

The benefits of TDR over current care have been

demonstrated at 2 years in several randomized trials14-18 and

meta-analyses.19-22 Most of these randomized trials have since

published findings after 5-year follow-up.23-26 These studies

demonstrate that substantial improvements in efficacy out-

comes such as disability and pain relief are maintained over

several years. Pooling of long-term safety of TDR by Hiratzka

and colleagues has shown a 2-fold reduction in the relative risk

of adverse events (AEs) with TDR compared with fusion at

5 years.27 However, this meta-analysis did not assess efficacy

outcomes and only included 2 randomized controlled trials.

The objective of this article was to evaluate the long-term

efficacy and safety of TDR compared with fusion in patients

with functionally disabling chronic low back pain due to

single-level lumbar DDD at 5 years.

Methods

Search Strategy

A comprehensive search strategy was devised to identify rele-

vant literature from the PubMed/Medline and Cochrane Cen-

tral Register of Controlled Trials (CENTRAL) databases. The

search strategy also adapted well-established randomized

control trial-enriching search methods.28 Search strategies and

terms are provided in Supplemental Table S1 (all supplemental

materials are available in the online version of the article).

Searches were conducted between 2000 and 2015, with no

restrictions on level of evidence or publication status. Only

English-language articles were reviewed.

Two reviewers screened identified records for potentially

relevant titles, abstracts, and full texts, with disagreements

resolved by consensus or a third party.

Study Eligibility

Study eligibility was defined using a PICOS statement (ie,

population, intervention, comparator, outcomes, and study

design). Randomized controlled trials were eligible if they

compared a TDR device with fusion for the treatment of dis-

cogenic low back pain due to lumbar spine DDD for 5 years.

TDR devices of interest included Charité (DePuy Spine, Rayn-

ham, MA), ProDisc-L (Synthes Spine, West Chester, PA),

Maverick (Medtronic, Memphis, TN), and FlexiCore (Stryker

Spine, Allendale, NJ); fusion options included anterior lumbar

interbody fusion (ALIF), posterior lumbar fusion (PLF), pos-

terior lumbar interbody fusion (PLIF), and circumferential

fusion. Studies excluded from the analysis compared a

TDR device with another control TDR device (ie, activL, Kine-

flex-L), had >50% loss to follow-up, were single-arm or obser-

vational studies, or were subanalyses.

Data Extraction

Data from included studies was extracted onto a standardized

extraction form by a single reviewer and then entered into

Review Manager software v5.3 (Cochrane Collaboration,

Copenhagen, Denmark). Extracted data was validated by a

second reviewer.

Outcomes of interest at 5 years for which data was extracted

consisted of the following:

1. Oswestry Disability Index (ODI) success, defined as

�15-point or �25% improvement in ODI score

2. Mean change in back pain score from baseline

3. Reoperations, defined as device-related failures result-

ing in the subsequent surgical interventions of reopera-

tion, revision, removal, or supplemental fixation

4. Device-related serious AEs (SAEs)

5. Patient satisfaction or willingness to choose the same

surgery again

Intention-to-treat (ITT) data was extracted; per-protocol

estimates were included only when ITT data was not reported.

For one study, the sponsor was contacted for additional out-

comes data because the conference abstract did not contain

sufficiently detailed data for the outcomes of interest.23 Some

data was extracted by digitizing data (TechDig v2.0 digitizing

software). A normal distribution was assumed for continuous

outcomes; mean differences were calculated from percent

change and follow-up data. Missing variance data was
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calculated from other effect estimates and dispersion measures

where feasible and appropriate. Otherwise, missing variance

measures were imputed per standard methods outlined by the

Cochrane Collaboration29 and Hozo et al.30 All study popula-

tions consisted of prospectively randomized patients.

Although the reporting of SAEs typically includes serious

medical/surgical events that occur during participation in the

study, SAEs are not necessarily related to the intervention

being tested (ie, childbirth, unrelated conditions requiring over-

night hospitalization). To gain a more complete understanding

of SAEs specifically related to the investigational device, it is

important to assess and report device-related SAEs in clinical

trials of TDR devices. However, studies differed in the report-

ing of SAEs; therefore, an analysis of this outcome could not be

conducted.

Quality Assessment

Study quality was assessed independently by 2 reviewers

using The Cochrane Collaboration’s tool for assessing risk

of bias, which assesses the risks of selection bias (sequence

generation, allocation concealment), performance bias (blind-

ing of participants and personnel), detection bias (blinding of

outcome assessment), attrition bias (incomplete outcome

data), reporting bias (selective outcome reporting), and other

bias.31 Studies were scored for low, unclear, or high risk of

bias. Discrepancies between the 2 reviewers were resolved by

a third party.

Small-study effects, a trend for smaller studies to show

larger treatment effects using funnel plots, was not assessed

because the analysis consists of fewer than 10 studies and is

therefore underpowered to make reasonable assertions.32

Statistical Analysis

Primary Analysis. The meta-analyses were performed using

Review Manager software (Version 5.3, the Nordic Cochrane

Center, The Cochrane Collaboration, Copenhagen, Denmark,

2014). The primary analyses were conducted using a random-

effects model; dichotomous variables (ie, ODI success, reo-

perations, patient satisfaction) were analyzed for relative risk

(RR) using the Mantel-Haenszel method, whereas continuous

variables (ie, back pain score) were analyzed for mean differ-

ence (MD) using the inverse-variance method. Heterogeneity

of included studies was assessed visually by examining forest

plots and statistically using the w2 test and I2 measure.

Sensitivity Analyses. Sensitivity analyses were conducted for the

following: (1) outcome definitions, where studies that used

different definitions or measures for outcomes of interest

were excluded23,24,26; (2) follow-up rate, where studies with

a >30% loss-to-follow-up rate were excluded25; and (3) low

heterogeneity, where analyses were conducted using a fixed-

effects model.

Results

Search Results

Figure 1 presents the results of the literature review. Searches

identified 2429 potentially relevant records. After excluding

2278 records during the title and abstract review and including

an additional 29 records identified from grey literature and

bibliographic searches, 180 full-text articles were assessed for

inclusion. A total of 4 publications were deemed eligible for the

meta-analysis.23-26 Excluded studies were non–randomized

controlled trials, non–clinical studies, conducted in a patient

population that did not include single-level lumbar DDD with

discogenic low back pain, did not examine one or more of the

outcomes of interest, did not compare TDR with fusion, had

follow-up period of less than 5 years, had a large loss to follow-

up, or were subanalyses.

Study and Participant Characteristics

Table 1 details the characteristics of the included studies. Study

sample sizes at baseline ranged from 152 to 577, with partici-

pants’ mean age in each study being 39 years. All studies

compared TDR with fusion for the surgical treatment of lumbar

DDD. Charité,25 ProDisc,24 and Maverick23 were each exam-

ined in single studies. One study included all 3 TDR devices.26

For the types of fusion, 2 studies used ALIF23,25; 1 study used

circumferential fusion, which was ALIF with femoral ring allo-

graft and posterolateral fusion with iliac crest bone autograft

and pedicle screws24; and 1 study used PLF/PLIF.26 Single-

level surgeries were performed in 100% of study participants

in 3 studies23-25; in 1 study, 51% of participants were operated

on at a single level.26 The majority of participants in 3 studies

were treated at L5/S1 (65% to 79%).23-25 Mean ODI and back

pain scores at baseline were similar across studies. In all stud-

ies, participants were followed for 5 years. Reported complica-

tions varied by study (Table 2), with 2 studies reporting only

major or serious complications,23,25 1 study reporting all com-

plications,26 and 1 study reporting both all and serious

complications.24 Causes of reoperation were not consistently

reported across studies. The proportion of participants who

were lost to follow-up at 5 years ranged from 1% to 43%. All

4 studies reported ODI success, back pain score, reoperation,

and patient satisfaction (Table 3).

Study Quality

The risk of bias was similar across studies (Figure 2). Methods

for randomized sequence generation were reported in 3

studies,23-25 with all 3 studies using block randomization with

a fixed block size of 6. Central allocation was reported as the

method used in 3 studies,23-25 with sites notified of allocation

using sealed envelopes in 2 studies23,25 and by telephone in

1 study.24 Sealed envelopes were also used as the method of

allocation concealment in the study by Skold et al.26 In all

studies, surgeons and/or staff were not blinded for preparatory

purposes; participants were blinded to their preoperative
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randomization group in 3 studies.24-26 No studies reported on

whether data collectors, outcomes adjudicators, and data ana-

lysts were blinded. In 3 studies, ITT analyses were also con-

ducted24-26; 1 study reported very low loss of participants at

follow-up (ie, 99% follow-up rate)26 (see Table 1).

Primary Analysis Results

ODI Success. Oswestry disability index success was defined as a

�15-point improvement in ODI score from preoperative base-

line in 3 studies23-25 and as a�25% improvement in ODI score

from preoperative baseline in 1 study.26 In Skold et al,26 a

�25% improvement would approximate a minimum 10-point

reduction in ODI score. As such, these 2 definitions for ODI

success were deemed similar for the purposes of this study.

When data from all 4 studies were pooled, ODI success was

significantly better with TDR than with fusion, with a 9%
relative increase in the likelihood of TDR patients achieving

this endpoint (RR 1.0912; 95% CI 1.0004, 1.1903; P ¼ .05;

Figure 3). Heterogeneity across studies was low (I2 ¼ 0%).

Back Pain Score. Back pain, reported in all 4 studies, was

assessed using the Visual Analog Scale (VAS) in 3 studies24-26

and the Numeric Rating Scale (NRS) in 1 study.23 No dif-

ferences were observed in the improvement in the mean back

pain score from preoperative baseline to 5-year follow-up (MD

�2.79; 95% CI �8.09, 2.51; P ¼ .30; Figure 4). The 4 studies

showed moderate heterogeneity (I2 ¼ 36%).

Visual inspection of the forest plot revealed that results from

2 studies were inconclusive for back pain24,25 and that those

from the other 2 studies favored TDR.23,26 Exploration of het-

erogeneity revealed differences in the definition of the outcome

reported in the studies: in the former 2 studies, it is not clear

whether pain scores reflect back pain, leg pain, or both,24,25

whereas in the latter 2 studies, back and leg pain scores were

reported separately.23,26 From these latter studies, only back

pain scores were included in the analysis. In addition, the VAS

instruments used in each study were standardized differently,

with VAS standardized to 100 mm in 2 studies25,26 and to 10 cm

in 1 study.24

Reoperation. The definition for reoperations resulting from

device-related failures was consistent in all 4 studies. Treat-

ment of lumbar DDD with TDR resulted in a 48% relative

reduction in the risk of reoperations than treatment with fusion

(RR 0.52; 95% CI 0.35, 0.77; P ¼ .001; Figure 5). Heteroge-

neity across studies was low (I2 ¼ 0%).

Patient Satisfaction. The proportion of patients satisfied with

treatment was reported in 3 studies,23,25,26 whereas the propor-

tion of patients willing to choose the same surgery again was

reported in 1 study.24 In the pooled analysis of all 4 studies,

there was a significantly greater likelihood of patients reporting

satisfaction with an implanted TDR device than with fusion at 5

years (RR 1.13; 95% CI 1.03, 1.24; P ¼ .009; Figure 6). Var-

iation across included studies was low (I2 ¼ 0%).

Figure 1. PRISMA flowchart for the comprehensive literature search.
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Sensitivity Analysis Results

Sensitivity analyses demonstrated that the results of the pri-

mary analysis were robust to the majority of variables tested

(Supplemental Figures S1-S3). Results of sensitivity analyses

for different outcome definitions were numerically in favor of

TDR for ODI success and patient satisfaction, whereas those

for back pain score were similar to those from the primary

analysis (Supplemental Figure S1). Results of the primary anal-

ysis for all outcomes were robust to the use of a fixed-effects

model (Supplemental Figure S2) and to high patient loss at

follow-up (Supplemental Figure S3).

Discussion

Summary of Meta-Analytic Findings

There are now several published randomized studies reporting

the long-term outcomes associated with TDR. As such, we

conducted a meta-analysis of randomized studies to determine

the impact of TDR compared with fusion on clinical and safety

outcomes for the treatment of chronic lower back pain due to

lumbar DDD at 5-year follow-up. Overall, the results demon-

strated several statistically significant clinical benefits with

TDR than fusion.

In our analysis, patients who had failed conservative care

and then had surgery had a significantly greater likelihood of

ODI success at 5 years. Furthermore, ODI success remained

robust against sensitivity analyses but were sensitive to differ-

ent outcome definitions. Previous meta-analyses comparing

ODI outcomes between TDR and fusion also demonstrated

superior clinical benefits with TDR.19-22,33,34

Long-term improvement in back pain scores were similar

between TDR and fusion in our analysis, with significant

improvements from baseline maintained from mid- to long-

term follow-up in both treatment groups.23,25,35

Patients in our meta-analysis that underwent TDR were sig-

nificantly more likely to be satisfied with their procedure at

5 years. Results for patient satisfaction were sensitive to dif-

ferent outcome definitions but were robust to other factors

tested. Similar findings from previous meta-analyses support

the benefits of patient satisfaction with TDR.19-22,33,34

In the original 2-year studies, the results for reoperations

showed no difference between TDR and fusion.19-22,33,34 In

contrast, a recent systematic review and meta-analysis compar-

ing safety outcomes of overall AEs and reoperations between

TDR and fusion at 2- and 5-year follow-up demonstrated that

TDR had a significantly lower risk of AEs and reoperations

than fusion at 2 years.27 The lower risk for these outcomes

continued to trend in favor of TDR at 5 years. Our study, which

incorporated more recent data from additional studies,23,25

demonstrated a significantly lower risk of reoperation with

TDR than with fusion at 5 years. These long-term findings are

corroborated by another qualitative systematic review that

reported a lower range for reoperation rates with TDR (3.7%
to 11.4%) than with fusion (5.4% to 26.1%),11 as well as by

several long-term observational prospective studies.9,10,13,36,37T
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Other safety considerations such as device-related SAEs are

also important for surgical interventions for lumbar DDD.

Recent trials comparing different TDR devices at 2- and

5-year follow-up have reported device-related SAEs of 5.8%
to 18.9% and 8.8% to 9.5%, respectively.38-40 While we were

unable to pool results across included studies because of dif-

ferences in reporting, all trials reported better safety outcomes

with TDR than with fusion. Particularly, in 2 included studies,

adjacent segment degeneration was lower at 5 years with TDR

(1.1% to 9%) than with fusion (4.7% to 14%).24,25 Post hoc

analysis of prospectively collected radiographic data from the

ProDisc study showed significantly fewer adjacent-level

degenerative changes with TDR (9.2%) than with fusion

(28.6%; P¼ .004).12 Similarly, a systematic review of prospec-

tive single-arm studies with follow-up of 3 to 22 years demon-

strated a significantly lower prevalence of adjacent segment

degeneration with TDR than with fusion (9% vs 34%; P <

.0001).41 Over the long term (ie, �5-year follow-up), several

studies have demonstrated significantly lower SAEs, low rates

of overall complications, and very low prevalence of device

migration and/or subsidence with TDR.24,25,27,36,37,42-44

When compared with conservative treatment such as reha-

bilitation, exercise, activity restriction, and pharmacological

pain management, TDR has demonstrated comparable or

superior outcomes.14,45-47 Failure of conservative treatment to

improve outcomes of chronic low back pain has been attributed

to low adherence to clinical practice guideline

recommendations,48 but this reflects real-world experience in

both the variability of quality and overall availability of con-

servative care. Importantly, even in those patients who have

received conservative treatment, chronic low back pain and

associated functional limitations often persist or worsen, sub-

stantiating the need for alternative treatment options that are

accessible for these patients.49

Strengths and Limitations of Study

This meta-analysis has several strengths. First, this is the only

meta-analysis to examine the long-term efficacy of TDR as a

class compared with fusion for lumbar DDD. Second, the anal-

ysis included only those studies with high-quality study designs

(ie, randomized trials). Third, a comprehensive review of the

literature was conducted that not only identified those rando-

mized studies included in a previous meta-analysis but also

those that were not included or have been published since.

Fourth, previously unpublished long-term data comparing TDR

with fusion from the Maverick IDE (investigational device

exemption) trial were included in this analysis, substantially

improving the power of the analysis. Results for outcomes from

the Maverick IDE trial at 5-year follow-up continue to demon-

strate the benefits of TDR over fusion in participants with

single-level lumbar DDD (see Table 3). And fifth, detailed

assessment of study quality and heterogeneity reported little

Table 2. Description of Complications and Causes of Reoperation.

Study

Complication Rate, n/N (%)

Description of Complications

Causes of Reoperationa

Fusion TDR Fusion TDR

Gornet
2010

12/172 (7.0%) 4/405 (1.0%) Serious device or device/procedure-related adverse event Not reported Not reported

Guyer
2009

0% 0% Major complications, defined as major vessel injury
resulting in >1500 cc blood loss, neurological damage,
nerve root injury, death

Nonunion Symptomatic
spondylolisthesis

Pseudoarthrosis Device subsidence with
low back pain

Facet joint
arthrodesis

Facet degeneration

Undefined
persistent
back pain

Early postoperative
implant displacement
with back pain

Skold
2013

9/72 (12.5%) 13/80 (16.3%) Infection, hematoma, pseudoarthrosis, suspected facet
joint pain, wound hernia, donor site pain, dural tear,
nerve entrapment, meralgia paresthetica, subsidence

Not reported Not reported

Zigler
2012

Overall: 5.1
per patient

Overall: 5.4
per patient

Serious complications: blood loss >1500 cc, dural tears,
retrograde ejaculation, posterior wound infections,
deep venous thrombosis, death

Unresolved pain Device migration

Serious: 0.58
per patient

Serious: 0.38
per patient

Technical error

Unresolved pain

Abbreviation: TDR, total disc replacement.
aCauses for reoperation were for device failures resulting in subsequent surgical interventions of reoperation, revision, removal, or supplemental fixation. For the
TDR arm, Guyer 2009 reported causes of reoperation for supplemental fixation only.
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variation between studies, which was supported by the majority

of sensitivity analyses.

A challenge of long-term lumbar TDR studies is loss of

participants to follow-up. Included studies varied in the pro-

portion of participants lost to follow-up at 5 years, ranging from

1% to 43%. Despite the risk high participant loss poses to a

study’s validity,50 results of sensitivity analyses excluding

studies with substantial loss to follow-up (ie, >30%) were sim-

ilar to those of the primary analysis. Because few randomized

controlled trials comparing TDR with fusion have reported

long-term data, we opted for an inclusive approach to each

outcome definition. Sensitivity analyses conducted to account

for differences in the definitions and measures used for ODI

success, back pain, and patient satisfaction consistently favored

TDR over fusion despite the loss of statistical significance for

some outcomes. Similarly, the analysis could not control for

heterogeneity, a typical issue when addressing surgical out-

comes. Nuances such as surgical technique and postoperative

compliance could not be addressed by our study design. How-

ever, given the magnitude of centers involved in the 4 rando-

mized controlled trials incorporated in this analysis, it seems

reasonable that many variations in technique are accounted for.

The analysis incorporated the most recent literature available,

but data from newer TDR devices such as the activL Artificial

Disc was not included, since findings at 5 years have yet to be

reported.38 Two-year follow-up results from the activL IDET
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Figure 2. Risk of bias assessment for included trials.
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Figure 3. Forest plot of pooled results comparing TDR with fusion for ODI success.

Figure 4. Forest plot of pooled results comparing TDR with fusion for back pain score.

Figure 5. Forest plot of pooled results comparing TDR with fusion for reoperations.

Figure 6. Forest plot of pooled results comparing TDR with fusion for patient satisfaction.
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study aligned with the findings of the current analysis. Analy-

ses including the long-term data for activL are expected to

demonstrate similar or better findings favoring TDR than those

shown in the current 5-year meta-analysis.51

Implications on Clinical Practice

The long-term findings of this study have important implica-

tions on the health care and economic burden of patients with

symptomatic lumbar DDD. In the short term, TDR signifi-

cantly reduces operating time and length of hospital stay,52,53

in addition to having a significantly lower rate of reoperation

than fusion as reported in this analysis. It is expected that use of

these long-term data in economic analyses will demonstrate a

benefit with TDR when compared with current care.

Overall, our study demonstrates that TDR achieves clinical

results at 5 years that are at least as good as or better than fusion

in patients who suffer from single-level lumbar DDD and have

failed conservative care. There is clearly a role for surgery in

this patient population. Furthermore, TDR may reduce the need

for future adjacent-level surgery after primary surgery by

reducing the occurrence of radiographic adjacent-level disease

at 5 years,12 a generally accepted precursor of the future need

for additional adjacent-level surgery. With more than 119 000

TDR implants worldwide over the past 30 years, major univer-

sal issues of wear, breakage, breakdown, and other complica-

tions would certainly be common knowledge at this point, yet

they are only rarely reported.54

Conclusions

Total disc replacement is an effective treatment compared with

spinal fusion in lumbar DDD. It offers several clinical advan-

tages that can benefit the patient, without the addition of safety

consequences. The evidenced longer-term durability of lumbar

disc replacement coupled with patients’ relief of symptoms and

motion preservation makes TDR a desirable treatment alterna-

tive to spinal fusion.
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