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Introduction

There are several interbody fusion (IF) techniques, using anterior and/or posterior approaches. Fusion assessment is controversial, which is why reported rates vary between 69% and 100% [START_REF] Fogel | Fusion assessment of posterior lumbar interbody fusion using radiolucent cages: X-ray films and helical computed tomography scans compared with surgical exploration of fusion[END_REF][START_REF] Høy | Transforaminal lumbar interbody fusion (TLIF) versus posterolateral instrumented fusion (PLF) in degenerative lumbar disorders: a randomized clinical trial with 2-year follow-up[END_REF][START_REF] Shah | Comparison of plain radiographs with CT scan to evaluate interbody fusion following the use of titanium interbody cages and transpedicular instrumentation[END_REF][START_REF] Blumenthal | Can Lumbar Spine Radiographs Accurately Determine Fusion in Postoperative Patients[END_REF]. The most reliable method is surgical exploration, but this is feasible only in case of revision surgery [START_REF] Blumenthal | Can Lumbar Spine Radiographs Accurately Determine Fusion in Postoperative Patients[END_REF][START_REF] Brodsky | Correlation of radiologic assessment of lumbar spine fusions with surgical exploration[END_REF]. If metal interbody cages have not been used, the optimal technique is thin-slice CT, although fusion criteria vary between authors [START_REF] Mcafee | Symposium: A Critical Discrepancy-A Criteria of Successful Arthrodesis Following Interbody Spinal Fusions[END_REF][START_REF] Gruskay | Methods of evaluating lumbar and cervical fusion[END_REF][START_REF] Burkus | Surgical Interbody Research Groupradiographic assessment of interbody fusion devices: fusion criteria for anterior lumbar interbody surgery[END_REF].

Tantalum has been used since the early 2000s. It is a rigid highly porous metal (porosity 80%) with texture resembling cancellous bone [START_REF] Bobyn | Clinical Validation of a Structural Porous Tantalum Biomaterial for Adult Reconstruction[END_REF], which facilitates osseointegration and bone remodeling, while the high coefficient of friction improves stability [START_REF] Karageorgiou | Porosity of 3D biomaterial scaffolds and osteogenesis[END_REF]. Several studies demonstrated the osseointegration capacity of tantalum [START_REF] Abolghasemian | Combined trabecular metal acetabular shell and augment for acetabular revision with substantial bone loss: A mid-term review[END_REF][START_REF] Howard | Early Results of the Use of Tantalum Femoral Cones for Revision Total Knee Arthroplasty[END_REF][START_REF] Fernández-Fairen | Anterior Cervical Fusion With Tantalum Implant: A Prospective Randomized Controlled Study[END_REF]. In spine surgery, CT assessment of tantalum implants is hindered by metal artifacts [START_REF] Van De Kelft | Trabecular metal spacers as standalone or with pedicle screw augmentation, in posterior lumbar interbody fusion: a prospective, randomized controlled trial[END_REF], although recent study showed that these are reduced using new CT techniques [START_REF] Zhou | Reduction of Metal Artifacts and Improvement in Dose Efficiency Using Photon-Counting Detector Computed Tomography and Tin Filtration[END_REF]. MRI is not the best means of studying bone structures, but can avoid metal artifacts on adapted sequences. There have been few studies of MRI in IF [START_REF] Kitchen | Fusion Assessment by MRI in Comparison With CT in Anterior Lumbar Interbody Fusion: A Prospective Study[END_REF][START_REF] Kröner | Magnetic Resonance Imaging Evaluation of Posterior Lumbar Interbody Fusion[END_REF]. Kröner et al. [17] demonstrated the feasibility of studying IF on MRI in fusion using PEEK implants. Kitchen et al [START_REF] Kitchen | Fusion Assessment by MRI in Comparison With CT in Anterior Lumbar Interbody Fusion: A Prospective Study[END_REF], in a small series of 14 patients with anterior lumbar interbody fusion (ALIF) and carbon implants found MRI to be equivalent to CT in assessing IF.

The present study aimed to assess the contribution of MRI in assessing IF after posterior lumbar interbody fusion (PLIF) with tantalum intervertebral implants. The study hypothesis was that fusion following PLIF can be assessed on MRI.

Materials and Methods

Study design and inclusion criteria

A single-center single-surgeon continuous retrospective study included 52 PLIF procedures with tantalum intervertebral implant and no interbody bone autograft performed between October 2008 and November 2012. Patients presented chronic low back pain resisting medical treatment for more than 1 years: 42 cases of degenerative disc disease and 10 of isthmic spondylolisthesis. One of the 52 eligible patients had contraindications to MRI, and 3 were lost to follow-up by 1 year; 48 patients were thus finally included. Review board approval was obtained (n° 1791924v0) and all patients signed a consent form.

Radiologic assessment

Preoperative imaging comprised AP and lateral standing lumbar spine X-ray and dynamic lateral X-ray in maximal flexion-extension. MRI (n=40) or myelography (n=12) were also performed. MRI showed Modic I signal in 13 cases (32.5%), Modic II in 17 (42.5%) and no Modic signal in 10 (25%). On the Pfirrmann classification, all operated discs were grade 4 or 5.

Postoperative imaging comprised:

standard AP and lateral standing lumbar spine X-ray at 3 months, 1 year and last followup;

dynamic lateral X-ray in maximal flexion-extension at 1 year; -MRI at 1 year.

1.5T MRI (Magnetom Aera, Siemens Healthcare, Erlangen Germany) was performed on the protocol described by Wang et al. [START_REF] Wang | A comparison of magnetic resonance and computed tomographic image quality after the implantation of tantalum and titanium spinal instrumentation[END_REF] In the lumbar spine, 3 acquisitions were taken: 2 sagittal, 1 coronal. In the sagittal plane, T1 sequences (slice thickness: 4mm; field of view (FOV): 280; matrix size: 384x384; reception time (TR)/echo time (TE): 371/6 ms) and short tau inversion recovery (STIR) sequences (slice thickness: 4mm; FOV: 280; matrix size: 384x384; TR/TE: 5,020/65 ms) were used. In the coronal plane, an additional T1 sequence was used (slice thickness: 3mm; FOV: 260; matrix size: 320x240; TR/TE: 522/9 ms).

Fusion criterion

Hardware failure (posterior fixation breakage or disassembly, radiolucency around screw, cage migration) was screened for on standard X-ray, and counted as fusion failure. IF was defined on dynamic lateral X-ray in maximal flexion-extension, as classically, by intersegment mobility <5° [START_REF] Mcafee | Symposium: A Critical Discrepancy-A Criteria of Successful Arthrodesis Following Interbody Spinal Fusions[END_REF]. Radiographs were interpreted by 2 senior surgeons other than the operator, using PACS 4.6 software (Telemis S.A., Louvain-la-Neuve, Belgium) (Fig. 1).

The MRI fusion criteria were taken from CT studies [START_REF] Brodsky | Correlation of radiologic assessment of lumbar spine fusions with surgical exploration[END_REF][START_REF] Mcafee | Symposium: A Critical Discrepancy-A Criteria of Successful Arthrodesis Following Interbody Spinal Fusions[END_REF]. Cancellous bridges showed as continuous T1 hypersignal (cancellous bone signal) along the entire height of the intervertebral space (Fig. 2), and were classified according to analysis of frontal and sagittal slices (Table 1) as:

-Grade I (fusion acquired): continuous cancellous bridge (CCB) on at least 2 successive frontal or sagittal slices; -Grade II (possible fusion): CCB on a single slice; -Grade III (absence of fusion): no or discontinuous cancellous bridge. MRI images were interpreted independently by 2 blinded senior osteoarticular radiologists.

In case of disagreement, the poorer grade was taken for analysis.

Statistical analysis

Results were calculated for descriptive analysis. Interobserver variation was assessed on Cohen's kappa coefficient. Analyses used SAS 9.2 software (SAS Institute Inc., Cary, NC, USA, 2008) with a significance threshold at p<0.05.

Results

Mean follow-up was 55 months (range, 25-74 months).

There was no radiolucency around screws, and no hardware breakage or cage migration. There were no revision procedures for hardware failure. All patients showed <5° mobility on dynamic X-ray. The radiographic fusion rate was 100%. Interobserver agreement was 100%.

On MRI, IF was grade I in 71% of cases, grade II in 8% and grade III in 21% (Table 2).

Interobserver agreement was 81%, with kappa = 0.56 (range, 0.35-0.77).

Adjacent disc study found:

-14 cases (38%) of degeneration according to Pfirrmann in one or both adjacent discs, including 3 symptomatic cases requiring surgical revision (fusion) at 2 to 5 years; -23 cases (62%) without modification.

There were no correlations between IF and smoking status, occupational status or clinical results.

Discussion

The study objective was to assess interbody fusion on MRI in PLIF with tantalum intervertebral implants. This assessment is especially important when patients again show symptoms following PLIF and surgical revision is considered. The present results partially confirmed the study hypothesis, with MRI finding interbody bone bridges in 79% of cases.

Radiographic analysis

Standard X-ray [START_REF] Lenke | Results of insitu fusion for isthmic spondylolisthesis[END_REF][START_REF] Brantigan | A carbon fiber implant to aid interbody lumbar fusion: two-year clinical results in the first 26 patients[END_REF] is insufficient for studying IF in PLIF. Several authors reported discordance between the findings of standard radiography and surgical exploration [START_REF] Herzog | Assessment of spinal fusion. Critical evaluation of spinal fusion[END_REF][START_REF] Kant | Evaluation of lumbar spine fusion: plain radiographs versus direct surgical exploration and observation[END_REF].

Interpretation of radiographs in flexion-extension depends on too many parameters, such as degree of movement, centered X-ray incidence or iliac crest superimposition, inducing variations in angle measurement. Brodsky et al. [START_REF] Brodsky | Correlation of radiologic assessment of lumbar spine fusions with surgical exploration[END_REF] demonstrated non-correlation between radiographs in flexion-extension and surgical data in 36% of cases. Taking <5° intersegment mobility as criterion, the fusion rate in the present study was 100%; in reality, however, mobility of a fused segment is not clearly defined and varies between authors [START_REF] Burkus | Surgical Interbody Research Groupradiographic assessment of interbody fusion devices: fusion criteria for anterior lumbar interbody surgery[END_REF][START_REF] Santos | Radiologic assessment of interbody fusion using carbon fiber cages[END_REF][START_REF] Ray | Threaded titanium cages for the lumbar interbody fusions[END_REF][START_REF] Flouzat-Lachaniette | Bone union rate with recombinant human bone morphogenic protein-2 versus autologous iliac bone in PEEK cages for anterior lumbar interbody fusion[END_REF].

CT analysis

Many CT definitions of IF have been described [START_REF] Fogel | Fusion assessment of posterior lumbar interbody fusion using radiolucent cages: X-ray films and helical computed tomography scans compared with surgical exploration of fusion[END_REF][START_REF] Shah | Comparison of plain radiographs with CT scan to evaluate interbody fusion following the use of titanium interbody cages and transpedicular instrumentation[END_REF][START_REF] Herzog | Assessment of spinal fusion. Critical evaluation of spinal fusion[END_REF][START_REF] Flouzat-Lachaniette | Bone union rate with recombinant human bone morphogenic protein-2 versus autologous iliac bone in PEEK cages for anterior lumbar interbody fusion[END_REF][START_REF] Carreon | Reliability and accuracy of fine-cut computed tomography scans to determine the status of anterior interbody fusions with metallic cages[END_REF][START_REF] Carreon | Diagnostic accuracy and reliability of fine-cut CT scans with reconstructions to determine the status of an instrumented posterolateral fusion with surgical exploration as reference standard[END_REF]. Interpretation was imperfect, as seen from the variable inter-and intra-observer reproducibility, with Landis and Koch correlation coefficients between 0.4 and 0. 

MRI analysis

There are no validated data on IF modalities following PLIF, not to mention IF criteria on MRI. We describe here well-defined and very strict MRI fusion criteria. MRI allows study of cancellous and not cortical bone. T1 sequences reveal cancellous bone and are the most specific. The signal should be fat-like (T1 hypersignal) to identify cancellous bone in the intervertebral space. Intervertebral T1 hyposignal, interpreted as a disc, may possibly in fact correspond to a cortical bone bridge and thus represent fusion. There have been MRI studies of IF in animals, but these are difficult to translate to humans. Zhou et al. [START_REF] Zhou | In Vivo Magnetic Resonance Imaging Evaluation of Porous Tantalum Interbody Fusion Devices in a Porcine Spinal Arthrodesis Model[END_REF] assessed tantalum implant non-integration to adjacent endplates by T1 spin-echo hypersignal, but to the best of our knowledge this has not been studied in humans. Kröner et al. [START_REF] Kröner | Magnetic Resonance Imaging Evaluation of Posterior Lumbar Interbody Fusion[END_REF] were the first to study fusion in PLIF, with PEEK implants on 2 MRI slices. The intervertebral space was segmented in 7 areas in the coronal and sagittal planes, with assessment inside and outside of the implants. Fusion was mainly achieved medially, between implants; in the sagittal plane, fusion rates were significantly higher in the posterior than the anterior part. The authors analyzed MRI signals only in very limited places and without specifying whether bridges were continuous or not. In the present study, 4 zones were analyzed, outside of the implants, with the requirement that the cancellous signal show continuity between endplates.

In cervical fusion, Buchowski et al. [START_REF] Buchowski | Anterior cervical fusion assessment: surgical exploration versus radiographic evaluation[END_REF] compared results between standard X-ray, CT and MRI versus surgical exploration; MRI showed the poorest correlation, and the greatest interobserver variability. The present study confirmed this interobserver variability, in a larger sample (48, rather than 14), with MRI analyzed by specialized radiologists rather than surgeons. MRI is the only examination able to analyze the interbody space with tantalum implants. It is hard to interpret, and imperfect in its assessment of fusion: interobserver agreement was no more than moderate (k = 0.56), but this may have been due to the rate of grade II ("potential") fusion, where observations are less concordant. On the other hand, adjacent segment study and screening for adjacent syndrome disease [START_REF] Guigui | Long-term influence of associated arthrodesis on adjacent segments in the treatment of lumbar stenosis: a series of 127 cases with 9-year follow up[END_REF] make MRI particularly contributive in case of recurrent low back pain.

Conclusion

Used without associated autograft, tantalum implants allow satisfactory radiographic study. MRI is imperfect in assessing IF, and is contributive only when it reveals CCB, particularly on several sagittal or frontal slices: i.e., it is only of positive value (71% in the present series); absence of CCB allows no conclusion to be drawn. Absence of symptoms and of bone changes around the hardware (mobility, mobility chamber) and mobility <5° are then the only indications of consolidation (Table 3). Progress in CT, with reduction of artifacts, may improve IF assessment, unless bone integration on both sides of the implant is considered to be sufficient for interbody continuity, without a continuous bone bridge between endplates being a requirement. 
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 12 Fig. 1: Lateral X-ray (A) in flexion and (B) in extension, with segment mobility (27.8° in flexion and 28.2° in extension)Fig. 2. T1 lumbar MRI sequence. (A-A') Sagittal and frontal slices showing discontinuous cancellous bridge (dotted arrow). (B-B') Sagittal and frontal slices showing continuous cancellous bridge (full arrow)

  9. Thin-slice CT is nevertheless the gold standard, despite being irradiating and sometimes uninterpretable due to artifacts induced by certain intervertebral materials. In a series of 53 PLIFs with 156 titanium cages and autologous bone graft, Shah et al. [3] found interbody bone bridges inside and outside of cages in respectively 95% and 90% cases. In a series of 90 PLIFs with 172 PEEK cages and autologous bone graft, Fogel et al. [1] found interbody bone bridges in 77% of cases. The rate of CCB outside the tantalum implant on 4-mm slices was 71% in the present study.

Table 1 MRI fusion criteria in PLIF CCB

 1 : continuous cancellous bridge. A single negative criterion suffices for classification.

		MRI
	Grade 1	CCB on ≥1 frontal
		and sagittal slice or
	(Fusion acquired)	on 2 successive slices
	Grade 2	
		CCB on 1 slice
	(Possible fusion)	
	Grade 3	No or discontinuous
	(Absence of fusion)	cancellous bridge

Table 3

 3 Classification of PLIF fusion on X-ray and MRI et l'IRM CCB: continuous cancellous bridge. A single negative criterion suffices for classification.

		MRI	Intersegment mobility Material failure
	Grade 1	CCB on ≥1 frontal	< 5°	No
	(Fusion acquired)	and sagittal slice or on 2 successive slices		
	Grade 2		< 5°	No
		CCB on 1 slice		
	(Possible fusion)			
	Grade 3	No or discontinuous	> 5°	Yes
	(Absence of fusion)	cancellous bridge		
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