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Purpose. Placement of zygomatic implants in the most optimal prosthetic position is
considered challenging due to limited bone mass of the zygoma, limited visibility, length of
the drilling path and proximity to critical anatomical structures. Augmented reality (AR)
navigation can eliminate some of the disadvantages of surgical guides and conventional
surgical navigation, while potentially improving accuracy. In this human cadaver study, we
evaluated a developed AR navigation approach for placement of zygomatic implants after
total maxillectomy.

Methods. The developed AR navigation interface connects a commercial navigation
system with the Microsoft HoloLens. AR navigated surgery was performed to place 20
zygomatic implants using 5 human cadaver skulls after total maxillectomy. To determine
accuracy, postoperative scans were virtually matched with preoperative 3-dimensional
virtual surgical planning, and distances in mm from entry-exit points and angular
deviations were calculated as outcome measures. Results were compared with a
previously conducted study in which zygomatic implants were positioned with 3D printed
surgical guides.

Results. The mean entry point deviation was 2.43 ± 1.33 mm and a 3D angle deviation of
5.80 ± 4.12° (range 1.39 - 19.16°). The mean exit point deviation was 3.28 mm (± 2.17).
The abutment height deviation was on average 2.20 ± 1.35 mm. The accuracy of the
abutment in the occlusal plane was 4.13 ± 2.53 mm. Surgical guides perform signiûcantly
better for the entry-point (P = 0.012) and 3D angle (P = 0.05), however there is no
signiûcant diûerence in accuracy for the exit-point (P = 0.143) when using 3D printed drill
guides or AR navigated surgery.
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Conclusion. Despite the higher precision of surgical guides, AR navigation demonstrated
acceptable accuracy, with potential for improvement and specialized applications. The
study highlights the feasibility of AR navigation for zygomatic implant placement, oûering
an alternative to conventional methods
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23 Abstract

24 Purpose. Placement of zygomatic implants in the most optimal prosthetic position is considered 
25 challenging due to limited bone mass of the zygoma, limited visibility, length of the drilling path 
26 and proximity to critical anatomical structures. Augmented reality (AR) navigation can eliminate 
27 some of the disadvantages of surgical guides and conventional surgical navigation, while 
28 potentially improving accuracy. In this human cadaver study, we evaluated a developed AR 
29 navigation approach for placement of zygomatic implants after total maxillectomy.
30

31 Methods. The developed AR navigation interface connects a commercial navigation system with 
32 the Microsoft HoloLens. AR navigated surgery was performed to place 20 zygomatic implants 
33 using 5 human cadaver skulls after total maxillectomy. To determine accuracy, postoperative 
34 scans were virtually matched with preoperative 3-dimensional virtual surgical planning, and 
35 distances in mm from entry-exit points and angular deviations were calculated as outcome 
36 measures. Results were compared with a previously conducted study in which zygomatic 
37 implants were positioned with 3D printed surgical guides.
38  
39 Results. The mean entry point deviation was 2.43 ± 1.33 mm and a 3D angle deviation of 5.80 ± 
40 4.12° (range 1.39 - 19.16°). The mean exit point deviation was 3.28 mm (± 2.17). The abutment 
41 height deviation was on average 2.20 ± 1.35 mm. The accuracy of the abutment in the occlusal 
42 plane was 4.13 ± 2.53 mm. Surgical guides perform significantly better for the entry-point (P = 
43 0.012) and 3D angle (P = 0.05), however there is no significant difference in accuracy for the exit-
44 point (P = 0.143) when using 3D printed drill guides or AR navigated surgery.
45

46 Conclusion. Despite the higher precision of surgical guides, AR navigation demonstrated 
47 acceptable accuracy, with potential for improvement and specialized applications. The study 
48 highlights the feasibility of AR navigation for zygomatic implant placement, offering an 
49 alternative to conventional methods
50

51 Introduction

52 Ablative surgery in the maxilla is complicated and is accompanied with profound consequences 
53 for the patient�s function and appearance. To improve accuracy of surgical outcome, nowadays 
54 the surgeon relies on 3-dimensional virtual surgical planning (3D VSP) when bone cuts 
55 (osteotomies) are required. 3D VSP typically includes the planning of osteotomies for ablative 
56 surgery with a sufficient margin from the tumour borders. Because of the high accuracy of 3D 
57 VSP, surgical resections with tumour margin control can be obtained[1�3]. When one-stage 
58 reconstruction surgery is indicated, the 3D VSP also includes the plan for reconstruction. For 
59 example, reconstruction and rehabilitation can include location of osteotomies, accurate 
60 placement of osteosynthesis materials and dental- or patient specific implants[4]. Traditionally, 
61 the 3D VSP is translated towards surgery using surgical guides or image guided therapy 
62 techniques like navigation. 
63 Navigation is often used during tumour resection surgery in less accessible locations such as the 
64 maxilla and base of the skull. Although reconstruction of maxillary defects with vascularized free 
65 flaps appears to yield better speech and swallowing outcomes for extensive defects than 
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66 conventional prosthetic obturation, not all patients are fit for vascularized free flap 
67 reconstruction[5]. In these patients, an obturator prosthesis supported by dental or zygomatic 
68 implants significantly improves oral function rehabilitation outcomes. [6, 7]. Placement of dental 
69 implants is often not possible due to lack of bone of the maxilla. Placement of zygomatic implants 
70 is considered challenging due to the limited bone mass of the zygoma, limited perioperative 
71 visibility, length of the drill path and proximity to anatomical structures like nerve bundles and 
72 the orbital cavity. Therefore, guides or navigation are increasingly used in zygomatic implant 
73 surgery nowadays. 
74 Vrielinck et al. was one of the first to use drill guides for zygomatic implant surgery [8]. Since 

75 then, multiple improvements have been made. Vosselman et al. reported on a 3D printed guide 

76 using an metal insert for drilling, showing high accuracy in vitro as well as in vivo [9, 10]. One 

77 challenge in using 3D printed drill guides is that the bone must be stripped of periosteum to 

78 provide stable support for the surgical template. Moreover, 3D printed drill guides can only 

79 properly provide control over the entry point of the trajectory, while the deeper trajectory is 

80 not as controlled because real time feedback is not possible. Therefore, surgical navigation is 

81 considered a promising addition and can even potentially substitute 3D printed drill guided 

82 zygomatic implant surgery, mainly due to its real time guidance and feedback.  

83 Augmented reality (AR) assisted navigation techniques hold the promise to improve navigation 

84 performance during surgery in terms of speed, accuracy and user friendliness[11]. AR 

85 navigation provides in situ visualisation, fusing navigation information directly with the 

86 (anatomy of the) patient. Therefore the surgeon does not have to split his attention between 

87 the patient and multiple screens in the operating room[12]. Several AR navigation systems for 

88 OMFS have been described, including applications in orthognathic surgery, temporomandibular 

89 joint arthrocentesis and dental implantology.[13�16] In this human cadaver study, we use an 

90 AR navigation approach to place zygomatic implants after total maxillectomy to estimate the 

91 accuracy of AR compared to surgical guides.

92

93 Materials & Methods

94 Five formalin fixated human cadaver skulls were obtained and scanned using cone beam 
95 computed tomography (CBCT) (Planmeca, ProMax 3D Max, Helsinki, Finland). The settings were 
96 in accordance with the clinical settings used for 3D VSP (voxel size 0.4mm). The scans were 
97 converted into a 3D model using ProPlan CMF 3.0 (Materialise, Leuven, Belgium). To mimic the 
98 clinical condition and to be able to implant four zygomatic implants per cadaver, a total 
99 maxillectomy was included in the 3D VSP. The four zygomatic implants (Southern Implants, Irene, 

100 South Africa) were planned towards the most ideal prosthodontic positions based on the pre-
101 maxillectomy situation, in a slightly palatal direction from the occlusal plane. An overview of the 
102 3D VSP can be seen in Fig. 1. The tip of the implant was planned in the lateral cortical bone of the 
103 zygomatic complex, with a minimum distance of 2mm to the orbital cavity. Also, the minimally 
104 planned distance between two unilateral implants was 2mm to ensure sufficient bone around 
105 each implant. Hereafter, the 3D models were imported into the navigation software (Brainlab 
106 Elements, Brainlab AG, Munich, Germany), in which the drill trajectories for the implants were 
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107 planned. This study followed the Declaration of Helsinki on medical protocol and ethics and the 
108 local Medical Ethics Committee (METc of the University Medical Center Groningen, 2021/504) 
109 granted written permission for the retrospective anonymized use of human cadaver data in this 
110 study. 
111

112 In the anatomical lab, the 3D VSP is downloaded on the navigation hardware (Brainlab Curve, 
113 Brainlab AG, Munich, Germany), subsequently the patients reference array was attached to the 
114 cadaver skulls and registration of imaging data and the cadaver is performed. The registration is 
115 performed using a minimum of four preoperatively placed 1.5 mm miniscrews (KLS Martin, 
116 Tuttlingen, Germany) which were used as landmarks. Hereafter, the surgical drill was calibrated 
117 using the instrument calibration matrix (Brainlab AG, Munich, Germany). We used the Microsoft 
118 HoloLens I (Microsoft, Redmond WA, United States) as an AR head-mounted-display (HMD). 
119 Before the surgical procedure started the HoloLens was connected to the navigation system using 
120 an in-house developed workflow, based on previous work described by Glas et al[11]. This 
121 augmented reality visualisation enables the surgeon to visualize and interact with the VSP and 
122 navigation data while in the operating room. It collects the VSP from the navigation system and 
123 visualises it in the surgical field, while updating the visualisation with real time navigation data. 
124 In addition, fiducial markers were added to the HMD using a special made 3D printed reference 
125 array. By doing this, the position of the surgeon is tracked by the navigation system as well, 
126 enabling a semi-automated registration of the virtual overlay onto the patient and surgical tools. 
127 A quick manual registration had to be performed before each use, when the HMD was put on. 
128 The virtual overlay enabled visualizing directions of the planned trajectories and navigation 
129 directions of the instruments, real live in the surgical field. An example of the AR navigation setup 
130 is seen in Fig. 2.
131

132 Tasks & participants

133 The surgery was performed by OMF surgeons skilled in 3D VSP and navigated surgery. Three OMF 
134 surgeons (NJ, SV, GR) drilled the implant trajectories and placed the zygomatic implants. All but 
135 one of the surgeons participated in a training session where dental implants were placed in 
136 sawbones using the same workflow and augmented reality visualization. After the cranial 
137 resection margin of the maxilla was marked using the AR navigation, a total maxillectomy was 
138 performed. Hereafter, a total of 20 zygomatic implants were placed in five cadavers using the AR 
139 navigation.
140

141 Implant placement accuracy

142 For determining the zygomatic implant accuracy, a postoperative CBCT scan was made. A 3D 
143 model was made in a similar fashion as for the 3D VSP. Hereafter the postoperative 3D skull was 
144 matched virtually with the preoperative 3D VSP. Subsequently, bone entry and exit positions in 
145 the zygomatic bone were defined by the intersection of the long axis of the implant with the 
146 bone. Accuracy was assessed in an identical way to the method used by Vosselman et al., where 
147 two coordinate systems have been used[9, 10]. Both coordinate systems are illustrated in Fig. 3 
148 and defined as: 
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149 1) The Implant�s Coordinate System (ICoS); the z-axis runs along the long axis of each 
150 planned implant. 
151 2) The Occlusion Coordinate System (OcoS); congruent with the axial, sagittal and coronal 
152 planes. The axial plane is defined by the occlusion plane derived from the positions of the 
153 planned abutments. 

154

155 Accuracy of the abutment, the entry and exit points were measured in the IcoS. The distance 
156 between planned and postoperative position was measured in a plane perpendicular to the long 
157 axis of the implant. Other accuracies were measured in the OcoS, these include the height 
158 deviation of the abutment in the occlusal plane, the displacement of the abutment in the occlusal 
159 plane, the axial, coronal, sagittal and 3D angle. A placement accuracy of 3 mm in the occlusal 
160 plane for the abutment was considered to be successful, and is assumed to result in a passive fit 
161 for a prosthesis[9, 10]. The accuracy was compared to the accuracy of guided placement, on 
162 which we have reported earlier[9]. This study was performed in a similar fashion, the VSP was 
163 followed by guided placement of 10 zygomatic implants using 5 fresh frozen human cadavers. 
164 The postoperative analysis, based on the postoperatively performed CBCT, was performed 
165 identically to that study.  
166

167 Results

168 With the aid of the VSP, the navigated drill and AR navigation a total 4 maxillectomies were 
169 performed and 20 zygomatic implants were placed in 5 cadaver heads. In one of the cadavers, a 
170 maxillectomy had previously been performed. This maxillectomy has been digitally copied 
171 preoperatively into the 3D VSP. 
172 The implant lengths varied between 40 mm and 55mm. The mean entry point deviation was 2.43 
173 ± 1.33 mm and a 3D angle deviation of 5.80 ± 4.12° (range 1.39 - 19.16°). The mean exit point 
174 deviation was 3.28 mm (± 2.17), and the abutment height deviation was on average 2.20 ± 1.35 
175 mm. The accuracy of the abutment in the occlusal plane was 4.13 ± 2.53 mm. The complete 
176 accuracy results can be seen in Table 1. No significant differences were found between ventral 
177 and dorsal implants (P > 0.05) nor between left or right implants (P > 0.05).
178 Compared to the results of our previous study on the accuracy of zygomatic implants with 3D-
179 printed surgical guides[9], all three accuracy measurements of the abutment and the entry-point 
180 were significantly more accurate with the use of surgical guides. For the exit-point there was no 
181 statistical significant difference. All results of the AR navigation (this study) vs guides (previous 
182 work) are found in Table 1.
183

184 Figure 3: Description reference planes and coordinate systems for assessing the accuracy of 
185 zygomatic implant. In red the planned zygomatic implant position, in blue the postoperative 
186 zygomatic implant position derived from CBCT. a the implant coordinate system (IcoS) including 
187 the three reproducible reference planes in which the accuracy is measured; the centre of the 
188 abutment, the bone entry point, and bone exit point of the implant. b 3D angle deviation 
189 between the planned position and post-op position. c Visualisation of the Occlusion plane 
190 coordinate system (OcoS). The occlusal plane is defined parallel to a plane intersecting the 
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191 planned abutment positions. Perpendicular to this plane is the blue arrow which indicates the 
192 direction the abutment height accuracy is calculated
193

194

195 Discussion

196 This study shows a novel AR dynamic navigation system for placement of zygomatic implants. 
197 Using AR navigation 20 zygomatic implants have been placed in 5 cadavers. Surgical guides 
198 perform significantly better for the entry-point (1.20  ± 0.61 mm vs. 2.43  ± 1.33 mm ), however 
199 no statistical differences could be found for the exit-point or 3D angle. Placement of zygomatic 
200 implants at time of ablative surgery has been shown to be an effective means of accelerating oral 
201 function rehabilitation, along with early loading protocols. Placement of zygomatic implants is 
202 challenging, due to the length of zygomatic implants (40 to 55mm), a minor angular deviation 
203 can lead to relatively large positional errors at the exit point.
204 Navigated zygomatic implant placement was described before in multiple studies [17�21]. Some 
205 studies use clinically available navigation systems [17, 22, 23], some used dental navigation 
206 systems or developed their own[18, 19, 24�27], extended reality systems are also described [27, 
207 28]. Zhou et al. report on 14 navigated placed zygomatic implants in patients with maxillectomy 
208 defects, with an mean accuracy at the entry-point of 1.56)±)0.54)mm, exit-point of 
209 1.87)±)0.63)mm (exit point), and an angle deviation of 2.52)±)0.84° [29]. Chrcanovic et al. placed 
210 16 zygomatic implants in human cadavers with an angle accuracy of 8.06 ± 6.40° for the anterior-
211 posterior view and 11.20 ± 9.75° for the caudal cranial view[30]. Vrielinck et al. report on an 
212 entry-point accuracy of 2.77 mm (range 1.0 � 7.4) and exit-point accuracy of 4.46 mm (range 0.3 
213 - 9.7) in a patient cohort[8]. In our study the accuracy of implant placement in human cadavers 
214 after total maxillectomy was slightly higher both for the surgical guides from our previous study 
215 and the AR navigation9. Hung et al. have placed 40 zygomatic implants in severe atrophic maxillae 
216 using the Brainlab navigation system (Brainlab AG, Munich, Germany), reporting an accuracy of 
217 1.35 ± 0.75 mm (entry-point), 2.15 ± 0.95 mm (exit-point), and 2.05 ± 1.02° angle deviation[31]. 
218 However, accuracy of zygomatic implantation in a resorbed maxilla might be higher due to a more 
219 stable drill entry point. While drilling the trajectory after (total) maxillectomy, the bone entry 
220 location is not a stable flat surface. Most likely the tip of the drill approaches the anterior wall of 
221 the maxillary sinus in an oblique fashion, making an exact entry-point difficult due to sliding of 
222 the drill tip along this cortical bone. Using navigation guidance, the surgeon is likely to correct for 
223 this entry-point deviation by manipulating the direction of the drill, in order to get back on the 
224 planned trajectory. One observation we made, is that manipulating the drill could subsequently 
225 cause the drill to bend, mainly due to the length of the drill bits. As a result, the tip of the drill no 
226 longer matches the virtual drill in the navigation, which in turn leads to additional inaccuracy. In 
227 none of the 5 cases the placement of the implants was complicated by an orbital perforation. 
228 Therefore, accuracy in this small sample seems to be accurate enough for safe application in 
229 human patients of both investigated methods; drilling guides as well as AR navigation. 
230 Additionally, the abutment height was within the 3 mm limit for both surgical guides as well as 
231 for AR navigation. 
232 Multiple factors impact the accuracy of surgical navigation, including imaging techniques, 
233 registrations procedures of the patient as well as the surgical tools, how rigid these surgical tools 
234 are, and moreover the human machine interface which influences the surgeon�s performance. 
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235 Using surgical guides, an accurate result can be obtained, however, sufficient bone has to be 
236 exposed for the guide to be stable during the entire drilling procedure. Moreover, the guide has 
237 to be designed such that it minimises the risk of deforming during drilling. This means sufficient 
238 support area and sometimes a bulkier guide. In ablative oncological surgery, the surgical area 
239 might be more easily accessible while this is more restricted in elective procedures. When a 
240 minimal invasive procedure is warranted AR navigation could be used as an alternative. However, 
241 based on the results of this cadaver study probably the best results may be obtained, if surgical 
242 guides are used for control of the entry point and AR navigation for trajectory control. While this 
243 study focused on augmented reality navigation in one stage resection and reconstruction surgery 
244 for placement of zygomatic implants, the AR-navigation might also be used in other 
245 craniomaxillofacial indications such as maxilla, orbital, and cranial base resections. 
246

247 Conclusions

248 This study shows a novel AR dynamic navigation system for placement of zygomatic implants. 
249 Despite the fact that patient specific guides lead to a more accurate placement compared to AR 
250 navigation, the accuracy of AR navigation is acceptable as well and authors are convinced that it 
251 will continue to improve and will find its specific application. The study highlights the feasibility 
252 of AR navigation for zygomatic implant placement, offering an alternative to conventional 
253 methods
254

255 Acknowledgements

256 N/A

257

258 References

259 1. Kraeima J, Dorgelo B, Gulbitti HA, Steenbakkers RJHM, Schepman KP, Roodenburg JLN, 

260 Spijkervet FKL, Schepers RH, Witjes MJH (2018) Multi-modality 3D mandibular resection 

261 planning in head and neck cancer using CT and MRI data fusion: A clinical series. Oral Oncol 

262 81:22�28. https://doi.org/10.1016/j.oraloncology.2018.03.013

263 2. Kraeima J, Schepers RH, Van Ooijen PMA, Steenbakkers RJHM, Roodenburg JLN, Witjes 

264 MJH (2015) Integration of oncologic margins in three-dimensional virtual planning for head and 

265 neck surgery, including a validation of the software pathway. Journal of Cranio-Maxillofacial 

266 Surgery 43:1374�1379. https://doi.org/10.1016/j.jcms.2015.07.015

267 3. Witjes MJH, Schepers RH, Kraeima J (2018) Impact of 3D virtual planning on 

268 reconstruction of mandibular and maxillary surgical defects in head and neck oncology. Curr 

269 Opin Otolaryngol Head Neck Surg 26:108�114. 

270 https://doi.org/10.1097/MOO.0000000000000437

271 4. Glas HH, Vosselman N, de Visscher SAHJ (2020) The use of 3D virtual surgical planning 

272 and computer aided design in reconstruction of maxillary surgical defects. Curr Opin 

273 Otolaryngol Head Neck Surg 28:122�128. https://doi.org/10.1097/MOO.0000000000000618

PeerJ reviewing PDF | (2024:06:102174:0:1:NEW 28 Jun 2024)

Manuscript to be reviewed



274 5. Moreno MA, Skoracki RJ, Hanna EY, Hanasono MM (2010) Microvascular free flap 

275 reconstruction versus palatal obturation for maxillectomy defects. Head Neck 32:860�868

276 6. Buurman DJM, Speksnijder CM, Engelen BHBT, Kessler P (2020) Masticatory 

277 performance and oral health-related quality of life in edentulous maxillectomy patients: A 

278 cross-sectional study to compare implant-supported obturators and conventional obturators. 

279 Clin Oral Implants Res 31:405�416. https://doi.org/10.1111/clr.13577

280 7. Schmidt BL, Pogrel MA, Young CW, Sharma A (2004) Reconstruction of extensive 

281 maxillary defects using zygomaticus implants. Journal of Oral and Maxillofacial Surgery 62:82�

282 89. https://doi.org/10.1016/j.joms.2004.06.027

283 8. Vrielinck L, Politis C, Schepers S, Pauwels M, Naert I (2003) Image-based planning and 

284 clinical validation of zygoma and pterygoid implant placement in patients with severe bone 

285 atrophy using customized drill guides. Preliminary results from a prospective clinical follow-up 

286 study. Int J Oral Maxillofac Surg 32:7�14. https://doi.org/10.1054/ijom.2002.0337

287 9. Vosselman N, Glas HH, de Visscher SAHJ, Kraeima J, Merema BJ, Reintsema H, 

288 Raghoebar GM, Witjes MJH (2021) Immediate implant-retained prosthetic obturation after 

289 maxillectomy based on zygomatic implant placement by 3D-guided surgery: a cadaver study. Int 

290 J Implant Dent 7:. https://doi.org/10.1186/s40729-021-00335-w

291 10. Vosselman N, Glas HH, Merema BJ, Kraeima J, Reintsema H, Raghoebar GM, Witjes MJH, 

292 de Visscher SAHJ (2022) Three-Dimensional Guided Zygomatic Implant Placement after 

293 Maxillectomy. J Pers Med 12:. https://doi.org/10.3390/jpm12040588

294 11. Glas HH, Kraeima J, van Ooijen PMA, Spijkervet FKL, Yu L, Witjes MJH (2021) Augmented 

295 Reality Visualization for Image-Guided Surgery: A Validation Study Using a Three-Dimensional 

296 Printed Phantom. Journal of Oral and Maxillofacial Surgery 79:1943.e1-1943.e10. 

297 https://doi.org/10.1016/j.joms.2021.04.001

298 12. Sielhorst T, Feuerstein M, Navab N (2008) Advanced Medical Displays: A Literature 

299 Review of Augmented Reality. Journal of Display Technology 4:451�467. 

300 https://doi.org/10.1109/JDT.2008.2001575

301 13. Zinser MJ, Mischkowski RA, Dreiseidler T, Thamm OC, Rothamel D, Zöller JE (2013) 

302 Computer-assisted orthognathic surgery: waferless maxillary positioning, versatility, and 

303 accuracy of an image-guided visualisation display. British Journal of Oral and Maxillofacial 

304 Surgery 51:827�833. https://doi.org/10.1016/j.bjoms.2013.06.014

305 14. Tran HH, Suenaga H, Kuwana K, Masamune K, Dohi T, Nakajima S, Liao H (2011) 

306 Augmented reality system for oral surgery using 3D auto stereoscopic visualization. Med Image 

307 Comput Comput Assist Interv 14:81�88. https://doi.org/10.1007/978-3-642-23623-5_11

308 15. Wang J, Suenaga H, Yang L, Kobayashi E, Sakuma I (2017) Video see-through augmented 

309 reality for oral and maxillofacial surgery. Int J Med Robot 13:. https://doi.org/10.1002/rcs.1754

PeerJ reviewing PDF | (2024:06:102174:0:1:NEW 28 Jun 2024)

Manuscript to be reviewed



310 16. Wang Y-Y, Liu H-P, Hsiao F-L, Kumar A (2019) Augmented reality for temporomandibular 

311 joint arthrocentesis: a cadaver study. Int J Oral Maxillofac Surg 48:1084�1087. 

312 https://doi.org/10.1016/j.ijom.2018.12.011

313 17. Wang F, Bornstein MM, Hung K, Fan S, Chen X, Huang W, Wu Y (2018) Application of 

314 Real-Time Surgical Navigation for Zygomatic Implant Insertion in Patients With Severely 

315 Atrophic Maxilla. Journal of Oral and Maxillofacial Surgery 76:80�87. 

316 https://doi.org/10.1016/j.joms.2017.08.021

317 18. Pellegrino G, Tarsitano A, Basile F, Pizzigallo A, Marchetti C (2015) Computer-Aided 

318 Rehabilitation of Maxillary Oncological Defects Using Zygomatic  Implants: A Defect-Based 

319 Classification. J Oral Maxillofac Surg 73:2446.e1-2446.e11. 

320 https://doi.org/10.1016/j.joms.2015.08.020

321 19. Gasparini G, Boniello R, Laforì A, De Angelis P, Del Deo V, Moro A, Saponaro G, Pelo S 

322 (2017) Navigation System Approach in Zygomatic Implant Technique. Journal of Craniofacial 

323 Surgery 28:

324 20. Pellegrino G, Lizio G, Basile F, Stefanelli LV, Marchetti C, Felice P (2020) Dynamic 

325 navigation for zygomatic implants: A case report about a protocol with intraoral anchored 

326 reference tool and an up-to-date review of the available protocols. Methods Protoc 3:1�10. 

327 https://doi.org/10.3390/mps3040075

328 21. Fan S, Sáenz-Ravello G, Diaz L, Wu Y, Davó R, Wang F, Magic M, Al-Nawas B, Kämmerer 

329 PW (2023) The Accuracy of Zygomatic Implant Placement Assisted by Dynamic Computer-Aided 

330 Surgery: A Systematic Review and Meta-Analysis. J Clin Med 12:12. 

331 https://doi.org/10.3390/JCM12165418/S1

332 22. Hung K-F, Wang F, Wang H-W, Zhou W-J, Huang W, Wu Y-Q (2017) Accuracy of a real-

333 time surgical navigation system for the placement of quad  zygomatic implants in the severe 

334 atrophic maxilla: A pilot clinical study. Clin Implant Dent Relat Res 19:458�465. 

335 https://doi.org/10.1111/cid.12475

336 23. Hung K, Huang W, Wang F, Wu Y (2016) Real-Time Surgical Navigation System for the 

337 Placement of Zygomatic Implants with  Severe Bone Deficiency. Int J Oral Maxillofac Implants 

338 31:1444�1449. https://doi.org/10.11607/jomi.5526

339 24. González Rueda JR, García Ávila I, de Paz Hermoso VM, Riad Deglow E, Zubizarreta-

340 Macho Á, Pato Mourelo J, Montero Martín J, Hernández Montero S (2022) Accuracy of a 

341 Computer-Aided Dynamic Navigation System in the Placement of Zygomatic  Dental Implants: 

342 An In Vitro Study. J Clin Med 11:. https://doi.org/10.3390/jcm11051436

343 25. Kreissl ME, Heydecke G, Metzger MC, Schoen R (2007) Zygoma implant-supported 

344 prosthetic rehabilitation after partial maxillectomy using surgical navigation: A clinical report. J 

345 Prosthet Dent 97:121�128. https://doi.org/https://doi.org/10.1016/j.prosdent.2007.01.009

PeerJ reviewing PDF | (2024:06:102174:0:1:NEW 28 Jun 2024)

Manuscript to be reviewed



346 26. Panchal N, Mahmood L, Retana A, Emery R (2019) Dynamic Navigation for Dental 

347 Implant Surgery. Oral Maxillofac Surg Clin North Am 31:539�547. 

348 https://doi.org/https://doi.org/10.1016/j.coms.2019.08.001

349 27. González-Rueda JR, Galparsoro-Catalán A, de Paz-Hermoso VM, Riad-Deglow E, 

350 Zubizarreta-Macho Á, Pato-Mourelo J, Hernández-Montero S, Montero-Martín J (2023) 

351 Accuracy of zygomatic dental implant placement using computer-aided static and dynamic 

352 navigation systems compared with a mixed reality appliance. An in vitro study. J Clin Exp Dent 

353 15:e1035�e1044. https://doi.org/10.4317/JCED.61097

354 28. Fan X, Feng Y, Tao B, Shen Y, Wu Y, Chen X (2024) A hybrid robotic system for zygomatic 

355 implant placement based on mixed reality navigation. Comput Methods Programs Biomed 

356 249:108156. https://doi.org/10.1016/J.CMPB.2024.108156

357 29. Zhou W, Fan S, Wang F, Huang W, Jamjoom FZ, Wu Y (2021) A novel extraoral 

358 registration method for a dynamic navigation system guiding zygomatic implant placement in 

359 patients with maxillectomy defects. Int J Oral Maxillofac Surg 50:116�120. 

360 https://doi.org/10.1016/j.ijom.2020.03.018

361 30. Chrcanovic BR, Oliveira DR, Custódio AL (2010) Accuracy evaluation of computed 

362 tomography-derived stereolithographic surgical  guides in zygomatic implant placement in 

363 human cadavers. J Oral Implantol 36:345�355. https://doi.org/10.1563/AAID-JOI-D-09-00074

364 31. Hung KF, Wang F, Wang HW, Zhou WJ, Huang W, Wu YQ (2017) Accuracy of a real-time 

365 surgical navigation system for the placement of quad zygomatic implants in the severe atrophic 

366 maxilla: A pilot clinical study. Clin Implant Dent Relat Res 19:458�465. 

367 https://doi.org/10.1111/cid.12475

PeerJ reviewing PDF | (2024:06:102174:0:1:NEW 28 Jun 2024)

Manuscript to be reviewed



Figure 1
Overview of the 3D VSP

(A) The osteotomy of the maxillectomy is planned. (B) The abutment positions of the
zygomatic implants are based on the pre-maxillectomy situation, in a slightly palatal
direction from the occlusal plane. (C) The tip of the implant is planned in the lateral cortical
bone of the zygomatic complex, with a minimum distance of 2mm between implants and to
the orbital cavity. (D) The 3D VSP is uploaded into the navigation system where the drill
trajectories are deûned
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Figure 2
AR navigation system and interface

(A) Image of the setup during the cadaver experiment. The surgeon wearing the HoloLens
with a custom made reference array attached. Fiducial markers on the reference arrays of
the HoloLens, surgical drill and skull enable the navigation system to track the objects and
project the visualisation on the patient. (B) An example of the AR visualisation as seen by
the surgeon during the phantom setup. Virtual navigational indicators are projected into the
surgical area. The colour and size of the green circles change with manipulating the direction
of the drill. The depth to target is also updated real time.

PeerJ reviewing PDF | (2024:06:102174:0:1:NEW 28 Jun 2024)

Manuscript to be reviewed



Figure 3
Reference planes and coordinate systems

Description reference planes and coordinate systems for assessing the accuracy of
zygomatic implant. In red the planned zygomatic implant position, in blue the postoperative
zygomatic implant position derived from CBCT. (A) the implant coordinate system (IcoS)
including the three reproducible reference planes in which the accuracy is measured; the
centre of the abutment, the bone entry point, and bone exit point of the implant. (B) 3D
angle deviation between the planned position and post-op position. (C) Visualisation of the
Occlusion plane coordinate system (OcoS). The occlusal plane is deûned parallel to a plane
intersecting the planned abutment positions. Perpendicular to this plane is the blue arrow
which indicates the direction the abutment height accuracy is calculated
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Table 1(on next page)

Accuracy data

Results of the postoperative analysis of the Implant coordinate system (IcoS) and occlusion
coordinate system (OcoS) measurements for the Augmented reality system (this paper) and
with the use of patient-speciûc guides (previous work) [9] . Statistical signiûcant diûerences
are highlighted in blue.
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Augmented Reality Guides[9] 

Mean (±SD) Range Mean (±SD) P value

Abutment (mm) 3.34 (± 2.11) 0.60 - 8.63 1.19 (± 0.63) 0.005

Entry-point (mm) 2.43 (± 1.33) 0.60 - 5.96 1.20 (± 0.61) 0.012

IC
o

S
 

d
e

v
ia

ti
o

n

Exit-point (mm) 3.28 (± 2.17) 1.36 - 11.65 2.12 (± 1.24) 0.143

Abutment in occlusal 

plane (mm)
4.13 (± 2.53) 1.09 � 2.53 1.77 (± 1.31) 0.012

Abutment height from 

occlusal plane (mm)
2.20 (± 1.35) 0.08 � 4.63 1.03 (± 0.85) 0.021

Axial angle (°) 5.76 (± 4.74) 1.04 � 21.63 2.07 (± 2.63) 0.062

Coronal angle (°) 2.44 (± 2.02) 0.27 � 7.63 0.99 (± 2.32) 0.682

Sagittal angle (°) 7.62 (± 6.55) 0.39 � 25.27 1.48 (± 3.59) 0.047

O
C

o
s
 d

e
v
ia

ti
o

n

3D angle (°) 5.80 (± 4.12) 1.39 � 19.16 2.97 (± 1.43) 0.051

1
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Liszen Tang
Comment on Text
Please add on the "Range" for the "Guides" Group too. The reviewer had also gone through the authors' previous work on using surgical guides, and noticed in that previous work, the ranges were smaller compared to the "Augmented Reality" group, for example, in the "Guides" group, the "Abutment" range was "0.1 - 2.1"; "Entry-point" range was "0.4 - 2.1"; and "Exit-point" range was "0.7 - 4.1", which were much smaller compared to the maximum ranges of "Augmented Reality" group. Even though the "Exit-point" showed no statistical significance between the 2 groups, but the maximum deviation of "11.65mm" in "Exit-point" for "Augmented Reality" group could be significant clinically, as this range of deviation could cause trauma or damage to the adjacent vital anatomical structures. Thus, the reviewer would like to advise the authors to add on the column of "Range" for the "Guides" group to allow the readers to understand the difference in ranges, and the authors should also discuss the possible causes and clinical implications of wide range of "Exit-Point" in their "Discussion".


