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Background: Genioplasty is performed as part of orthognathic surgery to correct jaw deformities. This 
procedure presents challenges in terms of osteosynthesis accuracy. This study aimed to evaluate the precision 
of preoperative planning in genioplasty using computer-aided design/computer-aided manufacturing (CAD/
CAM) with three-dimensional (3D) printable biomaterials and mixed reality (MR) technology with a head-
mounted display (Microsoft® HoloLens 2) and a registration marker.
Methods: Twenty-six patients underwent genioplasty using either only CAD/CAM devices (control group, 
n=10) or CAD/CAM with additional MR technology (experimental group, n=16). CAD/CAM devices 
were created based on virtual surgical planning (VSP), and MR holograms created based on VSP data were 
projected onto the surgical area using Microsoft HoloLens 2. After surgery, the planned model was compared 
with the postoperative computed tomography (CT) image, measuring the 3D surface and the differences 
in position and rotation using the root mean square deviation (RMSD) and Bland-Altman’s method. Both 
analyses are blinded.
Results: The average 3D surface analysis errors within 2 mm ranged between 62.20–100.00% (control 
group) and 99.30–100.00% (experimental group), with mean errors of 92.12% and 99.81%, respectively. 
Errors within 1 mm ranged between 28.50–98.90% (control group) and 55.10–99.6% (experimental 
group) with mean errors of 67.36% and 85.60%, respectively. The largest RMSDs were 1.20 mm in the 
anteroposterior direction and 6.78° in pitch orientation for the experimental group and 1.78 mm in the 
anteroposterior direction and 6.04° in pitch orientation for the control group. A statistically significant 
difference between the two groups was observed for errors measured within 1 mm (P=0.047) and for yaw 
(P=0.003). No postoperative complications were observed in either group.
Conclusions: Using CAD/CAM with additional MR technology in genioplasty improved the repositioning 
accuracy of the chin bone fragment and plate placement, with statistically significant improvements in 
specific spatial directions. This combination of CAD/CAM and MR technology allows for intraoperative 
spatial verification of fragment movement according to preoperative VSP, which significantly contributes 
surgical precision.
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Introduction

Genioplasty is an orthognathic surgery widely used 
alone or in combination with osteotomies of the jaw to 
correct deformities of the chin (1). The osteotomy line 
and repositioning position are the most important factors 
in genioplasty, particularly in sliding genioplasty. The 
surgical procedure involves separating the chin fragment 
bone from the mandible and moving it to an ideal three-
dimensional (3D) position for fixation. Operating while 
evaluating intraoperative soft tissue is challenging 
because the patient is under muscle relaxation and in a 
supine position during surgery. The ideal soft tissue was 
reproduced by recreating the position of hard tissue that 
moved during the preoperative simulation. Therefore, the 
position of hard tissue, such as the chin bone fragment, is 
essential for genioplasty. Additionally, genioplasty carries 
risks of complications, including mental nerve damage 
and postoperative sensory disturbance, as osteotomy is 
performed near the mental foramen (2-4). Conventional 
genioplasty relies heavily on the surgeon’s experience, skills, 
sensibility, and intraoperative evaluation to determine 
the osteotomy line, amount of chin fragment movement, 
and plate fixation (5,6). Therefore, preoperative planning 
is not reproducible, and intraoperative 3D confirmation 
is extremely difficult (6,7). In addition, the evidence for 
cosmetic improvement or functional evaluation is limited. In 
recent years, digital transformation has accelerated in oral 
and maxillofacial surgery, and the use of digital technology 
and equipment has rapidly spread in this field (8-13). 3D 
printers are widely used in multiple fields, particularly 
orthognathic surgery. These printers use 3D printable 
biomaterials to create surgical devices using computer-
aided design/computer-aided manufacturing (CAD/CAM) 
technology to improve the accuracy and safety of surgery 
and reduce the surgical time (7,14). A study has described 
the use of 3D devices to support genioplasty (7). The 
mainstream methods combine osteotomy and repositioning 
devices that accurately reproduce 3D movements. However, 
confirming the preoperatively planned movement of the 

chin fragment is difficult. Mixed reality (MR) technology 
equipped with a head-mounted display (HMD), such as 
Microsoft® HoloLens 2, is evolving and has been shown to 
improve the safety and accuracy of surgery as an alternative 
to a surgical navigation system. Chiacchiaretta reported 
that the use of MR technology for brain tumor surgery 
improved the accuracy and safety of the procedure (15). We 
previously reported the usefulness of MR in various oral 
surgeries (8,16-18). To date, no studies have verified the 
accuracy of genioplasty using CAD/CAM or MR (19,20). 

In this study, we validated a novel genioplasty approach 
using CAD/CAM technology and MR surgical navigation 
with a novel HMD registration marker to improve the 
reproducibility and accuracy of virtual surgical planning 
(VSP) for repositioning the chin bone fragment during 
genioplasty (21). We present this article in accordance with 
the CONSORT reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-2333/rc).

Methods

The procedure in this study was conducted using six 
steps, which are outlined below and shown in Figure 1: (I) 
acquisition of the skull data from the computed tomography 
(CT) and teeth dentition data from intraoral optical 
scanning; (II) treatment planning via the creation of a skull-
dental composite 3D model and a digital dental model and 
VSP; (III) fabrication of 3D devices and creation of the 
Microsoft® HoloLens 2 application; (IV) performance of 
the actual operation based on the VSP; and (V) evaluation 
of the accuracy of the operation by comparing the VSP with 
the postoperative CT outcomes. This study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). This study was approved by the Ethics Committee 
of Tokyo Dental College (No. 794, 844) and informed 
consent was obtained from all individual participants. 
Since this study does not fall under the category of clinical 
trials requiring registration, it was not registered on a trial 
registry platform.
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Figure 1 The workflow of this study: (A1) preoperative CT and (A2) TRIOS3 (3Shape) for optical impression; (B1) Mimics, ProplanCMF 
(Materialise) for VSP and (B2) Magics (Materialise) for CAD; (C1) 3D printer product by Objet 260 (Stratsys) and (C2) MR application 
by Holoeyes MD (Holoeyes); (D1) intraoperative view in genioplasty and (D2) MR superimposition; and (E) postoperative comparison 
between VSP and postoperative CT in 1 month by GOM Inspect (GOM). CAD, computer-aided design; CT, computed tomography; MR, 
mixed reality; POM1, postoperative month 1; T1, postoperative outcome; 3D, three-dimensional; Tv, the actual postoperative outcome; 
VSP, virtual surgical planning.

Study population

The details of the study population are given in Table 1. 
Twenty-six patients (3 men and 23 women) who underwent 
genioplasty alone at the Oral Surgery Department of 
Suidobashi Hospital, Tokyo Dental College, between April 
2019 and August 2023, and consented to participate in this 
study. Their ages ranged between 20–56 years, with a mean 
age of 32.0 years. Patients who underwent genioplasty 
simultaneously with another orthognathic surgery or 
cleft palate and craniofacial anomaly correction were also 
excluded. Patients were classified into two groups: control 
(only CAD/CAM technology, n=10) and experimental 
(additional MR technology, n=16). This study was designed 
as a single-center randomized controlled clinical trial. 
Randomization was conducted using computer-generated 
allocation, ensuring equal assignment probability (Figure 2). 
Allocation concealment was maintained using sealed, opaque, 
sequentially numbered envelopes prepared by an independent 
third party. The envelopes were opened only after participant 
enrollment and baseline data collection, preserving sequence 
concealment until intervention assignment.

Image acquisition

CT scans  (SOMATOM Def in i t ion  AS ;  S iemens 
Healthineers, Forchheim, Germany) were obtained one 
month before surgery, and the CT images were formatted 
as Digital Imaging and Communications in Medicine 
(DICOM) data. Accurate reconstruction of the dentition 
is difficult owing to orthodontic brackets and prosthetic 
artifacts; therefore, optical impressions (Trios; 3Shape, 
Copenhagen, Denmark) of the occlusal surface morphology 
were obtained and converted into Standard Tessellation 
Language (STL) files. The data were transferred to Mimics 
(Materialize, Leuven, Belgium) and set up for VSP.

Preoperative procedure—VSP and 3D devices 

The following software were used to create the 3D devices: 
Mimics (Materialize, Leuven, Belgium) for segmentation, 
ProPlanCMF (Materialize, Leuven, Belgium) for VSP, 
and Magics (Materialize, Leuven, Belgium) for CAD. 
The CT data were aligned with the tooth profile using 
ProPlanCMF, and the 3D-CT images were reconstructed 
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Table 1 Clinical information of the study patients and results of the 3D surface analysis 

Patient Age (years) Diagnosis Surgical treatment for chin Error <2 mm Error <1 mm

Control group (CAD/CAM)

1 26 Asymmetry, retrogenia Advancement, upward, rotation 62.15% 28.45%

2 32 Retrogenia Advancement, upward 98.70%† 92.85%†

3 26 Retrogenia Advancement, upward 100.00%† 85.85%

4 34 Retrogenia Advancement 99.15%† 58.10%

5 20 Asymmetry, retrogenia Advancement, rotation 100.00%† 76.00%

6 30 Retrogenia Advancement 96.00%† 51.15%

7 43 Retrogenia Advancement, upward 67.00% 39.20%

8 36 Antegenia Setback, upward 100.00%† 84.95%

9 27 Antegenia Upward 99.95%† 98.90%†

10 34 Antegenia Setback, upward 98.20%† 58.10%

Experimental group (CAD/CAM + MR)

11 27 Asymmetry, retrogenia Advancement, upward 100.00%† 91.70%†

12 41 Retrogenia Advancement 100.00%† 86.60%

13 24 Asymmetry, antegenia Setback, right shift, upward, rotation 99.85%† 66.60%

14 28 Antegenia Setback 99.85%† 92.15%†

15 20 Asymmetry Right shift, rotation 99.25%† 90.65%†

16 56 Asymmetry, retrogenia Advancement, upward, right shift 99.95%† 74.80%

17 32 Antegenia Upward 100.00%† 96.45%†

18 28 Asymmetry, antegenia Setback, rotation 99.55%† 90.85%†

19 21 Retrogenia Advancement, upward 99.90%† 86.95%

20 48 Asymmetry, retrogenia Advancement, upward, left shift 100.00%† 99.60%†

21 26 Antegenia Upward 99.95%† 99.30%†

22 42 Antegenia Upward 99.75%† 78.15%

23 49 Asymmetry, antegenia Setback, left shift, rotation 99.30%† 55.10%

24 30 Asymmetry, antegenia Setback, right shift, rotation 99.80%† 86.90%

25 23 Asymmetry, retrogenia Advancement, left shift 99.80%† 83.30%

26 29 Antegenia Advancement, upward 99.95%† 90.50%†

†, over 90%. 3D, three-dimensional; CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality.

using the reverse data from the 0.6 mm slice-thick CT. The 
datasets were imported into the software, and automated 
Hounsfield unit (HU)-based segmentation was performed. 
The tooth-shape data were merged with the mandibular 
data using a wizard in ProPlanCMF. The osteotomy line 
was determined in consultation with the surgeon. The 
osteotomy devices, repositioning devices, splints, and 
positions of the registration markers were designed after 

discussing the amount of movement with the orthodontist 
and patient. The fixed plate was scanned and converted to 
STL format beforehand. Each 3D device was fabricated 
using a 3D printer (Objet 260 Connex; Stratasys Ltd., Eden 
Prairie, MN, USA) and a 3D printable biocompatible resin. 
The osteotomy and repositioning devices were fabricated to 
attach to the splint and be easily switched in and out at the 
junction site. No screws or adhesives were used at the joint 



Tachizawa et al. Enhancing genioplasty with MR and CAD/CAM4778

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(5):4774-4790 | https://dx.doi.org/10.21037/qims-24-2333

Assessed for eligibility (n=30)

Randomized (n=30)

Excluded (n=0)
•	 Not meeting inclusion criteria (n=0)
•	 Declined to participate (n=0)
•	 Other reasons (n=0)

Control group (CAD/CAM only): 
Allocated to intervention (n=13)
•	 Received allocated intervention (n=10)
•	 Did not receive allocated intervention 

(the devices failures during surgery) (n=3)

Analysed (n=10)
•	 Excluded from analysis (n=0)

•	 Lost to follow-up (n=0)
•	 Discontinued intervention (n=0)

Experimental group (CAD/CAM + MR): 
Allocated to intervention (n=17)
•	 Received allocated intervention (n=16)
•	 Did not receive allocated intervention 

(the devices failures during surgery) (n=1)

Analysed (n=16)
•	 Excluded from analysis (n=0)

•	 Lost to follow-up (n=0)
•	 Discontinued intervention (n=0)

Allocation

Enrollment

Analysis

Follow-up

CONSORT 2010 Flow Diagram

Figure 2 This flowchart illustrates participant enrollment, group allocation, and follow-up. Patients were randomized into the control group 
(CAD/CAM only, n=10) or the experimental group (CAD/CAM + MR, n=16). Postoperative accuracy was assessed using 3D surface and 
point-based analyses. 3D, three-dimensional; CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality.

site; instead, a ‘Koshikake aritsugi’ (i.e., a stepped dovetail 
splice) configuration, which is used in shrine carpentry 
techniques, was applied (22).

Figure 3 shows the devices used in this study. Four types 
of devices were designed based on the VSP: a surgical 
splint with connectors, an osteotomy device (Figure 3A), a 
repositioning device (Figure 3B), and a registration marker 
(Figure 3C). These devices were fabricated using a PolyJet 
3D printer (Objet 260 Connex, Stratasys, Eden Prairie, 
USA) with biocompatible resin (MED 610, Stratasys, 
Eden Prairie, USA) (Figure 4). The splint was designed 
by removing a simple shape from the region, including 
the interproximal space below the orthodontic brackets 
of the anterior teeth. A dovetail joint was used to connect 
the splint, the osteotomy device, repositioning device, and 
registration marker. The upper part of the osteotomy and 
repositioning devices contained space to avoid interference 
from the inverted flap.

The osteotomy device contains a slit in the ultrasonic 
cutting instrument that reflects the osteotomy line. Three 
drilling guide holes were placed in the center, contacting 
the mandibular surface for repositioning screws with a 
diameter of 2 mm, the same as the fixing temporary screws. 
Two drilling guide holes were designed to reposition the 
screws on both sides of the osteotomy line. The holes were 
positioned to reflect the plating position assumed during 
the preoperative simulation. A surface that matched the 
shape of the mandible after movement and three holes with 
a 2 mm diameter for repositioning the screws were designed 
in the center of the repositioning device (Figure 4).

Surgical procedures

All surgeries were performed by the same three oral and 
maxillofacial specialists in both groups. The surgery was 
performed by three surgeons who had been qualified as 
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Figure 3 Computer-aided design of the three-dimensional devices: (A) splint (yellow) and osteotomy device (red); (B) repositioning device 
(blue); (C) registration marker (pink and monochrome mosaic); the osteotomy and repositioning devices were made to be attached to the 
splint and switched in or out at the lower junction site. The registration marker could be attached to the upper junction site. The highlighted 
areas represent the chin bone fragment. They are color-coded to indicate its condition immediately after osteotomy and after repositioning. 

Figure 4 Three-dimensional devices made by computer-aided manufacturing with a 3D printable biocompatible resin: (A) surgical splint; 
(B) osteotomy device; (C) repositioning device; (D) surgical splint connected to the osteotomy device; (E) surgical splint connected to the 
repositioning device; the osteotomy device and repositioning device were customized in each case. 3D, three-dimensional.
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specialists of the Japanese Society of Oral and Maxillofacial 
Surgeons (JSOMS) at the time the study began and 
had more than 15 years of experience. They were also 
involved in at least 50 to 100 orthognathic surgeries per 
year during this period. The directions of movement of 
the chin fragments are presented in Table 1. An intraoral 
gingivobuccal incision was made between the distal bilateral 
canine teeth for all genioplasty procedures. After exposing 
the bony surface, splints were placed on the upper and lower 
teeth, and an osteotomy device was placed at the junction 
site. Three screws were inserted and temporarily fixed to 
the central screw hole (Figure 5A,5B). After osteotomy, the 
guide hole for the fixation screw was drilled, the osteotomy 
device was removed, and mobilization of the chin segment 
was confirmed. Next, the osteotomy device was replaced 
with a repositioning device (Figure 5C), the chin segment 
was repositioned to insert the screws into the repositioning 
screw holes, and the chin fragment was temporarily fixed 
using two metal plates. The registration marker was 
connected to the splint junction site (Figure 5D), and the 
bone fragment positions were confirmed to match the 
preoperative planning hologram using the HoloLens 2  
(Figure 5E,5F). Finally, the main fixation was performed 
with two absorbable four-hole plates (SuperFixsorb® 

MX, Teijin Medical Technology, Osaka, Japan), and the 
repositioning device was removed.

Preoperative procedure—Microsoft® HoloLens 2

We created an MR hologram application for an HMD 
(HoloLens 2; Microsoft, Washington, USA) using open-
source Blender 3D software (Blender Foundation, 
Amsterdam, Netherlands) and Holoeyes MD (Holoeyes, 
Tokyo, Japan) based on the STL data of the VSP. The 
application was installed on Microsoft® HoloLens 2, and 
the hologram was projected through Microsoft® HoloLens 
2 onto the surgical field. Holograms were superimposed. 
Normally, a hologram projection onto a living body is 
registered manually using HMDs; however, in our previous 
studies, we established a method of superimposition with 
registration markers (21,22). During surgery, the surgeon 
wears the HoloLens 2 and checks the MR application and 
the surgical field. The surgeon had the ability to change the 
size, angle, and transparency of the hologram, switch freely 
between segments to be displayed, and view any cross-
section with a finger gesture. This allowed the surgeon 
to confirm during surgery that the bone fragment had 
been repositioned as planned, and the surgeons corrected 

Figure 5 Intraoperative view: (A) intraoperative view of the osteotomy device (yellow) in situ. This is used to predrill the drill holes 
and perform the virtually planned osteotomy; (B) intraoperative view after marking the osteotomy lines; (C) intraoperative view of the 
repositioning device (white) in situ; (D) intraoperative view of the repositioning device with the marker; (E) operators wearing HoloLens2 
headsets can share the hologram and manipulate it using gestures and voice commands; (F) the operating field and the application can be 
aligned automatically by fabricating the markers, and the HoloLens2 device recognizes the markers.

A

D

B

E

C

F
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and removed the error when it was identified using 
superimposed MR.

Evaluation

CT was performed 1 month after genioplasty to evaluate 
surgical outcomes (6,23). The accuracy of bone fragment 
repositioning was evaluated by comparing the chin bone 
fragment of the 3D-CT model of the actual postoperative 
outcome (T1) to that of the 3D-CT model of the VSP 
(Tv). Postoperative CT data were imported into the 
segmentation software Mimics (Materialize, Leuven, 
Belgium) to create T1, which was superimposed on Tv 
using GOM Inspect (GOM, Braunschweig, Germany) for 
comparison. Mandibular superimposition was performed 
in the area not moved by genioplasty, that is, the distal 
mandibular region, which includes the mandibular condyle 
above the surgical region (24,25). The region of interest was 
a bone fragment of the chin. The evaluation was performed 
using the “reversed” routine developed by Xia et al. (24) and 
Hsu et al. (25). Few anatomical structures exist in the mental 
region; therefore, three independent landmarks (pogonion 
and bilateral buccal corner point “Rt/Lt”; the intersection 
of the left and right first premolar root apex extensions and 
the mandibular submargin) at Tv and T1 were digitized 
and set to coordinates to define the position and orientation 
of the fragment in 3D space. The landmark-digitized Tv 
was superimposed onto the corresponding segment of T1 
using the best-fit method, and a comparative evaluation was 
performed by measuring the differences in the distance and 
tilt of the corresponding landmarks. First, three arbitrary 
landmarks (pogonion Pog and wing points Rt and Lt on 
the left and right sides of the bone fragment) were set 
and digitized on the fragment Tv of the chin designed in 
the preoperative VSP. Second, the Tv and the three Tv 
landmarks were duplicated and moved together to register 
on the surface of the mental area of the postoperative CT 
using the surface best-fit method and were digitized as T1 
and the three T1 landmarks. Finally, T1 was moved back to 
the VSP along with the T1 landmarks. The coordinates of 
all landmarks were recorded. The centroid was calculated 
from each Tv and T1 landmark, and a coordinate axis was 
assigned to each landmark, with the centroid as the origin.

The three axes were set in the x-direction (mediolateral), 
y-direction (anteroposterior), and z-direction (superoinferior) 
(24-28) (Figure 6). In addition to the 3D surface analysis 
comparing the 3D models of Tv and T1, a point-based 
analysis was conducted to assess positional (mediolateral, 

anteroposterior, and superoinferior) and orientational (pitch, 
roll, and yaw) differences in the centroid by comparing 
the coordinate axes. The relationship between the main 
direction of movement of the chin bone fragment and the 
accuracy was investigated.

All calculations were performed automatically using 
GOM Inspect. The same operator performed measurements 
twice, and the average value was used as the evaluation 
value. The intraclass correlation coefficient was determined 
for the two sets of Tv measurements and for the two sets 
of T1 measurements in the 3D surface analysis and point-
based analysis and the analysis was blinded; the correlation 
coefficient in each case was greater than 0.96. The analysis 
in this study was conducted using STL data, which 
inherently contains limitations in resolution and precision. 
While GOM Inspect allows for high-accuracy deviation 
analysis at the ±0.001 mm level, the actual precision of 
the analysis is influenced by factors such as hardware, the 
resolution of the STL data, and the scanning process. As a 
result, deviations below 0.05 mm, such as 0.03 mm reported 
in this study, fall within the precision limit of the STL data 
and should be interpreted with caution.

Statistical analysis 

All statistical analyses were performed using IBM SPSS 
Statistics (version 23.0; IBM Corp., Armonk, NY, USA). 
The root mean square deviation (RMSD) and Bland-Altman 
method for the position and orientation of the postoperative 
position to the planned position were calculated as point-
based analyses. In addition to descriptive statistics, the 
Mann-Whitney U test was used to assess the significance 
of differences in all directions between the experimental 
and control groups, and statistical significance was set at 
P<0.05. We considered positional differences of <1 mm and 
orientational differences of <4° as clinically inconsequential 
(29-31).

Results

Twenty-six patients with a mean age of 32.0 years were 
included. None of the patients had postoperative wound 
infection, root damage, or inferior alveolar nerve damage, 
and 0.008 g (1.65 g) was perceptible on the Semmes-
Weinstein test performed 3 months postoperatively in 
cases of temporary sensory disturbance. Repositioning 
was performed in two groups: using only CAD/CAM 
technology in the control group (n=10), and using CAD/
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CAM with additional MR technology in the experimental 
group (n=16). Four types of CAD/CAM devices were 
designed based on VSP: a surgical splint with a connector, 
an osteotomy device, a repositioning device, and a novel 
registration marker. We used surgical devices designed and 
manufactured using VSP, while MR holograms created 
from the VSP data on Holoeyes MD were projected onto 
the surgical field using HoloLens 2 to improve surgery 
accuracy. Postoperative evaluation was performed by 
comparing the Tv model with the T1 model at 1 month 
postoperatively using 3D surface analysis, RMSD, and the 
Bland-Altman method to report translation and orientation 
differences in bone fragment repositioning in genioplasty. 
Registration for participation in this study did not result 
in any delays in surgery. The surgeons began surgery with 
the surgical device in place in all cases, and the operations 
proceeded smoothly.

3D surface analysis

The 3D surface analysis revealed that the percentage of 
data points with errors within 2 mm ranged from 62.20% 
to 100.00% in the control group and from 99.30% to 
100.00% in the experimental group. The mean percentage 
of data points with errors within 2 mm was 92.12% for the 
control group and 99.81% for the experimental group. For 
errors within 1 mm, the percentage of data points ranged 
from 28.50% to 98.90% in the control group and from 
55.10% to 99.60% in the experimental group, with mean 
percentages of 67.36% and 85.60%, respectively (Table 2). 
The results showed a statistically significant difference in 
errors within 1 mm between groups (P=0.047) (Figure 7). 
The combination of CAD/CAM and MR enabled accurate 
genioplasty. A slight decrease in accuracy was observed in 
cases involving advancement, setback, and rotation. 

Z-Axis

X-Axis

Y-Axis

A

T1 Lt

Tv Lt

Lt
Tv Pog

Pog

Tv CentroidT1 Centroid

T1 Rt

Tv Rt

Rt

T1 Pog

C

B

Figure 6 Reference plane and postoperative evaluations: (A) the reference plane was established, where the 3D-CT center was set as the 
middle point between the positions on both sides, the X-axis was set as the left-hand direction from the center, the Y-axis was set as the 
middle point that passes between the orbitales on both sides, and the Z-axis was set as the vertical cranial direction from the Frankfort 
horizontal plane; (B) a 3D surface analysis and a point-based analysis were used as the methods of evaluation; (C) the 3 points evaluated were 
as follows: pogonion (Pog), right lateral point of the chin segment (Rt), left lateral point of the chin segment (Lt). 3D, three-dimensional; 
CT, computed tomography; T1, the postoperative outcome; Tv, the actual postoperative outcome; POM1, postoperative month 1.
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Point-based analysis

In the experimental group, the largest positional deviation 
between Tv and T1 was observed in the anteroposterior 
direction: the RMSD was 1.20 mm, with a mean ± standard 
deviation of −0.81±0.91 mm, a lower limit of −1.30 mm, 
and an upper limit of −0.32 mm (Table 3). The largest 
orientation deviation was in the pitch direction: the RMSD 

was 6.78°, with a mean ± standard deviation of 4.40°±5.16°, 
a lower limit of 1.56°, and an upper limit of 7.24°.

In the control group, the largest positional deviation was 
also in the anteroposterior direction: the RMSD was 1.78 mm,  
with a mean ± standard deviation of −0.97±1.58 mm, a 
lower limit of −2.10 mm, and an upper limit of 0.16 mm. 
The largest orientation deviation was in the pitch direction: 
the RMSD was 6.04°, with a mean ± standard deviation of 
3.73°±4.75°, a lower limit of 0.14°, and an upper limit of 
7.31° (Table 4).

Both groups tended to exhibit less accuracy in the 
anteroposterior and pitch directions. A statistically 
significant difference in yaw was observed between the 
groups (P=0.003) (Figure 8), although the difference in 
accuracy overall was not statistically significant. Since this 
time we are using a repositioning device and absorbable 
plate made from biocompatible resin, it is easy for the 
surrounding soft tissue, such as the muscles, to be affected 
during surgery, but it is difficult to reflect these effects in 
VSP. If there is a statistically significant difference, it is 
useful in that it is possible to confirm whether the bone 
fragment has been brought to the position actually assumed 
before surgery by using MR, and it is possible to improve 
the reproducibility of VSP. Some reported deviations, 
such as 0.03 mm, fall within the precision limit of the 
STL data used in this study. While GOM Inspect achieves 
high-accuracy deviation analysis (±0.001 mm), the actual 
precision of the results is influenced by factors such as 
hardware, the resolution of the STL data, and the scanning 
process. Therefore, deviations below the precision level of 
the STL data (e.g., 0.05 mm) should be interpreted with 
caution.

Table 2 3D surface analysis between Tv and T1

3D surface Number of groups Error <2 mm Error <1 mm 

CAD/CAM 10 92.12% 67.36%

CAD/CAM + MR 16 99.81% 85.60%

3D, three-dimensional; CAD/CAM, computer-aided design/
computer-aided manufacturing; MR, mixed reality; T1, the 
postoperative outcome; Tv, the actual postoperative outcome.
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Figure 7 3D surface analysis between Tv and T1 (P<0.05). *, P 
value <0.5. 3D, three-dimensional; CAD/CAM, computer-aided 
design/computer-aided manufacturing; MR, mixed reality; T1, the 
postoperative outcome; Tv, the actual postoperative outcome.

Table 3 Positional differences between Tv and T1 (mm)

Group Position RMSD Mean SD
95% limits of agreement

Min Max
Lower Upper

CAD/CAM Mediolateral (X-axis) 0.89 −0.32 0.87 −0.94 0.30 −1.41 0.93

Anteroposterior (Y-axis) 1.78 −0.97 1.58 −2.10 0.16 −4.63 0.83

Superoinferior (Z-axis) 1.03 0.24 1.05 −0.51 0.99 −2.19 1.41

CAD/CAM + MR Mediolateral (X-axis) 0.69 −0.17 0.69 −0.53 0.20 −1.46 1.47

Anteroposterior (Y-axis) 1.20 −0.81 0.91 −1.30 −0.32 −2.11 0.70

Superoinferior (Z-axis) 0.77 0.19 0.77 −0.22 0.60 −1.07 2.06

CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality; RMSD, root mean square deviation; SD, standard 
deviation; T1, the postoperative outcome; Tv, the actual postoperative outcome.
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By the main direction of the movement of the fragment

The types and numbers of the main movement directions of 
the fragments are listed in Table 5. The error by direction of 
movement of the bone fragments is shown in Tables 6,7, in 
which errors over 1 mm or 4° and under −1 mm or −4° are 
shaded.

Discussion

Genioplasty is an important type of orthognathic surgery 
that affects the shape of the facial soft tissue. Genioplasty 
involves a subjective evaluation of the cosmetic appearance 
and has a significant bearing on functional aspects such as 
lip closure (32-34). Therefore, patients are interested in 

Figure 8 Signed value difference between Tv and T1 (P<0.05). The accuracy at each point was calculated regarding the XYZ axes. Positive 
values represent overcorrection and negative values represent undercorrection of the planned position of the fragment. *, P value <0.5.  
CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality; RMSD, root mean square deviation; T1, the 
postoperative outcome; Tv, the actual postoperative outcome.

Table 4 Orientational differences between Tv and T1 (degrees)

Group Orientation RMSD Mean SD
95% limits of agreement

Min Max
Lower Upper

CAD/CAM Pitch 6.04 3.73 4.75 0.14 7.31 −1.93 11.42

Roll 1.97 0.24 1.95 −1.23 1.71 −3.4 3.03

Yaw 3.30 1.64 2.86 −0.52 3.79 −3.68 5.81

CAD/CAM + MR Pitch 6.78 4.40 5.16 1.56 7.24 −7.42 13.86

Roll 2.43 1.21 2.11 0.05 2.37 −3.78 4.38

Yaw 1.93 −1.27 1.45 −2.07 −0.47 −4.38 1.48

CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality; RMSD, root mean square deviation; SD, standard 
deviation; T1, the postoperative outcome; Tv, the actual postoperative outcome.
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Table 5 Types and numbers of main directions of movement of chin fragments

Group Setback Advancement Rotation Upward Setback + advancement

Total 3 12 7 4 15

CAD/CAM 2 5 2 1 7

CAD/CAM + MR 1 7 5 3 8

CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality.
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Table 6 Positional differences between Tv and T1 (degrees) by main directions 

Group Position
Setback Advancement Rotation Upward

Setback + 
advancement

RMSD Mean SD RMSD Mean SD RMSD Mean SD RMSD Mean SD RMSD Mean SD

Total Mediolateral (X-axis) 0.85 −0.28 0.80 0.81 −0.18 0.79 0.84 −0.27 0.79 0.28 −0.24 0.14 0.82 −0.20 0.80

Anteroposterio (Y-axis) 0.60 −0.43 0.42 1.94† −1.49† 1.25 0.92 −0.42 0.81 0.78 −0.12 0.77 1.76† −1.28† 1.21

Superoinferior (Z-axis) 1.45† 1.23† 0.77 0.65 0.20 0.61 1.08† −0.17 1.07 0.37 0.13 0.35 0.87 0.41 0.77

CAD/
CAM

Mediolateral (X-axis) 1.01† −0.59 0.83 0.95 −0.07 0.95 0.80 −0.8 0.04 0.06 −0.06 0.00 0.97 −0.22 0.94

Anteroposterio (Y-axis) 0.73 −0.70 0.23 2.42† −1.74† 1.68 0.79 0.04 0.79 0.36 0.35 0.00 2.08† −1.44† 1.50

Superoinferior (Z-axis) 1.01† 0.81 0.6 0.82 0.42 0.70 1.56† −0.93 1.26 0.35 0.53 0.00 0.88 0.53 0.70

CAD/
CAM + 
MR

Mediolateral (X-axis) 0.34 0.34 0.00 0.70 −0.26 0.65 0.85 −0.06 0.85 0.32 −0.3 0.12 0.67 −0.18 0.64

Anteroposterio (Y-axis) 0.09 0.09 0.00 1.51† −1.31† 0.76 0.96 −0.61 0.75 0.88 −0.28 0.83 1.42† −1.13† 0.85

Superoinferior (Z-axis) 2.06† 2.06† 0.00 0.49 0.05 0.49 0.81 0.14 0.80 0.30 −0.01 0.30 0.86 0.30 0.81

Values below 0.05 mm fall within the precision limit of the STL data and should be interpreted with caution. †, error >1 mm. CAD/CAM, computer-
aided design/computer-aided manufacturing; MR, mixed reality; RMSD, root mean square deviation; SD, standard deviation; STL, Standard 
Tessellation Language; T1, the postoperative outcome; Tv, the actual postoperative outcome.

Table 7 In orientational differences between Tv and T1 (degrees) by main directions 

Group Position
Setback Advancement Rotation Upward Setback + advancement

RMSD Mean SD RMSD Mean SD RMSD Mean SD RMSD Mean SD RMSD Mean SD

Total Pitch 5.43† 4.64† 5.29 7.65† 5.53† 2.82 5.69† 3.05 4.80 4.55† 1.51 4.30 7.26† 5.35† 4.91

Roll 1.66 −0.24 1.72 2.05 1.12 1.64 2.99 0.44 2.96 1.72 1.51 0.83 1.97 0.84 1.57

Yaw 2.92 −1.12 2.75 2.59 1.27 0.67 2.61 −1.70 1.87 1.90 −0.99 1.05 2.66 0.79 2.48

CAD/CAM Pitch 6.64† 6.63† 0.30 7.05† 3.87 5.89† 3.50 3.30 1.17 1.93 −1.93 0.00 6.94† 4.66† 4.29

Roll 1.99 −0.09 1.99 1.82 0.75 1.66 2.55 −1.10 2.3 1.01 1.01 0.00 1.87 0.51 1.57

Yaw 3.43 2.82 1.94 3.76 2.60 2.71 2.62 −1.65 2.03 1.01 1.01 0.00 3.66 2.67 2.07

CAD/CAM 
+ MR

Pitch 0.67 0.67 0.00 8.06† 6.72† 4.45† 6.36† 2.94 5.63† 5.14† 2.65 4.40† 7.54† 5.96† 3.99

Roll 0.54 −0.54 0.00 2.19 1.37 1.71 3.15 1.06 2.97 1.90 1.68 0.90 2.06 1.13 1.55

Yaw 1.48 1.48 0.00 1.20 −0.91 0.90 2.60 −2.04 1.53 2.12 −1.75 1.19 1.24 −0.61 0.79

†, error >4 degrees. CAD/CAM, computer-aided design/computer-aided manufacturing; MR, mixed reality; RMSD, root mean square deviation; SD, 
standard deviation; T1, the postoperative outcome; Tv, the actual postoperative outcome.

this type of surgery. This surgery requires preoperative 
simulation to obtain patient consensus and accuracy. 

In recent years, various digital technologies have been 
widely applied to surgery in the maxillofacial region (8-13),  
and their surgical accuracy and effectiveness have been 
widely reported. Various approaches have been reported in 
the field of orthognathic surgery, including the use of one 
or both osteotomy and repositioning devices (22,25,35-39), 
navigation systems (40), and patient-specific implants (PSIs) 
using 3D metal printing (41-43). These approaches have 

demonstrated significant improvements over conventional 
surgical techniques and have been reported to safely protect 
important anatomical structures, such as the mental nerve 
and tooth root, and to avoid postoperative numbness and 
dental complications (7). However, few reports address 
the accuracy of these methods, and limited studies include 
a control group, considering that PSIs fabricated by 3D 
metal printing have long fabrication times and are costly 
(44-48). In addition, PSIs produced by 3D metal printing 
have not yet been clinically approved in Japan, and 3D 
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printers using biocompatible materials are the mainstream 
for surgical devices, as reported in the present study. 
Image-guided surgery (IGS) using a navigation system 
requires large and expensive equipment and repeated 
intraoperative calibrations. However, MR-equipped HMDs 
are relatively affordable and portable; therefore, they are 
currently employed for navigation in a variety of surgical 
procedures, and their accuracy has been reported (15,16,49). 
We previously established an automatic intraoperative 
registration method using this marker (22) and created 
a novel registration marker that was more compact than 
the former and did not obstruct the operative field for 
genioplasty (21). 

Based on the study by Koyachi et al. (21,22), this study 
used 3D surface analysis and the Bland-Altman method to 
determine the accuracy of genioplasty using CAD/CAM 
in combination with MR technology (50). Traditionally, 
positional differences of <2 mm and orientational 
differences of <4° were considered clinically insignificant 
in the interpretation of accuracy in orthognathic surgery. 
However, the interpretation of accuracy measurement 
results has been based on positional differences of <1 mm in 
recent years (29-31). 

In this study, the 3D surface analysis errors within 2 mm 
ranged from 62.22% to 100.00% (CAD/CAM group) and 
99.30% to 100.00% (CAD/CAM + MR group), with mean 
errors of 92.12% vs. 99.81%, respectively. Errors within  
1 mm ranged between 28.50–98.9% (CAD/CAM group) vs. 
55.1–99.6% (CAD/CAM + MR group), with mean errors of 
67.36% vs. 85.60%, respectively. A statistically significant 
difference in the errors within 1 mm was observed between 
the groups (P=0.047). A slight decrease in accuracy was 
observed in the cases of complex movement, advancement, 
and setback of the bone fragments. The mean error within  
1 mm for simple objects increased to 89.97% (74.80–
99.60%) in the experimental group. Currently, few reports 
evaluate genioplasty using 3D surface analysis, and previous 
studies on Le Fort I osteotomies performed using VSP 
devices or 3D-printed metal PSIs have reported alignment 
errors of <2 mm on the bone surface, ranging between 62–
100%, with a mean of 83.8–92.7% (40,51). Koyachi et al. 
reported errors within 2 mm in their maxillary repositioning 
method, with a mean of 90.3% (22). Our study provides 
more accurate results than previous reports. In the 3D 
surface analysis, CAD/CAM devices improved the accuracy 
of the surgery, and the addition of MR improved the 
accuracy more significantly than CAD/CAM alone. 

Point-based analysis using the RMSD and Bland-

Altman methods showed that the difference in position 
was <1 mm in all axes in both groups for the signed mean 
by comparing Tv and T1. The RMSD improved in all 
axes in the experimental group and was <1 mm in the 
anteroposterior and superoinferior directions. Thus, the 
CAD/CAM device improved the surgical accuracy in all 
three axes, and the addition of MR improved the accuracy 
over CAD/CAM alone in all three axes. Both groups had 
roll and yaw errors within 4°; however, the addition of MR 
significantly improved the yaw accuracy. This suggests that 
MR improves the clinical accuracy. When evaluated by the 
main movement direction, differences in the anteroposterior 
direction and pitch were significant in cases involving 
anteroposterior movement of the bone fragments of the 
chin. Particularly in cases involving anterior movement 
of the bone fragments, the RMSD was improved, but the 
accuracy in the anteroposterior direction was negative 
in both groups, and the bone fragments were positioned 
more posteriorly than planned. This suggests that the 
anteroposterior movement of bone fragments in genioplasty 
may require more movement than planned, as it significantly 
impacts orientation differences more than rotation or 
upward movement. In the intraoperative 3D confirmation 
using MR, errors in the mediolateral, superoinferior, roll, 
and yaw directions were easily detected, especially in the yaw 
direction, even when the VSP data were superimposed. 

In the previous cases using PSI and metal plates, the 
largest difference in position was in the anteroposterior 
direction, with an RMSD of 0.69–1.11 mm, a signed mean 
of −0.84 to 0.27 mm, an upper limit of 2.94 mm, and a 
lower limit of −2.28 mm, and the largest difference in 
orientation was in the pitch direction, with an RMSD of 
2.63°, with a signed mean of −1.51° to 1.76°, an upper limit 
of 3.81 mm, and a lower limit of −4.16° (6,43,52). Although 
no studies have evaluated the IGS accuracy in genioplasty, 
existing research on IGS accuracy in maxillary osteotomy 
reported RMSDs of 1.16 to 2.1 mm (53,54). Thus, the 
accuracy of this study is comparable to that of past PSI 
and IGS in terms of position error, with the difference in 
orientation occurring in the direction of pitch rotation.

This study has two limitations. The first limitation is the 
anatomy of the chin. Because the cortical bone of the chin 
is thicker than that of the maxilla, the osteotomy line of the 
buccal cortical bone is easily set when using an osteotomy 
device. However, determining the osteotomy position and 
direction of the lingual cortical bone is difficult and affects 
the control and repositioning of the bone fragment and bone 
interference. Furthermore, because the geniohyoid muscle 
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runs on the lingual side of the chin bone fragment, a fixation 
force is required for movements involving advancement, 
setback, and complex movements that resist the trajectory 
of the geniohyoid muscle (55). Therefore, in addition to 
CAD/CAM devices, MR may be useful for confirming the 
accuracy of the final position. The second limitation was 
the use of absorbable plates. Unlike the custom metal plates 
used in previous studies, absorbable plates are subject to 
gradual extension and material constraints, as reported by 
Ueki et al. (56). Therefore, the use of metal plates may need 
to be considered when performing genioplasty for long-
term prognosis or genioplasty involving large amounts of 
bone fragment displacement. However, because the use of 
metal plates involves surgical removal and the associated 
risks, this technique, which involves absorbable plates and 
provides a high degree of accuracy, may be useful. 

In addition to the high accuracy of the CAD/CAM 
device from a 3D printer alone, this method combined with 
MR technology enables intraoperative 3D evaluation and 
significantly improves the reproducibility of the position 
of hard tissue fragments. This is the first report on the 
accuracy and usefulness of MR for genioplasty and suggests 
that this method can be used to perform genioplasty 
with a high degree of accuracy. In the future, improving 
surgical accuracy will be essential, along with establishing 
a genioplasty technique that improves surgical safety. This 
can be achieved by increasing the information projected 
by MR, such as visualizing surrounding blood vessels, in 
combination with contrast-enhanced CT.

Conclusions

The use of MR in genioplasty enabled confirmation of 
spatial repositioning of the chin fragments and more 
accurate placement of the planned plate. This method 
improves the accuracy of fragment repositioning. Therefore, 
the combination of CAD/CAM and MR technology 
allows for intraoperative spatial verification of fragment 
movement according to preoperative VSP. This method has 
improved the technique’s accuracy and VSP reproducibility, 
significantly contributing to surgical precision.
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