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Introduction

Malunion of a distal radius fracture can result in chronic pain and loss of function. Corrective osteotomy can improve wrist function and reduce stiffness and pain [START_REF] Leong | Computer-assisted versus noncomputer-assisted preoperative planning of corrective osteotomy for extra-articular distal radius malunions: a randomized controlled trial[END_REF]. Previous studies have shown that an accurate anatomical reconstruction is important to achieving optimal outcomes [START_REF] Kreder | X-ray film measurements for healed distal radius fractures[END_REF][START_REF] Jupiter | Complications following distal radial fractures[END_REF][START_REF] Ladd | Reconstructive osteotomy for malunion of the distal radius[END_REF]. Therefore, preoperative planning and a precise surgical procedure are essential. Typically, planning is performed using plain radiographs [START_REF] Prommersberger | Outcome after corrective osteotomy for malunited fractures of the distal end of the radius[END_REF]. However, distal radius malunion is usually a complex three-dimensional (3D) deformity, which may not be fully appreciated on two-dimensional (2D) radiographs. Preoperative planning based on plain radiographs may not be sufficiently accurate to ensure anatomical correction [START_REF] Miyake | Threedimensional deformity analysis of malunited distal radius fractures and their influence on wrist and forearm motion[END_REF]. Computerassisted 3D planning techniques could be an interesting solution to better analyze the deformity and to improve the accuracy of bone alignment. With these techniques, 3D virtual bone models can be created of both the deformed and contralateral unaffected radii. These models are then used to plan the bone correction and the radius osteotomy preoperatively [START_REF] Buijze | Corrective osteotomy for combined intra-and extra-articular distal radius malunion[END_REF].

Recent studies have confirmed the possibility of creating 3D bone models from CT scan data. They found a real benefit in terms of quantifying the extent of the radius deformity [START_REF] Oka | Corrective osteotomy using customized hydroxyapatite implants prepared by preoperative computer simulation[END_REF][START_REF] Miyake | Comparison of three dimensional and radiographic measurements in the analysis of distal radius malunion[END_REF]. However, these studies mostly focused on 3D deformity analysis, 3D osteotomy planning or the functional outcomes without properly evaluating the correlation between 3D preoperative planning and radiographic results. Computer-assisted 3D planning also makes it possible to create patient-specific cutting and drilling guides. The aim of this study was to describe the surgical procedure and to report outcomes of computer-assisted 3D preoperative planning of corrective osteotomy for extra-articular distal radius malunions.

Patients and methods

Patients

We conducted a prospective study, which was approved by our hospital's ethics committee.

Between December 2016 and April 2019, 16 consecutive patients (7 men, 9 women) who had an extra-articular distal radius malunion were enrolled after they provided written informed consent. Their mean age was 45 years . Five right wrists and 11 left were involved. Six of the involved hands were dominant hands.

These patients had been referred to us because of wrist pain, deformity, and/or limited pronation-supination. The malunion diagnosis was confirmed by standard radiographs with anteroposterior (AP) and lateral views. Initially, all patients had sustained an extra-articular fracture and were treated by closed reduction and cast immobilization.

They had not previously undergone surgery. The mean time between the injury event and malunion diagnosis was 5 months (range, 3-10 months). Bone union was achieved in every wrist. Based on their sagittal deformity, the 16 patients were divided into 8 cases of Pouteau-Colles fracture pattern (malunion with dorsal tilt) and 8 cases of Goyrand-Smith fracture pattern (malunion with volar tilt). Radiographs of the asymptomatic contralateral wrist were used to verify that it had not been previously fractured.

Preoperative 3D planning

Low-dose CT-scans (Aquilion ONE®; Canon Medical Systems™, Otawara, Japan) of both the affected and the contralateral radius (full length) were done. CT scan data were sent to a workstation in standard DICOM format. The 3D bone surface models of the radii were created using Simpleware® software (Synopsys Inc™, Mountain View, CA, USA) provided by Newclip Technics™ (Haute-Goulaine; France). The locations of the relevant points and axes were determined on the 3D bone surface models by a single engineer specialized in biomechanics. For the affected and contralateral wrists, the 3D palmar tilt (accuracy of 1°), 3D radial tilt (accuracy of 1°), and 3D ulnar variance (accuracy of 0.1 mm) were calculated based on these points using computer-aided design software (3D Creo Parametric®, PTC™, Boston, USA). The radial styloid process and midway points were defined to minimize the impact of the sagittal plane deformity when calculating 3D radial tilt and 3D ulnar variance.

The first point was placed at the top of the radial styloid process and the second point was halfway between the palmar and the dorsal ulnar margin points (Fig. 1).

The amount of residual deformity was defined for the three 3D measurements as the difference between the two sides in the coronal and sagittal planes. The axial rotational deformity was analyzed by superimposing the 3D image of the affected radius over the 3D mirror image of the contralateral normal radius. Then, we evaluated the magnitude of the axial rotational deformity by calculating the value, in degrees (accuracy of 1°), between the two axial planes defined for the two images superimposed proximally to distally (Fig. 2).

Based on the 3D virtual models, the software was used to plan the osteotomy on the affected wrist and simulate the reorientation of distal radial epiphysis. The aim was to correct the 3D palmar tilt, 3D radial tilt, 3D ulnar variance and the axial rotational deformity using the values of the normal contralateral limb (Fig. 3).

Patient-specific bone templates and cutting guides

Patient-specific cutting and drilling guides for intraoperative guidance of the position and orientation of the osteotomy as well as bone graft templates were also modelled. Similarly, positioning of the fixation plate and screws as well as the bone hypertrophy areas to remove to properly adjust the plate on the radius were calculated (Fig. 4). For all patients, polyamide (PA 2200) bone templates (affected radius and ideal bone graft) and cutting guides were manufactured using a laser sintering 3D printer (Formiga P110®, EOS™, Maisach, Germany) and were sterilized before use in the operating room (Fig. 5a).

Surgical procedure

The surgical procedures (Figure 5) were performed by senior surgeons. An anterior approach was used as described by Henry. The pronator quadratus muscle was elevated to expose the distal radius with the original fracture callus. The osteotomy guide was positioned and stabilized with pins. One of them was placed in line with the future osteotomy. Fluoroscopy was used to confirm the position of the osteotomy and correct it as needed. The holes for the diaphyseal and epiphyseal screws were drilled. Using the same guide, the radius osteotomy was performed with an oscillating saw. The guide was then removed. The second step was bone graft preparation using the 3D printed template. We used either a corticocancellous iliac crest autograft or human allograft bone (Biobank, Lieusaint, France or Ostéopure™, Clermont-Ferrand, France). In the latter case, the allograft came as a cube of predefined size, which allowed us to use the cutting guide to make the ideal bone graft to match the virtual model. Next, the osteotomy site was distracted, and the bone graft introduced. The third step was bone fixation using an anatomic locking volar plate (Alians Distal Radius™ or Xpert Wrist 2.4™, Newclip Technics™, Haute-Goulaine; France).

The epiphyseal screws were first positioned at the pilot holes and the metaphyseal screws thereafter. Fluoroscopy was used again to confirm the malunion correction with physiological restoration of distal radius anatomy. Correct positioning of the fixation material and the bone graft was also confirmed. If possible, the pronator quadratus was reattached. Skin closure with drainage completed the procedure.

Postoperative protocol

Following surgery, the wrist was immobilized in a volar cast for 48 to 72 hours.

Immobilization was extended for 4 weeks with a short-arm fiberglass cast. Radiographs were made at this time, at which point the patients began 1 month of self-directed rehabilitation. Radiographs were made again at 8 weeks postoperative, after which physical therapy sessions were initiated. No heavy loads could be placed on the wrist for the first 6 months postoperatively.

Patients were reviewed in person every two weeks for 3 months then, every month for 6 months and then every 6 months for 2 years. An independent examiner performed the clinical and radiographic evaluations.

Clinical evaluation

Subjective and objective data were collected. Pain was evaluated using a visual analog scale (VAS) (out of 10). Grip strength in the operated and contralateral side was collected using a Jamar® hydraulic hand dynamometer (Performance Health™, Charleville-Mézières, France). The active joint range of motion (ROM) was measured in degrees during wrist flexion-extension and pronation-supination (accuracy of 2°). The number of physical therapy sessions done, recovery of activities of daily living (with the amount of time required) and return to work (with time away from work) were also recorded. The functional outcomes were evaluated using standardized questionnaires: QuickDASH (The Disabilities of the Arm, Shoulder and Hand Score) (out of 100) [START_REF] Hudak | Development of an upper extremity outcome measure: the DASH (disabilities of the arm, shoulder and hand). The Upper Extremity Collaborative Group (UECG)[END_REF] and Patient-Rated Wrist Evaluation (PRWE) (out of 100) [START_REF] Macdermid | Patient rating of wrist pain and disability: a reliable and valid measurement tool[END_REF].

Radiographic evaluation

In preoperative period and at the follow-up visits, standard radiographic views, standard neutral posterior-anterior (PA) and lateral views, were taken in all patients. The digital radiographs were viewed on OsiriX © (Pixmeo™ 2016, Geneva, Switzerland). Palmar tilt, radial tilt (accuracy of 1°) and ulnar variance (accuracy of 0.1 mm) were calculated (Figure 6). The absence of posterior ulnar head subluxation was also verified in the lateral view, as described by Ishikawa et al. [START_REF] Ishikawa | Influence of distal radioulnar joint subluxation on restricted forearm rotation after distal radius fracture[END_REF]. Finally, we noted the time to bone union in weeks.

Statistical methods

The recorded data were summarized using mean values and ranges. The Wilcoxon signed rank test was used to compare the means of each preoperative and postoperative measurement. The significance level was set at p < 0.05.

Results

3D planning before surgery

Between the normal and affected sides, the difference in 3D values was 25° (range, 11 to 46°) for the 3D palmar tilt, 6° (range, 0 to 22°) for the 3D radial tilt and 3.4 mm (range, 1.3 to 5.5 mm) for the 3D ulnar variance. Based on the sagittal deformity, the difference in 3D palmar tilt was 30° (range, 15° to 46°) for the Pouteau-Colles group and 21° (range, 11° to 33°) for the Goyrand-Smith group.

The average axial rotational deformity was 11° (range, 2 to 28°). The mean value was 8° (range, 0 to 17°) after 3D virtual correction of the sagittal (palmar tilt) and coronal (radial tilt, ulnar variance) deformities. However, in five cases, the axial rotational deformity was greater than or equal to 10° and derotation was required. At the end, the mean value was 4° (range, 0 to 9°).

Clinical and functional outcomes

The mean follow-up after surgery was 12 months (range, 6-27). The incisions healed within 2 weeks in all patients. All patients were able to resume their activities of daily living after a mean of 3 weeks (range, 2-6). Six of the patients (37.5%) were retired and 10 were still working (62.5%). Among the working patients, all were able to resume working in the same occupation. The mean time away from work was 4 months (range, 2-6). On average, 30 physical therapy sessions were performed (range, 20-60).

The pain levels were significantly reduced at rest and during effort (p < 0.001). Grip strength had improved relative to the contralateral side: 48% preoperative versus 91% at follow-up. There was also a significant improvement in the wrist's ROM in flexion-extension (p < 0.001) and pronation-supination (p < 0.001). The DASH and PRWE scores were significantly better, with an improvement of 40.5 points and 41 points, respectively (Table 1).

Radiographic outcomes

Preoperatively, there was no significant difference (p > 0.05) between the mean palmar tilt, radial tilt and ulnar variance values measured on radiographs and those measured on the both (affected and contralateral wrists) 3D models (Table2). For the affected wrist, the quantitative difference between the 3D method and plain radiographs was on average 1° for Pouteau-Colles group and 2° for Goyrand-Smith group for palmar tilt. It was on average 2° for radial tilt and 0.7 mm for ulnar variance. 3D palmar tilt and 3D radial tilt had slightly smaller values than those of the radiographic palmar tilt and radial tilt. 3D ulnar variance was higher than the radiographic ulnar variance.

All patients achieved primary bone union confirmed by X-rays. The mean union time was 10 weeks (range, [START_REF] Miyake | Threedimensional deformity analysis of malunited distal radius fractures and their influence on wrist and forearm motion[END_REF][START_REF] Buijze | Corrective osteotomy for combined intra-and extra-articular distal radius malunion[END_REF][START_REF] Oka | Corrective osteotomy using customized hydroxyapatite implants prepared by preoperative computer simulation[END_REF][START_REF] Miyake | Comparison of three dimensional and radiographic measurements in the analysis of distal radius malunion[END_REF][START_REF] Hudak | Development of an upper extremity outcome measure: the DASH (disabilities of the arm, shoulder and hand). The Upper Extremity Collaborative Group (UECG)[END_REF][START_REF] Macdermid | Patient rating of wrist pain and disability: a reliable and valid measurement tool[END_REF][START_REF] Ishikawa | Influence of distal radioulnar joint subluxation on restricted forearm rotation after distal radius fracture[END_REF][START_REF] Campe | Corrective osteotomies in malunions of the distal radius: do we get what we planned?[END_REF][START_REF] Vroemen | Positioning evaluation of corrective osteotomy for the malunited radius: 3-D CT versus 2-D radiographs[END_REF][START_REF] Athwal | Computer-assisted distal radius osteotomy[END_REF][START_REF] Dobbe | Computer-assisted and patient-specific 3-D planning and evaluation of a single-cut rotational osteotomy for complex long-bone deformities[END_REF]. The mean time to union was 8 weeks (range, 6-12) in the 5 patients who received an iliac crest autograft and 12 weeks (range, 10-16) in the 11 patients who received allograft bone. The mean palmar tilt (p < 0.001), radial tilt (p = 0.03) and ulnar variance (p < 0.001) values measured on radiographs at the last follow-up were significantly better than those measured preoperatively on the virtual model of the involved wrist. There was no significant difference (p > 0.05) between the mean values of these three parameters postoperatively and the mean 3D values achieved after computer-based planning of the correction on the virtual bone model. Also, there was no significant difference (p > 0.05) between the mean values of these three parameters postoperatively and the 3D values calculated using the virtual model of the healthy contralateral wrist (Fig. 7) (Table 3). In all 16 wrists, the posterior ulnar head subluxation was corrected.

Complications

There were no intraoperative or postoperative complications. None of the patients reported symptoms of complex regional pain syndrome.

Discussion

The aim of this study was to describe the surgical procedure and report outcomes of computer-assisted 3D preoperative planning of corrective osteotomy for extra-articular distal radius malunion. The computer-assisted 3D planning technique led to significant improvement in all affected radius positioning parameters. Indeed, the palmar tilt, radial tilt and ulnar variance were systematically corrected. Secondly, there was no significant difference between the postoperative values and those of the contralateral normal radius.

Furthermore, the postoperative values and 3D preoperative planning values did not differ.

Moreover, the three preoperative 3D values showed no significant difference with those of radiographs, validating our 3D analysis method in terms of correlation. However, our 3D method seems to be able to provide a more accurate measurement of the frontal and sagittal plane deformities and also adds the rotational deformity.

Vroemen et al. assessed the postoperative results after a 2D planned corrective osteotomy using 3D imaging techniques [START_REF] Vroemen | Positioning evaluation of corrective osteotomy for the malunited radius: 3-D CT versus 2-D radiographs[END_REF]. They found residual malalignment in 25 patients. In recent years, 3D bone shape including rotation and twist can be assessed in detail using CT image data and computer software. It has helped surgeons carry out more accurate preoperative planning [START_REF] Leong | Computer-assisted versus noncomputer-assisted preoperative planning of corrective osteotomy for extra-articular distal radius malunions: a randomized controlled trial[END_REF][START_REF] Miyake | Threedimensional deformity analysis of malunited distal radius fractures and their influence on wrist and forearm motion[END_REF][START_REF] Vroemen | Positioning evaluation of corrective osteotomy for the malunited radius: 3-D CT versus 2-D radiographs[END_REF][START_REF] Athwal | Computer-assisted distal radius osteotomy[END_REF][START_REF] Dobbe | Computer-assisted and patient-specific 3-D planning and evaluation of a single-cut rotational osteotomy for complex long-bone deformities[END_REF][START_REF] Honigmann | A simple 3-dimensional printed aid for a corrective palmar opening wedge osteotomy of the distal radius[END_REF][START_REF] Miyake | Distal radius osteotomy with volar locking plates based on computer simulation[END_REF][START_REF] Rieger | CT virtual reality in the preoperative workup of malunited distal radius fractures: preliminary results[END_REF][START_REF] Schweizer | Three-dimensional correction of distal radius intraarticular malunions using patient-specific drill guides[END_REF][START_REF] Shintani | Computer-assisted three-dimensional corrective osteotomy for malunited fractures of the distal radius using prefabricated bone graft substitute[END_REF]. Most authors report good results in terms of accuracy of correction for palmar tilt, radial tilt and ulnar variance with a significant improvement of mean values. We obtained similar results with precise correction of the sagittal and coronal deformity and also shortening.

Ulnar variance is an important parameter for assessing shortening [START_REF] Ladd | Reconstructive osteotomy for malunion of the distal radius[END_REF][START_REF] Prommersberger | Outcome after corrective osteotomy for malunited fractures of the distal end of the radius[END_REF][START_REF] Campe | Corrective osteotomies in malunions of the distal radius: do we get what we planned?[END_REF]. In all our patients, this parameter was corrected. In many studies, the ulnar variance is used as an indicator of clinical outcomes. Achieving a better relationship between the radius and ulna is considered beneficial for patients since a positive ulnar variance is negatively correlated with the clinical outcome [START_REF] Hollevoet | Comparison of palmar tilt, radial inclination and ulnar variance in left and right wrists[END_REF]. On the radiographic evaluations, we used the ulnar margin of the volar rim of the radial articular surface as a measuring point for ulnar variance. However, this point is not usable in 3D models because the sagittal deformity (palmar or dorsal) of the distal radius causes a measurement error. As a result, we used a point midway between the volar and dorsal rims of the ulnar margin of the radial articular surface as a reference measuring point.

Distal malunions commonly have axial malalignment in pronation [START_REF] Miyake | Threedimensional deformity analysis of malunited distal radius fractures and their influence on wrist and forearm motion[END_REF]. As a result, we evaluated the axial rotational deformity after 3D virtual correction of sagittal (3D palmar tilt) and coronal (3D radial tilt, 3D ulnar variance) deformities. However, in five cases, the residual deformity was greater than or equal to 10° and it was necessary to add derotation.

In the end, all patients had a value less than 10°. Von Campe et al. pointed out that a residual deformity of more than 10° could contribute to poor clinical results [START_REF] Campe | Corrective osteotomies in malunions of the distal radius: do we get what we planned?[END_REF].

All our patients had significant improvement of their ROM in flexion-extension (100° to 145°) and pronation-supination (105° to 155°). Our postoperative results were similar to previous studies with computer-assisted 3D planned corrective osteotomy. Walenkamp et al. evaluated 8 patients and found an average of 159° in flexion-extension and 164° in pronation-supination after a mean follow-up of 26 months [START_REF] Walenkamp | Computer-assisted 3D planned corrective osteotomies in eight malunited radius fractures[END_REF]. Miyake et al. evaluated 20 patients and reported a ROM of 152° in pronation-supination after a mean follow-up of 24 months [START_REF] Miyake | Threedimensional deformity analysis of malunited distal radius fractures and their influence on wrist and forearm motion[END_REF].

Using 3D modelling software and a 3D printer, we created patient-specific cutting and drilling guides that were used during surgery. The aim was to transfer the preoperative 3D plan to the patient's bone. Patient-specific cutting guides have been successfully used before, and various teams have reported accurate positioning of surgical instruments or implants with respect to bony anatomy [START_REF] Dobbe | Computer-assisted and patient-specific 3-D planning and evaluation of a single-cut rotational osteotomy for complex long-bone deformities[END_REF][START_REF] Stockmans | Accuracy of 3D virtual planning of corrective osteotomies of the distal radius[END_REF].

Moreover, the 3D model allowed us to simulate the ideal bone graft, the best positioning of the fixation plate as well as the areas of bone hypertrophy to remove. In most cases, we used a bone graft substitute to avoid secondary pain and potential morbidity due to surgery on the iliac crest. Furthermore, the surgical precision was improved by fashioning bone grafts similar to the 3D model using specific cutting guides and templates. However, the union time was 1 month longer with allograft than with iliac crest bone graft.

This study has several limitations. Since the sample size was relatively small (n = 16), the precision of all calculated average values is limited. Moreover, although we found a good correlation between our 3D measurements and radiographic analysis, no patient had postoperative CT scan. As a result, we were unable to compare the pre-operative planned 3D model with a postoperative 3D model at the last follow-up. Given the good clinical results and patient satisfaction, none wished to undergo a CT scan of their operated wrist.

Secondly, we investigated a method for planning a corrective osteotomy of the distal radius that uses the contralateral healthy radius as reference. Because of the large interpatient variability in the average values for palmar tilt, radial tilt and ulnar variance, we felt it was more logical to plan the correction of the deformed radius using a model of the contralateral radius. In many studies [START_REF] Athwal | Computer-assisted distal radius osteotomy[END_REF][START_REF] Dobbe | Computer-assisted and patient-specific 3-D planning and evaluation of a single-cut rotational osteotomy for complex long-bone deformities[END_REF][START_REF] Rieger | CT virtual reality in the preoperative workup of malunited distal radius fractures: preliminary results[END_REF][START_REF] Croitoru | Fixation-based surgery: a new technique for distal radius osteotomy[END_REF], the contralateral radius is used as reference since the original radius length is unknown and no better reference is available. Therefore, it is essential to have a CT scan of both wrists. The drawbacks are the radiation exposure during CT scan, the need for specialized computer software, and the time and effort required for the computer-assisted 3D planning.

Thirdly, the 3D preoperative planning did not consider the soft tissue problems that many of these deformed wrists have. The initial trauma often causes scar formation in structures like the interosseous membrane and can make the planned repositioning difficult to carry out. In addition, complete geometric restoration of bone structures can be impossible if there is too much stress on the soft tissues. Therefore, in several case, some authors obtained only partial correction [START_REF] Shintani | Computer-assisted three-dimensional corrective osteotomy for malunited fractures of the distal radius using prefabricated bone graft substitute[END_REF][START_REF] Walenkamp | Computer-assisted 3D planned corrective osteotomies in eight malunited radius fractures[END_REF] and others added an ulnar shortening procedure to reduce risk of the failure [START_REF] Wada | Simultaneous radial closing wedge and ulnar shortening osteotomies for distal radius malunion[END_REF]. Lastly, we focused on extra-articular distal radius malunions; the results may differ for intra-articular distal radius malunions.

Conclusion

Our computerized procedure allowed us to optimize the preoperative 3D analysis of extra-articular distal radius malunions. We obtained a preoperative 3D plan of the different steps of the corrective surgery to minimize residual malalignment. For accurate bone repositioning during corrective osteotomy, we believe that using patient-specific bone models and cutting guides provides a real benefit. Better precision in anatomical findings appears to further optimize postoperative functional outcomes. Advantages of our method are better reproducibility of the surgical procedure and shorter operation time.
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Fig. 1 .

 1 Fig. 1. Deformity evaluation using 3D computer bone models. 3D palmar tilt (A) corresponds to the angle defined by a line perpendicular to the central long axis of the radius and a line passing through the palmar ulnar margin point and the dorsal ulnar margin point. 3D radial tilt (B) corresponds to the angle defined by a line perpendicular to the central long axis of the radius and the line passing through the radial styloid point and the midway point. 3D ulnar variance (C) corresponds to the distance between the line perpendicular to the central long axis of the radius and tangent to the distal end of the ulnar head and then a line perpendicular to the radial shaft and passing through the midway point. DUMP: dorsal ulnar margin point; MP: midway point; PUMP: palmar ulnar margin point; RSP: radial styloid point.

Fig. 2 .

 2 Fig.2. Evaluation of axial rotational deformity using 3D computer bone models. Frontal planes for the contralateral normal radius (A) and the affected radius (B) pass proximally through the center of the radial head and radial diaphysis, and distally through the radial styloid point and the midway point. The axial rotational deformity was analyzed by superimposing the 3D image of the affected radius over a 3D mirror image of the contralateral normal radius (C). The magnitude of the deformity was evaluated by calculating the value, in degrees, between the two axial planes defined for the two images superimposed proximally to distally (D). MP: midway point; RSP: radial styloid point.

Fig. 3 .

 3 Fig.3. Example of preoperative 3D planning. First, we corrected the 3D palmar tilt (A) in the sagittal plane and the 3D radial tilt (B) and 3D ulnar variance in the coronal plane (C). We used the values from the healthy contralateral side as a reference. Next, we corrected the axial rotational deformity (D) to obtain a neutral value. The fixation plate was applied to the bone (E).

Fig. 4 .

 4 Fig. 4. Example of preoperative 3D simulation for the screw positioning (A), the perfect bone graft model (B), the bone hypertrophy areas to be removed to properly adjust the fixation

Fig. 5 .

 5 Fig. 5. Photographs showing a case of extra-articular distal radius malunion treated by computer-assisted preoperative planning of the corrective osteotomy. Polyamide (PA 2200) bone models and cutting guides (A). Exposure of the distal radius malunion by an anterior approach (B). Positioning and stabilization of the osteotomy guide (C). Fluoroscopy control to confirm the position of the future osteotomy (D). Radius osteotomy with an oscillating saw (E). Distraction of the osteotomy site (distractor from Newclip Technics™) (F). Introduction of the bone graft template to check the radius epiphyseal reorientation (G). Preparing the bone allograft so it matches the 3D printed polyamide template (H). Introduction of the bone allograft in the osteotomy site (I). Fixation with an anatomic locking plate (Xpert Wrist 2.4®, Newclip Technics™) (J). Postoperative radiographs: standard neutral PA (K1) and lateral (K2) views.

Fig. 6 .Fig. 7 .

 67 Fig. 6. Measurement of palmar tilt, radial tilt, and ulnar variance on radiographs. Palmar tilt (A) was measured as the angle made by two lines on the lateral radiograph. A line perpendicular to the central long axis of the radius and a line between the dorsal and palmar margins of the distal radial articular surface. Radial tilt (B) was measured as the angle made by two lines on the posteroanterior radiographs. A line perpendicular to the central long axis of the radius and a line connected the radial styloid and ulnar margin of the distal radial articular surface. Ulnar variance (C) was measured as the distance between two lines perpendicular to the central long axis of the radius. The first line was at the ulnar margin of the distal radial articular surface and the second line was at the distal ulnar articular surface.

  PC type: Pouteau-Colles fracture pattern; GS type: Goyrand-Smith fracture pattern; *p values shown in this column are results compared with 3D affected wrist; ** p values are results compared with 3D contralateral wrist. Table 3. Comparison of the postoperative radiographic outcomes with the preoperative 3D values (mean and range) for the study population (16 patients). PC type: Pouteau-Colles fracture pattern; GS type: Goyrand-Smith fracture pattern; *p values shown in this column are results compared with radiograph postoperative result; ** p values are results compared with radiograph postoperative result; ***p values are results compared with radiograph postoperative result.
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 2 Comparison of the preoperative radiographic measurements with the preoperative 3D values (mean and range) for the study population(16 patients) 
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 3 Comparison of the postoperative radiographic outcomes with the preoperative 3D values (mean and range) for the study population(16 patients) 

Table 1 .

 1 Comparison of the clinical and functional outcomes (mean and range) for the study population(16 patients) between the preoperative period and last follow-up

	Parameters	Preoperative	Last follow-up	P value
	Pain at rest (VAS) (/10)	3.0 (1-5)	0.3 (0-2)	< 0.001
	Pain during effort (VAS) (/10)	6.8 (5-9)	1.5 (0-4)	< 0.001
	Grip strength (Kg.F)	20 (10-37)	40 (16-55)	< 0.001
		42 contralateral	44 contralateral	
	ROM F-E (°)	100 (70-150)	145 (130-175)	< 0.001
	ROM P-S (°)	105 (80-115)	155 (135-180)	< 0.001
	DASH (/100)	57 (34-82)	17 (0-45)	< 0.001
	PRWE (/100)	55 (23-73)	14 (0-47)	< 0.001

VAS: visual analog scale; ROM F-E: range of motion in flexion-extension; ROM P-S: range of motion in pronation-supination; DASH: Disabilities of the Arm, Shoulder and Hand; PRWE: patient rated wrist evaluation.

Table 2 .

 2 Comparison of the preoperative radiographic measurements with the preoperative 3D values (mean and range) for the study population(16 patients) 

	Measurements	Radiograph
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