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Abstract. The aim of this study was to verify the reproducibility and accuracy of
preoperative planning in maxilla repositioning surgery performed with the use of
computer-aided design/manufacturing technologies and mixed reality surgical
navigation, using new registration markers and the HoloLens headset. Eighteen
patients with a mean age of 26.0 years were included. Postoperative evaluations were
conducted by comparing the preoperative virtual operation three-dimensional image
(Tv) with the 1-month postoperative computed tomography image (T;). The three-
dimensional surface analysis errors ranged from 79.9%t0 97.1%, with an average error
0f' 90.3%. In the point-based analysis, the errors at each point on the XYZ axes were
calculated for Tv and T in all cases. The median signed value deviation of all
calculated points on the XYZ axes was —0.03 mm (range —2.93 mmto 3.93 mm). The
median absolute value deviation of all calculated points on the XYZ axes was 0.38 mm
(range 0 mm to 3.93 mm). There were no statistically significant differences between
any of the points on any of the axes. These values indicate that the method used was
able to reproduce the maxilla position with high accuracy.
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The Le Fort I osteotomy is a highly effec-
tive treatment for skeletal jaw deformities.
The double splint modification of the Le
Fort I osteotomy, introduced by Lindorf

0901-5027/000001+08

and Steinhduser', is highly effective for
recreating a mould-based model during
surgery and is used widely on a global
scale. However, Mazzoni et al. and Shar-

ifi et al.® have reported that the accuracy of
maxilla repositioning during the Le Fort I
osteotomy procedure using the double
splint method is dependent on the techni-
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Fig. 1. Workflow of this study.

cal expertise of the surgeon, and that errors
from the preoperative model planning
stage can occur during face-bow transfer
and splint fabrication. Tominaga et al.®
reported that the accuracy of maxillofacial
surgery can be improved by fabricating a
preoperative bone fragment positioning
guide. However, even with these addition-
al techniques, the expertise and experience
of the surgeon play a large role in the
patient prognosis. For this reason, there
is great demand for the development of a
system that accurately recreates the quan-
titatively evaluated treatment plan during
surgery.

In recent years, surgical disciplines
have been in the midst of a paradigm shift
due to the rapid development of surgical
navigation techniques that utilize digital
equipment. Wong et al.” conducted surgi-
cal navigation using three-dimensional
(3D) moulds created by a 3D printer,
and this method has shown a certain de-
gree of success in orthopaedic disciplines.
Regarding  splint-guided osteotomies,
Park et al. reported good results for
orthognathic surgery using computer-
aided design/computer-aided manufactur-
ing (CAD/CAM) guides, but they could be
more accurate .

Reports have indicated that head-
mounted displays (HMDs) with installed
mixed reality (MR) techniques can con-
firm the location of vascular pedunculated
flaps, thus minimizing the risk of haemor-
rhage from small veins’. Despite these
advancements, the success or failure of
surgery in the maxillofacial area may be
determined by small-scale differences;
therefore, a specialized and extremely ac-
curate system is necessary.

Therefore, the aim of this study was to
investigate the accuracy of the Le Fort I
osteotomy procedure performed using
CAD/CAM surgical guides and new reg-
istration markers for MR surgical naviga-
tion and to verify the reproducibility of the
preoperative plan.

Materials and methods

The procedure performed in this study was
conducted using six steps, which are out-
lined below and shown in Fig. 1: (1)
acquisition of the skull data from comput-
ed tomography (CT) and the dentition
from laser scanning; (2) treatment plan-
ning via the creation of a skull-dental
composite 3D model and a digital dental
model, in addition to virtual surgery; (3)

fabrication of 3D devices and creation of
the Microsoft HoloLens application; (4)
performance of the actual operation based
on the virtual operation; and (5) evaluation
of the accuracy of the operation by com-
parison of the virtual operation with the
postoperative CT.

Study population

Details of the study subjects are given in
Table 1. Eighteen patients were included
in this study; they ranged in age from 17 to
45 years, with a mean age of 26.0 years.
The surgeries were conducted in the Oral
Surgery Department of Suidobashi Hospi-
tal, Tokyo Dental College from October
2018 to October 2019. Patients with a cleft
palate or craniofacial abnormality were
excluded from this study. The study was
approved by the Ethics Committee of
Tokyo Dental College (No. 794 844).

Image acquisition

CT scans (SOMATOM Definition AS;
Siemens, Forchheim, Germany) were
obtained a month prior to surgery, and
the CT images were formatted as DICOM
data. Since accurate reconstruction of the
dentition is difficult due to orthodontic
brackets and prosthetic artefacts, a digital
impression of a plaster cast was scanned
(D2000; 3Shape, Szczecin, Poland) and
converted into STL data format. The CT
DICOM and digital impression data were
transferred to Mimics (Materialise, Leu-
ven, Belgium) and 3-matic (Materialise,

Table 1. Clinical information for the study patients and the results of the three-dimensional surface analysis.

Patient Age (years) Diagnosis Surgical treatment for maxilla Error <2 mm (%)*
1° 24 FA, CB Advancement, right up, left down 97.1
2 30 RU, PL, ACB Advancement, anticlockwise rotation 89.5
3b 38 FA, CB Right down, left up 92.9
4 24 RU, PL Advancement 79.9
5 21 FA, CB Left shift, left down 95.0
6 25 RU, PL, ACB Advancement 93.3
70 26 FA, AOB Right up, left up 92.0
ghe 36 FA, RL, DB Right up, left up 95.6
b 28 FA, PL, AOB Right shift, right up 90.3
10 28 PU, RL, DB Setback, anticlockwise rotation 88.9
115¢ 45 FA, AOB Right up 96.1
12¢ 24 FA, PL, ACB Right down, left up, impaction 84.0
13¢ 17 RU, PL, ACB Advancement, left shift, impaction 81.5
14¢ 17 PU, RL, AOB Anticlockwise rotation 82.5
15° 19 FA, PL, ACB Setback, right shift, right up 91.3
16 20 RU, PL, ACB Advancement 93.6
17° 26 FA, PL, ACB Right shift, left down 91.1
18 20 RU, PL Advancement, right down, left down 90.0

ACB, anterior crossbite; AOB, anterior open bite; CB, crossbite; DB, deep bite; FA, facial asymmetry; PL, prognathia of lower jaw; PU,
prognathia of upper jaw; RL, retrognathia of lower jaw; RU, retrognathia of upper jaw.
*The average percentage of bone errors of <2 mm between the Tv and T; images was 90.3%.

® Cases with tilt improvement.

¢ Cases with vertical repositioning of the posterior nasal spine (PNS).
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Fig. 2. Computer-aided design of the 3D devices: (A) splint (yellow) and osteotomy device (red); (B) repositioning device (blue); (C) registration
marker. The osteotomy device and repositioning device were made so that they could be attached to the splint and switched in or out at the upper
junction site. The registration marker could be attached to the lower junction site.

Fig. 3. 3D devices made by computer-aided manufacturing: (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 guide were

customized in each case.

Leuven, Belgium) and set up to allow the
virtual operation.

Preoperative procedure—3D devices

The CT data and dentition mould were
aligned using Mimics and 3-matic. The su-
perimposition of the CT data and the denti-
tion model data was performed using any
three points on the tooth incisal and occlusal
surfaces that could be clearly confirmed. The
extent of the maxilla repositioning was de-
termined from these data following discus-
sions with the orthodontists, and the surgeon

determined the osteotomy incision lines and
designed the osteotomy device, reposition-
ing device, splint, and registration markers.
These data were converted into STL format,
and each 3D device was fabricated using a
3D printer (Objet 260 Connex; Stratasys Ltd,
Eden Prairie, MN, USA). The osteotomy
device and repositioning device were made
so that they could be attached to the splintand
switched in or out at this junction site. No
screws or adhesives were used at the junction
site; instead a ‘Koshikakearitsugi’ (i.e., a
stepped dovetail splice) configuration, which
is used in shrine carpentry techniques, was

applied. It was ensured that the attachment
was secure by maintaining an open window
to the upper section adjacent to the anterior
nasal spine (ANS) (Figs 2 and 3).

Preoperative procedure—Microsoft
HoloLens

The virtual reality (VR) application was
created using Unity 2017.4.17 (Unity
Technologies, San Francisco, CA, USA),
Visual Studio Community 2017/version
15.9.4 (Microsoft Corp., Redmond, WA,
USA), and OpenCV 3.1 (Open Source
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Fig. 4. Intraoperative view: (A) operators wearing HoloLens headsets can share the hologram and manipulate it using gestures and voice
commands; (B) the operating field and the application can be aligned automatically by fabricating the markers, and the HoloLens device

recognizes the markers.

Computer Vision Library) + ArUco soft-
ware (AVA Group, University of Cor-
doba, Coérdoba, Spain). The hologram
reconstructs the skull, the pre- and post-
repositioned maxilla/mandible, the mar-
kers, and the arteries/veins from the con-
trast CT scans. Each VR could modify
movement, rotation, and transparency
with gestural movements, which was use-
ful for confirmation when the patient and
the application were aligned. Additional-
ly, the displays of each VR could be
toggled on or off. The maxillary bone
could be chosen from two VR types
(pre- and post-repositioning). Further-
more, the operating field and the applica-
tion could be automatically aligned by
fabricating the markers used for alignment
with the 3D printer, and the HoloLens
recognized the markers attached to the
splint in our application. The surgeon
could confirm the marker, and the system
was designed with two surfaces (surface
size = 10 x 10 cm) that did not interfere
with the operating field (Fig. 4).

Surgical procedure

All surgeries were performed by a single
specialist oral and maxillofacial surgeon.
The directions of the movements of the Le

Fort I segment are reported in Table 1. In all
Le Fort I osteotomies, an incision was ap-
plied from the right maxillary second pre-
molar to the left maxillary second premolar.
The splint was fitted onto the maxilla and the
osteotomy device was mounted at the junc-
tion site. In addition, a screw was inserted
and temporarily fixed into the screw hole.
The osteotomy device was removed and the
maxilla was down-fractured after an osteot-
omy had been performed on both the lateral
and medial sides of the maxilla. The osteot-
omy device was then switched to the repo-
sitioning device, and the maxilla was
repositioned so that the screw could be
inserted into the screw hole, after which
the maxilla was fixed using two metal six-
hole plates from the bilateral zygomatic
buttress. The registration marker was con-
nected to the splint junction site, and once the
repositioning of the maxilla was confirmed
in 3D to be that specified by the virtual
operation with the HoloLens, the reposition-
ing device was removed and the maxilla was
fixed to the buttress of the piriform margin
using two resorbable five-hole plates.

Evaluation

Postoperative evaluations were conducted
by comparing the preoperative virtual op-

eration 3D image (Tv) with the 1-month
postoperative CT image (T;) using Mate-
rialise Mimics and 3-matic. Overlaying
and evaluation of the Tv and T, images
were conducted using GOM Inspect
(GOM, Braunschweig, Germany). The
skull, which was unaffected during sur-
gery, was used as a reference for image
overlaying, and three arbitrary points were
automatically selected following setup®.
The reference plane was established using
the methods of Badiali et al.” and Park
et al.'’: the 3D-CT centre was set as the
middle point between the porion (Po) on
both sides, the X-axis was set as the middle
point that passes between the orbitale (Or)
on both sides, the Y-axis was set as the
vertical cranial direction from the Frank-
fort horizontal (FH) plane, and the Z-axis
was set as the right-hand direction from
the centre, with the X/Z plane set up to be
aligned with the FH plane. Since only the
bone surfaces were being compared, the
metallic plate sections in the postoperative
CT were removed using the methods out-
lined by Badiali et al.”. A 3D surface
analysis and a point-based analysis were
used as the methods of evaluation (Fig. 5).
The absolute values and signed values
were used''. The absolute values express
the absolute accuracy of the method, and

[#16]#13 [point A ANS [ PNS| #23 [ #26 |

Fig. 5. Reference plane and postoperative evaluations: (A) the reference plane was established, where the 3D-CT centre was set as the middle
point between the porions on both sides, the X-axis was set as the middle point that passes between the orbitales on both sides, the Y-axis was set as
the vertical cranial direction from the Frankfort horizontal plane, and the Z-axis was set as the right-hand direction from the centre; (B) a 3D
surface analysis and a point-based analysis were used as the methods of evaluation. The points evaluated were as follows: A-point, anterior nasal
spine (ANS), posterior nasal spine (PNS), centre of the maxillary central incisor root apex, the canine root apex on both sides (#13 and #23), and
the first molar root apex on both sides (#16 and #26).
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Fig. 6. Signed value deviation between Tv and T;. The accuracy at each point was calculated
with regard to the XYZ axes. Positive values represent under-correction and negative values
represent over-correction of the planned maxillary position.
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Fig. 7. Signed value deviation between Tv and T, at each point on the XYZ axes. An error of
+3.93 mm was observed for ANS on the X-axis, and an error of +1.98 mm for ANS and 3.24 mm

for PNS was observed on the Y-axis.

the signed values express an under (+
value) or over (— value) correction.

3D surface analysis

Errors between the Tv and T; bone
surfaces were measured. Based on
previous reports, the threshold value
was set at <2 mm, and the percentage
of errors under this value was
calculated !>,

Point-based analysis

The points evaluated were as follows: A-
point, ANS, posterior nasal spine (PNS),
centre of the maxillary central incisor root
apex, the canine root apex on both sides
(#13 and #23), and the first molar root
apex on both sides (#16 and #26). Tv and
T, were compared, and the distance errors
on each axis (Xv - X, Yv - Y1, Zv - Z))
were measured. The measurements were
performed twice by the same operator, and
the average value was used as the evalua-

tion value. The intra-class correlation co-
efficient was determined for the two sets
of Tv measurements and for the two sets of
T, measurements; the correlation coeffi-
cient in each case was greater than 0.99.
Regarding the influence of postoperative
correction, the root apex was used as the
evaluation criterion'”.

Statistical analysis

All statistical analyses were performed
using IBM SPSS Statistics version 23.0
(IBM Corp., Armonk, NY, USA). The
Mann—Whitney U-test and Kruskal—-
Wallis test were used to compare the Tv
and T, images. Statistical significance was
set at P < 0.05.

Results
3D surface analysis

The results of the 3D surface analysis are
reported in Table 1. The percentage of
bone measurement error within 2 mm be-
tween the Tv and T; images ranged from
79.9% to 97.1%, with an average error of
90.3%. The accuracy was >90.0% in 12
cases.

Point-based analysis

Signed values

The errors at each point on the XYZ axes
were calculated for Tv and T; in all
cases. The median signed value devia-
tion of all calculated points on the XYZ
axes was —0.03 mm (range —2.93 mm
to 3.93 mm) (Fig. 6).

The signed value was a median of —0.14
mm (range —1.52 mm to 3.93 mm) on the
X-axis, 0.10 mm (range —2.93 mm to
3.24 mm) on the Y-axis, and —0.09 mm
(range —2.59 mm to 1.42 mm) on the Z-
axis. The median error for each axis when
comparing Tvand T| was within2 mm. The

Table 2. Signed value deviation between Tv and T, at each point: range, median, and results of the statistical analysis.

XV*X] YV*Y] ZV*Z]
Range (mm) Median (mm) P-value Range (mm) Median (mm) P-value Range (mm) Median (mm) P-value
Incisor  —1.52 t0 0.80 —0.32 0.79 —0.28 t0 0.59  0.09 0.91 —0.84 t0 0.23  —0.07 0.63
#13 —135t0 1.12 —0.16 0.61 —0.59 to 1.08 —0.01 1.00 —1.01 to 0.74 —0.04 0.94
#23 —1.07 to 1.04 —0.40 0.79 —0.45 t0 0.88  0.25 0.70 —1.30 t0 0.84 —0.32 0.56
#16 —1.43t0 1.35 —0.09 0.91 —0.96 to 0.66  0.02 1.00 —2.59 to 1.06  —0.19 0.74
#26 —1.331t00.99 —0.35 0.77 —0.68 to 0.56  0.05 0.82 —1.51t0 0.94 —0.06 0.89
ANS —0.42t0 3.93 0.95 0.65 —1.32t0 1.98 0.41 0.74 —1.11 t0 0.64  0.01 0.86
A-point —1.50to 1.26 0.03 0.99 —0.61 to 1.50 0.01 0.89 —0.94 t0 0.63 —0.11 0.65
PNS —1.38t0o 1.20 —0.53 0.72 —2.93 t0 3.24 0.08 0.74 —1.00 to 1.42  0.04 0.94

ANS, anterior nasal spine; PNS, posterior nasal spine.
For all points, the median error between the preoperative virtual operation and the 1-month postoperative CT data was less than 2 mm, with no
significant differences. Hence, it is considered that the surgery was performed with an accuracy close to the preoperative virtual operation.
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Fig. 8. Absolute value deviation between Tv and T,. The accuracy at each point with regard to
the XYZ axes was calculated. The median absolute value for each axis was as follows: 0.56 mm
(range 0-3.93 mm) on the X-axis, 0.29 mm (range 0.01-3.24 mm) on the Y-axis, and 0.33 mm

(range 0-2.59 mm) on the Z-axis.

signed value deviation for ANS varied
widely on the X-axis, from —0.42 to 3.93

mm. The signed value deviation for PNS
had the largest range on the Y-axis, from
—2.93 to 3.24 mm (Fig. 7). There were no
statistically significant differences between
Tvand T, for any of the points on any of the
axes (Table 2). Comparisons between the
axes showed no statistically significant dif-
ference between the X and Z axes (P >

0.05), but statistically significant differ-
ences were observed between the X and ¥
axes(P < 0.05) and between the Y and Z
axes (P < 0.05).

Absolute values

The median absolute value deviation of all
calculated points on the XYZ axes was
0.38 mm (range Omm to 3.93 mm)
(Fig. 8).

The absolute value was a median of
0.56 mm (range 0-3.93 mm) on the
X-axis, 0.29 mm (range 0.01-3.24 mm)
on the Y-axis, and 0.33 mm (range
0-2.59 mm) on the Z-axis (Fig. 8). The
absolute value also showed that the
median error for each axis (comparison

X axis
T

W NP OoORNWS

-4

mm

.

between Tv and T;) was within 2 mm.
Similar to the signed values, the accuracy
tended to be lower for ANS on the X-axis
and PNS on the Y-axis (Fig. 9). Compar-
isons between the axes showed no statisti-
cally significant differences between the ¥
and Z axes (P > 0.05), but statistically
significant differences were observed be-
tween the X and Y axes (P < 0.05) and
between the X and Z axes (P < 0.05).
Registration to participate in this study
did not result in any delay in surgery, and
the duration of the surgical procedure was
relatively unaffected because the surgeon
began the surgery while wearing the Holo-
Lens headset. Additionally, the surgeon
could smoothly operate the surgical guide
in all cases. No abnormal haemorrhaging
or fractures were observed during the
procedure for any of the patients.

Discussion

With the development of computer-aided
surgical simulation in the oral and maxil-
lofacial region, there have been numerous
discussions on the effectiveness of
conducting preoperative virtual operations

Y axis

— +;4-

W NPRORNWA
WN RO RN WS

-4 -4

mm

from clinical imaging data (e.g., CT)'°.

For the Le Fort I osteotomy procedure in
particular, the application of 3D printing
and use of patient-specific implants (PSIs)
produced by 3D metal printing have been
utilized to determine the maxilla posi-
tion'>'”. PSIs produced by 3D metal print-
ing have not yet been clinically approved
in Japan; thus, 3D printers that use bio-
compatible materials have become main-
stream for surgical guides, similar to what
is outlined in the current report.

Additionally, image-guided surgery
(IGS) has been reported, where 3D recon-
structions of the clinical imaging data are
made; anatomical structures such as blood
vessels, nerves, and bones are confirmed,
and the spatial relationships between the
surgical tools and patients can be con-
firmed in real-time with surgical naviga-
tion”. A recent study discussed a case in
which waferless navigation based on aug-
mented reality (AR) was applied as an IGS
technique to a Le Fort I osteotomy
procedurelx. However, IGS guides the
maxillary repositioning and confirmation
through a monitor and is thus two-dimen-
sional in nature.

The Microsoft HoloLens has recently
been applied to surgical navigation, how-
ever almost no applications of this tech-
nology in the field of oral surgery have
been noted. Surgeons using the Microsoft
HoloLens can maintain the 3D hologram
reconstructed from clinical imaging data
on the operating field without breaking eye
contact and can conduct surgery while
continuing to look at the patient'’. Stan-
dard AR and navigation systems have
limitations regarding portability, calibra-
tion, and tracking, and their costs can be
prohibitively high. In contrast, MR-
HMDs, such as the Microsoft HoloLens,
are easy to carry, project an accurate
hologram in space, and operations can
be conducted through gestural move-

Z axis

- E—-

mm

=Incisor =#13 =#23 =#16 =*#26 = ANS = A point =PNS

Fig. 9. Absolute value deviation between Tv and T} at each point on the XYZ axes. Similar to the signed values, the accuracy tended to be lower for

ANS on the X-axis and PNS on the Y-axis.
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ments. Additionally, sanitary operations
can be conducted due to the gestural na-
ture of the procedure. As seen above, the
limitations imposed during surgery are
gradually disappearing?’.

Up to now, only a few studies have
included a control group, and many have
compared the preoperative virtual opera-
tion 3D image and the postoperative CT
image”'""”. One of the clinical goals is to
achieve an error of less than 2 mm be-
tween the virtual operation 3D image and
the postoperative CT image®'. In this
study, the analysis showed a 3D surface
accuracy ranging from 79.9% to 97.1%,
with an average of 90.3%. Previous
reports of Le Fort I osteotomies performed
using image-based aids or a 3D-printed
metal PSI have reported bone surface
alignment errors <2mm of between
62% and 100%, with an average of
83.8% to 92.7%". These values indicate
that the method used in the present study
was able to reproduce the maxilla position
with high accuracy.

The point-based analysis of the current
application showed that the median error
for each axis when comparing Tv and T,
was <2 mm, and no statistically signifi-
cant differences were observed between
Tv and T, for any of the points on any of
the axes. The error in positioning the
maxilla using a wafer made from a con-
ventional cast model was approximately 5
mm?2. Thus, the maxilla was considered to
have been repositioned as specified by the
preoperative virtual operation.

Regarding the direction of movement of
the maxilla, high accuracy was observed in
the tilt improvement cases (Table 1). Simi-
lar to previous reports, alower accuracy was
observed in specific tilt improvement cases,
such as in bone repositioning in the impac-
tion direction (Table 1), and in vertical
repositioning of the PNS (Table 1)'". It is
thought that in these cases, it was difficult to
trim the obstructed area, such as the area in
the vicinity of the descending palatine ar-
tery, when repositioning the maxilla as
specified by the virtual operation, even with
CAD/CAM usage; impaction cannot occur
in the expected location during maxilla
repositioning. As a result, it is thought that
when comparing each axis, significant
Y-axis differences were observed in the
signed value because under-correction
was more likely to occur in the Y-axis than
in the other axes. In some cases, negative
values in the X-axis direction for ANS and
A-point were thought to be possibly due to
infiltration in the ANS section from muco-
sal abrasion during surgery, or the presence
of compressed bone resorption due to dril-
ling in the ANS following alar base cinch
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sutures to control alar expansion, and it
being ligated with an absorbable suture.
Therefore, the accuracy of the absolute
value tends to be lower for ANS on the
X-axis, and it is possible that a significant
difference occurs in the absolute value
when comparing the Y and Z axes; thus,
we considered that the ANS tended to be
influenced as a measurement item in this
study.

The HoloLens was used to confirm
reproducibility after maxilla repositioning
in the study method; however, the above
results were likely due to the fact that
although patient/hologram alignment
errors can be detected fairly easily, includ-
ing tilt improvement cases where confir-
mation can be done from the front side,
PNS repositioning confirmation is con-
ducted from the lateral side. Recent stud-
ies have calculated that errors in physical
object/hologram alignment due to the
HoloLens are on average 2.5mm> or
2.77 mm**, and it is currently believed
that the determination of maxilla position
using only HMDs is difficult. So guided
surgery using only MR is ideal, but in this
study, MR was used to improve the accu-
racy of CAD/CAM surgical guides. For
this reason, we sought to increase accura-
cy by confirming in 3D and by the sym-
metry of the Le Fort I segment during the
operation that the maxilla was reposi-
tioned as specified in the preoperative
virtual operation by combining the Holo-
Lens with CAD/CAM-fabricated splints.
Therefore, the accuracy is further im-
proved by using MR. This method appears
to be novel as it can be used to check
intraoperatively using MR that the
planned maxillary positioning (as deter-
mined from the virtual operation) can be
performed using the CAD/CAM manufac-
tured devices.

In this study, the preoperative virtual
operation was recreated with high accura-
cy by combining MR and CAD/CAM
techniques. Compared to previous studies,
the 3D surface and point-based analyses
indicate that this method was able to re-
produce the maxillary position with a high
level of accuracy on all axes. Additionally,
surgical navigation using only MR is cur-
rently difficult due to the high level of
accuracy needed for surgical jaw correc-
tion; however, MR can be used as a check-
ing device during surgery by combining it
with CAD/CAM-fabricated splints, as per-
formed in the current study.
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