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Abstract

:

Computer-aided design/computer-aided manufacturing (CAD/CAM)-based maxillary templates can transfer a surgical plan accurately only when the template is positioned correctly. Our study aimed to evaluate the positioning accuracy of the CAD/CAM-based template for maxillary orthognathic surgery using dry skulls. After reconstruction of a three-dimensional (3D) virtual skull model, a surface-based surgical template for Le Fort I osteotomy was designed and fabricated using CAD/CAM and 3D printing technology. To determine accuracy, the deviation of the template between the planned and the actual position and the fitness of the template were evaluated. The mean deviation was 0.41 ± 0.30 mm in the medio-lateral direction, 0.55 ± 0.59 mm in the antero-posterior direction, and 0.69 ± 0.59 mm in the supero-inferior direction. The root mean square deviation between the planned and the actual position of the template was 1.21 ± 0.54 mm. With respect to the fitness of the template, the mean distance between the inner surface of the template and the underlying bone surface was 0.76 ± 0.24 mm. CAD/CAM-based templates showed precise positioning and good fitness. These results suggest that surface topography-based CAD-CAM templates can be considered as an alternative solution in replacing the traditional intermediate splints for the transfer of surgical plans.
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1. Introduction


Correct repositioning of the maxilla to the planned position is essential to achieve a successful treatment outcome in orthognathic surgery [1,2,3]. To transfer a surgical plan to the operation field, most surgeons use intermediate splints which require several error-prone procedures including making a cast model, transfer of the face bow, model surgery, and fabrication of acrylic splints [4,5]. In addition, intermediate splints can provide the transverse and sagittal position of the maxilla; however, the vertical position of the maxilla in relation to the basal skull is controlled intraoperatively by the surgeon on the basis of the various intraoral and/or extraoral measurements, including the distance between the reference points and the amount of incisal exposure [6,7,8,9]. In the comparison of model surgery prediction with the actual surgical changes, over- or under-advancement of the maxilla occurred in over 50% of patients, and over- or under-impaction also occurred in over 40% of patients [10]. In another study, the difference between the model surgery and the surgical result ranged from −7.7 to 6.6 mm, and the absolute mean difference was 2.2 mm [11]. Recently, Mulier et al. [12] reported that a repositioning error of the maxilla between 2 and 4 mm was seen in 16.4% and 20.0% for anterior posterior and superior inferior directions, respectively.



Recent advances in computer-aided design computer-aided manufacturing (CAD/CAM) technology and three-dimensional (3D) printing techniques have constituted a paradigm shift in orthognathic surgery, which has enabled more accurate treatment planning and surgery [1,9,13,14,15]. Two-dimensional cephalometric analysis has been replaced by 3D computed tomography (CT) analysis, and postoperative surgical outcome has been predicted using 3D simulation programs in place of paper surgery [16,17]. Various CAD/CAM-based templates for orthognathic surgery have been developed as an alternative to intermediate splints [1,3,6,9,18,19,20,21]. These templates include surgical templates and patient-specific implants (PSI). Surgical templates can provide the location and orientation of the osteotomy line, the areas of bone interferences, and the final position of the bony segments [1,2,9,20,21]. Following repositioning of the bony segments using the template, the mini-plate is bent intraoperatively according to the contours of the bone, which is then applied for fixation. In contrast, PSI can serve not only as a positioning or osteotomy guide but can also be used in osteosynthesis for rigid fixation of the maxillary segment [3,18,19,20]. Currently, such 3D CAD/CAM-based templates have been widely used for various facial skeleton surgeries including Le Fort I osteotomy, bilateral sagittal split ramus osteotomy, genioplasty, or facial contouring surgery [15,22,23,24,25,26].



With the increased use of CAD/CAM-based templates, several investigators assessed the surgical accuracy after orthognathic surgery using CAD/CAM-based templates [3,18,20,27]. Although successful surgical outcomes have been reported in most of patients, clinically significant surgical error occurred in some patients. Furthermore, the cases where the CAD/CAM-based template was not usable were also reported. Hence, in addition to the use of CAD/CAM-based templates in orthognathic surgery, several surgeons have also prepared an intermediate splint as an alternative plan [3,18]. Therefore, to ultimately replace the intermediate splint, researches on the causes of the surgical error or the situations when the template is not usable are necessary. In the previous reports, the positioning accuracy of the template has been suggested as one of the contributing factors to the surgical accuracy [28,29]. CAD/CAM-based templates can transfer the presurgical plan to the surgical site accurately only when the template is positioned correctly. Nevertheless, to our knowledge, few reports have assessed the positioning accuracy of the template. Thus, our study aimed to evaluate the accuracy of the positioning of the CAD/CAM-based templates in orthognathic surgery using dry skulls.




2. Materials and Methods


2.1. Design of CAD/CAM-Based Surgical Templates


Ten dry skulls with an intact maxillary anterior surface were included in our study. 3D computed tomography (CT) scans (SOMATOM Sensation 10; Siemens, Germany) were obtained under 120 kVp and 80 mA with a slice thickness of 0.75 mm. CT data (T0) were saved in the Digital Imaging and Communications in Medicine (DICOM) format and imported into Mimics software (Materialise, Leuven, Belgium). To construct a 3D virtual skull model, the threshold of the CT value was set between 250 and 3000 Hounsfield units. After construction of the virtual skull model, Le Fort I osteotomy was performed on the virtual skull models along the conventional Le Fort I osteotomy line that was set as the line from the most inferior point in the curvature of zygomaticomaxillary buttress to the midpoint of the piriform aperture area. Then, surgical templates for Le Fort I osteotomy were designed and fabricated using 3D printing technology [1] (Figure 1a). The design of the templates is described in detail below (Figure 1b)—surgical templates included two distinct parts (right and left parts) separated at the midline. For exact positioning of the template in the planned position, the template was designed to cover the zygomaticomaxillary buttress, piriform aperture, and maxillary anterior wall including the canine eminence, which can provide “3D lock” [3,30]. The upper boundary of the template was set at 8 mm above the Le Fort I osteotomy line and the lower boundary was set at 14 mm below the Le Fort I osteotomy line. The right and left parts of the template covered the anterior nasal spine and were joined at the maxillary midline with a wedge-form interlocking structure for precise adaptation. Between the upper and lower parts, Le Fort I osteotomy space was generated to provide information about the osteotomy line and bone interference. To evaluate the deviation of the surgical template, we added 14 conical reference structures with a bottom diameter of 2.0 mm and a height of 2.0 mm (seven reference structures on each of the right and left parts) onto the template. For all surgical templates, the thickness was set to 2.0 mm. The designed surgical template was fabricated using a 3D printer. The CAD/CAM-based surgical templates were fitted on the maxilla by an oral and maxillofacial surgeon, and fixed with adhesive tape (Figure 1c). Subsequently, CT scan data (T1) were obtained to compare the actual position of the template with the planned position.




2.2. Deviation of the CAD/CAM-Based Surgical Templates


First, we combined the surgical template with the CT data at T0 and exported it to DICOM format (T0′) (Figure 2a). Using the 3D analysis program (OnDemand3D, Cybermed, Seoul, Korea), CT data at T0′ and T1 were imported and superimposed on the basis of the best fit of the cranial base structures (Figure 2b) [31]. To measure the deviation of the template, we established a 3D coordinate system (X, Y, Z) (X, medio-lateral; Y, antero-posterior; Z, supero-inferior) (Figure 2c). The Frankfort horizontal plane (FH plane), which passed through both the orbitale and the right porion, was used as a horizontal reference plane, and the x-axis was set as the vector from the right to the left orbitale. The midsagittal plane was defined as the plane that is perpendicular to the x-axis and passed through a nasion. The coronal plane was defined as the plane that passed through the line passing both orbitales and that was perpendicular to the FH plane [31,32]. To quantify the accuracy of the positioning of the template, we assessed the changes of the 3D coordinates of each conical reference structure from T0′ to T1 (Figure 2d) and calculated the root mean square deviation (RMSD) between T0′ and T1.


   RMSD =  1   n        ∑   i = 1  n     (  R  S   0 ′  , i   − R  S  1 , i    )   2      











For all the data points,    R  S   0 ′  , i      was the planned position of reference structure, and    R  S  1 , i      was the actual position of reference structure. Also,   n   refers to the total number of reference structure in each analysis.



To determine the effect of the contact area between the template and the underlying bone on the positioning accuracy, we obtained the area of inner surface of the template and performed the correlation analysis.




2.3. Fitness of the CAD/CAM-Based Surgical Templates


To evaluate the fitness of the template, we measured the distance between the inner surface of the template and the underlying bone surface. First, CT data taken at T1 were imported into Mimics software (Materialise, Leuven, Belgium), and surgical templates and skull models were constructed separately and saved in stereolithography format (STL) (Figure 3a). STL files of the templates and skull models were imported to the inspection program (GOM Inspect; GOM mbH, Braunschiweig, Germany). On the inner surface of the template, evenly distributed surface points were created automatically by the software, where the distance between each point was set to 2.0 mm [33]. After those points were projected to the underlying bone surface, the distance between the point on the inner surface of the template and its projected point on the underlying bone surface was calculated (Figure 3b). To show the fitness of the template better, a color difference map that can illustrate fitness of the template at any single point of the inner surface of the template was used (Figure 4).




2.4. Statistical Analysis


Statistical analysis was performed using the SPSS version 23.0 (SPSS Inc., Chicago, IL, USA). The data were tested for normal distribution through a Kolmogorov–Smirnov test. To evaluate the positioning accuracy of the surgical template, a paired t-test was performed for x-, y- and z-coordinates between the planned and the actual positions. Spearman’s correlation coefficient was used to investigate the correlation between the contact area of the template and the positioning accuracy. The level of significance was set at p < 0.05.





3. Results


3.1. Deviation of the CAD/CAM-Based Surgical Templates


The absolute deviation of the template position between virtual surgery (planned position) and actual surgery (actual position) are shown in Table 1. For 140 evaluated reference structures of 10 experiments, the mean absolute deviation was 0.41 ± 0.30 mm in the medial-lateral direction, 0.55 ± 0.59 mm in the anterior-posterior direction, and 0.69 ± 0.59 mm in the superior-inferior direction. There were statistically significant differences between the planned and the actual positions of the template in all directions (p < 0.001). The mean absolute deviation of the template ranged from 0.26 to 0.53 mm for medio-lateral direction, from 0.23 to 1.22 mm for antero-posterior direction, and 0.21 to 1.57 mm for supero-inferior direction. The mean RMSD between the planned and the actual positions of the template was 1.21 ± 0.54 mm, and the maximum and minimum RMSDs were 2.18 and 0.65 mm, respectively (Table 2). A color difference map shows clinically acceptable fitness of the template at any single point of the inner surface of the template for each experiment in Figure 4 and Figure 5.



In this study, the contact area between the template and underlying bone was 1332.63 ± 187.56 mm2, and ranged from 1129.16 to 1765.33 mm2. There was no statistically significant correlation between the contact area of the template and the positioning accuracy (RMSD) of the template (p = 0.793).




3.2. Fitness of the CAD/CAM-Based Surgical Templates


An average number of surface points created on the inner surface of the template for each experiment was 184.80 ± 35.32 (Table 3). For all 1848 created surface points in 10 dry skulls, the mean distance between the inner surface of the template and the underlying bone was 0.76 ± 0.24 mm (range of 0 to 2.38 mm). The mean distance between the inner surface of the template and the underlying bone for each skull ranged from 0.17 to 1.01 mm.





4. Discussion


Various CAD/CAM templates based on 3D surgical simulation have been developed to overcome limitations in the use of the intermediate splints in orthognathic surgery [1,3,6,18,19,20,21,30,34]. The CAD/CAM templates are designed on 3D virtual skull models generated from CT data, and are fabricated using 3D printing technology, or they are milled from titanium alloy blocks. During surgery, repositioning of the bony segment to the planned position can be accomplished accurately only when the template is located in the exact position deduced from the surgical simulation. When the template is not fixed in the planned position, subsequent procedures including osteotomy, removal of bone interference, and repositioning of the bony segments may be different from those obtained by the surgical simulation. In addition, the final surgical outcome can also be different when compared to the planned and predicted outcome.



Depending on the method used for fitting the template, the templates can be divided into two systems: (1) dentition-based system and (2) surface-based system. The dentition-based system includes the occlusal splint, which can provide a more accurate reproduction of the template position during surgery [2,9,21]. However, this system requires scanning of the dental cast and registration of the scanning data into CT data, which can be time-consuming and error-prone. Furthermore, undesirable preoperative tooth movement after impression and scanning of dentition may lead to generation of inaccurate templates. In the surface-based system, reproduction of the template position can be achieved by maxillary surface configuration without an occlusal splint. Thus, scanning of dental cast and data registration are not necessary [1,3,18,19,20,30]. Although the bulky template can result in distortion of perioral soft tissue, which makes it difficult to evaluate soft-tissue changes during the surgery, this system requires a template that covers its underlying bone surface as widely as possible and includes characterized anatomical structures.



Several previous studies reported successful surgical results after orthognathic surgery with surface-based CAD/CAM templates [3,18,19,30]. Bai et al. [30] proposed a technique using a pair of surface templates that records the 3D surface geometry of the region of interest as an alternative to the intermediate surgical wafer and reported that the templates fitted intimately with the outer surface of the maxilla. Gander et al. [19] used laser-sintered PSI as a positioning guide with concurrent rigid fixation after Le Fort I osteotomy and reported minimal inconsistency between the planning and postoperative results in quality analysis. Brunso et al. [18] used bone-supported guides for placement of the custom-machined titanium miniplates fabricated using CAD/CAM technology in six patients. They reported that the plates fitted perfectly with the anterior buttress of the maxilla and the surface of the mandibular body during the surgery. In their study, the average surface deviation between the presurgical plan and the final surgical results was 1.09 ± 0.78 mm (71.2% of values within 1.0 mm) for maxillary surgery and 0.61 ± 0.69 mm (75.3% of values within 1.0 mm) for mandibular surgery. In a case series of 32 maxillary osteotomy patients reported by Suojanen et al. [3], fitting of the custom-made osteosynthesis plate was excellent in 23 patients (71.9%), good in 4 patients (12.5%), acceptable in 4 patients (12.5%), and not usable in 1 patient (3.1%). In contrast to encouraging results of CAD/CAM-based template, clinically significant surgical errors (>2.0 mm) have also been reported. In the study by Mazzoni et al. [20], the accuracy showed a reproducibility of <2 mm in 7 out of 10 patients. However, three other cases exhibited maximum errors of 2.4, 3.2, and 6.0 mm. Heufelder et al. [27] also reported the maximum error of 2.02 mm after bimaxillary surgery using CAD/CAM-generated cutting guides and patient-specific implants. Regarding the cause of the surgical error in the template-based surgery, Lin et al. [29] suggested that the surgical error was attributed the contact surface between the template and the underlying bone, and that a wider or longer surgical template ensures a higher positioning accuracy.



In our study, we assessed the positioning accuracy of surface-based CAD/CAM templates, where the placement of the templates in the same position as the surgical simulation is essential to perform subsequent surgical procedures precisely. To maximize the positioning accuracy, the CAD/CAM template used in this study was designed to cover the zygomaticomaxillary buttress and piriform aperture. Furthermore, the right and left parts of the template were joined at the midline with wedge-form interlocking structures. Though there were statistically significant differences between the planned and actual positions of the template, mean absolute deviations (0.41 mm in medio-lateral direction, 0.55 mm in antero-posterior direction, and 0.69 mm in antero-posterior direction) and RMSD (1.07 mm) were clinically acceptable. The template exhibited more accurate positioning in the medio-lateral direction, followed by the antero-posterior and the supero-inferior directions. With respect to the fitness of the template, the gap between the inner surface of the surgical template and the underlying bone was also clinically acceptable (0.75 mm on average). These results suggest that surface-based CAD/CAM templates may be repositioned precisely without the help of occlusal splints.



There might be other consideration factors for the maxillary templates. First, it is necessary to consider the accuracy of the 3D printed template compared to the design of the template, and the possibility of deformation from 3D printing to actual use in surgery. In addition, when the template is fixed to the bone surface with screws, it is necessary to consider the technical aspects, as the excessive pressing force may reduce the intimate contact of other parts and increase the error occurrence. Another important consideration is the anatomical features of the site where the template will be located. When fastening the template to the thin maxilla, loosening of the screw may occur, and thus the movement of template may cause surgical errors. Insufficient maxillary bone height can reduce accuracy by reducing the area of bone covered by the template. When the template is designed to cover a large area of the maxilla in order to increase the suitability of the template, it is difficult to place the template due to large volume of the template.



In this study, we assessed the positioning accuracy of the CAD/CAM-based template. In addition to the positioning error of the surgical template, deformation of the template during surgery can also cause the surgical error [19,20,35]. Although the template was fixed passively on the dry skull using adhesive tape to avoid deformation in our study, we did not evaluate the deformation of the template after fixation on the bone. Thus, in future studies, it is necessary to evaluate conformational changes of the template.




5. Conclusions


In CAD/CAM-based surgical templates, including guide templates and PSIs, positioning of the template in the planned position is important to achieve the predicted surgical outcome successfully. In our study, surface-based CAD/CAM surgical templates showed precise positioning and good fitness. These results suggest that various surface-based CAD-CAM templates can be positioned on the basis of prior simulation without the help of occlusal splints and can serve as an alternative solution to the use of traditional intermediate splints for the transfer of surgical plans to the actual operation field.
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Figure 1. Design of computer-aided design/computer-aided manufacturing (CAD/CAM)-based surgical templates: (a) virtual Le Fort I osteotomy and patient-specific surgical template for Le Fort I osteotomy; (b) design of CAD/CAM-based surgical templates for Le Fort I osteotomy; (c) fitting of the CAD/CAM-based surgical template on the maxilla. 
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Figure 2. Deviation of the CAD/CAM-based surgical templates. (a) Surgical templa