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We investigated the reliability of the 4Fusion ® quadripodal memory staple in a consecutive series of 59 four-corner arthrodeses in a single centre. Forty-one patients (46 wrists) had a radiological and clinical assessment at a mean follow-up of 7.4 years. Thirteen patients (13 wrists) were lost to followup. Bone union was achieved in all but one patient. Seven patients were reoperated, six for devices removal and one for nonunion. Most patients were satisfied, had a functional range of wrist mobility, good strength and were free of pain, comparable with the best previously reported series.

INTRODUCTION

Four-corner arthrodesis (4CA) was first described as a procedure for scapholunate advanced collapse (SLAC) (Watson and Ballet, 1984). It is now a common technique in the surgical treatment of wrist arthritis and one of the most used limited-arthrodesis procedures. Its indications had been extended to scaphoid nonunion advanced collapse (SNAC) and scaphoid chondrocalcinosis advanced collapse (SCAC). Various fixation techniques have been used, such as Kirschner wires [START_REF] Neubrech | Long-term results after midcarpal arthrodesis[END_REF], screws [START_REF] Gill | Limited wrist arthrodesis for the salvage of SLAC wrist[END_REF], plates or staples [START_REF] Pauchard | Dorsal locking plates versus staples in four-corner fusion: A comparative clinical and radiological study[END_REF][START_REF] Rimokh | Clinical and radiological outcomes of 40 cases of SLAC and SNAC wrist treated by four-corner arthrodesis with locking plate[END_REF] with no consensus on the best method in terms of their different rates of fusion and complications or costeffectiveness [START_REF] Daar | Proximal row carpectomy versus four-corner arthrodesis for the treatment of scapholunate advanced collapse/scaphoid nonunion advanced collapse wrist: a cost-utility analysis[END_REF].

The main aim of this study was to assess the reliability of 4CA using a quadripodal memoryshape staple (4Fusion®; Stryker Corporation, Kalamazoo, MI, USA) to achieve fusion and the secondary aim was to analyse the functional outcomes of operated wrists. Results were compared with other published series using any types of fixation.

METHODS

Patients

Fifty-four patients (59 procedures) underwent a scaphoid excision and 4CA procedure with 4Fusion ® memory clip in our centre between January 2008 and December 2017. The indication for operation was painful stage 2 or stage 3 wrist arthritis, according to the Watson classification (Watson and Ballet, 1984). CT wrist arthrography confirmed the arthritic stage and aetiologies. Patients with SCACwrist were all referred by a rheumatologist and staged with the Romano radiological classification [START_REF] Romano | Non-traumatic osteoarthritis of the wrist: chondrocalcinosis[END_REF]. Fifty-one procedures were performed by a level 3 surgeon and eight by a level 2 surgeon (Tang, 2009). Patients were contacted by telephone. They were asked to consent to participate in the study and, once consent was given, patients were invited to a clinical and radiological review by an independent observer (GM). Forty-one patients (46 wrists) were included.

Eleven could not be reached (including four who had died) and two did not wish or could not participate in the clinical assessment. This study was approved by a national ethics committee (Comité pour la Protection des Personnes Sud-Est I de St-Etienne).

Surgical procedure

Surgery was carried out under locoregional anaesthesia. A standard posterior approach was undertaken. The extensor retinaculum was opened in the fourth extensor compartment. The posterior interosseous nerve was coagulated in all cases. The articular capsule was opened in an Hshape. Visualization of a non-arthritic radiolunate articulation confirmed the surgical indication. The scaphoid was entirely removed. The articular surfaces of all four bones were prepared for fusion by scraping away all cartilage with a rongeur. The lunotriquetral compartment was kept intact when the lunotriquetral ligament was competent (10/46). In this situation, only the three remaining interosseous spaces were prepared. Dorsal intercalated segment instability (DISI) was then reduced by temporary capitolunar and hamatotriquetral K-wires. The 4Fusion ® staple was inserted with the appropriate instrument set after reaming the dorsal side flat. Cancellous bone harvested from the removed scaphoid or, in two cases, the distal radius was packed into the bone spaces. All wrists were immobilized for 6 weeks in a splint. Physical therapy was then started. The 4Fusion® quadripodal shape-memory staple is made of nitinol (nickel titanium), which has been shown to be biocompatible (Shabalovskaya, 1996), and its use is common in surgery (Van Riet and Bain, 2006). To obtain benefit from its shape-memory property, the staple needs to be stored at 0°C or below for at least 2 hours before implantation and it recovers its shape at 37°C. This produces a compression between carpal bones of 7 kg in the long axis of the staple and 2.5 kg in the short axis.

Objectives and assessment

The main criterion was the achievement of bone fusion. Fusion was defined as the union of the lunate, triquetrum, capitate and hamate bones in a single block on posteroanterior and lateral wrist radiographs.

The following were also assessed : complications, consolidation time, return-to-work, pain at rest measured by a visual analogue scale (0-10), grip strength preservation measured with a Jamar hydraulic dynamometer (Patterson Medical, Warrenville, IL, USA) and compared with the other side, active flexion-extension range of motion (ROM) measured by goniometer, satisfaction with the procedure (with the question "Would you have this surgery again?" and activities of daily living using validated functional scores (Quick-DASH, Patient-Rated Wrist Evaluation (PRWE) and Mayo Wrist Score (MWS)). Patients that underwent bilateral operations were excluded from contralateral side comparisons. The radiological assessment looked for nonunion, any development of osteoarthritis particularly in the radiolunate compartment and breakage or loosening of devices.

Statistical analysis

Age, sex, smoking, dominant side, aetiology, arthritic stage and time to clinical assessment were statistically analysed for their association with nonunion, range of motion, strength and radiolunate arthritis. Quantitative variables were noted by counts, mean (SD) values (when normally distributed) and qualitative variables by samples and percentage. Non-parametric data were reported as medians with interquartile ranges. Investigation of predictive factors was carried out using either a mixedeffects logistic regression for the qualitative variables or a linear mixed-effects model for the quantitative variables and then using a multivariate model and a stepwise selection. Significance was set at p < 0.05.

RESULTS

Aetiologies are presented in Table 1. Of the 41 patients, 26 were men (29 wrists), 15 were women (17 wrists). The mean age at surgery was 56 (SD 14) years and 64 (SD 13) years at the last follow-up.

Surgery was carried out on the dominant side in 28 cases. In five patients, surgery was bilateral.

Eighteen of the patients were manual workers (21 wrists), three had office work and 20 were retirees (22 wrists). The preoperative range of flexion-extension was 99° (SD 39). The mean tourniquet time was 88 (SD 15) minutes.

Clinical outcomes

Follow-up examinations were carried out at a mean of 89 (SD 36) months. All wrists were fused at this time except for one, which had a nonunion with a broken device and triquetral fracture. This was treated 1 month after the first operation by a lunocapitate arthrodesis and triquetral excision.

Implant malposition was identified in this case. This patient was excluded from subsequent functional analysis. In two wrists, an additional lunocapitate Easyclip ® staple (Stryker Corporation, Kalamazoo, MI, USA) was necessary to increase the fixation of the capitolunate joint. No wrist had been immobilized for more than 6 weeks.

The main results at review are presented in Table 2.

The device had to be removed in six patients for dorsal pain with extensor synovitis at a mean time of 11 months from initial procedure. One complex regional pain syndrome occurred. No infection was recorded.

Pain at rest rated on the visual analogue scale was <0.5 (SD 1), with 38 wrists free of pain. All office workers returned to work. Twelve of the eighteen manual workers (14/21 wrists) returned to their previous work at a mean time of 5.6 (SD 4) months, two patients (two wrists) altered their jobs and four patients (five wrists) were classified as disabled. Statistical analysis found no factors associated with nonunion, strength or radiolunate arthritis. The flexion-extension ROM was significantly associated with age at surgery (p=0.002), age at review (p=0.004), length of the follow-up (p=0.03) and dominant side (p=0.047).

Radiographic outcomes

At a mean of 89 months follow-up, radiographs showed no broken devices. There were two ulnocarpal impingements and nine had evidence of radiolunate arthritis (only three of which were symptomatic).

DISCUSSION

Our study assessed the reliability of 4Fusion ® quadripodal memory-shape staple in achieving fusion in the four-corner arthrodesis procedure. The primary finding in this study is a high fusion rate with only one nonunion. This is comparable with most published studies using various fixation methods (Table 2) and shows that the 4Fusion ® quadripodal memory-shape device is reliable in achieving fusion. Since 4CA was first described using K-wires (Watson and Ballet, 1984) many devices have been used in attempts to limit complications such as extensor tendon rupture or skin perforation. Quadripodal memory-shape staples have been investigated in previous studies with good fusion and variable complication rates achieved at mid-term follow-up [START_REF] Bellemère | Arthrodèse des 4 os internes par agrafes quadripodes à mémoire de forme[END_REF][START_REF] Corre | Retrospective study of two fixation methods for 4-corner fusion: Shape-memory staple vs. dorsal circular plate[END_REF]Van Amerongen and Schuurman, 2009;Xu et al., 2013).

To achieve fusion with this device, which applies perpendicular forces to the joint spaces, we believe that preparation of all articular surfaces is required. A particular feature in our surgical technique was in respecting the lunotriquetral space when the dorsal lunotriquetral ligament was intact (Figure 1) in order to keep an anatomical ulnocarpal joint. This technical variation had no effect on fusion in our study. The lunotriquetral joint had been fixed in the only case of nonunion. The triquetral leg of the staple had not been placed in the centre of this bone and fracture occurred at 3 weeks, during wrist immobilization. We conclude that forces produced in bones by this staple are sufficient to keep them in good position with adequate compression, even when respecting the lunotriquetral space. As this material allows only one fixation point per bone, the authors advise a cautious postoperative protocol, without allowing early mobilization.

A further finding is a device failure rate far lower than reported by Le [START_REF] Corre | Retrospective study of two fixation methods for 4-corner fusion: Shape-memory staple vs. dorsal circular plate[END_REF] for the same device (24%), with no broken implants in our study except the one case of nonunion. Le Corre et al. reported a correlation between the lack of fusion and having less than 45 days immobilization, whether staple or plates had been used. These points lead us to believe that the quadripodal memory-shape staple is a reliable implant when the appropriate technique is used, followed by postoperative immobilization for 6 weeks in a cast.

Accepted manuscript / Final version [START_REF] Palmer | Functional wrist motion: a biomechanical study[END_REF] defined functional ROM of the wrist as being more than 5° of flexion and 30° of extension. Most of the wrists in our study (33/46) attained these ROMs. We also reported functional scores similar to previously published results (Table 2), confirming the function allowed by a 4CA. Dorsal impingement caused by hardware was higher (9/46) than reported by [START_REF] Mantovani | Four corner arthrodesis limited to the centre using a scaphoid one piece graft and a dorsal circular plate[END_REF] or Tielemans et al. (2017) in recent studies in which no devices were removed. Hardware removal resolved the impingement in every case. The reaming guide of the staple allows a 2 mm depth for the implantation of the staple. This depth should perhaps be increased as this same complication occurred in another study analysing the quadripodal memory-shape staple [START_REF] Bellemère | Arthrodèse des 4 os internes par agrafes quadripodes à mémoire de forme[END_REF].

Although 4CA is associated with less degenerative change in the lunate facet of the radius than proximal row carpectomy [START_REF] Cohen | Degenerative arthritis of the wrist: Proximal row carpectomy versus scaphoid excision and four-corner arthrodesis[END_REF][START_REF] Dacho | Comparison of proximal row carpectomy and midcarpal arthrodesis for the treatment of scaphoid nonunion advanced collapse (SNAC-wrist) and scapholunate advanced collapse (SLAC-wrist) in stage II[END_REF] we found eight wrists with radiological degenerative changes with no predictive factors identified, not even the preoperative arthritic stage. Most of these wrists were asymptomatic, as has been reported in similar studies (Traverso et al., 2017) and patient satisfaction was high.

This study suffers from the weaknesses of retrospective studies but has a long follow-up and relatively few patients lost to follow-up. Fusion was not confirmed by a CT-scan but this staple does not obscure the area of fusion. Another limitation is the lack of a comparative group. Moreover preoperative data were incomplete with no preoperative functional scores available to compare with postoperative data. The inclusion of SCAC wrists may be controversial. Not all patients with presumed SCAC-wrist had a diagnostic wrist aspiration. This makes it difficult to compare the results with those of some other studies. Shabalovskaya SA. On the nature of the biocompatibility and on medical applications of NiTi shape memory and superelastic alloys. Biomed Mater Eng. 1996, 6: 267-89. Tang JB. Re: Levels of experience of surgeons in clinical studies. J Hand Surg Eur. 2009, 34: 137-8. Watson HK, Weinzweig J, Guidera PM, Zeppieri J, Ashmead D. One thousand intercarpal arthrodeses. J Hand Surg Br. 1999, 24: 307-15. Xu Y, Qi B, Fan X, Xu X, Lu S, Ding J. Four-corner arthrodesis concentrator of nickel-titanium memory alloy for carpal collapse: a report on 18 cases. J Hand Surg Am. 2012, 37: 2246-51. The paper is lengthy. Discussion section could be significantly shortened, starting with a much more concise summary of available techniques (lines 139 to 160).

Complete re-writing of the discussion

The reason for not addressing the LT joint with an intact LT ligament is not clear (167).

Precision on line 152-155, we added : « A particular feature in our surgical technique was the respect of lunotriquetral space in case of intact dorsal lunotriquetral ligament, (Figure 1) in order to keep an anatomical ulnocarpal joint. » Lines 173 to 182 needs to be significantly shortened as they are not relevant to the objectives of the study. Main results were included in Table 2.

Deleted in the text

EDITORIAL COMMENTS:

The Discussion is too long and poorly organized.

Start with a summary of your findings. Then briefly compare them with other reports. Analyse the strengths and weaknesses of the study. Give specific ideas about further study if you wish. End with a brief concluding statement.

Complete re-writing of the discussion

A weakness of your study is that you did not use recognized patient reported outcome measures. This should be acknowledged.

We added precision about SCAC-wrist in methods and in discussion we added line 184-186 « The inclusion of SNAC wrist may be controversial. Not all patients with SCAC-wrist have had a diagnostic puncture. It can make it difficult to compare with results of some other studies but may allow to focus on the properties of the staple. » Your tables have not been submitted in the format requested in the Submission Guidelines.

Correction made

Your tables should be submitted as individual Word document files for each table, not as one file containing all the tables.

Correction made

Accepted manuscript / Final version

In the reference list, list all authors when there six or fewer. Only give the first three followed by et al. if there are more than six authors. Check all instances.

Correction in the text

Most of your figures are unnecessary. "Before and after" PA and lateral radiographs are all that are required.

We removed Figure 1, 2 and 3. We left only PA and lateral radiograph (Figure 4).

  Tielemans A, Van Innis F, Troussel S, Detrembleur C, Libouton X, Lequint T. Effect of four-corner fusion with locking plate without bone graft on functional recovery of the wrist: New treatment guidelines. Hand Surg Rehabil. 2017, 36: 186-91. Trail IA, Murali R, Stanley J et al. The long-term outcome of four-corner fusion. J Wrist Surg. 2015, 4: 128-33. Traverso P, Wong A, Wollstein R, Carlson L, Ashmead D, Watson HK. Ten-year minimum follow-up of 4corner fusion for SLAC and SNAC wrist. Hand (N Y). 2017, 12: 568-72. Van Amerongen EA, Schuurman AH. Four-corner arthrodesis using the Quad memory staple. J Hand Surg Eur. 2009, 34: 252-5. Van Riet RP, Bain GI. Three-corner wrist fusion using memory staples. Tech Hand Up Extrem Surg. 2006, 10: 259-64.Watson HK, Ballet FL. The SLAC wrist: Scapholunate advanced collapse pattern of degenerative arthritis. J Hand SurgAm. 1984, 9: 358-65. 

FIGURE LEGEND Figure 1 .

 LEGEND1 FIGURE LEGEND

  Line 183 -184 -unclear comparison. Deleted in the text Lines 185 to 191 -clinical results in a comparative Table form as suggested above.

Table 1 .

 1 Disorder causing collapse in the 46 wrists.

	Condition	Wrists (n)
	SLAC	23
	Stage 2	5
	Stage 3	18
	SNAC	5
	Stage 2	1
	Stage 3	4
	SCAC Stage 3	16
	RA	2

SLAC: scapholunate advanced collapse; SNAC: scaphoid non-union advanced collapse; SCAC: scaphoid chondrocalcinosis advanced collapse; RA : rheumatoid arthritis.

Table 1

 1 

Table 2 .

 2 Comparison of our main results with other series.

	Studies	Wrists (n)	Follow-up	Device	Nonuni	Complication	Range of flexion-	Strength	PRWE	Quick-
			(Months)		on	rate	extension (°/%	(Grasp kg/ %	Median	DASH
					%	%	contralateral)	contralateral)	(IQR)	Median
										(IQR)
	This series	46	89	QMS	2	17	72° / 71 %	26 / 90%	41 (0-28)	16 (0-30)
	Ashmead et	100	44	K-wires	3	19	72° / 53 %	-	-	-
	al. (1994)									
	Athlani et al.	51	72	Locking plate	20	20	50° / -	28 / 80 %	20	41
	(2020)									
	Bellemère	62	27	QMS	2	27	52° / -	27 / 71%	-	-
	et al. (2006)									
	Kitzinger et	180	22	K-wires	7	14	-	-	-	-
	al. (2012)									
	Le Corre et	37	52	QMS	5	24	68° / -	24 / -	34	39
	al. (2015)									
	Neubrech et	594	163	K-wires	4	11	63°/ 63 %	27 / 85%	-	20
	al. (2012)									
	Ozyurekoglu	33	8	Locking plate	6	12	71° / -	29 / 80 %	74	13
	et al. (2012)									
	Pauchard et	31	13	Staples	0	10	67° / -	30 / 71 %	41	30
	al. (2015)									
	Rimokh et	40	70	Locking plate	45	23	58° / 46 %	24 / 65 %	-	30
	al. (2020)									
	Trail et al.	87	112	K-wires,	40	-	60° / 50 %	-	-	-
	(2015)			screws, plates						
	Watson et	252	44	K-wires	3	6	-/ 53 %	-/ 80%	-	-
	al. (1999)									
	QMS: Quadripodal memory-shape staple; PRWE : Patient-Reported Wrist Evaluation ; QuickDASH : Quick	
	version of the Disabilities of the Arm, Shoulder and Hand questionnaire.			

  We do not measured the exact distance between the centre of the arthrodesis and the central point of the staple. All staples were not exactly in the centre but in the nonunion case, the leg of the staple was very close to the edges of the triquetrum, which probably broke it.

	Table 2	
		factors of non-union, high range of motion, associated with age at surgery (p=0.002), age at
		strength and radiolunate arthritis. » review (p=0.004), length of the follow-up
		(p=0.03), and dominant side (p=0.047). »
		And in results line 127-130
		« Statistical analysis found no associated factors
		with non union strength and radiolunate
		arthritis. Range of motion was significantly
		associated with age at surgery (p=0.002), age at
		review (p=0.004), length of the follow-up
		(p=0.03), and dominant side (p=0.047). »
	The discussion needs re-writing/editing to	Complete re-writing of the discussion
	improve grammar in multiple sections	
	Were staples all central in the patients that	
	didn't have a fracture or nonunions?	
	Reviewer #2:
	Comments :	Reply :
	Patient characteristics (lines 100 to 105) could	We preferred not to add another table as
	be summarised in tabular form.	modified Table 2 already contain large amounts
		of data.
	The results (lines 119 to 128) are difficult to	Results (range of motion, strength, and
	glean from the description.	functional scores) were included in Table 2 to
	Clinical results, together with comparative	allow easier comparison.
	results in other case series would be better	
	presented in tabular form to allow the reader to	
	interpret the results in the context of other	
	devices, similar to Table 3.	
	Lines 91 to 96 discuss statistical methods but it	We added
	is unclear where these methods have been	Line 89-91
	applied for predictive analyses.	« Statistical analysis investigated age, sex,
		smokers, dominant side, etiology, arthritic stage
		and time to clinical assessment as associated
		factors of non-union, high range of motion,
		strength and radiolunate arthritis. »
		Line 127-130
		« Statistical analysis found no associated
		factors with non union strength and radiolunate
		arthritis. Range of motion was significantly
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Dear Editor, Thank you for these comments. We made a point-by-point answer to the given comment. It can be found in the following tables. Discussion have been shortened and clarifications made on each comment.

Regards,

Gwenaël Mevel

Response to reviewers :

Reviewer 1

Comments : Reply :

The clinical photos are not needed. The x-ray images are sufficient

We removed Figure 1, 2 and 3 Is all of the data parametric? If not median and 95% confidence interval should be used.

PRWE and Quick-DASH score data were not parametric. Correction made in the text : Functional scores were integrated in table 2. Line 95 -p < 0.20 is not 'significant'.

Deleted in the final text Who defined the stages of SLAC and SNAC? Clarification line 44-46, we added : "Indication for operation was painful stage 2 or stage 3 wrist arthritis, according to Watson classification (Watson and Ballet, 1984). CT wrist arthrography confirmed arthritic stage and etiologies."

Table 1 -SCAC is not so well recognised. Please provide a description of this classification and reasons for using.

Clarification line 46-47, we added : Patients with SCAC-wrist were all followed by a rheumatologist and staged with Romano radiologic classification [START_REF] Romano | Non-traumatic osteoarthritis of the wrist: chondrocalcinosis[END_REF].

Line 87 -How was radiology used to look for posterior impingement? Isn't this a clinical sign?

We looked for posterior impingement sign on lateral radiograph. Impingement was defined as impact mark of the staple in the bone posteriorly.