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ABSTRACT
Background: This study compared 7-year safety and efficacy outcomes of activL and ProDisc-L lumbar total disc
replacements in patients with symptomatic, single-level lumbar degenerative disc disease (DDD). The objectives are to
report 7-year outcomes of the trial, evaluate the outcomes for patients lost to follow-up, and determine whether early
outcomes predict long-term outcomes.
Methods: This was a prospective, multicenter, randomized, controlled investigational device exemption study.
Eligible patients with symptomatic, single-level lumbar DDD had failed 6 months of nonsurgical management.
Patients (N ¼ 283) were randomized to receive activL (n ¼ 218) or ProDisc-L (n ¼ 65). At 7 years, data were available
from 206 patients (activL, 160; ProDisc-L, 46). Logistic regression models were fit to predict 7-year outcomes for
patients lost to follow-up after 2 years.
Results: At 7 years, the activL group was noninferior to the ProDisc-L group on the primary composite endpoint
(P ¼ .0369). Both groups showed significant reductions in back/leg pain severity and improvements in disability index
and quality-of-life relative to baseline (P , .0001). In both groups, opioid use was significantly reduced at 7 years (0%)
relative to baseline (P , .01), and the overall reoperation rates were low (4.6%). activL patients showed a significantly
better range of motion (ROM) for flexion-extension rotation than ProDisc-L patients (P ¼ .0334). A significantly higher
proportion of activL patients did not report serious adverse events (activL, 62%; ProDisc-L, 43%; P ¼ .011). Predictive
modeling indicated that .70% of patients (depending on outcome) lost to follow-up after 2 years would show clinically
significant improvement at 7 years if improvements were achieved at 2 years.
Conclusions: The benefits of activL and ProDisc-L are maintained after 7 years, with significant improvements
from baseline observed in pain, function, and opioid use. activL is more effective at preserving ROM than ProDisc-L
and has a more favorable safety profile. Improvements in other primary and secondary outcomes were similar between
both disc designs.
Level of Evidence: 1.
Lumbar Spine
Keywords: activL, artificial disc, back pain, degenerative disc disease, motion preservation, total disc replacement

INTRODUCTION
Symptomatic lumbar degenerative disc disease
(DDD) is a major cause of back pain, missed work
days, and healthcare utilization.1,2 Historically,
there has been controversy to support interventional
procedures to treat symptomatic DDD. Clinical
studies show that when reasonable nonsurgical
therapies have been exhausted, lumbar total disc
replacement (TDR) is an excellent treatment option
in appropriately selected patients.3–13 These scien-

tiﬁcally robust, high-level studies report equivalent
or improved results for lumbar TDR compared with
fusion across various outcomes.3–13 Lumbar TDR
has also been shown to be superior to nonsurgical
treatment during long-term follow-up.14
Long-term studies have also demonstrated that
the likelihood of secondary surgery at adjacent spine
segments is higher among patients who undergo
fusion than among those who undergo lumbar
TDR.4,15–22 A recent study showed no signiﬁcant
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difference in adjacent segment degeneration rates at
8 years between patients who underwent lumbar
TDR (42%) and those who continued with nonsurgical treatment (40%).23 These data suggest that the
progression of adjacent segment degeneration is
part of the natural history of DDD but may be
accelerated by lumbar fusion. Consistent with
clinical evidence, biomechanical data demonstrate
that the loss of motion caused by spinal fusion
transfers stresses to adjacent spinal regions and
causes accelerated degeneration.24,25
The activL US Food and Drug Administration
(FDA) investigational device exemption (IDE)
randomized study compared a newer generation
TDR (ie, activL artiﬁcial disc) to an arthroplasty
control group (primarily ProDisc-L) instead of
fusion.8 The current study represents a longer-term
follow-up of the initial IDE trial. The purposes of
this study are to (1) report 7-year outcomes of the
trial comparing activL and ProDisc-L for the
treatment of symptomatic single-level DDD, (2)
evaluate the characteristics and outcomes for
patient lost to follow-up, and (3) determine whether
early outcomes predict long-term outcomes.

METHODS
This prospective, multicenter, randomized controlled IDE trial (NCT00589797)8 was approved by
the FDA and institutional review board at each site.
In 14 sites, eligible patients reported lumbar pain
and back dysfunction due to a radiographically
conﬁrmed diagnosis of DDD at a single symptomatic level (L4-L5 or L5-S1) following 6 months of
nonsurgical management. Appendix 1 describes
inclusion and exclusion criteria. Patients provided
written informed consent for the study.8
Between January 2007 and December 2009,
patients were randomly allocated (2 : 1) to activL
or a control disc by permuted block randomization.
Sealed envelopes were delivered, which were opened
at the time of ﬁrst incision. Patients were blinded to
treatment assignment. Surgeons were blinded to
allocation at enrollment, and treatment was assigned at the time of surgery. In patients randomized to the control group, choice of ProDisc-L or
Charité was at the investigator’s discretion based on
preference and experience. Descriptions of the
activL, ProDisc-L, and Charité TDRs are previously reported.3,8,26,27 This 7-year analysis focuses on
activL and ProDisc-L as Charité is not commer-

cially available. Results, including the full control
group, are presented in Appendix 2.
The primary endpoint for this IDE trial was
composite treatment success at 2 years, which
required patients to meet several criteria involving
the Oswestry Disability Index (ODI), neurological
status, range of motion (ROM), freedom from
secondary surgery, and serious device-related adverse events. Details of the speciﬁc criteria for this
endpoint are described elsewhere.8 Secondary outcomes included back and leg pain severity on a 0 to
100 visual analog scale (VAS; pain was measured at
rest, and patients were considered responders if they
achieved 20 mm VAS improvement versus baseline; for leg pain severity, no worsening in the other
leg was permitted), ODI, quality-of-life assessed
with the 36-item short form survey (SF-36), patient
satisfaction, return to work, opioid usage, ROM,
radiographic evaluations of device status, adverse
events, and reoperations (deﬁned as any surgical
procedure at the level of the original implant that
does not include removal, modiﬁcation, or addition
of any components of the system). A serious adverse
event (SAE) was deﬁned as any event that was fatal,
life-threatening, required prolonged hospitalization,
resulted in permanent anatomic or physiological
impairment, caused a malignant tumor, or resulted
in distress, congenital anomaly, or death of a fetus.
Serious device-related adverse events were those
SAEs attributable to TDR; new back or leg pain
and/or worsening of existing back or leg pain fell
under this category irrespective of whether or not
the event involved hospitalization.
Patients returned for follow-up visits at 6 weeks, 3
months, 6 months, and annually thereafter for 7
years. A physical examination, neurological assessment, and 6-view x-rays were performed at followup visits.
Additional study design details are reported
elsewhere.8
Statistical Methods
Continuous data are reported as mean 6
standard deviation or median (min-max) depending
on normality assumptions. Categorical data are
reported as frequencies and percentages. The
Farrington-Manning noninferior test with a margin
of 10% tested for noninferiority between the activL
and ProDisc-L groups in the primary endpoint.
Comparisons of continuous data were made using a
two-sample t test, while comparisons of categorical
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data were performed using the Fisher exact testing.
Time to event data were analyzed using KaplanMeier methods with a log-rank test for group
differences. Statistical signiﬁcance was set at P ,
.05. Multiple imputation accounted for missing
data.
The relationship between results at 7 years and
previous scheduled visits was assessed to understand
if short-term results predict long-term results. Only
patients with complete data through 7 years were
analyzed in logistic regression analyses; therefore,
complete case methods, rather than multiple imputation, were used here. Outcomes were analyzed
dichotomously as ‘‘clinically signiﬁcant improvement’’ (CSI) relative to baseline, where CSI was
deﬁned as maintenance or improvement for radiographic measures, 15 points reduction for function
(ODI), 20 mm reduction for pain, and 15%
increase for quality of life. Odds ratios (ORs)
informed the association between CSI status at 2
and 7 years. The McFadden pseudo-R 2 and
Hosmer-Lemeshow test assessed goodness of ﬁt
and predictive power of logistic regression models,28
which were used to predict 7-year outcomes for
patients lost to follow-up after 2 years. Outcomes
were also analyzed as continuous values using
correlation coefﬁcients between different study time
points.

RESULTS
Between January 2007 and December 2009, 283
patients were treated with the activL (n ¼ 218) or
ProDisc-L (n ¼ 65). Approximately 73% (206/283)
of patients returned for the 7-year follow-up visit
(Figure 1). Charité-treated patients are not discussed here but are presented in appendices as part
of the full control group (Appendices 1 and 3).
Baseline variables were generally well matched
between groups, with the exception of hepatic/
biliary conditions (Table 1). Mean age at time of
surgery was 40 years, and 49.5% of patients were
female. The total number of patients with L5-S1 or
L4-L5 disease was 150 and 56, for the activL or
ProDisc-L groups, respectively. Baseline characteristics were also similar between patients that
remained at 7 years and those lost to follow-up
except for SF-36, instability, and lateral rotation
(Table 2). See radiographs of TDR implants (Figure
2).
The ODI scores decreased from 57 at baseline to
16 at 7 years with the activL patients and from 59 to

22 with ProDisc-L patients (P , .0001 for change
from baseline) (Figure 3). For the activL patients,
mean VAS back and leg pain scores decreased from
79 mm to 17 mm and from 43 mm to 13 mm,
respectively (P , .0001 for change from baseline)
(Figure 4). Similar results were observed for
ProDisc-L patients (VAS back score, 78 mm to 17
mm; leg score, 41 mm to 16 mm; change from
baseline, P , .0001). There were no statistically
signiﬁcant differences between the activL and
ProDisc-L at any time point in ODI or VAS.
There were also signiﬁcant improvements from
baseline in SF-36 scores in both groups at 7 years
(Figure 5). The mean Physical Component Summary improved by 13.1 points and 11.4 points, for the
activL and ProDisc-L patients, respectively (P ,
.0001). Moreover, the mean Mental Component
Summary also signiﬁcantly improved compared
with baseline (P , .0001) (activL, 17.2 points;
ProDisc-L, 18.3 points). There were no statistically
signiﬁcant differences between activL and ProDiscL.
Overall, there was a trend toward a higher
proportion of the activL patients willing to have
surgery again (activL, 97.2%; ProDisc-L, 91.9%; P
¼ .0749) and having felt that treatment was effective
in eliminating symptoms than ProDisc-L patients
(activL, 90.6%; ProDisc-L, 82.3%; P ¼ .1072). Also,
a higher proportion of the activL than ProDisc-L
patients reported being satisﬁed with treatment, but
results were not statistically signiﬁcant (activL,
95.3%; ProDisc-L, 93.5%; P ¼ .526). The activL
patients also had a reduced median return to work
time (67 days (activL) versus 74 days (ProDisc-L);
log-rank ¼ 0.34); however, these results were also
not statistically signiﬁcant (Figure 6).
At 7-year follow-up, the composite treatment
success rate was not signiﬁcantly different between
groups (activL, 30.7%; ProDisc-L, 29.2%; P ¼
.8787). The activL was signiﬁcantly noninferior
compared with the ProDisc-L group (P ¼ .0369).
The activL patients were associated with significantly greater ﬂexion-extension rotation than ProDisc-L patients after 7 years (Table 3), and
radiographic variables were not signiﬁcantly different between groups at baseline (Table 1). At 7 years,
0% of the activL patients were classiﬁed as having
clinically signiﬁcant class IV heterotopic ossiﬁcation; this was numerically lower than the proportion
observed with ProDisc-L (3.1% [2/65], P ¼ .0521).
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Figure 1. CONSORT flow diagram, activL versus ProDisc-L.

In total, there were 227 SAEs reported through 7
years (activL, 163; ProDisc-L, 64) (Table 4). Of the
227 SAEs, 17% (39/227) were classiﬁed as device
related, and the most common type of devicerelated SAE was pain in the lumbar spine and/or
lower extremities (24/39, 61.5%). The activL patients had a signiﬁcantly lower risk of SAEs than
ProDisc-L patients through 7 years; freedom from
SAEs was 61.5% with activL and 43.1% with
ProDisc-L (P ¼ .011) (Figure 7). The trial also

demonstrated a very low reoperation rate, as over
95% (270/283) of the activL and ProDisc-L patients
were reoperation-free through 7 years (P . .05
between groups).
At baseline, 64.7% of the activL and 63.1% of
ProDisc-L patients were using opioids. Utilization
was signiﬁcantly reduced at 1 through 7 years for
both the activL and ProDisc-L patients compared
with baseline (P , .01), and there were no patients
using opioids after 6 or 7 years (Figure 8).
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Table 1. Baseline characteristics for patients at randomization and patients remaining at 7 years.

At Randomization (ITT)
Characteristic

activL (n ¼ 218)

Demographics
Age, mean (SD), y
39
Male proportion, % (no./total)
53
27
BMI, mean (SD), kg/m2
Medical history, % (no./total)
Current opioid use
84
Musculoskeletal/connective tissue
43
Smoking history
39
Gastrointestinal
31
Cardiovascular
31
Neurologic
25
Previous lumbar surgery
24
Cervical pain
19
Pulmonary
17
Endocrine/metabolic
10
Renal
9
Hepatic/biliary
6
Symptoms, mean (SD)
ODI
57
Back pain severity
79
Health-related quality of life, mean (SD)
SF-36 PCS
30
SF-36 MCS
39
Radiographic characteristics, % (no./total)
Herniated
70
Facet joint degeneration
24
Facet joint osteophytes
20
LF, AF, or facet joint, hypertrophy 18
Instability
7
Vacuum phenomenon
6
Range of motion, median (min-max)
Rotation (FE), 8
5.6
Translation (FE), mm
0.3
Rotation (lateral), 8
0.5

ProDisc-L (n ¼ 65)

Patients Remaining at 7 Years
a

P Value

activL (n ¼ 160)

ProDisc-L (n ¼ 46)

P Valuea

(9)
(116/218)
(4)

41 (8)
51 (33/65)
27 (5)

.1455
.7779
.4664

40 (9)
52 (83/160)
27 (4)

41 (9)
46 (21/46)
27 (5)

(184/218)
(93/218)
(84/218)
(67/218)
(67/218)
(55/218)
(52/218)
(42/218)
(37/218)
(22/218)
(20/218)
(14/218)

89
42
26
28
29
31
28
20
11
14
14
14

.4234
.8874
.3989
.7581
.8787
.4237
.5172
.8603
.2496
.3745
.3498
.0693

82
39
19
31
32
24
22
17
19
9
11
5

91
43
20
30
26
28
24
20
11
15
13
15

(14)
(15)

57 (13)
78 (13)

.9459
.5227

57 (14)
79 (15)

56 (11)
78 (12)

.7061
.5922

(6)
(14)

28 (6)
41 (14)

.0527
.2721

29 (6)
41 (13)

28 (6)
42 (13)

.0728
.4941

(152/218)
(52/218)
(44/218)
(40/218)
(16/218)
(13/218)

72
31
11
25
15
11

.7583
.2609
.0985
.2886
.0829
.1798

70
22
18
21
10
5

74
26
11
26
17
11

.7137
.6926
.3643
.4245
.1931
.1703

.2022
.8631
.3229

5.6 (1.4 to 21.3)
0.3 (0.4 to 3.8)
0.3 (2.1 to 12.5)

(1.4 to 26.9)
(0.4 to 3.8)
(2.3 to 12.5)

(58/65)
(27/65)
(17/65)
(18/65)
(19/65)
(20/65)
(18/65)
(13/65)
(7/65)
(9/65)
(9/65)
(9/65)

(47/65)
(20/65)
(7/65)
(16/65)
(10/65)
(7/65)

4.55 (0.7 to 18.5)
0.4 (1.4 to 1.6)
0.4 (3 to 8.5)

(132/160)
(63/160)
(31/160)
(50/160)
(51/160)
(39/160)
(36/160)
(27/160)
(31/160)
(14/160)
(17/160)
(8/160)

(112/160)
(36/160)
(28/160)
(33/160)
(16/160)
(8/160)

(42/46)
(20/46)
(9/46)
(14/46)
(12/46)
(13/46)
(11/46)
(9/46)
(5/46)
(7/46)
(6/46)
(7/46)

(34/46)
(12/46)
(5/46)
(12/46)
(8/46)
(5/46)

4.3 (0.4 to 18.5)
0.4 (1.4 to 1.4)
0.4 (3 to 3.3)

.2966
.5054
.912
.1718
.614
1
1
.5862
.5704
.8436
.6636
.2696
.2658
.6043
.0464

.1811
.9901
.1003

Abbreviations: AF, annulus fibrosus; BMI, body mass index; FE, flexion-extension; ITT, intention to treat; LF, ligamentum flavum; MCS, mental component summary;
ODI, Oswestry Disability Index; PCS, physical component summary; SD, standard deviation; SF-36, 36-item short form survey.
a
The Fisher exact test for categorical measures and two-sample t test for continuous measures.

Patients were more likely to experience improvements at 7 years if they experienced improvement at
earlier visits. The percentage of patients achieving
CSI at 7 years was signiﬁcantly higher for patients
that had CSI at 2 years for pain, function, quality of
life, and radiographic outcomes. For ODI, 93%
(124/133) of patients with CSI at 2 years also had
CSI at 7 years, while only 43% (6/14) of patients
without CSI at 2 years achieved CSI at 7 years; the
estimated OR of 18.37 (95% conﬁdence interval
[CI], 5.25 to 64.52) indicated a strong association
between 2- and 7-year CSI. Similar results were
observed for other outcomes, such as ﬂexionextension rotation (OR, 9; 95% CI, 4 to 21), VAS
leg score (OR, 58; 95% CI, 21 to 161), and SF-36
mental component summary (OR, 44; 95% CI, 17
to 116) (Table 5 and Figure 9).
As baseline characteristics of patients who
remained at 7 years were similar to those lost to
follow-up, the logistic regression analyses were used

to predict long-term outcomes in those who
dropped out. Of the 27% of patients lost to
follow-up, 51% to 100% of these patients achieved
CSI at 2 years, depending on outcome. Regression
analyses predicted that most of these patients
(.70% across outcomes) would have achieved CSI
at 7 years. For instance, 72.7% (42/58) of patients
lost to follow-up were expected to have achieved
CSI for ﬂexion-extension rotation at 7 years, 93.2%
(70/75) for ODI score, and 88.4% (42/47) for VAS
leg pain score.
Nearly all logistic regression models ﬁtted had
reasonably high McFadden pseudo-R2 values.
Depending on the outcome, the R2 values ranged
from .17 to .47, indicating that the models had
strong predictive power. The Hosmer-Lemeshow
test showed no evidence of poor ﬁt, as the P values
were greater than .05 (Table 5).
Similar results were found with analysis of
continuous outcomes. Correlations between 7-year
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Table 2. Baseline characteristics for patients remaining at 7 years and those lost to follow-up.

Patients Remaining
at 7 Years (n ¼ 206)

Characteristic
Demographics
Age, mean (SD), y
Male proportion, % (no./total)
BMI, mean (SD), kg/m2
Medical history, % (no./total)
Current opioid use
Musculoskeletal/connective tissue
Smoking history
Gastrointestinal
Cardiovascular
Neurologic
Previous lumbar surgery
Cervical pain
Pulmonary
Endocrine/metabolic
Renal
Hepatic/biliary
Symptoms, mean (SD)
ODI
Back pain severity
Health-related quality of life, mean (SD)
SF-36 PCS
SF-36 MCS
Radiographic characteristics, % (no./total)
Herniated
Facet joint degeneration
Facet joint osteophytes
LF, AF, or facet joint hypertrophy
Instability
Vacuum phenomenon
Range of motion, median (min-max)
Rotation (FE), 8
Translation (FE), mm
Rotation (lateral), 8

Patients Lost to Follow-Up
at 7 Years (n ¼ 77)

40 (9)
50 (104/206)
27 (4)

38 (7)
58 (45/77)
27 (4)

84
40
19
31
31
25
23
17
17
10
11
7

88
48
30
27
30
30
30
25
10
13
8
10

(174/206)
(83/206)
(40/206)
(64/206)
(63/206)
(52/206)
(47/206)
(36/206)
(36/206)
(21/206)
(23/206)
(15/206)

(68/77)
(37/77)
(23/77)
(21/77)
(23/77)
(23/77)
(23/77)
(19/77)
(8/77)
(10/77)
(6/77)
(8/77)

P Valuea
.0685
.2846
.5824
.455
.2799
.0768
.5636
1
.4514
.2204
.1802
.1962
.5239
.5115
.4633

57 (14)
79 (15)

58 (14)
79 (14)

.7375
.9911

29 (6)
41 (13)

31 (6)
35 (15)

.0422
.0024

71
23
16
22
12
6

69
31
23
14
3
9

.7708
.2195
.1661
.1816
.0194
.4382

(146/206)
(48/206)
(33/206)
(45/206)
(24/206)
(13/206)

5.15 (1.4 to 21.3)
0.3 (1.4 to 3.8)
0.35 (3 to 12.5)

(53/77)
(24/77)
(18/77)
(11/77)
(2/77)
(7/77)

5.65 (0.8 to 26.9)
0.4 (0.4 to 3.1)
0.7 (2.3 to 8.9)

.4491
.1438
.0473

Abbreviations: AF, annulus fibrosus; BMI, body mass index; FE, flexion-extension; LF, ligamentum flavum; MCS, mental component summary; ODI, Oswestry
Disability Index; PCS, physical component summary; SD, standard deviation; SF-36, 36-item short form survey.
a
The Fisher exact test for categorical measures and two-sample t test for continuous measures.

outcomes and previously scheduled visits were
signiﬁcantly positive, and magnitude of correlations
increased as the trial progressed.

DISCUSSION
The activL artiﬁcial disc was approved by the
FDA in 2015 based on positive 2-year outcomes,
with a high follow-up rate of 83% and 80% for the
activL and control groups, respectively. Peerreviewed reports of both 2- and 5-year outcomes
have been published, which show maintenance of
signiﬁcant improvements from baseline for many
outcomes.8,9
The long-term follow-up results of this IDE trial
demonstrated that statistically signiﬁcantly improved VAS and ODI, observed within weeks of
surgical intervention, were maintained to 7 years.
Reoperation rates for both activL and ProDisc-L
patients remained low. Importantly, there was no
observed increase in SAEs between years 5 and 7,

and the great majority of SAEs were not device
related. Freedom from SAEs was observed to be
higher with activL than with ProDisc-L, primarily
due to a lower number of leg and back pain devicerelated SAEs. This result correlates with efﬁcacy
outcomes, where the VAS was also observed to be
numerically (but not statistically) lower for activL
patients throughout the study. Given that VAS
scores were collected annually and SAEs were
collected at any time, it makes clinical sense that
these 2 outcomes are not entirely correlated. For
example, after reporting SAEs, patients may take
pain medication, which can impact VAS score at the
following scheduled visit.
A very important ﬁnding from this study was that
opioid use in this chronic low back pain population
was reduced to 0% after 7 years from a preoperative
rate of 65%. To help interpret these ﬁndings, the
impacts of recent opioid preventative measures are
worthy of consideration. The patients in this study
were randomized between 2007 and 2009, with
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Figure 2. Radiographs of total disc replacement implants. (A) Anteroposterior view of activL, (B) lateral view of activL, (C) anteroposterior view of ProDisc-L, and (D)
lateral view of ProDisc-L.
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Figure 3. Oswestry Disability Index (ODI) through 7 years after treatment for activL versus ProDisc-L artificial discs. Multiple imputation was used for missing patient
data. Values are presented as mean 6 95% confidence interval.

Figure 4. Visual analog scale (VAS) back and leg score through 7 years after treatment for activL versus ProDisc-L artificial discs. Multiple imputation was used for
missing patient data. Values are presented as mean 6 95% confidence interval.
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Figure 5. Thirty-six-item short form survey (SF-36), Mental Component Summary (MCS), and Physical Component Summary (PCS) data through 7 years after
treatment for activL versus ProDisc-L artificial discs. Multiple imputation was used for missing patient data. Values are presented as mean 6 95% confidence interval.

follow-up occurring over the past decade, which is
similar timing to the latest phase of the opioid crisis
and its peak in morbidity and mortality.29–31 A
study that evaluated the average opioid prescription
rate between 2009 and 2010 reported that 58.9% of
patients diagnosed with back pain had been
prescribed opioids, which suggests that opioid use
was higher in our trial population at study initiation
than the average population with backpain.32
Further, three observational studies that evaluated
opioid use in patients that have undergone lumbar
fusion for DDD during similar timeframes as our
trial enrollment period, with follow-up periods
between 1 and 6 years, reported the rate of
postoperative opioid use ranging from 27% to
Table 3.
discs.a

Radiographic findings at 7 years for activL versus ProDisc-L artificial

Radiographic Measure
FE rotation, mean (SD), 8
FE translation, mean (SD), mm
Heterotopic ossification, % of
class IV (no./total)
Heterotopic ossification, % of
class III or IV (no./total)

activL

ProDisc-L P Valueb

5.3 (4.5)
0.7 (0.8)
0 (0/218)

4.1 (3.7)
0.7 (0.7)
3.1 (2/65)

.0334
.6259
.0521

3.2 (7/218)

4.6 (3/65)

.7011

Abbreviations: FE, flexion extension; SD, standard deviation.
a
Multiple imputation was used for missing patient data.
b
The Fisher exact test for categorical measures and two-sample t test for
continuous measures.

Table 4. Serious adverse events through 7 years for activL versus ProDisc-L
artificial discs.

Number of Events
AE Category
Cancer
Cardiac and vascular
Device deficiency
Endocrine
Eyes, ears, nose,
throat
Gastrointestinal
Genitourinary
Hepatobiliary
Immunological
Metabolic, blood,
electrolytes
Musculoskeletal,
lumbar
Musculoskeletal,
nonlumbar
Neurological,
lumbar and lower
extremities
Neurological,
nonlumbar and
lower extremities
Pain, lumbar and
lower extremities
Psycho/social
Respiratory
Trauma
Wound issue

Number (%a) of Patients

activL ProDisc-L activL ProDisc-L P Valuea
1
15
5
6
1

8
2
2
0
1

1
13
5
6
1

(0.5)
(6)
(2.3)
(2.8)
(0.5)

6
2
2
0
1

(9.2)
(3.1)
(3.1)
(0)
(1.5)

.0007
.5326
.6623
.3420
.4072

32
20
4
4
2

4
8
4
2
1

13
18
4
4
2

(6)
(8.3)
(1.8)
(1.8)
(0.9)

4
8
4
2
1

(6.2)
(12.3)
(6.2)
(3.1)
(1.5)

1.0000
.3315
.0846
.6235
.5444

8

1

8 (3.7)

1 (1.5)

.6895

23

8

19 (8.7)

8 (12.3)

.4695

8

0

7 (3.2)

0 (0)

.3578

3

4

3 (1.4)

4 (6.2)

.0511

18

7

17 (7.8)

7 (10.8)

.4514

6
1
1
5

5
4
0
3

6
1
1
5

(2.8)
(0.5)
(0.5)
(2.3)

5
4
0
2

(7.7)
(6.2)
(0)
(3.1)

.1339
.0107
1.0000
.6623

Abbreviation: AE, adverse events.
a
The Fisher exact test was used to compare the proportions of patients between
groups.
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Figure 6. Time to return to work through 7 years for activL versus ProDisc-L artificial discs. Kaplan-Meier estimate is 82% with activL and 74% with ProDisc-L. Logrank P value ¼ .34.

57%.33–35 Given these literature ﬁndings, as well as
the positive results in pain outcome measures from
our trial, we conclude that the reduction in opioid
use in our study can be reasonably attributed to the
lumbar TDR surgical intervention.
Clinically, both activL and ProDisc-L showed
similar results for several efﬁcacy outcomes. Radiographically, the activL continued to show statistically signiﬁcant improvements compared with
ProDisc-L in ﬂexion-extension rotation. Better
ROM using activL may be explained by the ability
of the polyethylene core to translate 2 mm in
ﬂexion-extension, thus self-adjusting the implant’s
center of rotation. Another possible explanation is
the availability in the activL of an 8.5 mm height.
Heterotopic ossiﬁcation (class IV) occurred less
frequently with the activL with borderline statistical
signiﬁcance, possibly also contributing to improved
ROM. More natural motion and proper sizing are

intended to reduce mechanical stress at both the
facet joints and on the adjacent levels.36
Our analysis shows that TDR patients were more
likely to experience improvements across outcomes
at 7 years if they had improvements at earlier
timepoints. Predictive analytics also demonstrated
that patients who had CSI at 2 years, but were lost
to follow-up thereafter, were highly likely to
maintain such improvements at 7 years. We
conclude that had follow-up rates been higher in
this study, we would expect similar efﬁcacy and
safety outcomes to those reported with the current
analysis. Short-term data can be a predictor of later
outcomes, allaying concerns that there will be a
progressive increase in the need for additional
medical and surgical care services for patients lost
to follow-up.
Ultimately, this study reported a relatively high
follow-up rate of 73% after 7 years, where loss to
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Figure 7. Freedom from serious adverse events through 7 years for activL versus ProDisc-L artificial discs. Kaplan-Meier estimate is 61.5% with activL and 43.1%
with ProDisc-L. Log-rank P value ¼ .011.

follow-up was deﬁned as centers having lost contact
with patients. It is noteworthy to mention that
follow-up rates calculated according to FDA
deﬁnitions are slightly different in that loss to
follow-up includes patients who had died of
unrelated causes or had withdrawn earlier in the
study. Another key strength was the use of two
separate statistical methods to address patients lost
to follow-up. First, multiple imputation techniques
were used as a rigorous method to increase the
sample size for outcomes assessment and handle
missing data. Second, logistic regression models
with high goodness-to-ﬁt results assessed the association between early and late outcomes for patients
that had data available and were then used to
predict long-term results for those lost to follow-up
after 2 years. The combination of such statistical
methods gives us high conﬁdence in our long-term
results.

A key limitation of this study is the use of an IDE
population with strict inclusion criteria. As inclusion criteria are broadened in general practice, some
outcome measures may not maintain consistency in
level of improvements. Conversely, the IDE criteria
have clearly identiﬁed patients who should do well
both clinically and radiographically after implantation for up to 7 years.

CONCLUSION
Seven-year outcomes of a multicenter, randomized trial support TDR as a safe and effective
treatment for single-level lumbar DDD in patients
who have failed to improve with nonoperative care.
Patients show an early and signiﬁcant improvement
in pain and impairment following recovery from
surgery, and statistically signiﬁcant improvements
are maintained through 7-year follow-up. activL
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Figure 8. Opioid usage through 7 years after treatment for activL versus ProDisc-L artificial discs. At each follow-up time point postoperation, a significantly lower
proportion of patients with activL and ProDisc-L total disc replacement (TDR) devices used opioids than at baseline (P , .01 at each time point). Multiple imputation
was used for missing patient data.

Table 5. Contingency table from early versus late outcomes predictors analysis for activL versus ProDisc-L artificial discs.a

CSI at 2 Years
No, % (no./total)
CSI at 7 y
FE rotation
No
77.8
Yes
22.2
FE translation
No
Yes
ODI score
No
57.1
Yes
42.9
VAS back pain
No
33.3
Yes
66.7
VAS leg pain
No
88.3
Yes
11.7
SF-36 MCS
No
87.3
Yes
12.7
SF-36 PCS
No
58.8
Yes
41.2

Yes, % (no./total)

ORb (95% CI)

McFadden Pseudo-R2

Hosmer-Lemeshow P Value

9.33 (4.07 to 21.41)

.1684

.9068

NAc

NAc

NAc

(35/45)
(10/45)

27.3 (27/99)
72.7 (72/99)

0
0

0 (0/144)
100 (144/144)

(8/14)
(6/14)

6.8 (9/133)
93.2 (124/133)

18.37 (5.23 to 64.52)

.1930

(3/9)
(6/9)

6.1 (8/131)
93.9 (123/131)

7.69 (1.62 to 36.57)

.0699

(53/60)
(7/60)

11.6 (10/86)
88.4 (76/86)

57.54 (20.59 to 160.79)

.4738

1

(55/63)
(8/63)

13.6 (11/81)
86.4 (70/81)

43.75 (16.47 to 116.2)

.4345

1

(10/17)
(7/17)

7.9 (10/127)
92.1 (117/127)

16.71 (5.23 to 53.42)

.1981

1

1
.9119

Abbreviations: 95% CI, 95% confidence interval; CSI, clinically significant improvement; FE, flexion extension; MCS, mental component summary; NA, not applicable;
ODI, Oswestry Disability Index; OR, odds ratio; PCS, physical component summary; SF-36, 36-item short form survey; VAS, visual analog scale.
a
Complete case was used for missing patient data.
b
OR derived from logistic regression where CSI status at 2 years was used to predict CSI status at 7 years.
c
Model failed to converge as all patients had CSI at 2 and 7 years; OR . 1 suggests patients that had CSI at 2 years were more likely to achieve CSI at 7 years.
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Figure 9. Percentage of patients who achieved clinically significant improvement (CSI) at 7 years, stratified by their CSI status from predictor analysis for activL
versus ProDisc-L artificial discs. Complete case analysis conducted (no imputations).

was more effective at preserving motion and had a
more favorable safety proﬁle than ProDisc-L,
although other efﬁcacy outcomes were similar
between discs. Encouragingly, opioid medication
use was 0% at 7-year follow-up in these patients.
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APPENDIX 1. ACTIVL
INVESTIGATIONAL DEVICE
EXEMPTION RANDOMIZED TRIAL
INCLUSION AND EXCLUSION
CRITERIA












Key inclusion criteria







Skeletally mature adults aged 18 to 60 years.
Radiographic evidence of lumbar degenerative disc
disease based on identiﬁcation of any of the
following characteristics by magnetic resonance
imaging scan:
* Instability (3 mm translation or 58 angulation).
* Osteophyte formation of facet joints or vertebral
endplates.
* Scarring/thickening of ligamentum ﬂavum, annulus ﬁbrosis, or facet joint capsule.
* Herniated nucleus pulposus.
* Facet joint degeneration.
* Vacuum phenomenon.

Minimum visual analog scale back pain score of 40/
100 mm.
Surgical candidate for an anterior approach to the
lumbar spine.








Previous surgery at any lumbar level, other than
intradiscal electrothermal therapy, percutaneous
nucleoplasty, microdiscectomy, hemilaminectomy,
or laminotomy.
Chronic radiculopathy, deﬁned as unremitting pain
with a predominance of leg pain symptoms greater
than back pain symptoms extending over a period of
at least 1 year.
Anatomically unsuitable for total disc replacement
based on preoperative radiographic assessment.
Myelopathy.
Previous compression or burst fracture at index
level.
Sequestered herniated nucleus pulposus with migration.
Midsagittal stenosis ,8mm (by magnetic resonance
imaging).
Spondylolysis.
Lumbar scoliosis (.118 sagittal plane deformity).
Spinal tumor.
Active systemic infection or infection at the site of
surgery.
Facet ankylosis or severe facet degeneration.
Continuing steroid use or prior use for more than 2
months.
Pregnancy or planning to become pregnant within
the next 2 years.
Morbid obesity (body mass index of .35).
Osteoporosis, osteopenia, or metabolic bone disease.
History of rheumatoid arthritis, lupus, or other
autoimmune disorder.
Ankylosing spondylitis.
Abdominal pathology that would preclude the
abdominal surgical approach.

Single-level symptomatic disease at L4/L5 or L5/S1.
Minimum of 6 months of unsuccessful conservative
treatment.
Minimum Oswestry Disability Index score of 40/
100.
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APPENDIX 2. RESULTS OF ACTIVL
VERSUS CONTROL (PRODISC-L þ
CHARITÉ)
Table A1.

Radiographic findings at 7 years for activL versus control.a

Radiographic Measure

activL

FE rotation, mean (SD), 8
FE translation, mean (SD), mm
Heterotopic ossification, % of
class III or IV (no./total)

Control

5.3 (4.4)
4.6 (3.6)
0.9 (0.9)
0.7 (0.7)
2.8 (6/218) 6.6 (7/106)

P Valueb
.1408
.0896
.1229

Abbreviations: FE, flexion-extension; SD, standard deviation.
a
Multiple imputation was used for missing patient data.
b
Fisher exact test for categorical measures and two-sample t test for continuous
measures.

Table A2. Serious adverse events through 7 years for activL versus control
(ProDisc-L þ Charité).

Number of Patients
(% of Patientsa)

Number of Events
AE Category
Cancer
Cardiac and
vascular
Device deficiency
Endocrine
Eyes, ears, nose,
throat
Gastrointestinal
Genitourinary
Hepatobiliary
Immunological
Metabolic, blood,
electrolytes
Musculoskeletal,
lumbar
Musculoskeletal,
nonlumbar
Neurological,
lumbar and lower
extremities
Neurological,
nonlumbar and
lower extremities
Pain, lumbar and
lower extremities
Psychosocial
Respiratory
Trauma
Wound issue

Control P Value

activL

Control

activL

1
15

10
13

1 (0.5)
13 (6)

8 (12.3)
6 (9.2)

.0000
.3970

5
6
1

3
1
1

5 (2.3)
6 (2.8)
1 (0.5)

3 (4.6)
1 (1.5)
1 (1.5)

.3902
1.000
.4072

32
20
4
4
2

9
11
5
3
1

8

1

23

11

8

0

7 (3.2)

0 (0)

.3578

3

6

3 (1.4)

5 (7.7)

.0175

18

18

6
1
1
5

5
6
0
4

13
18
4
4
2

(6)
8 (12.3)
(8.3) 11 (16.9)
(1.8) 5 (7.7)
(1.8) 3 (4.6)
(0.9) 1 (1.5)

8 (3.7)

1 (1.5)

19 (8.7) 11 (16.9)

17 (7.8) 17 (26.2)
6
1
1
5

(2.8)
(0.5)
(0.5)
(2.3)

5
6
0
3

(7.7)
(9.2)
(0)
(4.6)

.1051
.0601
.0324
.2004
.5444
.6895
.0681

.0003
.1339
.0007
1.000
.3902

Abbreviation: AE, adverse events.
a
The Fisher\ exact test was used to compare the proportions of patients between
groups.
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Figure A1. Oswestry Disability Index (ODI) through 7 years after treatment for activL versus control (ProDisc-L þ Charité). Multiple imputation was used for missing
patient data. Values are presented as mean 6 95% confidence interval.

Figure A2. Visual analog scale (VAS) back and leg score through 7 years after treatment for activL versus control (ProDisc-L þ Charité). Multiple imputation was
used for missing patient data. Values are presented as mean 6 95% confidence interval.
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Figure A3. Thirty-six-item short form survey (SF-36), mental component summary (MCS), and physical component summary (PCS) through 7 years after treatment
for activL versus control (ProDisc-L þ Charité). Multiple imputation was used for missing patient data. Values are presented as mean 6 95% confidence interval.
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Figure A4. Time to return to work through 7 years for activL versus control (ProDisc-L þ Charité). Kaplan-Meier estimate is 82% with activL and 74% with control.
Log-rank P value ¼ .069.
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Figure A5. Freedom from serious adverse events through 7 years for activL versus control (ProDisc-L þ Charité). Kaplan-Meier estimate is 61.5% with activL and
44.3% with control. Log-rank P value ¼ .0024.
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APPENDIX 3. CONSORT FOR ACTIVL VERSUS CONTROL GROUP

Figure A6.

CONSORT 2010 flow diagram.
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