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Abstract BACKGROUND CONTEXT: Anterior cervical discectomy with an interbody cage (ACDF) to
obtain fusion is a common procedure in cervical spine surgery. Presently, polyetheretherketone
(PEEK) with (auto) graft is frequently used for interbody fusion although alternative implant tech-
nology like 3-D printing titanium has been introduced recently.

PURPOSE: Reporting the clinical and quantitative radiological outcome of a prospective cohort of
3-D printed porous titanium implants.

STUDY DESIGN/SETTING: Prospective study of patients with single level ACDF using 3-D
printed porous titanium cervical implants. These data were compared with 48 patients from the
PEEK with autograft group of the previously performed CAncellous Structured Ceramic Arthrode-
sis DEvice trial.

PATIENT SAMPLE: Fourty-nine patients were included.

OUTCOME MEASURES: Neck disability index (NDI), visual analog scale (VAS), self-reported
perceived recovery, and fusion status.

METHODS: The clinical outcomes and fusion rates were documented at 3, 6, and 12 months.
Dynamic X-rays were analyzed to determine range of motion (ROM) of the operated level. Fusion
was defined as rotation <4° and <1.25 mm translation on flexion-extension films.

RESULTS: The mean NDI improved from 41.2 preoperatively to 19.4 at 12 months postopera-
tively. Both VAS arm and VAS neck improved significantly after surgery and 77.1% of the patients
reported complete or nearly complete recovery at 12 months. The mean ROM of the affected disc
level decreased from 8.7° (range 2.6—21.4) before surgery to 1.6° (0.0—4.6°) after 12 months. The
fusion rate at 3, 6, and 12 months was 84%, 89%, and 91% respectively, compared with 67%, 72%,
and 90%, in the PEEK group.

CONCLUSIONS: 3-D printed porous titanium cervical implants resulted in significant clinical
improvement after surgery. The fusion rate of porous titanium compared with PEEK with autograft
at 12 months was similar, although porous titanium resulted in faster consolidation. In addition,
one level anterior cervical fusion can be successfully achieved without additional plating. ©
2020 Elsevier Inc. All rights reserved.
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Introduction disc herniation unresponsive to conservative treatment. In
1958, Cloward first described anterior cervical decompres-

Anterior cervical discectomy is the standard surgical . . . .
sion with the use of autologous iliac crest interbody graft

treatment of patients with radicular pain caused by cervical
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anterior cervical discectomy with fusion (ACDF) to main-
tain disc height [1]. Smith and Robinson developed a tech-
nique using iliac crest bone blocks which was the standard
for many years [2]. There is still controversy about the ben-
efits of adding interbody fusion to the cervical discectomy
technique [3—5]. Frequently, surgeons perform ACDF to
maintain disc height and cervical alignment, and promote
bony fusion to prevent instability [6]. At present, ACDF
with a polyetheretherketone (PEEK) plastic cage is fre-
quently used by many surgeons [7—10]. The PEEK cage
can be filled with iliac crest bone graft, local bone obtained
during the decompression procedure, cadaver bone (allo-
graft), or a bone graft substitute [11]. PEEK, however, is a
hydrophobic material, that has no bone-incorporative quali-
ties compared with other cage material (titanium) as shown
in an in vitro study of Olivares-Navarrete [12]. In a recently
published study, the ACDF procedure that include the
PEEK cage filled with local bone has been compared with a
more biocompatible ceramic cage in the randomized con-
trolled CAncellous Structured Ceramic Arthrodesis DEvice
(CASCADE) trial [13]. However, both groups reported
similar recovery with no significant difference in clinical
outcome.

New production methods like additive manufacturing,
also known as 3-D printing, allow to create complex
implant design features and controlled microstructural
architectures leveraging the bone-incorporative qualities of
titanium material. A laser-based powder bed fusion process,
also called selective laser melting, using titanium alloy
powder is used to manufacture the porous titanium cage.
The 3-D printed porous titanium cage design includes a
solid framework with an internal porous structure Emerging
Implant Technologies (EIT) Cellular Titanium® throughout
the cage. The interconnected porous structure is designed
for optimized porosity (80%) and pore size (700 um) to
enable bone incorporative qualities. The proprietary 3D
printing technology leads to cellular titanium structure that
offers a modulus of elasticity similar to PEEK (3.84 GPa)
[14]

In vivo studies demonstrated extensive and quick bone
ingrowth in porous titanium implants. Animal models docu-
mented the optimal pore size of around 500 pum to 700 um
with fast bone incorporation in the absence of a fibrous tis-
sue bone-implant interface revealing the promising capaci-
ties of this material [15,16]. The 3-D printed porous
titanium cage is a new product which has been used in
humans in a small number of recent cases. Although the
clinical application of 3-D printed titanium implants in
orthopaedic reconstructive surgery has excellent clinical
results, no clinical trial of the spinal application of this
material has been conducted yet. Whether porous titanium
cervical cages have more favourable clinical and radiologi-
cal results as compared with PEEK, has to be determined
by this trial. In the present study, a consecutive group of
patients receiving porous titanium cervical cages were pro-
spectively followed for clinical and radiological parameters

and ultimately were compared with the PEEK group of the
CASCADE trial, which served as an historical control.

Materials and methods

The study has been registered in The Netherlands Trial
Register (NTR1289). All patients gave written informed
consent before enrolment into the study. Patients (age 18
—75 years) with monoradicular symptoms in one or both
arms lasting more than 8 weeks due to disc herniation and/
or osteophytes, and unresponsive to conservative treatment
were eligible for the trial (Table 1). Exclusion criteria
included previous cervical surgery, severe kyphosis at the
involved level, neck pain only without radicular or medul-
lary symptoms, metabolic disease, neoplasms, cervical
trauma, spinal anomalies, severe mental or psychiatric dis-
ease, and inadequate Dutch language.

The Examination of Fast Fusion with EIT Cellular Tita-
nium (EFFECT) study was designed as a prospective conse-
cutive cohort trial with a follow-up period of 1 year. Based
on the sample size analysis of the recently performed CAS-
CADE trial, a cohort of 50 patients was applicable [17].
Patients were followed up at 3 months, 6 months, and 1
year with patient reported outcome measures and plain
radiographs. The analysis was conducted at 1-year follow-
up and was compared with the before mentioned historical
CASCADE trial which, unfortunately, did not have baseline
visual analog scale (VAS) arm and VAS neck pain. All
patients were operated by the authors MA and JW.

Surgical procedure

All patients were positioned prone with their neck in
neutral position or slightly extended under general anesthe-
sia. The affected cervical disc level was verified with fluo-
roscopy. A small transverse incision was made on the right
side. Medial to the carotid sheath, the prevertebral space
was opened and the anterior cervical spine was exposed.
Caspar spreader and 2 distraction pins were placed in the
affected segment. A standard anterior discectomy with the
aid of loupe magnification or microscope (depending on the
surgeon’s preference) was performed in all cases. The pos-
terior longitudinal ligament was opened and the nerve root
and dura were decompressed adequately. Once the anterior
discectomy was performed, the porous titanium cage (with-
out additional bone graft) was placed within the interverte-
bral space under fluoroscopic guidance. The implant was
smeared with blood obtained by scratching the end plate
after the disc space is prepared. No supplemental fixation
(eg, cervical plate) was used in the procedure. If required, a
vacuum drain was placed. The porous titanium cage was
available in two footprints, 16 x 12 mm (small) and
18 x 14 mm (large), and each footprint was available in 4,
5, 6, 7, and 8 mm height. All implants had 4° of lordosis.
After surgery, all patients were mobilized as soon as possi-
ble without a collar.
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Table 1
The EFFECT trial inclusion and exclusion criteria

Inclusion criteria:
® Age 18—75 years

® Radicular signs and symptoms in one or both arms (ie, pain, paresthesia, or paresis in a specific nerve root distribution) or symptoms and signs of

acute or chronic myelopathy.

® At least 8 weeks prior conservative treatment (ie, physical therapy, pain medication)
e Radiographic diagnosis of cervical disc herniation and/or osteophyte at 1 level (C3—C4 to C7—T1) in accordance with clinical signs

and symptoms
® Ability and willingness to comply with project requirements

® Written informed consent given by the subject or the subject’s legally authorized representative

Exclusion criteria:

® Previous cervical surgery (either anterior or posterior)
Increased motion on dynamic studies (> 3 mm)
Severe segmental kyphosis of the involved disc level (> 7°)
Patient cannot be imaged with MRI
Neck pain only (without radicular or medullary symptoms)
Infection
Metabolic and bone diseases (osteoporosis, severe osteopenia)
Neoplasm or trauma of the cervical spine

Severe mental or psychiatric disorder
Inadequate Dutch language
Planned (e)migration abroad in the year after inclusion

Spinal anomaly (Klippel-Feil, ankylosing spondylitis, ossification of posterior longitudinal ligament)

Primary noninferiority hypothesis

The primary effectiveness hypothesis was defined as no
difference in neck disability index (NDI) improvement
between the porous titanium group and PEEK group. This
hypothesis was formulated for testing clinical noninferiority
based on the Blackwelder approach [18]. In the Black-
welder approach, the null hypothesis is that the investiga-
tional device is clinically significantly worse than control
by an amount (at least) equal to an a priori selected nonin-
feriority margin. The minimal clinically important differ-
ence for the NDI is 7.5 points out of 50, or 15% when the
scale is standardized to a range from 0 to 100 [19]. There-
fore, the primary null hypothesis is that the mean improve-
ment for the investigational device is smaller (ie, less
negative) than the mean improvement for the control device
by an amount equal to or exceeding 15 out of the 100-point
scale.

Sample size determination

As the CASCADE trial will serve as the historical con-
trol for this study, similar statistical requirements were con-
sidered for this trial [17]. For power analysis, they used the
NDI improvement rate cited in the literature for ACDF
with carbon fiber reinforced PEEK cages: 10% improve-
ment with a standard deviation of 22% [19,20]. In the CAS-
CADE study, calculating 8% loss to follow up, 15%
improvement of NDI with 90% power and alpha margin
5%, a total of 100 patients were enrolled, leading to 50
patients in every arm.

To state the treatment with porous titanium cage is clini-
cal successful, a minimal difference in NDI of 15% or 7.5

points is defined. To be able to use the outcome of the CAS-
CADE trial as a historical control, also a group of 50
patients need to be included in the EFFECT trial.

Data capture and statistical analyses

All data was collected in a data management system
(Castor EDC, Amsterdam, The Netherlands; https://www.
castoredc.com) and performed according to Good Clinical
Practice guidelines. For analyses we used descriptive statis-
tics and inferential statistics. Continuous normally distrib-
uted variables were expressed by their mean and standard
deviation, not normally distributed data by their median
and min-max range for skewed distributions. To test
groups, categorical variables were tested using the Pearson
chi-square test or Fisher exact test, when appropriate. Nor-
mally distributed continuous unpaired data were tested with
the independent samples Student ¢ test and in case of
skewed data, with the independent samples Mann-Whitney
U test. Normally distributed continuous paired data were
tested with the dependent samples Student ¢ test and in case
of skewed data, with the Wilcoxon signed rank test. Signifi-
cance level was set at p value <.05. Statistical analysis was
performed using R studio statistical software (Version
1.0.153).

Outcome measures

The primary outcome measure was improvement in the
NDI which has been translated into Dutch and validated for
the population of the Netherlands [21,22]. Secondary out-
come measures were the 100-mm VAS for arm pain and
neck pain [23], the 7-point Likert self-rating scale for
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Fig. 1. Flexion-extension motion analysis allowed measurement of rotation on flexion-extension films with an accuracy of £1°; solid fusion of 3-D printed

porous titanium is documented.

perceived recovery in which ‘‘complete recovery’’ and
“‘almost complete recovery’’ are defined as good outcome
[24], and the EuroQol-5D [25,26]. Perioperative variables
including operating time, blood loss, length of hospital stay
in addition to adverse events, reoperations, and surgical
complications were also recorded.

Radiological assessment

At each follow-up time point, four plane films were col-
lected (standing anterior-posterior, lateral, flexion and
extension radiographs). In addition, quantitative and quali-
tative motion analysis using Functional X-Ray Analysis of
Aces (GmbH, Filderstadt Germany) allowed measurement
of rotation on flexion-extension films with an accuracy of
41° (Fig. 1). Fusion for this study was defined as rotation
<4° and <1.25 mm translation on flexion-extension films at
the index level. For comparison, we also calculated fusion
status when range of motion (ROM) was <2° and <1°.

Results

Between September 2015 and November 2016, a total of
54 patients were enrolled in the study. Five patients were
excluded from primary analysis for various reasons; two

patients were randomized but not operated because of
improvements of symptoms, one patient received additional
plating and therefore protocol violation, one patient died of
an unrelated cause, and one patient refused to continue the

Table 2
Baseline characteristics of 49 patients receiving porous titanium cages,
compared with the PEEK group of the previously performed CASCADE
trial [13]

Demographics Porous titanium (N=49) PEEK (N=48)
Female gender (%) 26 (53%) 23 (48%)
Mean age in years (range) 50.3 (31—-69) 49.4 (28—67)
Symptoms

Radicular pain only 43 39

Medullary only 6 7

Combined 0 2
Symptomatic level

C3C4 6 (1%) 1(2%)

C4Cs 2 (0.4%) 6 (13%)

C5C6 21 (43%) 30 (63%)

CoC7 19 (18%) 10 (21%)

C7T1 1 (0.2%) 1(2%)
Smoking 17 35%) 19 (40%)
Mean BMI (range) 27.1 (20.6—45.1) 28.6 (20.6—75)
NDI 41.2420.6 42.8+£14.9

PEEK, polyetheretherketone; NDI, neck disability index.
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study follow-up. Of the 49 patients included patients, 26
were female (54%). The mean age was 50.3 years and 17
patients (35%) did smoke. All patients presented with radic-
ular arm pain or medullary symptoms. The majority of the
cervical disc herniation and/or osteophyte were at the level
C5C6 and C6C7. All baseline characteristics are shown in
Table 2.

Primary outcome measure

Patients treated with porous titanium cages showed large
improvement of NDI from 41.2 preoperatively, to 24.2 at 3
months, 21.6 at 6 months, and 19.4 at 12 months postopera-
tively. The improvement of NDI in patients treated with
porous titanium and PEEK with autograft were similar and
there was no statistically significant difference between
both groups (Fig. 2).

Other outcome measures

The mean VAS arm pain improved significantly from
56.1 mm before surgery, to 18.9 mm at 3 months, 21.3 mm at
6 months, and 22.2 mm at 12 months. Similar improvement

was documented for VAS neck pain. At 3 months, 63.3% of
the patients reported good outcome which improved to 72.9%
at 6 months, and 77.1% at 12 months. These results were com-
parable with the historical PEEK control group (Table 3).

Surgical parameters and complication

The surgical procedure was uneventful in all patients.
The average operation time was 40.6£10.8 minutes. The
majority of the patients received a large cage 5 mm or
6 mm in height. Ten patients reported complications (10%);
five patients experienced transient dysphagia, two patients
had increased sensory deficit of the arm, one patient docu-
mented cage rotation on X-ray without clinical conse-
quence, one patient had an infection requiring removal of
the cage, and one patient had symptomatic adjacent level
disease during follow-up. All perioperative data are pre-
sented in Table 4.

Radiographic outcome

The mean RoM of the affected disc level at baseline was
8.7° (range 2.6—21.4) which decreased to 2.5° (0.2—7.0°) at

Neck Disability Index

B PEEK

50

p= 0.499

40

30

20

10

Month 3

Pre op

Bl Cellular Titanium®

Month 6 Month 12

Fig. 2. Neck and disability index scores of patients treated with porous titanium cages compared with PEEK with autograft during the follow-up of 12

months. PEEK, Polyetheretherketone.
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Table 3
Treatment effect of primary and secondary outcome during follow-up
period

Porous titanium (N=49) PEEK (N=48)

Neck disability index
Preop 41.24£20.6 42.8+£14.9
3 months 24.2+8.8 20.7£14.5
6 months 21.6+£8.8 19.9+17.8
12 months 19.4+8.4 16.3+16.4
VAS arm
Preop 56.1£25.1 -
3 months 18.9+25.1 28.7+£31.7
6 months 21.3+21.5 21.5+28.5
12 months 2224243 20.5+£26.3
VAS neck
Preop 53.2£25.5 -
3 months 28.3£23.3 29.5+£26.3
6 months 28.8+£22.6 20.4+23.2
12 months 23.84£22.4 22.4+26.8
EuroQol
Preop 0.56£0.29 -
3 months 0.74+0.24 -
6 months 0.77+0.25 -
12 months 0.73£0.24 -
Patient perceived recovery
3 months 63.3% 65.2%
6 months 72.9% 70.5%
12 months 77.1% 76.1%

PEEK, polyetheretherketone; VAS, visual analog scale.

3 months, to 2.3° (0.1—5.7°) at 6 months, and 1.6° (0.0—4.6°)
at 12 months. The mean subsidence after 12 months was
1.2 mm. The fusion rate (defined as less than 4° of ROM) at
3, 6 and 12 months was 84%, 89%, and 91% respectively,
compared with 67%, 72%, and 90%, in the PEEK group.
The difference in fusion rate at 6 months was slightly signifi-
cant in favor of porous titanium (p=.048) (Fig. 3).

Discussion

Advances in implant materials have rapidly evolved over
the years. Additive manufacturing enables the construction

Table 4
Operative and implant characteristics with complications during follow-up

Operative characteristics Porous titanium (N=49)

Operation time in minutes (range) 40.6 (28—75)
Blood loss, ml (range) 50 (0—2500)
Implant characteristics
Small 6
Large 43
5 mm height 25
6 mm height 22
7 mm height 2
Complications 10 (20%)
Transient dysphagia 5
Increased sensory deficit arm 2
Cage malposition without consequence 1
Infection (reoperation and cage removal) 1
Adjacent segment spondylosis 1

(requiring surgery)

of 3-D printed porous titanium implants to potentially facil-
itate bony ingrowth throughout the cage instead of just sur-
rounding the cage such as in PEEK and solid titanium
implants. Due to lacking clinical data on 3-D printed tita-
nium cervical cages, the EFFECT trial was able to study
and evaluate single level ACDF clinical and radiological
outcomes compared with a historic control group of PEEK
cages with autograft. This study on patients receiving 3-D
porous titanium cervical cages has shown that the implants
are safe and result in similar clinical improvement com-
pared with patients receiving PEEK cages with autograft.
Both groups showed significant improvement of NDI from
preoperative to 3, 6, and 12 months postoperatively.

In addition to clinical improvement comparison, this
study was able to demonstrate an increase rate of fusion, at
earlier timepoints. According to the literature, bony fusion
is achieved in approximately 70% to 90% of the patients,
although 30% of spinal fusion surgeries may result in non-
union [27]. In the 3-D printed titanium cages, fusion was
achieved in 84% of the patients at 3 months and 89% of the
patients at 6 months, over the PEEK control group in 67%
and 72%, respectively, with fusion defined as rotation <4°
and <1.25 mm translation on flexion-extension films at the
index level. Although there is no statistical difference
between the groups for fusion at 1 year, the speed of solid
fusion in 3-D printed porous titanium cage is faster.

Surgical exploration has traditionally been accepted as
the standard method for determining nonunion. Given the
invasive nature, noninvasive diagnostic tools such as flex-
ion-extension radiographs and computer tomography (CT)
are required to assess fusion and non-fusion. At present, tra-
becular bridging bone visible on CT scan is defined as the
gold standard for fusion [28]. Moreover, the amount of
intervertebral motion measured at the adjacent endplates or
the distance between the spinous process at the index level,
has also been addressed. Ghiselli et al. defined a cutoff of
4° of angular motion as pseudarthrosis [29]. However, the
cutoff of 4° is quite arbitrary because solid fusion in fact is
complete absence of segmental motion. Therefore, in our
study, we also examined fusion criteria as less than 2° and
less than 1° of segmental motion. Results showed that at 12
months, the 90% fusion rate when defining fusion less than
4°, dropped to 70% when defining fusion less than 2°, and
to 45% when defining fusion less than 1° of segmental
motion. Therefore, fusion seems to be a matter of definition
and clinical data should be criticized for this. In the
EFFECT and CASCADE trials, our data has shown
improvement of fusion rates in patients undergoing anterior
cervical discectomy up to 1 year after surgery, regardless
the type of implant. Fusion seems to be an ongoing process
and the fusion status is dependent on the time interval after
surgery.

The EFFECT trial was able to evaluate fusion on single
level ACDF without a plate utilizing a 3-D printed titanium
cage when compared with a historic PEEK group, also
without anterior plating. In accordance to the Cochrane
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Fusion rate <4°

B PEEK

100

p= 0.087

80
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p=0.839
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Fig. 3. The fusion rate (defined as less than 4° of ROM) at 3, 6 and 12 months of porous titanium compared with PEEK with autograft. The fusion rate of
porous titanium is faster but there was no significant difference at 12 months. ROM, range of motion; PEEK, Polyetheretherketone.

review of Jacobs et al., general surgical practice in the
Netherlands and other European countries is to perform a
one level ACDF without additional plating [4]. In the
United States however, nearly all surgeons perform addi-
tional plating although there is no evidence supporting the
benefit of this surgical strategy; the operation time is longer,
patients may experience more dysphagia, and the procedure
is more expensive. A recently performed meta-analysis by
Cheung et al., confirmed this criticism [30].

The design of the EFFECT trial had several limita-
tions. First, we did not randomize the patients but solely
compared them to the PEEK group with autologous bone
of a previously performed randomized controlled trial.
Second, we did not have postoperative CT to document
bony bridges and compare these with dynamic radio-
graphs for analyzing fusion. Third, the number of
included patients is relatively small. And finally, the
authors MA and JW have financial conflict of interest
based on their royalties.

In conclusion, 3-D printed porous titanium implant devi-
ces are safe and effective and will result in similar clinical
outcomes compared with patients receiving PEEK with
autograft. The fusion rate in 3-D printed porous titanium

cages is faster and there is no need for autologous bone or
additional plating. These results are quite unique and may
possibly change the daily care of patients requiring cervical
surgery. Future research involving larger sample size popu-
lation and longer-term follow-up will help to support these
initial findings.

Acknowledgment

The authors want to thank Ditte Varkevisser for her work
in making this study possible.

References

[1] Cloward RB. The anterior approach for removal of ruptured cervical
disks. J Neurosurg 1958;15:602-17.

[2] SMITH GW, Robinson RA. The treatment of certain cervical-spine
disorders by anterior removal of the intervertebral disc and interbody
fusion. J Bone Joint Surg Am 1958;40-A:607-24.

[3] Barlocher CB, Barth A, Krauss JK, Binggeli R, Seiler RW. Compara-
tive evaluation of microdiscectomy only, autograft fusion, polyme-
thylmethacrylate interposition, and threaded titanium cage fusion for
treatment of single-level cervical disc disease: a prospective random-
ized study in 125 patients. Neurosurg Focus 2002;12:E4.


http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0001
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0001
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0002
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0002
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0002
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0003
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0003
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0003
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0003
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0003

1072 M. Arts et al. / The Spine Journal 20 (2020) 1065—1072

[4] Jacobs W, Willems PC, Kruyt M, van LJ, Anderson PG, Pavlov P,
et al. Systematic review of anterior interbody fusion techniques for
single- and double-level cervical degenerative disc disease. Spine
(Phila Pa 1976) 2011;36:E950-60.

[5] Nandoe Tewarie RD, Bartels RH, Peul WC. Long-term outcome after
anterior cervical discectomy without fusion. Eur Spine J 2007;16:1411-6.

[6] Hee HT, Kundnani V. Rationale for use of polyetheretherketone

polymer interbody cage device in cervical spine surgery. Spine J

2010;10:66-9.

Celik SE, Kara A, Celik S. A comparison of changes over time in cer-

vical foraminal height after tricortical iliac graft or polyetheretherke-

tone cage placement following anterior discectomy. J Neurosurg

Spine 2007;6:10-6.

Kulkarni AG, Hee HT, Wong HK. Solis cage (PEEK) for anterior

cervical fusion: preliminary radiological results with emphasis on

fusion and subsidence. Spine J 2007;7:205-9.

Lied B, Roenning PA, Sundseth J, Helseth E. Anterior cervical dis-

cectomy with fusion in patients with cervical disc degeneration: a

prospective outcome study of 258 patients (181 fused with autolo-

gous bone graft and 77 fused with a PEEK cage). BMC Surg

2010;10:10.

[10] Park HW, Lee JK, Moon SJ, Seo SK, Lee JH, Kim SH. The efficacy
of the synthetic interbody cage and Grafton for anterior cervical
fusion. Spine (Phila Pa 1976) 2009;34:E591-5.

[11] Chau AM, Mobbs RJ. Bone graft substitutes in anterior cervical dis-
cectomy and fusion. Eur Spine J 2009;18:449—64.

[12] Olivares-Navarrete R, Gittens RA, Schneider JM, Hyzy SL, Haith-
cock DA, Ullrich PF, et al. Osteoblasts exhibit a more differentiated
phenotype and increased bone morphogenetic protein production on
titanium alloy substrates than on poly-ether-ether-ketone. Spine J
2012;12:265-72.

[13] Arts MP, Wolfs JFC, Corbin TP. Porous silicon nitride spacers versus
PEEK cages for anterior cervical discectomy and fusion: clinical and
radiological results of a single-blinded randomized controlled trial.
Eur Spine J 2017;26:2372-9.

[14] Heary RF, Parvathreddy N, Sampath S, Agarwal N. Elastic modulus
in the selection of interbody implants. J Spine Surg 2017;3:163-7.

[15] Fukuda A, Takemoto M, Saito T, Fujibayashi S, Neo M, Yamaguchi
S, et al. Bone bonding bioactivity of Ti metal and Ti-Zr-Nb-Ta alloys
with Ca ions incorporated on their surfaces by simple chemical and
heat treatments. Acta Biomater 2011;7:1379-86.

[16] Wu SH, Li Y, Zhang YQ, Li XK, Yuan CF, Hao YL, et al. Porous
titanium-6 aluminum-4 vanadium cage has better osseointegration
and less micromotion than a poly-ether-ether-ketone cage in sheep
vertebral fusion. Artif Organs 2013;37:E191-201.

[7

—

[8

—

[9

—

[17] Arts MP, Wolfs JF, Corbin TP. The CASCADE trial: effectiveness of
ceramic versus PEEK cages for anterior cervical discectomy with
interbody fusion; protocol of a blinded randomized controlled trial.
BMC Musculoskelet Disord 2013;14:244.

[18] Blackwelder WC. "Proving the null hypothesis" in clinical trials.
Control Clin Trials 1982;3:345-53.

[19] Carreon LY, Glassman SD, Campbell MJ, Anderson PA. Neck dis-
ability index, short form-36 physical component summary, and pain
scales for neck and arm pain: the minimum clinically important dif-
ference and substantial clinical benefit after cervical spine fusion.
Spine J 2010;10:469-74.

[20] Peolsson A. Investigation of clinically important benefit of anterior
cervical decompression and fusion. Eur Spine J 2007;16:507-14.

[21] Vernon H, Mior S. The neck disability index: a study of reliability
and validity. J Manipulative Physiol Ther 1991;14:409-15.

[22] Vos CJ, Verhagen AP, Koes BW. Reliability and responsiveness of
the Dutch version of the neck disability index in patients with acute
neck pain in general practice. Eur Spine J 2006;15:1729-36.

[23] Collins SL, Moore RA, McQuay HIJ. The visual analogue pain inten-
sity scale: what is moderate pain in millimetres. Pain 1997;72:95-7.

[24] Bombardier C. Outcome assessments in the evaluation of treatment
of spinal disorders: summary and general recommendations. Spine
(Phila Pa 1976) 2000;25:3100-3.

[25] Brazier JE, Harper R, Jones NM, O’Cathain A, Thomas KJ, Usher-
wood T, et al. Validating the SF-36 health survey questionnaire: new
outcome measure for primary care. BMJ 1992;305:160—4.

[26] Ware Jr. JE, Sherbourne CD. The MOS 36-item short-form health
survey (SF-36). I. Conceptual framework and item selection. Med
Care 1992;30:473-83.

[27] Lee C, Dorcil J, Radomisli TE. Nonunion of the spine: a review. Clin
Orthop Relat Res 2004:71-5.

[28] Burkus JK, Foley K, Haid RW, LeHuec JC. Surgical interbody
research group—radiographic assessment of interbody fusion devices:
fusion criteria for anterior lumbar interbody surgery. Neurosurg
Focus 2001;10:E11.

[29] Ghiselli G, Wharton N, Hipp JA, Wong DA, Jatana S. Prospective
analysis of imaging prediction of pseudarthrosis after anterior cervi-
cal discectomy and fusion: computed tomography versus flexion-
extension motion analysis with intraoperative correlation. Spine
(Phila Pa 1976) 2011;36:463-8.

[30] Cheung ZB, Gidumal S, White S, Shin J, Phan K, Osman N, et al.
Comparison of anterior cervical discectomy and fusion with a
stand-alone interbody cage versus a conventional cage-plate tech-
nique: a systematic review and meta-analysis. Global Spine J
2019;9:446-55.


http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0004
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0004
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0004
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0004
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0005
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0005
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0006
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0006
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0006
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0007
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0007
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0007
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0007
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0008
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0008
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0008
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0009
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0009
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0009
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0009
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0009
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0010
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0010
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0010
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0011
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0011
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0012
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0012
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0012
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0012
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0012
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0013
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0013
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0013
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0013
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0014
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0014
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0015
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0015
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0015
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0015
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0016
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0016
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0016
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0016
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0017
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0017
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0017
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0017
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0018
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0018
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0019
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0019
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0019
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0019
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0019
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0020
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0020
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0021
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0021
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0022
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0022
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0022
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0023
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0023
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0024
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0024
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0024
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0025
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0025
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0025
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0026
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0026
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0026
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0027
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0027
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0028
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0028
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0028
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0028
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0029
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0029
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0029
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0029
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0029
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0030
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0030
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0030
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0030
http://refhub.elsevier.com/S1529-9430(20)30100-5/sbref0030

	Porous titanium cervical interbody fusion device in the treatment of degenerative cervical radiculopathy; 1-year results of a prospective controlled trial
	Introduction
	Materials and methods
	Surgical procedure
	Primary noninferiority hypothesis
	Sample size determination
	Data capture and statistical analyses
	Outcome measures
	Radiological assessment

	Results
	Primary outcome measure
	Other outcome measures
	Surgical parameters and complication
	Radiographic outcome

	Discussion
	Acknowledgment
	References


