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Minimally Invasive Fixation with a Volar Approach Using a Cannulated Compression Screw for Acute Hook of Hamate Fractures
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Purpose: The optimal treatment of acute hook of hamate fractures (HHF) remains controversial.

Isolated acute HHF can be treated non-operatively or operatively (excision of the hook or open reduction with internal fixation (ORIF)). The authors present the functional outcomes of a case series of patients who were treated with minimally invasive volar fixation for acute HHF.

Methods: This retrospective study reviewed six patients with nondisplaced acute HHF treated with a minimally invasive volar approach and cannulated mini-screw fixation. The development of postoperative complications (tendon and ulnar nerve lesions), pain evaluated using a visual analog scale and radiological union evaluated on CT scan are reported. The wrist range of motion and grip strength were measured bilaterally. Mayo Wrist Score and QuickDASH were assessed. All outcomes were measured at 1, 2, 3 and 6 months postoperatively.

Results: Fixation of HHF through the volar approach was achieved in all cases with no complications. The clinical and radiological union rate was 100%. All patients were able to return to their work or hobbies after an average of 7 weeks.

Conclusions: This study suggests that acute HHF can be treated successfully by ORIF using a volar approach with minimal morbidity and complications, a good union rate and a fast return to daily activities.

INTRODUCTION

Hook of hamate fractures (HHF) are rare in the general population (2%), but more common in athletes [START_REF] Boulas | Hook of the hamate fractures. Diagnosis, treatment, and complications[END_REF][START_REF] Devers | Outcomes of hook of hamate fracture excision in high-level amateur athletes[END_REF][START_REF] Bachoura | Hook of hamate fractures in competitive baseball players[END_REF][START_REF] Bansal | Return to Play and Complications After Hook of the Hamate Fracture Surgery[END_REF] . Although their incidence has been evaluated and addressed in the existing literature, it is likely underestimated.

Common signs of HHF are pain in the palm aggravated by grasping, tenderness with deep palpation over the hook, pain with dorsoulnar deviation, and painful flexion of the ring and small fingers [START_REF] Boulas | Hook of the hamate fractures. Diagnosis, treatment, and complications[END_REF][START_REF] Wright | Hook of hamate pull test[END_REF][START_REF] Bishop | Fracture of the hamate hook[END_REF] . Even though clinical evidence may be present, it is often difficult to diagnose HHF using standard radiographs [START_REF] Murray | Fracture of the hook of the hamate[END_REF] . X-rays including a carpal tunnel view and various oblique projections can improve identification of the fracture; however computed tomography (CT) has been shown to be the most reliable method for diagnosing HHF [START_REF] Andresen | The imaging of hamate fractures in the conventional X-ray and CT: experimental results and clinical experiences[END_REF] . Nevertheless, Kadar et al. have shown that CT scans can also miss subtle, nondisplaced fractures [START_REF] Kadar | Diagnosis and management of hook of hamate fractures[END_REF] .

Delayed diagnosis and treatment of HHF can lead to nonunion, which may or may not be symptomatic. The rate of asymptomatic nonunion is unknown and difficult to measure [START_REF] Scheufler | Therapeutic alternatives in nonunion of hamate hook fractures: personal experience in 8 patients and review of literature[END_REF] . Many surgeons believe that acute fractures are very rare and that most acute symptoms are solely due to a stress fracture [START_REF] David | Symptomatic, partial union of the hook of the hamate fracture in athletes[END_REF] . Nonunion of the hamate hook can induce chronic pain in the ulnar side of the palm aggravated by grasping and complications including flexor tendon rupture of the little or ring fingers and sensory or motor deficits of the ulnar nerve [START_REF] Klausmeyer | Hook of hamate fractures[END_REF] .

The optimal treatment for acute HHF is controversial. Two types of hook fractures must be differentiated: 1) acute high energy trauma, 2) stress fracture in which the symptoms are only a manifestation of the final stage of a chronic process. Many surgeons believe this second etiology can only be addressed by excision. Low vascularization of the hook could be an argument in favor of the weak healing potential of these lesions, but the controversy remains [START_REF] Bansal | Return to Play and Complications After Hook of the Hamate Fracture Surgery[END_REF][START_REF] Panagis | The arterial anatomy of the human carpus. Part II: The intraosseous vascularity[END_REF] . For this reason, we chose to study only high energy trauma cases. Acute HHF can be treated non-operatively with forearm cast immobilization for 6 weeks or surgically by open reduction with internal fixation (ORIF) [START_REF] Bishop | Fracture of the hamate hook[END_REF] . Within the trauma-related fractures diagnosed in the acute stage, many clinicians believe that non-operative treatment of HHF leads to nonunion in most cases whether the fracture is displaced or not [START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF] . Finger movement during forearm cast immobilization may contribute to nonunion after non-operative treatment, even after early diagnosis. In a retrospective analysis, Murray et al. found nonunion rates greater than 50% with non-operative treatment [START_REF] Devers | Outcomes of hook of hamate fracture excision in high-level amateur athletes[END_REF][START_REF] Murray | Fracture of the hook of the hamate[END_REF] . Scheufler et al. reported that 5 of 6 patients treated non-operatively developed a symptomatic nonunion and needed a surgical procedure. This high rate of nonunion leads to poor clinical results with persistent pain and functional disability [START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF] . Thus, even if HHF are diagnosed early, surgery may be the preferred treatment option [START_REF] Bishop | Fracture of the hamate hook[END_REF][START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF] . The most common surgical treatment is hook excision, but ORIF with a volar or dorsal approach has been reported to have comparable clinical results [START_REF] Bishop | Fracture of the hamate hook[END_REF][START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF][START_REF] Walsh | Diagnosis and management of hamate hook fractures[END_REF] . Hamate hook excision is responsible for a substantial number of poor results. Bansal et al. found a 25% complication rate after excision of the hook in a large cohort of 81 patients [START_REF] Bansal | Return to Play and Complications After Hook of the Hamate Fracture Surgery[END_REF] .

Arguments for preserving the hamate hook are based on its biomechanical function as a pulley for the flexor profundus tendons, the clinical relevance of which is debated [START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF][START_REF] Walsh | Diagnosis and management of hamate hook fractures[END_REF] .

ORIF using K-wires or mini-screws through a volar or dorsal approach has recently been proposed for the treatment of displaced or non-displaced fractures in order to decrease the likelihood of nonunion [START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF][START_REF] Stark | Fracture of the hook of the hamate[END_REF][START_REF] Smith | Excision of the hook of the hamate: a retrospective survey and review of the literature[END_REF][START_REF] Scheufler | Minimal Invasive Fixation of Hamate Hook Fractures Through a Dorsal Percutaneous Approach Using a Mini Compression Screw: An Experimental Feasibility Study[END_REF] .

The purpose of this study was to describe our surgical procedure and to evaluate the clinical and radiological outcomes of ORIF for acute HHF using cannulated compression screws via a minimally invasive volar approach in a non-athletic population.

MATERIAL AND METHODS

Study Design

After we obtained institutional review board approval, we retrospectively reviewed the medical records of six patients who had been treated by ORIF for non-displaced acute HHF (< 2 weeks) between 2013 and 2017. The exclusion criteria were: displaced HHF (inter-fracture space of more than 1 mm), injury occurred more than 6 weeks prior, previous surgery of the carpal bones, flexor tendon rupture at the time of diagnosis, and ulnar nerve lesion secondary to HHF. X-rays and operative reports were then checked to ensure they were consistent with the studied technique. In all, 7 patients were identified. One patient was lost to follow up, thus 6 patients were included (Table 1). All patients presented with clinical symptoms of the fracture, which included ulnar-sided pain on palpation over the hook, and pain during gripping. Diagnosis was made based on X-rays and confirmed using CT. Data collection was performed through chart review. Initial preoperative variables were age at injury, sex, dominant and injured hand, mechanism of injury, imaging modalities, and time from injury to surgery. All clinical and radiological data were measured at 1, 2, 3 and 6 months postoperatively. The development of postoperative complications (tendon lesion and ulnar nerve lesion), pain on a visual analog scale (VAS, 0-10 numeric rating scale, anchored by "worst pain imaginable = 10" and "no pain at all = 0") and radiological union evaluated with CT scan at 3 months was identified.

The wrist range of motion and grip strength (Jamar hydraulic hand dynamometer; Dexter, Cedaron Medical Inc., Davis, Calif) was measured and compared to the noninjured hand at the last follow-up visit. For all right-handed individuals, the grip strength was corrected for hand dominance, assuming that the dominant hand is 15% stronger.

The Mayo Wrist Score [START_REF] Amadio | Scaphoid malunion[END_REF] and QuickDASH [START_REF] Hudak | Development of an upper extremity outcome measure: the DASH (disabilities of the arm, shoulder and hand[END_REF] (Disabilities of the Arm, Shoulder and Hand) were assessed. Time to recovery was defined as the time required for the patients to resume both their occupation without modifications and recreational activities. All data were analyzed at least 6 months after the operation. Surgical Technique [START_REF] Devers | Outcomes of hook of hamate fracture excision in high-level amateur athletes[END_REF][START_REF] Bishop | Fracture of the hamate hook[END_REF][START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF] Two hand surgeons performed ORIF of the hamate hook using the same technique. Under axillary brachial plexus block with tourniquet control, a 1-cm incision was made on the proximal aspect of the palm along the hypothenar ridge. Landmarks were drawn as shown in Figure 1 using the Carter line. This line is drawn between the pisiform and the head of the second metacarpal bone. The hamate hook is projected on this line 2 cm distal to the pisiform (Figure 1). Dissection was carried out through the subcutaneous tissue until the ulnar artery and nerve could be clearly identified and protected. A soft tissue protector was placed to prevent injury to the neurovascular structures during the subsequent introduction of a 1.1-mm-diameter K-wire. The K-wire was inserted with fluoroscopic guidance through the hook of the hamate (Figure 2) and then advanced into the body of the hamate (Figure 3). Finally, a self-tapping, cannulated headless mini-screw with a core diameter of 2.7 mm (Osteomed, France) was introduced over the guide pin until the fracture gap was closed and compressed (Figure 4). In all cases, the hand was immobilized in a cast or a splint, which maintained the wrist in a neutral position, for 2 weeks, after which rehabilitation was initiated.

RESULTS

Patient data

Patient demographics are reported in Table 1. The initial examination found volar tenderness on palpation over the hook of the hamate in 100% of cases and the pull test was painful for all patients (Table 2).

Operative details

In all cases, percutaneous fixation of the fractured hook through a volar approach was possible using the cannulated mini-compression screw. Using fluoroscopy, the K-wire could be guided precisely into the tip of the hamate hook. All screws could be positioned in the center of the hook and countersunk below the cortex. Stabilization of HHF was achieved with 24-mm long screws in four cases and 22-mm long screw in two cases.

There were no intraoperative or post-operative complications (hematoma, infection, or nerve damage).

Clinical and radiological outcomes

Clinical and radiological evaluation using CT scan at 3 months postoperatively found a 100% union rate. The mean VAS for pain was nearly 0. The grip strength in the operated wrist was 1% lower than in the contralateral wrist. The wrist range of motion, grip strength, QuickDASH and Mayo Wrist Score revealed no functional impairments at the final 6-month follow-up visit (Table 2). All patients were able to return to their occupation after an average of 7 weeks (Table 2). There was no hypertrophic or painful scarring or dysesthesia at the volar incision at the final follow-up.

DISCUSSION

Our results suggest that acute HHF can be treated safely with good outcomes using a volar approach. Since acute HHF are uncommon, there is little information on their optimal management. Fractures diagnosed early (within 1 week of the injury) may heal with 6-8 weeks of forearm cast immobilization [START_REF] Murray | Fracture of the hook of the hamate[END_REF][START_REF] Kadar | Diagnosis and management of hook of hamate fractures[END_REF] . However, we think that movement of the fingers during cast immobilization may compromise bony healing because of the shearing forces induced by the flexor tendons. Retrospective analyses have found nonunion rates above 50% with non-surgical treatment. In a recent publication, Kadar and al. described a 24% nonunion rate after non-operative treatment for HHF [START_REF] Kadar | Diagnosis and management of hook of hamate fractures[END_REF] . These nonunions are likely multifactorial, involving poor blood supply, delayed diagnosis, and fragment displacement with continuous movement of the fourth and fifth digits while immobilized in a cast [START_REF] Scheufler | Therapeutic alternatives in nonunion of hamate hook fractures: personal experience in 8 patients and review of literature[END_REF] . While some patients with HHF are asymptomatic and may not require any treatment, a potential complication is rupture of the flexor digitorum profundus tendon [START_REF] Scheufler | Therapeutic alternatives in nonunion of hamate hook fractures: personal experience in 8 patients and review of literature[END_REF] .

The nonunion site may also be responsible for persistent pain or secondary nerve or vascular lesions 21 . The risk of nonunion and potential complications suggests that surgical intervention to achieve union may be beneficial.

Two types of surgeries are commonly performed for acute HHF. One involves excision of the hook itself [START_REF] Smith | Excision of the hook of the hamate: a retrospective survey and review of the literature[END_REF] , while the other is an ORIF procedure using K-wires or miniscrews [START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF][START_REF] Smith | Excision of the hook of the hamate: a retrospective survey and review of the literature[END_REF] . Two retrospective studies have compared grip strength in patients who underwent hook excision versus those who underwent ORIF. Both studies reported similar results between surgical techniques in terms of grip strength up to 3 years of follow-up [START_REF] Scheufler | Hook of hamate fractures: critical evaluation of different therapeutic procedures[END_REF][START_REF] Smith | Excision of the hook of the hamate: a retrospective survey and review of the literature[END_REF] . Stark et al. reported consistently satisfactory results following 59 cases of hamate hook excision [START_REF] Stark | Fracture of the hook of the hamate[END_REF] . The average loss of grip strength before surgery was 20%.

Normal grip strength was restored in 57 of 59 patients at 6 months following surgery.

Complications that can arise from hook excision include transient ulnar nerve dysfunction or decreased grip strength secondary to removal of the attachment for the transverse carpal ligament, pisohamate ligament, and flexor and opponens digiti minimi muscles [START_REF] Bansal | Return to Play and Complications After Hook of the Hamate Fracture Surgery[END_REF] . In fact, Demirkan et al. found an 11% decrease in flexion force in fresh cadavers with excised hamate hooks and a 15% decrease in flexion force when the hand is placed in ulnar deviation [START_REF] Demirkan | Biomechanical evaluation of flexor tendon function after hamate hook excision[END_REF] .

The use of ORIF to treat HHF aims to completely restore the anatomy and function. Scheufler et al. reported their experience with five cases of HHF ORIF using a 2.0-mm cortical screw [START_REF] Scheufler | Minimal Invasive Fixation of Hamate Hook Fractures Through a Dorsal Percutaneous Approach Using a Mini Compression Screw: An Experimental Feasibility Study[END_REF] . Three cases were acute fracture and two were nonunions. An asymptomatic nonunion developed in one case. Bishop et al. performed internal fixation on three cases, using K-wires in two cases and a screw with bone grafting in the other [START_REF] Walsh | Diagnosis and management of hamate hook fractures[END_REF] .

One patient failed to achieve union and was treated secondarily with hamate hook excision. The investigators concluded that ORIF yields results equal to those after excision. However, the total period of limited activity and physical therapy is longer after fragment excision (approximately 6 weeks) compared with ORIF (approximately 3 weeks). Although this may have an impact on patient selection, the number of patients treated with ORIF is still too small to provide detailed information on surgical standards and postoperative treatment regimens [START_REF] Walsh | Diagnosis and management of hamate hook fractures[END_REF] .

In our study, we obtained excellent clinical and radiological outcomes after ORIF in all six patients available for follow-up. We did not observe any nonunions. In addition, postoperative immobilization was only 15 days, which allowed for a quick recovery of daily activities. These results suggest that ORIF is an effective approach.

Good to excellent outcomes after ORIF using a volar or dorsal approach for HHF have been reported [START_REF] Scheufler | Minimal Invasive Fixation of Hamate Hook Fractures Through a Dorsal Percutaneous Approach Using a Mini Compression Screw: An Experimental Feasibility Study[END_REF] . The dorsal approach can be used for treating these fractures; however, we think that it can be difficult to be sure the fixation is centered on the hook of the hamate with this technique, even with fluoroscopic guidance. The volar approach has the advantage of providing direct access to the fracture and allowing the ulnar pedicle to be protected [START_REF] Scheufler | Minimal Invasive Fixation of Hamate Hook Fractures Through a Dorsal Percutaneous Approach Using a Mini Compression Screw: An Experimental Feasibility Study[END_REF][START_REF] Taleb | Hamate hook nonunion treated with a hook plate: case report and surgical technique[END_REF] . A minimally invasive approach can be used for hook exposure. We have shown that a 1 cm incision allowed for safe ORIF of HHF. Potential disadvantages of volar access to the fractured hook for ORIF are the risks of injury to the hypothenar muscles, ulnar nerve, flexor tendon, and devascularization of the fragment during its exposure [START_REF] Scheufler | Minimal Invasive Fixation of Hamate Hook Fractures Through a Dorsal Percutaneous Approach Using a Mini Compression Screw: An Experimental Feasibility Study[END_REF] . Any surgery of the hamate hook places the ulnar nerve at risk, in particular its deep motor branch. The trunk of the ulnar nerve passes over the tip of the hamate hook, whereas the motor branch spirals in an ulnar direction around the hamate hook where it passes to the radial side of the hand exiting Guyon's canal. In our technique, the ulnar pedicle was identified, released and protected from the fracture site and we had no nerve complications. A volar incision can heal with hypertrophic or painful scar or may be responsible for dysesthesia however, we did not observe these complications.

Our study has several limitations. First, it is a non-comparative retrospective study with a small sample, which does not allow us to demonstrate the superiority of volar ORIF over non-operative treatment or hook excision. It remains to be proven whether ORIF is a better choice in patients with heavy occupational requirements for physical labor and adequate grip strength. Second, while a delayed diagnosis may be the main contributor to poor outcomes, this study eliminated this issue by including only acute fractures. This may be one reason for the outcomes observed in our series. Furthermore, management of such fractures could be based on the patient's activity level [START_REF] Carroll | Fracture of the hook of the hamate: acute treatment[END_REF] . Longer follow-up may be needed for other complications to be detected, such as flexor tendon irritation 6 . 
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 1 Figure 1: Landmarks using the Carter line were drawn to find the hook of hamate

Figure 2 :

 2 Figure2: Volar approach used in all surgical procedure. Dissection was carried out through subcutaneous tissue until the ulnar artery and nerve were clearly identified and protected. Then a K-wire was inserted into the hook of the hamate using a soft tissue protector to prevent injury to the ulnar pedicle.

Figure 3 :

 3 Figure 3: After protection of the ulnar pedicle, a K-wire was inserted under fluoroscopy guidance through the hook. Then the K-wire was advanced up to the dorsal part of the hamate.

Figure 4 :

 4 Figure 4: Preoperative CT scan (A) and postoperative CT scan at 3 months (B) showing fixation of the hamate hook with a cannulated compression screw through a volar approach.

  

  

  

  

Table 1 : Patient Characteristics Patient No. Gender Age Occupation Hand Injured Type of trauma Time from Injury to Surgery (days)

 1 

	Preoperative	Follow-up
	Complications	(months)

Table 2 : Outcomes after ORIF of hook of hamate fracture

 2 All measurements were performed 6 months after surgical treatment with a Jamar dynamometer; range of motion (ROM); visual analog scale (VAS) ** side of fracture

								Grip			
	Patient No.	Pain (VAS)	Radiological union (CT Scan)	Flexion/ extension ROM on injured side	Flexion/ extension ROM in contralateral	Ulnar sensibility trouble	Postoperative FDP 4 and 5 deficiency	Strength dominant Testing (lb) (Dominant hand / Non-	Time to (weeks) return to pre-injury activities	QuickDash	Mayo Wrist Score
								Hand)			
	1	0	Yes	80/60	80/80	None	None	86**/70	8	3.34	95
	2	0	Yes	80/70	80/60	None	None	67**/55	8	2.27	100
	3	0	Yes	70/65	80/70	None	None	89/78**	9	3.34	95
	4	0	Yes	80/70	80/80	None	None	88/76**	7	3.34	95
	5	0	Yes	80/80	80/80	None	None	89**/78	8	2.56	100
	6	2	Yes	70/75	75/70	None	None	77**/ 69