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Background: During lumbar spinal fusion, spacer cages are implanted to provide vertebral stability, restore 
sagittal alignment, and maintain disc and foraminal height. Polyetheretherketone (PEEK) is commonly used 
by most spine surgeons. Silicon nitride (Si3N4) is a less well-known alternative although it was first used 
as a spacer in lumbar fusion over 30 years ago. The present study was designed to see if Si3N4 cages would 
perform similarly to PEEK in a randomized controlled trial. 
Methods: A non-inferiority multicenter 100-patient study was designed where both the observer and 
patient were blinded. Single- or double-level transforaminal lumbar interbody fusion with pedicle screw 
fixation using an oblique PEEK or Si3N4 cage was performed. The primary non-inferiority outcome was the 
Roland-Morris Disability Questionnaire (RMDQ). Secondary measures included the Oswestry Disability 
Questionnaire, Visual Analogue Scales (VAS) for back and leg pain, SF-36 Physical and Mental Function 
indices, patient and surgeon Likert scores on perceived recovery, and X-ray and CT radiological evaluations 
for subsidence, segmental motion, and fusion. Follow-up evaluations occurred at 3, 6, 12, and 24 months. 
Results: After exclusions for protocol violations and canceled surgeries, 92 patients were randomized 
(i.e., 48 for PEEK and 44 for Si3N4). There were no differences in baseline demographics, pre-operative 
disabilities, or pain scores between the groups. Both treatment arms showed significant improvements in 
disability, pain, and recovery scores. No significant differences were observed for subsidence, segmental 
motion, or fusion. For the primary outcome (i.e., RMDQ scores), the non-inferiority of Si3N4 compared 
to PEEK could not be established using the original protocol criteria. However, the comparison was 
undermined by larger than anticipated patient fallout coupled with higher than expected RMDQ score 
standard deviations. A post hoc analysis coupled with a more extensive review of the literature was conducted 
which resulted in the selection of a revised clinically justified non-inferiority margin; and using this method, 
the non-inferiority of Si3N4 was affirmed.
Conclusions: This study demonstrated that the use of either PEEK or Si3N4 cages is safe and effective for 
patients undergoing lumbar spine fusion for chronic degenerative disc disease. 
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Introduction

Chronic low-back pain (LBP) is a condition that adversely 
affects the quality of life for millions of individuals 
worldwide (1). The resulting healthcare burden for LPB in 
industrialized societies is estimated to be between 0.2% to 
3.9% of their gross domestic products (GDP) (2-4). While 
the etiology of LBP varies (i.e., stenosis, herniation, facet 
degeneration, spondylolysis, and spondylolisthesis), surgical 
intervention is recommended only after conservative 
management has failed (5). Intervertebral fusion is 
considered to be the standard of care, with a 30+ year record 
of relieving pain from these symptomatic disorders (6-10).  
Historically, bone grafts were used to facilitate fusion, but 
they were associated with pseudarthrosis, collapse, and 
donor site morbidity (11,12). Today, synthetic interbody 
cages have largely supplanted allogenic spacers in restoring 
sagittal alignment and maintaining disc and foraminal 
height while facilitating bony fusion via the inclusion of 
autograft and other bone substitutes (13,14). There are 
several synthetic cage materials including titanium (Ti), 
polyetheretherketone (PEEK), tantalum (Ta), and silicon 
nitride (Si3N4) (15). Of these, Ti and PEEK implants are 
commonly used by surgeons based on their positive clinical 
performance (16). 

With the development of the Bagby and Kuslich (BAK) 
cage in the 1980s and 1990s, Ti became one of the first 
biomaterials to be used in spinal fusion surgery (17). Ti is 
effective in osseous integration due primarily to its oxide 
surface layer which promotes osteoblast adhesion and 
proliferation (18), but it is X-ray radiopaque and produces 
imaging artifacts on computed tomography (CT) and 
magnetic resonance imaging (MRI) (15). Its elastic modulus 
is also seen as a limitation because it is significantly higher (E 
=105 to 120 GPa) than either cancellous or cortical bone (E 
=5.0 to 25.8 GPa) (19). In contrast, PEEK’s favorable elastic 
modulus (E =4.0 GPa) (19) and radiolucent (15) nature 
have made it the preferred biomaterial for interbody fusion, 
having high arthrodesis rates and good clinical outcomes 
(20,21). However, PEEK also has its disadvantages. Its 
petrochemical nature is prone to bacterial colonization and 
biofilm formation, and its hydrophobic surface discourages 
direct appositional bone growth by inhibiting protein 
adsorption and cell adhesion. This leads to the formation 
of a fibrous layer around PEEK implants (22-27). Even 
so, a recent meta-analysis found that both Ti and PEEK 
implants were equally effective in spine fusion although Ti 
has a slightly increased risk for subsidence (28). However, 

other studies suggest that size and geometry (i.e., footprint) 
determine mechanical stability and subsidence risk rather 
than elastic properties (29-31).

Cage design has also focused on combining two 
materials to optimize fusion (13). For example, Chong 
et al. demonstrated early osseointegration and fusion by 
using a composite device consisting of a PEEK body with 
Ti-coated endplates (32). Another study suggested that 
porous PEEK was associated with improved osteogenic 
differentiation in vitro and greater implant fixation in 
vivo when compared to Ti-coated PEEK cages (33). 
Hydroxyapatite-coated PEEK has also been shown 
to improve osseous integration (34,35). Despite these 
innovations, there are few differences in clinical outcomes 
and fusion rates for PEEK, Ti, or other materials 
including carbon-fiber-reinforced interbody cages (29).  
This likely explains why PEEK remains the favored 
biomaterial for spinal fusion (36).

Like other implant materials, Si3N4 also has advantages 
and limitations. It is a non-oxide ceramic with high 
strength, toughness (37-39), and elastic modulus (E =296 to  
313 GPa) (19). Its non-ferrous nature minimizes scatter 
and artifacts on CT and MRI, and it is partially X-ray 
radiolucent (40). Due to its surface chemistry, it decreases 
bacterial adhesion as compared to PEEK and Ti (23,24,41) 
while concurrently upregulating osteogenic activity. Its 
mechanical, chemical, and osteoconductive qualities have 
been extensively studied (42-46). While Si3N4 may appear 
to be novel, it has one of the longest histories of any spinal 
fusion biomaterial. It was first used in a human clinical 
trial for lumbar fusion beginning in 1986, with follow-ups 
reported at 15 and 30+ years (47,48). Although the early 
design and material composition of these implants were 
suboptimal, modern data equally attest to the material’s 
biocompatibility, safety, and efficacy (48). Pre-clinical and 
clinical studies have also demonstrated the effectiveness 
of Si3N4 as spinal spacers, particularly in the cervical  
spine (27,49-53).

The present study reports on the 2-year clinical and 
radiographic outcomes of a prospective randomized 
controlled non-inferiority clinical trial that compared Si3N4 
and PEEK intervertebral cages implanted in patients with 
symptomatic degenerative lumbar disc disorders (37). The 
purpose of this investigation was to determine if devices 
made from Si3N4 have a similar clinical performance to 
PEEK. The research hypothesis was that Si3N4 implants 
would not be inferior to PEEK cages. This article was 
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prepared per the CONSORT reporting checklist (54,55). 
(available at http://dx.doi.org/10.21037/jss-20-588).

Methods

Study design

The study was designed in concordance with the 
declaration of Helsinki (as revised in 2013) as a non-
inferiority multicenter 100 patient (50 per cohort) 
prospective randomized controlled clinical trial where 
both the observer and patient were blinded. The 
study protocol was previously published (37) and a 
summary is available at www.clinicaltrials.gov (Identifier 
NCT01557829). It was approved by the Medical Research 
Ethics Committee United, Nieuwegein, the Netherlands 
(Verenigde Commissies Mensgebonden Onderzoek, 
https://www.ccmo.nl/). Patients (18–75 years) presenting 
with chronic LBP and disc degeneration of Pfirmann 
grade III or higher and/or isthmic or degenerative 
spondylolisthesis grade I or II were included. Patients 
were excluded for prior failed fusion at the same level, 
more than two symptomatic levels that required fusion, 
degenerative scoliosis, spondylolisthesis greater than grade 
II, osteoporosis, active or prior infection at the surgical 
site, neoplasm, psychiatric, or mental disorders, age >80 
years, and insufficient Dutch language skills. Patients were 
randomly allocated to one of the two groups at the time 
of surgery using a centralized 24-h online computerized 
randomization system (Sealed Envelope, LTD, London, 
UK). Patients and clinical observers were blinded for 

the assigned treatment during the 24-month follow-up. 
Clinical and radiographic assessments were performed at 3, 
6, 12, and 24 months.

Surgical procedure

Single- or double-level transforaminal lumbar interbody 
fusion with pedicle screw fixation was performed with 
either an oblique PEEK or Si3N4 cage (Phantom™ PLIF 
and Valeo® OL, respectively, CTL-Amedica, Dallas, TX, 
USA). Representative photographs of the two cages are 
shown in Figure 1A,B. The Si3N4 cage had a lordosis of 
0° whereas the PEEK implant had 6° of lordosis. In brief, 
after adequate exposure and placement of pedicle screws, 
a facetectomy was performed followed by an appropriate 
decompression of the symptomatic site. The disc space was 
cleared of disc material and the endplates were prepared. 
Cages were packed with locally harvested autograft from 
the lamina and facet joints. A single oblique cage was then 
placed in the disc space. Final fixation of the pedicle screws 
and rods was performed under compression. Patients were 
mobilized on the first day after surgery without orthotics.

Outcome measures

Clinical assessment
The pr imary  outcome measure  was  the  average 
improvement in the validated Dutch version of the Roland-
Morris Disability Questionnaire (RMDQ, 0–24-point scale) 
between the two treatment groups, with a higher score 
indicating more severe disability (56). Secondary outcome 

BA

Figure 1 Lumbar intervertebral cages used in this study: (A) ValeoTM OL Si3N4 cage and (B) PhantomTM PLIF PEEK cage. PEEK, 
polyetheretherketone.

http://www.clinicaltrials.gov
https://www.ccmo.nl/
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Figure 2 Comparable lateral X-rays of L4–L5 fusion at 24 months for: (A) Si3N4 cage and (B) PEEK cage. Note that solid fusion was 
achieved with both cage types as indicated by bone bridging between the endplates. PEEK, polyetheretherketone.

measures included scores from the generic quality of life 
questionnaires SF-36 (57), Oswestry Disability Index (ODI, 
0–50-point scale) (58), leg and back pain Visual Analog 
Scales (VAS, 0 to 100 mm) (59), and the Likert score 
(7-point scale) for perceived recovery by the patient and 
surgeon (60); Likert scores indicating complete recovery 
and almost complete recovery were considered good 
outcome measures (61). A neurological examination was 
also conducted at 3-, 6-, 12-, and 24-month follow-ups.

Radiological assessment
Each patient’s fusion status was evaluated according to the 
criteria mentioned by Burkus et al. (62,63), which included: 
(I) the presence of bridging bone on a CT scan (Siemens 
Sensation 16, Malvern, PA, USA, 3.0-mm slice) at 12- and 
24-month follow-ups; (II) disc height and angular changes 
in segmental alignment on plain lateral radiographs at 
24-month follow-up; and (III) an assessment of device-
host interface on a CT scan at 12-month follow-up (63). 
Standing anterior-posterior (AP) and lateral radiographs 
were collected at 3-, 6-, 12-, and 24-month follow-ups. 
Lateral X-ray radiographic images at 24-month follow-up 
are shown in Figure 2A,B for both implant types. Note that 
both images show solid fusion with bone bridging between 
the endplates. Average disc heights were determined as 
the mean of the anterior and posterior measurements. 

Subsidence was defined as a loss of >1 mm in average 
disc height. Also, at 12-month follow-up, a CT scan 
(Siemens Sensation 16, Malvern, PA, USA, 3.0-mm slice) 
was collected to monitor bony bridging. At 24 months, 
additional flexion/extension lateral radiographs were 
obtained to monitor angular motion. Fusion was defined 
as an angular motion of <2° and a translational motion of  
<0.5 mm. Each level was analyzed separately for patients 
with two-level fusion. All radiological analyses were 
performed by an independent organization (Medical 
Metrics, Houston, TX, USA).

Statistical analyses

Primary efficacy analysis
The primary statistical outcome was to demonstrate 
that cages made of Si3N4 were non-inferior to PEEK as 
measured by the average improvement in RMDQ scores at 
12-month follow-up. The minimum clinically important 
difference (MCID) for the RMDQ was a priori set at  
2.6 points on a scale of 24 based on an equal number of  
50 patients in each cohort (37,64). The analytical 
method was based on a mixed-effects model for repeated 
measurements (MMRM). This model included the 
treatment (i.e., type of cage) and operative center as 
independent variables, and the baseline RMDQ (fixed 
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effect) and patients (random effect) as covariates. An 
unstructured covariance matrix was assumed to model the 
“within-patient variance” and an estimation was performed 
by restricted maximum likelihood (65). The upper bound 
of a one-sided 97.5% confidence interval for the difference 
in the mean change from baseline to 12-month follow-up 
RMDQ scores for the two cages (i.e., Si3N4 and PEEK) was 
used to assess non-inferiority. Non-inferiority was to be 
demonstrated only if the upper boundary of the confidence 
interval did not exceed 2.6 of the RMDQ score—the smaller 
the RMDQ score, the better. Sensitivity analysis was used to 
assess the impact of dropouts. This analysis was conducted 
using the Last Observation Carried Forward (LOCF) 
imputation. The analytical and estimation method for the 
sensitivity analyses used the same MMRM with the same 
terms as the primary efficacy analysis. Additionally, a post 
hoc analysis was conducted because patient follow-up losses 
and RMDQ standard deviations were larger than protocol 
assumptions. These variances compromised the power of 
the original study from 90% to 50%. Consequently, as 
explained in the “Results” and “Discussion” sections, the 
upper boundary of the confidence interval was increased to 
4.0 from 2.6.

Secondary efficacy analyses
The secondary efficacy outcomes (i.e., ODI, leg and back 
VAS, Physical and Mental Function SF-36, and radiological 
measurements) were analyzed using the same MMRM 
adjusting for baseline values. Dichotomous outcomes based 
on the Likert scales for patient and surgeon perception were 
compared between treatment groups using Chi-Squared 
tests for proportions. 

Statistical analyses were performed using either RStudio 
Version 3.1-131 (Boston, MA, USA), SAS 9.4 Proc Mixed 
(SAS Institute, Cary, NC, USA), or MedCalc Version 18.6 
(Ostend, Belgium). Post hoc analyses were assisted with the 
use of PS Power and Sample Size Calculations software 
(Vanderbilt University, Nashville, TN, USA, Version 
3.0, 2009, http://biostat.mc.vanderbilt.edu/wiki/Main/
PowerSampleSize).

Results

Patient accountability and baseline characteristics

After receiving informed consent, 101 patients were 
originally included in the study between February 2012 and 
January 2015 (49 and 52 for Centers 1 and 2, respectively). 

Eight patients were subsequently excluded due to protocol 
violations (i.e., no pre-operative randomization, proof 
of osteoporosis after inclusion, or age >80 at the time of 
surgery) or by the cancellation of surgery by the patient 
after inclusion. Of the remaining 92 patients (46 each 
per center), 48 were randomized for PEEK and 44 for 
Si3N4. Most patients had symptoms of LBP combined 
with radicular leg pain (69 out of 92 patients). As shown 
in Table 1, baseline characteristics were evenly distributed 
between the two treatment arms without statistically 
significant differences. Eight patients in the Si3N4 group 
received two-level fusion compared with five patients in the 
PEEK cohort. There were no crossovers. At 24 months, 
13 additional patients were not evaluable (14.1%) due to 
either unrelated trauma, revision surgery, epidural steroid 
injections, or refusal of treatment. A patient accountability 
flow-chart is provided in Figure 3.

Perioperative results

Perioperative data are provided in Table 2. There were 
no differences in the length of hospital stay between the 
two groups. Average operative time and blood loss for the 
Si3N4 group were significantly greater than the PEEK 
cohort because insertion of the Si3N4 cages represented a 
new implantation procedure for the participating surgeons 
and hospitals. There was also a slightly higher rate of 
perioperative complications for the Si3N4 group, although 
the differences were not statistically significant.

Primary clinical outcome

The primary clinical outcome for the two cohorts was 
their average improvement in RMDQ scores. As shown 
in Figure 4, both treatment arms showed reductions in 
disability during the 24-month study. Mean improvements 
for either group were highly statistically significant at every 
time point (P<0.001). Although RMDQ scores between the 
groups at each follow-up were not significantly different 
(P>0.12–0.19), the PEEK group consistently had lower 
scores; but a trendline analysis indicated that there was no 
difference in the rate of improvement from pre-operative 
to 24 months between the two groups, neither were there 
any statistical differences based on patient diagnosis. 
At each time point, the MCID between the PEEK and 
Si3N4 groups was less than the non-inferiority margin of  
2.6 points. Using the a priori criteria for non-inferiority 
(i.e., n=50 patients in each cohort, RMDQ standard 

http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize
http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize
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Table 1 Baseline patient characteristics

Patient characteristic
Si3N4 PEEK

P value
N Mean ± SD or % N Mean ± SD or %

Age (years) 44 55.2±11.7 48 53.0±9.5 0.28a

Females 28 63.6 33 68.8 0.66b

BMI (kg/m2) 43 27.1±5.1 47 27.2±4.3 0.61a

Smokers 12 27.3 17 35.4 0.37b

Duration of complaints (weeks) 44 8.9±6.1 47 10.7±9.2 0.28a

Type of complaints

Radicular pain 9 20.5 8 16.7 0.64b

Combination back and radicular pain 30 68.2 39 81.3 0.15b

Back pain 5 11.4 1 2.1 0.07b

Clinical diagnosis

Degenerative disc disease 13 29.5 10 20.8 0.34b

Isthmic spondylolisthesis, grade 1 11 25.0 12 25.0 1.00b

Isthmic spondylolisthesis, grade 2 6 13.6 5 10.4 0.64b

Degenerative spondylolisthesis, grade 1 14 31.8 20 41.7 0.33b

Degenerative spondylolisthesis, grade 2 0 0.0 1 2.1 0.34b

Operated levels (number of implants)

1 Level

L3–L4 6 11.5 4 7.5 0.49b

L4–L5 11 21.2 19 35.8 0.10b

L5–S1 24 46.2 23 43.4 0.77b

L5–L6 1 1.9 1 1.9 1.00b

L6–S1 2 3.8 1 1.9 0.56b

2 Level

L3–L4 0 0.0 2 3.8 0.16b

L4–L5 7 13.5 2 3.8 0.08b

L5–S1 1 1.9 1 1.9 1.00b

Roland-Morris Disability Index (0–24 scale) 43 14.8±4.3 48 14.2±4.3 0.49a

Oswestry Disability Index (0–50 scale) 34 46.3±14.1 37 44.2±14.7 0.59a

VAS leg pain (0–100 scale) 41 58.9±27.8 46 60.9±20.7 0.91a

VAS back pain (0–100 scale) 42 61.7±21.9 46 62.3±22.3 0.98a

SF-36 Physical Function Index (0–100 scale) 41 30.2±7.6 46 28.2±6.8 0.15a

SF-36 Mental Function Index (0–100 scale) 41 48.3±11.9 46 47.8±10.5 0.92a

Previous back trauma 10 22.7 14 29.2 0.64b

a, Wilcoxon rank sum test or pooled t-test; b, two-sided Fisher’s exact test or Chi-squared test. 
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deviations of ≤4.0, and a one-sided upper confidence 
interval of 2.5%), the null hypothesis that Si3N4 is non-
inferior to PEEK could not be established. This outcome 
is graphically shown in Figure 5. The confidence interval 
(indicated by the error lines) exceeds the non-inferiority 
margin of 2.6 at each follow-up period. However, this 
conclusion is perhaps erroneous because the power of the 

study was compromised due to patient losses and RMDQ 
standard deviations which exceeded protocol assumptions. 
A post hoc analysis, which accounted for patient fallout and 
actual RMDQ standard deviations, is provided in Table 3.  
At the primary endpoint of 12-month follow-up, the 
power to detect a discernable difference using the original 
2.6 non-inferiority margin was only ~50%. Consequently, 
a revised non-inferiority margin of 4.0 was determined 
based on an additional review of the literature (64,66-74) 
(see “Discussion” section). Indeed, based on this revised 
margin, it was concluded that Si3N4 was non-inferior to 
PEEK in the context of this study.

Si3N4 pre-op
N=44

PEEK pre-op
N=48

Prospective randomized clinical study 
of lumbar fusion using Si3N4 and PEEK 

cages (n=92)

Post-op 
44 Patients/52 Levels

Post-op 
48 Patients/53 Levels

3 months follow-up 
43 patients/51 levels

3 months follow-up 
47 patients/52 levels

12 months follow-up 
42 patients/48 levels

12 months follow-up 
45 patients/50 levels

6 months follow-up 
43 patients/51 levels

6 months follow-up 
45 patients/50 levels

24 months follow-up 
36 patients/42 levels

24 months follow-up 
43 patients/46 levels

Figure  3  P a t i e n t  a c c o u n t a b i l i t y  f l o w  c h a r t .  P E E K , 
polyetheretherketone.

Table 2 Perioperative characteristics

Perioperative characteristic
Si3N4 PEEK

P value
N Mean ± SD or % N Mean ± SD or %

Operative time (min) 44 150±51 48 127±45 0.04a

Blood loss (mL) 43 473±332 46 319±149 <0.01a

Hospital stay (days) 44 3.9±1.6 46 3.7±2.2 0.63a

Complications

Dural tear 3 6.8 2 4.2 0.59b

Implant malposition 3 6.8 0 0.0 0.07b

Sensory deficit 3 6.8 1 2.1 0.27b

Motor deficit (MRC grade 4/5) 2 4.5 2 4.2 0.93b

a, Student’s t-test; b, Chi-squared test. MRC, Medical Research Council; PEEK, polyetheretherketone.
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Secondary clinical outcomes

Secondary clinical outcomes are given in Table 4. There 
were no significant differences in ODI, leg and back VAS 
pain scores, and SF-36 Physical or Mental Function indices 
at each of the follow-up periods. Also, follow-up VAS scores 
were not statistically different for the two implant materials 
when correlated with patient diagnosis. Likert scores for 
surgeon and patient-perceived outcomes are provided in 

Table 5. Although both physicians and subjects reported 
generally better recovery rates for the PEEK group at 
each follow-up time point, these differences did not reach 
statistical significance.

Radiological outcomes

X-ray radiography at 12- and 24-month follow-ups and 
CT scans at 12 months were used to assess for segmental 
motion and fusion. The radiographic data are provided in 
Table 6. There were no differences in relative intervertebral 
disc heights or movements for 12- or 24-month follow-ups 
between the two implant groups. Neither subsidence nor 
migration were notable issues. The flexion-extension X-ray 
images obtained at 24-month follow-up also showed no 
significant fusion differences between the two cohorts using 
two generally accepted assessment criteria—the original 
protocol (37) and FDA guidance (75). The CT images 
at 12-month follow-up indicated that 42% of the PEEK 
and 57% of the Si3N4 implants exhibited bone bridging 
between the endplates (P=0.13). Sagittal and coronal views 
for a Si3N4 implant are shown in Figure 6A,B, respectively. 
Because the PEEK implants were radiotransparent, the 
interface between the endplates and the implants could not 
be adequately ascertained. An assessment of the device-
bone interface (i.e., radiolucency or osseous integration) 
was therefore deemed to be unreliable and not incorporated 
into the radiological analyses.

Complications and revisions

There were 14 revisions during the 24-month follow-
up (15.2%). Details are provided in Table 7. In the PEEK 
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Figure 5 Non-inferiority test for each follow-up timepoint. Bars in 
the graph represent the mean difference in RMDQ scores between 
PEEK and Si3N4. Error lines represent the upper confidence 
interval of the difference at a type I error of 2.5%. The non-
inferiority of Si3N4 could not be established based on the a priori 
protocol margin of 2.6. Patient losses and higher than expected 
RMDQ standard deviations reduced the power of the study from 
90% to 50%. A post hoc analysis and review of additional literature 
justified a revised margin of 4.0, suggesting that Si3N4 is non-
inferior to PEEK (cf., Table 3). RMDQ, Roland-Morris Disability 
Questionnaire; PEEK, polyetheretherketone.

Table 3 Post hoc statistical analysis comparing RMDQ protocol with actual results 

Study design & 
follow-up

N RMDQ standard deviation
Statistical power to detect a difference in 

RMDQ scores

Si3N4 PEEK Si3N4 PEEK Pooled Margin =2.6 Margin =4.0

Protocol 50 50 4.0 4.0 4.0 89.5% 99.8%

Pre-op 43 48 4.3 4.3 4.3 81.3% 99.2%

3 months 43 47 5.2 5.5 5.4 62.6% 94.0%

6 months 43 42 6.7 6.3 6.5 44.2% 79.9%

12 months 42 45 6.4 5.8 6.1 49.9% 85.6%

24 months 35 42 7.1 6.5 6.8 37.6% 72.0%

RMDQ, Roland-Morris Disability Questionnaire; PEEK, polyetheretherketone.
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Table 4 Clinical outcomes

Outcome at follow-up
Si3N4 PEEK

P value
N Mean ± SD N Mean ± SD

Roland-Morris Disability Questionnaire (0–24 scale)

Pre-op 43 14.8±4.3 48 14.2±4.3 0.49

3 months 43 11.0±5.2 47 9.5±5.5 0.19

6 months 43 9.2±6.7 42 7.0±6.3 0.14

12 months 42 7.9±6.4 45 5.7±5.8 0.12

24 months 35 8.4±7.1 42 6.1±6.5 0.19

Oswestry Disability Questionnaire (0–50 scale)

Pre-op 34 46.3±14.3 37 44.2±14.7 0.59

3 months 28 32.1±16.9 33 29.6±18.0 0.41

6 months 32 26.4±17.4 34 22.9±19.8 0.26

12 months 30 20.7±18.5 34 21.7±19.5 0.82

24 months 28 23.2±21.3 33 23.0±19.8 0.84

VAS leg pain (0–100 scale)

Pre-op 41 59±28 46 61±21 0.91

3 months 43 26±26 46 26±28 0.87

6 months 42 26±26 42 24±29 0.33

12 months 42 27±23 44 25±28 0.30

24 months 31 30±31 42 27±26 0.79

VAS back pain (0–100 scale)

Pre-op 42 62±22 46 62±22 0.98

3 months 43 38±22 46 35±18 0.48

6 months 42 36±25 42 29±23 0.18

12 months 42 31±23 44 30±22 0.90

24 months 31 39±25 42 35±25 0.49

SF-36 Physical Function Index (0–100 scale)

Pre-op 41 30.2±7.6 46 28.2±6.8 0.15

3 months 43 36.3±7.8 47 37.2±8.9 0.65

6 months 43 38.7±10.4 41 41.5±9.5 0.16

12 months 42 42.1±9.4 43 44.1±10.3 0.22

24 months 34 39.2±11.7 40 42.2±12.9 0.27

SF-36 Mental Function Index (0–100 scale)

Pre-op 41 48.3±11.9 46 47.8±10.5 0.92

3 months 43 50.4±10.2 47 49.9±11.1 0.94

6 months 43 51.7±10.5 41 50.8±10.4 0.83

12 months 42 53.0±9.0 43 53.6±10.5 0.20

24 months 34 54.6±10.1 40 54.1±7.9 0.38

Wilcoxon rank sum test was used for significance testing. PEEK, polyetheretherketone; VAS, Visual Analogue Scales.
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Table 5 Patient and surgeon perceptions of recovery

Perceived recovery at 
follow-upa

Si3N4 PEEK
P valueb

N % N %

Patient perceived recovery

3 months 43 58.1 42 66.7 0.67

6 months 41 56.1 41 78.0 0.10

12 months 42 64.3 41 78.0 0.45

24 months 32 50.0 41 75.6 0.06

Surgeon perceived recovery

3 months 43 58.1 45 75.6 0.15

6 months 41 61.0 41 78.0 0.22

12 months 42 61.9 41 78.0 0.34

24 months 32 56.3 42 78.6 0.10
a, 7-point Likert scale, % of responses reporting “Complete 
recovery and Almost complete recovery”. b, Chi-squared test for 
significance using the entire distribution of responses. PEEK, 
polyetheretherketone.

Table 6 Radiological assessment for segmental motion and fusion

Radiological measurement at follow-up
Si3N4 PEEK

P value
N Mean ± SD or % N Mean ± SD or %

Average disc height (mm)

Pre-op 37 5.9±2.7 39 6.2±2.8 0.64a

Post-op 50 8.0±2.7 53 8.3±2.0 0.52a

12 months 28 6.5±2.4 28 6.4±2.0 0.87a

24 months 38 6.3±1.8 21 6.6±2.5 0.60a

Disc angle (°)

Pre-op 50 7.7±8.2 51 8.2±7.0 0.74a

Post-op 50 11.3±7.0 53 11.0±6.4 0.82a

12 months 50 10.1±5.3 49 7.6±6.8 0.04a

24 months 47 8.2±7.7 47 9.4±7.1 0.43a

Angular motion at 24 months (°) 36 1.18±1.01 34 0.93±0.70 0.24a

Translational motion at 24 months (mm) 36 0.14±0.22 34 0.12±0.15 0.66a

Segmental fusion assessment at 24 monthsc 29 80.6 30 88.2 0.52b

Segmental fusion assessment at 24 monthsd 26 57.8 21 46.7 0.40b

a, pooled Student’s t-test; b, Fisher’s exact test; c, criteria for fusion: <2° angular motion and <0.5 mm translational motion; d, US FDA 
criteria for fusion: evidence of bridging bone, <5° angular motion, and <3 mm translational motion. PEEK, polyetheretherketone.

group, four patients (8.3%) were revised at between 
5 and 14 months following their index surgeries due 
to decompression and adjacent level surgeries. This 
compares to ten patients in the Si3N4 cohort (22.7%) 
that were also revised up to 20 months post-operatively 
for factors related to implant positioning, a neurological 
disorder, pseudarthrosis, adjacent level procedures, screw 
malfunctions, and a cage non-union. Many of the repeat 
surgeries in both groups were performed due to adjacent 
level disease. Although reoperations were higher for the 
Si3N4 cohort, the difference was not statistically significant 
using Fisher’s exact test (P=0.08).

Discussion

This trial was designed to compare the clinical and 
radiological outcomes for two spinal cage materials, Si3N4 
and PEEK, in patients undergoing fusion surgery due to 
intractable lumbar back or leg pain (37). The overall results 
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indicated that patients treated with either cage material 
had similar outcomes for disability, pain, and fusion. In 
particular, the RMDQ improvements of this trial were 
similar to results from other spinal fusion studies (66,67,73), 
thereby reflecting good 1- and 2-year clinical outcomes for 
both the Si3N4 and PEEK groups. The other post-operative 
improvement scores from the study were also consistent 
with reported literature values for other studies using 
PEEK cages, ranging from 24 to 36 for VAS back pain, 
and 26 to 42 for VAS leg pain (76,77). In the present trial, 
both treatment groups showed an average of more than 
30 points of improvement for both VAS back and leg pain 
after 12-month follow-up. Average ODI changes found in 
the literature range from 9 to 20 (21,76,78) while the ODI 
improvements in this study after 12 months were more than 
12.5 points for both treatment groups. The fact that the 
average improvement scores for VAS and ODI in this trial 
are comparable with data found in the literature (specifically 
for lumbar interbody fusion using PEEK cages) provides 
confidence in the validity of the RMDQ measurements as 
well. Lastly, the fusion results observed in the current study 
were also found to be similar to values reported in a recent 
systematic review (79).

Primary outcome

In this study, it was hypothesized that Si3N4 would be 
non-inferior to PEEK as measured by a differential 

BA

Figure 6 CT imaging of a silicon nitride implant at 12-month follow-up, showing bridging between both endplates through the graft hole 
and around the implant in the sagittal (A) and coronal (B) views. No signs of lucency were seen at the device-bone interface.

Table 7 Revisions

Cage Index level Time Revision reason

PEEK L4–S1 5 months Re-decompression L5–S1

PEEK L5–S1 7 months Re-decompression L5–S1 
and screw removal S1

PEEK L4–L5 10 months Adjacent level L5–S1

PEEK L3–L4 14 months Adjacent level L4–S1

Si3N4 L5–S1 1 day Revision of cage due to 
implant malposition

Si3N4 L5–S1 2 days Revision screw L6 due to 
neurological disorder

Si3N4 L5–S1 6 months Revision screw due to lose 
endcap

Si3N4 L5–S1 7 months Re-decompression L5–S1

Si3N4 L4–S1 8 months Adjacent level L3–L4

Si3N4 L3–L4 10 months Adjacent level L4–S1

Si3N4 L5–S1 18 months Revision of cage due to 
pseudoarthrosis/loosening 
screws

Si3N4 L5–S1 18 months Revision of cage due to 
loosening cage

Si3N4 L3–L4 19 months Adjacent level L4–L5

Si3N4 L5–S1 20 months Explantation of cage due to 
non-union

PEEK, polyetheretherketone.
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improvement in RMDQ scores at 12-month follow-up of 
no more than 2.6 points (i.e., the non-inferiority margin). 
There was insufficient evidence to conclude that Si3N4 was 
non-inferior based on the original protocol assumptions. 
However, the actual study significantly deviated from 
the protocol, particularly for the number of patients in 
each cohort and the RMDQ standard deviations. The 
2.6-point non-inferiority margin would have been adequate 
for patient populations of 50 in each group and RMDQ 
standard deviations of ≤4, but the power to reject the 
research hypothesis was reduced from a planned 90% to 
approximately 50% at 12-month follow-up due to variances 
in these suppositions (cf., Table 3). The protocol non-
inferiority margin was originally set to the MCID based on 
studies by Robertson and Plank (66), Scheufler et al. (67), 
Patrick et al. (68), Roland and Fairbank (69), and Ostelo 
et al. (64). In delving into other relevant literature, it was 
concluded that the 2.6-point non-inferiority margin may 
have been inappropriate. For instance, in a two-paper 
series, Stratford et al. (70) and Riddle et al. (71) examined 
226 patients subjected to treatments for LBP using the 
RMDQ index. They found that the minimum detectable 
difference between pre- and post-treatments varied based 
on the patient’s initial RMDQ score. They concluded that 
clinically important changes in the RMDQ were 2 (for an 
initial score of 0 to 8), 4 (for an initial score of 5 to 12), 
5 (for an initial score of 9 to 16), 8 (for an initial score of 
13 to 20), and 8 (for an initial score of 17 to 24). In no 
instance did they recommend a tight margin for initial 
moderate to severe scores (i.e., RMDQ >12). In a separate 
publication, Stratford et al. utilized the RMDQ to study 
60 outpatients with lower back pain (74). They found that 
the minimum level of detectable change was 4 to 5 points 
at a 90% confidence level, which is significantly greater 
than the originally specified non-inferiority margin of the 
current study. An additional lumbar interbody fusion study 
by Ohba et al. reported RMDQ standard deviations which 
were substantially larger than 4 (i.e., range of 5.4 to 5.9 at 
12-month follow-up) for a two-cohort study with similar 
patient populations (73). Finally, Brouwer et al. used RMDQ 
as the primary outcome measure in a non-inferiority 
comparison of percutaneous laser disc decompression and 
conventional microdiscectomy (72). Their study had similar 
RMDQ scores and standard deviations as the present study, 
and they selected a value of 4 as the non-inferiority margin 
for determining a MCID. These additional references 
coupled with a post hoc power analysis suggest the current 
study was not adequately powered for a non-inferiority 

margin as small as 2.6, and further group differences in 
means somewhat larger than 2.6 are also likely associated 
with a group difference in means that is not clinically 
meaningful. Consequently, as shown in Figure 5 and  
Table 3, a revised non-inferiority margin of 4.0 appears 
clinically justifiable; and under this assumption, the non-
inferiority of the Si3N4 versus PEEK cages was affirmed. 

Perioperative outcomes

A significant difference was found in operative time and 
blood loss in favor of the PEEK cohort (i.e., 127 versus 
150 min, and 319 versus 473 mL, respectively). The 
greater amount of blood loss was directly linked to the 
longer operative time for the Si3N4 group. However, 
this result is skewed due to an outlier for one patient in 
the Si3N4 group whose blood loss was 1,700 mL. The 
difference in operative time can also be partially explained 
by a higher number of 2-level procedures in the Si3N4 
cohort compared to PEEK (i.e., 8 versus 5). Additionally, 
the operative time for the Si3N4 cages was increased due to 
the surgeons rotating the Si3N4 cages within the disc space 
during implantation—an unfamiliar technique that was 
not performed with the PEEK devices. During insertion, 
a Si3N4 cage fractured in each of two patients which 
extended the duration of their surgeries. However, after 
replacing these implants, no additional fractures occurred. 
Given these issues, the data indicate an average of 10 min 
less operative time between the first and second halves of 
the Si3N4 patients. This was not the case for the PEEK 
cages, as they had already been in use for several years in 
both participating hospitals before the start of the trial. 
Other perioperative complications were evenly distributed 
over the length of the study. There was no statistically 
significant difference in complication rates between the 
two participating centers.

Radiological outcomes

There is considerable controversy in the scientific 
literature as to when a lumbar segment is fused (62,80,81). 
Some practitioners argue that radiographic motion 
analyses are at best inconclusive. They favor operative 
assessments. Others believe that radiography can be 
effectively used, and various criteria of angular and 
translational motions have been proposed. Still, others 
suggest that a combination of radiographic motion 
coupled with the presence of anterior bridging bone 
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(i.e., the “sentinel sign”) on the radiograph along with 
no radiolucencies at the superior or inferior surfaces of 
the implant is the best method. In this study, the PEEK 
implants were radiotransparent and the interface between 
the endplates and implants could not be adequately 
ascertained. An assessment of either radiolucency or 
osseous integration for the PEEK devices was deemed 
unreliable and therefore not incorporated into the 
analyses. However, several other criteria were used. Bony 
bridging (i.e., between the superior and inferior endplates) 
was measured using CT scans at 12 months post-operative. 
Disc height measurements were also added for an analysis 
of potential subsidence. No significant differences were 
noted in the amount of bony bridging or subsidence 
between the two implant groups. Segmental motion, from 
flexion/extension X-ray radiographs, was also used to 
analyze for fusion. Both the original protocol criteria (i.e., 
<2° of angular and <0.5 mm of translational motion) (37)  
and the US FDA criteria (i.e., evidence of bridging 
bone, <5° angular and <3 mm translation motion) (75)  
were employed to assess for fusion. The protocol criteria 
indicated that ~81% of Si3N4 and ~88% for PEEK 
segments were fused, which is consistent with a systematic 
review for transforaminal lumbar interbody fusion (79) 
(i.e., ~76% to 100%); whereas the FDA criteria showed 
~58% of the Si3N4 and 47% of PEEK segments were fused 
(cf., Table 6). However, a technically successful fusion does 
not necessarily equate to the same clinical outcome because 
vertebral stability may occur before it is radiographically 
evident (82). There is only weak evidence to suggest that 
bony fusion correlates with good clinical outcomes (63,83). 
A sub-analysis of the data showed that boney bridging is 
not an indicator of RMDQ improvement. Therefore, in 
designing the study, our primary objective was to test for 
non-inferiority as measured by RMDQ scores.

Revisions

Although not statistically significant, there were more 
revisions within the Si3N4 group than the PEEK cohort 
(i.e., 10 versus 4). Excluding the five revisions which were 
strictly associated with adjacent level disease, the rate due 
solely to perioperative complications (9.8%) was similar to 
other reported transforaminal lumbar studies (84-86). Also, 
as described earlier, a learning curve may have impacted 
the higher than anticipated revision rate for the Si3N4 
cages whereas the PEEK devices have been used by the 
participating surgeons for many years.

Limitations

The design of this trial had several limitations. The use 
of a single oblique cage was chosen to allow for more 
accurate fusion measurements using X-ray and CT imaging. 
However, a single cage is mechanically unstable compared 
to two parallel cages (87). This could have biased the results 
and it also helps to explain the overall revision rate of 15.2% 
and revisions due solely to perioperative complications 
(9.8%). Also, from a retrospective point of view, the clinical 
outcomes for the two cohorts may have been more balanced 
if the blinded randomization had considered the pre-
operative RMDQ and pain scores. Although both cohorts 
experienced significant improvements in their disability 
and pain scores during the 24 months, the trendline data 
suggests that those pre-operative patients with the highest 
disability and pain scores maintained their relative position 
at each follow-up time point (cf., Figure 4). It appears that in 
randomizing the population, more of these types of patients 
were apportioned to the Si3N4 group than the PEEK 
cohort.

Conclusions

Similar clinical outcomes and overall recovery rates were 
reported after transforaminal lumbar interbody fusion using 
either PEEK or Si3N4 cages in patients with degenerative 
lumbar disc disorders. There was no significant difference 
in clinical measures during the 24 months of active follow-
up. The primary RMDQ non-inferiority hypothesis for 
the Si3N4 cages could not be demonstrated utilizing the 
original protocol assumptions (i.e., n=50 patients in each 
cohort and an RMDQ standard deviation of ≤4) due to 
significant patient fallout (n=43 for Si3N4 and 45 for PEEK) 
and higher than expected RMDQ standard deviations (SD 
=6.4 for Si3N4 and SD =5.8 for PEEK) at 12-month follow-
up. These variances reduced the power of the study from 
a planned value of 90% to only 50%. After an additional 
review of the literature and a post hoc analysis, the non-
inferiority margin was revised from 2.6 to 4.0; and under 
this assumption, the non-inferiority of the Si3N4 cages was 
affirmed. In conclusion, both the Si3N4 and PEEK cages 
were determined to provide comparable clinical outcomes 
for lumbar spinal fusion.
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