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ABSTRACT

Background: Cervical artificial disc replacement (C-ADR) has become a common and accepted surgical treatment for
many patients with cervical disc degeneration/herniation and radiculopathy who have failed nonoperative treatment. Midterm
follow-up studies of the original investigational device exemption trials comparing C-ADR to traditional anterior cervical
discectomy and fusion (ACDF) have revealed C-ADR patients have less adjacent-level disease and fewer reoperations at 5
to 7 years. The purpose of this study was to examine the relationship of radiographic adjacent-level disease (R-ALD) with
the amount of index-level segmental range of motion (ROM) in C-ADR patients using the long-term follow-up data from the
ProDisc-C investigational device exemption trial.

Methods: This was a post hoc analysis of a 1:1 randomized controlled trial. The initial previously described Food and
Drug Administration—approved 2-year study was extended, and consenting patients in the original study were followed at annual
intervals up to 7 years. Logistic regression was used to assess any progression in adjacent-level disease (ALD). Ordinal logistic
regression was also used to assess the relationship between any progressive R-ALD and final flexion extension (F/E) ROM in
C-ADR patients. Spearman’s rank-order correlation was used when R-ALD was kept as an ordinal variable to assess the same
relationship.

Results: At the last follow-up visit, the rate of progressive R-ALD was significantly higher in ACDF patients than in C-
ADR patients. When C-ADR patients were divided into 3 groups based on final F/E ROM, those with 0° to 3° (n = 19), 4° to 6°
(n=15), and 7° (n = 42) of segmental motion at the index procedure level, the rate of progressive R-ALD trended significantly
with final ROM (P = 0.01).

Conclusions: C-ADR leads to a significant decrease in R-ALD compared to ACDF. The difference in R-ALD is related
to the preservation of motion at the index level and resultant preservation of kinematics and forces across the adjacent disc space.

Level of Evidence: 4.

Total Disc Replacement

Keywords: cervical arthroplasty, adjacent segment degeneration, disc replacement

INTRODUCTION

Cervical artificial disc replacement (C-ADR) has
become a common and accepted surgical treatment for
many patients with cervical disc degeneration/hernia-
tion with radiculopathy who have failed nonoperative
treatment.'™ Rather than stabilizing the decompressed
disc space with a rigid fusion, in C-ADR, the decom-
pression is followed by stabilization via placement of
a mobile bearing device, which allows some degree of
controlled segmental motion to continue.

High rates of both radiographic and clinically signif-
icant adjacent-level degeneration (R-ALD and C-ALD)

have been reported following anterior cervical discec-
tomy and fusion (ACDF).4_8 This may be due to, at least
in part, the increased stresses seen with cervical motion
at the levels adjacent to a disc made rigid by fusion™®’
One theoretical advantage of C-ADR over ACDF is that
by maintaining segmental cervical motion at the treated
level, less stress will be put on the adjacent levels, and
the rate of R-ALD, and ultimately C-ALD, will be less-
ened.'®"

Initial 2-year results of C-ADR trials revealed
the noninferiority of cervical disc replacement to
ACDE."'® However, the theoretical benefits of pre-
serving motion with cervical disc replacement were not
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realized during this short time window. Midterm fol-
low-up studies revealed more divergence in results in
terms of adjacent-level disease (ALD) and reoperation
rates with C-ADR patients having less ALD and fewer
reoperations at 5-7 years.'” > C-ADR clinical trials
randomized with fusion controls have been ongoing,
allowing for analysis of longer-term outcomes of these
patients.

One systematic review pooled the results from 3
trials describing clinically significant adjacent segment
degeneration and found that the rate of ASD was not
significantly different between ACDF and C-ADR.
While they did find that the overall rate of reoperation
for C-ADR was lower than for ACDF, when looking at

reoperation specifically for ASD they could no longer
find a difference.** A more recent systematic review and
meta-analysis of randomized controlled trials compar-
ing C-ADR with ACDF was performed. It included 11
trials with a total of 3505 patients and at least 5 years of
follow-up. The authors concluded that C-ADR patients
had fewer total secondary surgeries, fewer secondary
surgeries at the index and adjacent levels, and fewer
cases of symptomatic ASD.” This finding contrasts with
a retrospective review of a Swedish database that found
C-ADR had similar secondary surgery rates at the adja-
cent levels but a significantly higher secondary surgery
rate at the index level. It is important to note that the
artificial disc predominantly used in this study has not

Randomized (n = 228)

!

!

Assignhed to ProDisc-C (n = 111) Allocation Assighed to ACDF (n =117)
* Withdrawn before surgery (n = 5) * Withdrawn before surgery (n =5)
¢ Declined surgery (n = 3) ® Declined surgery (n = 6)
Enrolled and received surgery (n = 103) Enrolled and received surgery (n = 106)

2 Years After Surgery 2 Years After Surgery
Withdrawn (n = 0) Withdrawn (n = 4)
Death (n = 0) oo Death (n=0)
Missed follow-up (n = 2) Missed follow-up (n = 1)
Follow-up rate: 98.1% (101/103) Follow-up rate: 93.4% (101/106)

7 Years After Surgery 7 Years After Surgery
Withdrawn (n = 2) Withdrawn (n = 4)
Death (n = 3) Death (n=3)
Not signed informed consent (n = 12) Not signed informed consent (n = 16)
Missed follow-up (n =7) Missed follow-up (n = 6)
Follow-up rate: 76.7% (79/103) Follow-up rate: 69% (73/106)
Incomplete imaging (n = 3) . Incomplete imaging (n = 0)

B Analysis ~

Analyzed (n = 76) Analyzed (n =73)

Figure 1. Randomization and follow-up flow chart. “Withdrew” indicates that the patient signed the informed consent but later withdrew from the study. “Missed
follow-up” means the patient was lost to follow-up. ACDF, anterior cervical discectomy and fusion.
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Figure 2. Example of C6-7 cervical disc replacement vs anterior cervical discectomy and fusion.

been approved by the Food and Drug Administration
for use in the United States.”

The purpose of this study was to review the original
randomized ProDisc-C investigational device exemption
study database with follow-up to 7 years to evaluate the
rates of R-ALD for patients treated with either ProDisc-C
or ACDF and to examine the relationship between R-ALD
and the amount of index-level segmental range of motion
(ROM) in C-ADR patients at long-term follow-up. The
author’s hypothesis was that improved, index level, seg-
mental ROM in C-ADR patients will correlate to lower
rates of adjacent-level degeneration.

MATERIALS AND METHODS
Study Design

The study design for the randomized controlled trial
comparing results of ProDisc-C vs ACDF with follow-up
through 2 and 5 years has been described previously.'®*°
As part of a Food and Drug Administration—regulated
post approval study, the 2-year study was extended and
consenting patients in the original study were followed
at annual intervals up to 7 years (Figure 1). Institutional
review board approval was obtained for the initial and
postapproval studies (clinical trial identification number
NCT00291018).

Patients were randomized and remained blinded to
their treatment assignment until after surgery. Patients
were evaluated preoperatively at regular intervals up to 2
years and then annually up to 7 years. A last-observation-
carried-forward design was used to include patients in this
study, which was a post hoc analysis with a minimum final
follow-up of 5 years. The primary patient inclusion criteria
included symptomatic cervical disc disease causing intrac-
table, debilitating radiculopathy from 1 vertebral motion
segment between C3 and C7, unresponsive to nonopera-
tive treatment for at least 6 weeks, and an Neck Disability
Index score of 15/50 (30%) or greater. All patients were
randomized 1:1 to receive 1 of the 2 surgical treatment
options for stabilization following anterior cervical dis-
cectomy and decompression. The study group received the

ProDisc-C C-ADR implant. For the control group, a stan-
dard fusion technique was used with an allograft structural
bone graft and anterior cervical plate fixation.

All radiographic analysis was based on a digitized
radiographic review by radiologists at an independent
facility (Medical Metrics, Inc, Houston, TX). ALD was
assessed at the levels immediately adjacent to the treated
index level based on neutral lateral standing radiographs
obtained prior to surgery (C-ADR or ACDF) and at each
postsurgery assessment. The grade of any presurgery ALD
was assessed as well as the grade of ALD at final fol-
low-up for both the disc above and below the treated level.
Figure 2 demonstrates illustrative pre- and postoperative
radiographs of C-ADR and ACDF patients.

To characterize ALD, Medical Metrics utilized the
Kellgren-Lawrence classification for grading disc degen-
eration originally described in 1957.* In reading the films,
an atlas of images defined by Kellgren et al and subse-
quently updated was referenced.””* Medical Metrics
supplemented the atlas with instructions and images.
Disc degeneration was assessed based on disc height loss,
osteophyte formation, and endplate sclerosis and classi-
fied as defined in Figure 3. Two radiologists read each film
and, if required, a third radiologist participated to resolve
any grading discrepancies. Progressive ALD was defined
as any grade progression of either or both adjacent levels.
Severe progressive ALD was defined as a patient having
1 or both adjacent discs grade O or 1 preoperatively with
progression to grade 3 or 4 at final follow-up.

In addition, Medical Metrics’ Quantitative Motion
Analysis software, a previously validated software
system, was utilized to provide quantitative measures of
flexion extension (F/E) ROM for the C-ADR segment
at final follow-up. Patients were grouped into those
with segmental motion of 0° to 3°, 4° to 6°, and 7°+.

Statistical Analysis

This analysis provides a comprehensive assessment
of the results through 7 years for the ongoing multicenter
randomized controlled trial. Patients were included in the
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0 - None No degenerative changes

1 - Doubtful Minimal anterior osteophyvtosis

2 - Mimimal Definite anterior osteophytosis; possible narrowing of disk space and some
endplate sclerosis

3~ Mod Moderate narrowmg of disk space; defimite sclerosis of vertebral plates and
osteophytosis

4 Severe Severe narrowing of disk space; sclerosis of vertebral plates; multiple large
osteophytes

3 — Indeterminate A reliable determination cannot be made from the available images.

6 — Unable to Assess The relevant images are miszing, unavailable, or inadequate.

Doubtful Minimal

Moderate

Figure 3. Example of Kellgren-Lawrence classification for grading disc degeneration originally described in 1957.

analysis who had follow-up results with corresponding
radiographic assessments at a minimum of 5 years post-
operatively. Missing 7-year radiographic assessments
of adjacent-level degeneration were imputed using the
5- or 6-year assessments in a last observation carried
forward fashion. Whenever the adjacent-level degen-
eration was imputed, the index ROM was also carried
forward. AALD was defined as the change at the final
visit in grade of adjacent-level degeneration from the
preoperative baseline assessment. The largest progres-
sion among the 2 adjacent levels was the one assigned
to the patient. Ordinal logistic regression was applied
to assess preoperative differences in the frequency of
patients across the various grades of adjacent-level
degeneration. Logistic regression with any progression
as the dependent variable and treatment and baseline
degeneration as independent variables were used to
assess any progression in ALD. Ordinal logistic regres-
sion was also used to assess the relationship between
any progressive R-ALD and final F/E ROM in C-ADR
patients. Spearman’s rank-order correlation was used
when R-ALD was kept as an ordinal variable to assess
the same relationship. SAS Statistical Software Version
9.3 (SAS Institute, Cary, NC) and alpha of 0.05 were
used for all statistical analyses.

RESULTS
Patient Characteristics

From August 2003 to October 2004, 228 patients
were enrolled, and 207 patients were randomized and
treated (103 C-ADR and 106 ACDF). Baseline demo-
graphic details on these 2 groups have previously been
published." Final follow-up with radiographic exams
was available for 149 patients (76 C-ADR = 74% and
73 ACDF = 69%). Utilizing the last observation carried
forward design (minimum of 5 years follow-up), the
majority of these patients, 133 (89%), at final follow-up
had full 7-year data, with 10 patients having final fol-
low-up at 5 years and 6 patients at 6 years. Overall
patient demographics showed no statistically signifi-
cant differences between the treatment groups.

Radiographic Adjacent-Level
Degeneration—ACDF vs C-ADR

Prior to surgery, the rate of no or minimal evidence
of R-ALD was comparable between groups (85%
C-ADR and 76% ACDF with P = 0.05). As shown in
Figure 4, at the last follow-up visit, the rate of progres-
sive R-ALD was significantly higher in ACDF patients
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80y - P=0.0028
0,
;g;} P =0.0061
[+]
50% - —  —P=02326—
40% - — MmC-ADR
30% - " ACDF
20% - —
10% - —
0% 1 T T 1
Either Level Superior Inferior
Adjacent Adjacent

100%
90% Progression by 4
20% grades
70% Progression by 3
60% grades
50% W Progression by 2
40% grades
30% ® Progression by 1
20% grade
10% B No Progression

0%
0-3° 1-6° $7° P=0.0187

Figure 4. Rate of progressive adjacent- level degeneration between anterior
cervical discectomy and fusion (ACDF) and cervical artificial disc replacement
(C-ADR).

than in C-ADR patients (77% vs 53%, P = 0.0028).
When the superior and inferior adjacent levels are ana-
lyzed separately, only the superior adjacent level had a
significantly different rate of progressive R-ALD in the
ACDF and C-ADR patients (59% vs 36%, P = 0.0061).

Radiographic Adjacent-Level
Degeneration—C-ADR and Final F/E ROM

C-ADR patients were divided into 3 groups based on
final F/E ROM: those with 0° to 3° (n = 19), 4° to 6°
(n=15), and 7°+ degrees (n = 42) of segmental motion
at the index procedure level. Figure 5 displays the rate
of progressive R-ALD by final C-ADR ROM group
and includes the ACDF patients, which represents a 0°
ROM group. The rate of progressive R-ALD trended
significantly with final ROM (P = 0.01).

Progressive R-ALD was also examined for number
of grades of progression (0—4) within each ROM group
(Figure 6). When analyzed in this fashion, the rate of

80% 76%

70%
60%

W ACDF

m C-ADR 0-3°
H C-ADR 4-6°
B C-ADR 27°

50%
40%

30%

20%
10%

0%

ACDF C-ADRO-3* CADR4-6"

C-ADR27*

Figure 5. Rate of progressive radiographic adjacent-level disease by final
cervical artificial disc replacement (C-ADR) range of motion (ROM) group
(includes the anterior cervical discectomy and fusion [ACDF] patients, which
represents a 0° ROM group).

Figure 6. Magnitude of progression of adjacent-level disease by range of
motion group.

progressive degeneration is found to vary inversely
with final F/E ROM, reaching statistical significance
(P = 0.0187). This is because more advanced amounts
of progressive degeneration (2—4 grades) were seen in
the minimal motion group. When severe progressive
R-ALD was examined (grade 0—1 preoperatively, pro-
gressing to grade 3—4 postoperatively), a significant
difference was seen in the 3 groups as well, with more
severe progressive R-ALD in the 0° to 3°-group than
the other 2 groups (P = 0.0013) (Figure 7).

DISCUSSION

Despite excellent reported outcomes following
ACDF, there are concerns regarding adjacent-level
breakdown, which is inherent with any fusion proce-
dure. This can result in pain, disability, and reoperation
in many of these patients. Five to 10 years following
ACDF, reported rates of radiographic ALD range from
25% to 73%."*7' Hilibrand reported that 2.9% of
patients per year develop symptomatic ALD following

80%
70%

60%

B ACDF

m C-ADR 0-3°
W C-ADR 4-6°
B C-ADR 27°

50%

40%

30%
20%

10%

0%

C-ADR2T®

Figure 7. Rate of severe progression of adjacent-level disease by range of
motion group.
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single-level ACDEF. Two-thirds of these patients required
an additional operation."?

Authors have postulated that the now rigid, fused
motion segment following ACDF results in more stress
with spinal movement transferred to the immediately
adjacent disc spaces. This has been supported by biome-
chanical studies showing that there are higher intradis-
cal pressures as well as increased segmental motion in
levels adjacent to a cervical fusion.®**** Eck et al found
significant increased intradiscal pressures surrounding
C5-6 fusion stabilization of 73.2% at C4-5% and 45.3%
at C6-7 in a cadaveric model.”> Dmitriev et al studied
adjacent-level intradiscal pressure following simulated
ACDF and total disc replacement.” They found that,
as compared to the intact condition, intradiscal pres-
sures were significantly increased at the adjacent seg-
ments following simulated fusion constructs with and
without plating while intradiscal pressures were similar
to intact specimens following disc replacement. Chang
et al compared cervical fusion to C-ADR in a cadaveric
model and found no significant difference in intradiscal
pressure at the proximal and distal levels following disc
replacement.'? The difference in pressure with F/E was
significantly different at the rostral adjacent level in the
fusion group while the caudal level did not have signif-
icant pressure changes. Elsawaf et al assessed the effect
of ACDF on motion and dynamic stress on adjacent
levels in vivo.” They found that in the 20% of patients
that developed symptomatic ALD following ACDF, the
sagittal ROM of levels adjacent to fusion was increased.
The above studies lend support to 1 of the purported
benefits of C-ADR over ACDF; preserved motion at the
index procedure level with C-ADR will decrease rates
of ASD and secondary surgery.

Early results of multiple randomized controlled trials
comparing C-ADR to cervical fusion did not support
this hypothesis. Botelho et al looked at pooled results
of randomized controlled trials comparing C-ADR to
ACDF with 24 months of follow-up.** The authors con-
cluded that adjacent-level degeneration had not been
adequately studied and that there was no clinical evi-
dence of reduction in adjacent-level degeneration with
the use of cervical arthroplasty. However, subsequent
studies following long-term outcomes of C-ADR vs
ACDF patients have consistently found lower rates of
reoperation in the C-ADR cohorts.?*?*%333 Burkus et
al reported 7-year follow-up from the Prestige clinical
trial and found a 4.6% rate of surgery at adjacent levels in
the C-ADR cohort vs a 11.9% rate in the fusion cohort.
Zigler et al previously reported the 5-year outcomes of
the Pro-Disc trial and found a cumulative reoperation

rate of 2.9% in the C-ADR cohort and 11.3% in the
ACDF cohort P = 0.0292.'* More recently, Janssen et
al reported an 18% reoperation rate in the ACDF cohort
vs a 7% reoperation rate in the C-ADR cohort™® at 7
years postop. Lavelle et al reported 10-year outcomes of
the BRYAN disc investigational device exemption trial,
finding 9.7% C-ADR patients had an adjacent-level
surgery while 15.8% of the ACDF patient did. This
finding did not reach statistical significance.”” Wang et
al recently pooled long-term results from randomized,
controlled trials comparing ACDF to C-ADR.? These
authors found that after 5 years of follow-up C-ADR
had a higher rate of clinical success. The incidence of
ASD was significantly lower in CDA (OR = 0.46, P <
0.00001), and CDA had fewer total secondary surgeries
(OR =0.5, P=0.01) and secondary surgery at the adja-
cent level (OR =0.37, P < 0.00001).

The results of this study demonstrated a higher
overall rate of radiographic ALD in ACDF patients
when compared to C-ADR patients (77% vs 53%, P =
0.0020). Analyzing the superior and inferior adjacent
levels separately, only the superior adjacent level had a
significantly different rate of progressive radiographic
ALD between the ACDF and C-ADR patients (59% vs
36%, P = 0.0059), which aligns with the biomechanical
results of Park and Chang where the intradiscal pressure
adjacent to a fusion rostrally and not caudally was sig-
nificantly increased.®*® When further broken down into
3 groups by ROM at the index procedure level into 0°
to 3°, 4° to 6°, and 7°+, the rate of progressive radio-
graphic ALD was inversely proportional (P = 0.01)
(Figure 5). Figure 6 shows the magnitude of progres-
sion of R-ALD within each index ROM group. The rate
of progressive degeneration is found to vary inversely
with final sagittal ROM (P = 0.0187). These results
support the concept that preserving motion at the index
procedure level with C-ADR is associated with a pro-
portional reduction in the rate of progressive R-ALD.
The difference in R-ALD among C-ADR patients based
on ROM at the index level supports the idea that metic-
ulous technique to maintain motion of the C-ADR has
important clinical consequences and maximizes the
benefits of C-ADR over ACDF.

Strengths/Limitations

To the authors knowledge, this is the first study to
report R-ASD as correlated to sagittal ROM at the index
procedure level for C-ADR patients. The findings are
based on post hoc analysis of prospectively collected
data from a multicenter randomized controlled trial
with long-term follow-up. Limitations of the study
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include the 29% of patients with missing data or loss to
follow-up before 5 years of follow-up were completed.
The radiographic review was not blinded to treatment,
as the difference in a plated fusion and a C-ADR are
obvious (but was made by third-party radiologists).
Also, this study looked specifically at R-ALD; the clin-
ical consequences are not included. However, a pre-
vious publication based on the outcomes of the same
cohort of Pro-Disc trial patients with 7 years follow-up
found that the incidence of secondary surgery was sig-
nificantly higher in the ACDF group compared to the
C-ADR group, 19 patients vs 7 procedures(P = 0.02)."

CONCLUSIONS

C-ADR leads to a significant decrease in R-ALD
compared to ACDF. The difference in R-ALD is related
to the preservation of motion at the index level and
resultant preservation of kinematics and forces across
the adjacent disc space.
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