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Abstract

Objective To determine the accuracy of maxillary positioning using computer-designed and manufactured occlusal splints
or patient-specific implants in orthognathic surgery.

Material and Methods A retrospective analysis of 28 patients that underwent virtually planned orthognathic surgery with
maxillary Le Fort I osteotomy either using VSP-generated splints (n =13) or patient-specific implants (PSI) (n=15) was
conducted. The accuracy and surgical outcome of both techniques were compared by superimposing preoperative surgical
planning with postoperative CT scans and measurement of translational and rotational deviation for each patient.

Results The 3D global geometric deviation between the planned position and the postoperative outcome was 0.60 mm
(95%-CI 0.46-0.74, range 0.32-1.11 mm) for patients with PSI and 0.86 mm (95%-CI 0.44-1.28, range 0.09-2.60 mm) for
patients with surgical splints.

Postoperative differences for absolute and signed single linear deviations between planned and postoperative position were
a little higher regarding the x-axis and pitch but lower regarding the y- and z-axis as well as yaw and roll for PSI compared
to surgical splints.

There were no significant differences regarding global geometric deviation, absolute and signed linear deviations in the x-,
y-, and z-axis, and rotations (yaw, pitch, and roll) between both groups.

Conclusions Regarding accuracy for positioning of maxillary segments after Le Fort I osteotomy in orthognathic surgery
patient-specific implants and surgical splints provide equivalent high accuracy.

Clinical relevance Patient-specific implants for maxillary positioning and fixation facilitate the concept of splintless orthog-
nathic surgery and can be reliably used in clinical routines.
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Introduction
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2D radiographs, plaster models, and consecutive manual
model surgery have been the basis of treatment planning
for many years. Model surgery in semi-adjustable artic-
ulators has been transferred into the operating theatre
using interocclusal splints [1, 2]. However, conventional
. . . . . techniques are limited due to lack of control in the third
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deformities positioning of the maxilla has been demanding
[6]. Another difficulty in conventional treatment planning
is the impact on soft tissue and smile line.

To improve accuracy, computer-aided design (CAD)
and computer-aided manufacturing (CAM) have been
applied increasingly within the past decade. Further-
more, virtual treatment planning offers the possibility
to simulate postoperative soft tissue prediction using
preoperative computed tomography (CT) scans [7, 8].
Initial approaches such as computer designed and manu-
factured splints were the first promising techniques using
virtual 3D planning [9-12]. Other techniques use locating
guides accompanied with pre-bent titanium plates on the
basis of a resin model manufactured using laser sintering
rapid prototyping that depicts the planned outcome [13].
Another method to improve positioning is intraoperative
simulation-guided navigation [14]. Newer waferless tech-
niques use cutting guides and patient-specific implants
(PSI) without interocclusal reference [15-17].

In general, virtual treatment planning regarding
CAD/CAM surgical splints, navigation, and soft
tissue planning appear to be accurate and reproducible
methods for orthognathic surgery [18]. Few studies
indicate that positioning using customized cutting
guides and PSI leads to higher clinical accuracy in
orthognathic surgery [19-21].

Yet, the best and most accurate transfer of virtual
planning into surgery is necessary so that the advantages
of CAD/CAM in orthognathic surgery come into use.
Therefore, the aim of this study was to determine the
accuracy of maxillary positioning in relation to virtual
treatment planning using CAD/CAM patient-specific
implants compared with VSP-generated surgical splints.

Material and methods
Study design

The presented survey is a retrospective single-center
cohort study. The institutional review board authorized
the study, and informed consent was waived (Ethics
Committee, Ludwig-Maximilians-University, Munich,
Germany: Ref.-No. 21-0164). Study participants were
selected from an electronic database at our hospital. The
database consecutively included all patients who received
orthognathic surgery in the Department of Oral and
Maxillofacial Surgery and Facial Plastic Surgery, University
Hospital, Munich, Germany between January 2015 and
December 2020. The study follows the standards for
reporting observational studies (STROBE guidelines) [22].
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Study population

The study population consisted of patients who underwent
virtually planned orthognathic surgery with maxillary Le
Fort I osteotomy using computer designed and either man-
ufactured surgical splints or PSIs. The decision on virtu-
ally planned surgical intervention and manufacturing of a
VSP-generated splint or PSI was made in the context of
an individual case decision of the treating surgeons each
with more than 10 years of experience in this subject.
Only primary maxillary or bimaxillary osteotomies were
included in the study (uniformly as maxilla-first surgery).
A further inclusion criterion was the availability of a
post-interventional high-resolution computed tomography
(CT, isotropic resolution <1 mm) in the Department of
Radiology, University Hospital, Munich, Germany within
2 weeks after surgery. The CT scans in all cases were per-
formed before the postoperative orthodontic readjustment.
Patients with underlying syndromic disease, cleft lip, pal-
ate, or secondary orthognathic surgery as well as patients
younger than 18 years were excluded from the study.

Clinical workflow

Patients with indications for combined orthodontic orthog-
nathic surgical treatment first received orthodontic pre-
treatment. After completion of pretreatment preoperative
preparation for each patient included clinical examination
by maxillofacial surgeons, high-resolution CT scans (iso-
tropic resolution 0.625 mm), production of plaster models,
and occlusal scans of the corresponding dental arch. Result-
ing DICOM data from CT scans and STL data from occlusal
scans were transferred to an industrial partner for subsequent
virtual surgical planning (VSP) using ProPlan CMF soft-
ware (Materialise®, Leuven, Belgium). At first, the preop-
eratively collected high-resolution CT scans (DICOM data)
were imported and lined up in the natural head position with
respect to the Frankfurt horizontal plane, facial midline, and
bibupillary line [23]. Subsequently, the occlusal scans (STL
data) were imported and combined with the CT scan using
a semiautomatic fusing algorithm resulting in a model with
high-resolution of the dental arch.

The following steps including cephalometric analysis,
virtual Le Fort I, and BSS (Bilateral Sagittal Split) oste-
otomies for maxillary and mandibular movement respec-
tively were performed with the corresponding analysis
tools provided by the software. Based on the clinical find-
ings and the virtual models, the segments of the upper
and lower jaw were merged in final occlusion and the
monoblock of the osteotomized maxilla and mandible then
shifted into the final position in relation to the cranial base
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Fig.1 Planned postoperative position before bimaxillary orthog-
nathic surgery with maxillary advancement and retropositioning of
the lower jaw. Maxilla in yellow, mandibular body in green, and rami
in blue (A), CAD/CAM cutting guide (B), patient-specific implants

or the two articulated rami respectively (Fig. 1). Finally,
an automated soft tissue simulation was performed using
the same software (ProPlan CMF software, Materialise,
Leuven, Belgium).

Positioning was checked regarding the position of the
osteotomized maxilla and mandible (including the dental
arches) in relation to the midface, skull base, center line,
occlusal plane, and soft tissue.

This way, movement in all three dimensions of the osteoto-
mized maxilla and mandible was encoded into the design and
shape of either surgical splints or PSIs (Fig. 1B, C, and D).

After finishing the planning process and final approval
by the surgeon the cutting guides, surgical splints as well
as the PSIs went into computer-aided manufacturing

(PSI, C), and VSP generated surgical splints (D), segmentation of
postoperative CT-scan using Mimics software (Materialise, Leuven,
Belgium). The maxillary segment in purple (E)*

(CAM) using resin based or selective laser melting (SLM),
respectively. After sterilization, the operations were per-
formed under general anesthesia by certified specialists for
oral and maxillofacial surgery.

All cutting guides, as well as surgical splints or PSIs,
were placed freehand, without the use of navigational sys-
tems or physical positioning guides. In bimaxillary surgery,
maxillary repositioning was performed as the first step.

Postoperatively, high-resolution CT scans (isotropic
resolution 0.625 mm) and routine ophthalmologic and
follow-up clinical examinations were performed. Postop-
erative CT scans were performed as part of the clinical
routine and before the start of any post-operative elastic
treatment or otherwise orthodontic treatment.
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Data acquisition

The primary outcome variable was defined as the global
geometric deviation between the virtually planned and the
finally position of the maxilla determined by computed
tomography in both groups.

First, postoperative CT scans were segmented using
Mimics software (Materialise, Leuven, Belgium) differen-
tiating soft tissue (HU < 300), bone tissue (HU 300-1500),
and titanium (HU > 2000) (Fig. 1E).

Data were exported as STL files (.stl) into 3-matic
(Materialise, Leuven, Belgium), a dedicated CAD ana-
lyzing software. The corresponding STL files of the vir-
tual treatment planning were provided by the industrial
partner (Materialise, Leuven, Belgium) and imported into
3-matic as well. The non-osteotomized upper midfaces of
the pre and postoperative datasets were aligned employ-
ing a semiautomatic superimposition algorithm. A 3-point
alignment procedure (first alignment, Fig. 2A) followed by
a semiautomatic superimposition algorithm (with 10 itera-
tions) led to a matching of both datasets with an accuracy
of approximately 30 um (final alignment).

Subsequently, five measurement points were marked for
each patient in the virtually planned and actual postop-
erative positions. For the best possible reproducible and
precise measurement, five points with the greatest possible
distance on the dental at the cusp tips of the maxillary
teeth were chosen (the mesiobuccal cusps of the second
molars, the tips of the canines, and the mesial contact
point of the incisors) (Fig. 2B).

The geometric deviation between the virtually planned
and the finally resulting position was compared by assessing
differences in the entire bone surface and direct distances
between the corresponding 5 selected reference points in
spatial planes representing the primary outcome variables.

First 3D global geometric deviations were calculated.
Therefore, the entire bone surface points of the virtually
planned position were assigned to the respective closest points
of the corresponding bone surface in the postoperative data
set, and the respective Euclidean distances were measured.

Thereafter, direct distances between the respective five
reference points of the maxillary teeth were measured and
single linear deviations according to the spatial axes (x-, y-,
z-axis) were evaluated with regard to absolute and signed
linear deviations (Fig. 2C).

The x-axis is corresponding to transversal (lateral/
medial), the y-axis is corresponding to sagittal (anterior/
posterior), and the z-axis is corresponding to axial (cranial/
caudal) movement. The planning model represented the
starting point, and accordingly, the deviations of the post-
operative position of the maxillary segment in the x-axis are
defined as right/left. Differences to the right were defined as
positive and those to the left as negative deviations.
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For the assessment of rotational movements, angles in the
corresponding planes were measured. Thus, for yaw angles
in the x-y-plane, for pitch in the y—z-plane, and for a roll in
the x-z-plane were evaluated.

Finally, color-coded heatmaps were generated to visualize
areas with high or low deviation and therefore the distribu-
tion of geometric deviations (Fig. 2D).

Statistics

Statistical analysis was performed using Excel (Microsoft,
Redmond, USA) and SPSS 26 (SPSS Inc., Chicago, USA).
Descriptive statistics were carried out for each study variable.
Thus, means and standard deviations were calculated for global
deviations between the bone segments, Euclidean distances,
and absolute or signed distances in spatial axes for each meas-
urement point in both groups as well as rotation angles.

For normally distributed data means were statistically com-
pared by performing a student’s t-test. Normally distributed
data was presented using mean + standard deviation (SD).

Non-normally distributed data (according to Kolmogo-
rov-Smirnov-Test und Shapiro-Wilk-Test) were statistically
compared using the nonparametric Mann-Whitney U test.
Non-normally distributed data were illustrated by depicting
median and interquartile ranges.

Statistical significance was defined as p <0.05.

Intraclass correlation (ICC) assessed inter-rater agreement
with respect to global deviations, Euclidean distances, and
single linear deviations in the x-, y-, and z-axis of five cor-
responding measurement points as well as rotation angles.

Results

The study included 28 patients that underwent virtually
planned orthognathic surgery with maxillary Le Fort I
osteotomy. In 15 patients (6 female, 9 male; average age:
27.6 years), maxillary positioning was conducted using PSI.
In 13 patients (6 female, 7 male; average age: 27.5 years), sur-
gical splints were used. In each group, there is one patient who
only required correction of the upper jaw whereas the other
patients underwent a bimaxillary osteotomy. In all cases, max-
illary retrognathia was observed, and the choice of therapy in
favor of the maxillary advancement was made accordingly.

Intraclass correlation (ICC) assessing inter-observer reli-
ability of single linear deviations was 0.977 (PSI) and 0.918
(surgical splint).

3D global geometric deviation (in mm)
The 3D global geometric deviation between planned position

and postoperative outcome referred to as “mean surface dis-
tance” was 0.60 mm (95%-CI 0.46-0.74, range 0.32-1.11 mm)
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Fig.2 First alignment of
planned (pink) and postop-
erative (purple) dataset using
3-matic software (Materialise,
Leuven, Belgium) (A), selection
of five measurement points:
mesiobuccal cusps of the sec-
ond molars, tips of the canines
and mesial contact point of

the incisors (B), measurement
of direct distances between

the respective five reference
points of the maxillary teeth
and subsequent evaluation of
discrepancies in the spatial

axes (C), color-coded heatmap
visualizing areas with high (red)
or low deviation (green) (D)
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for patients with PSI and 0.86 mm (95%-CI 0.44—1.28, range
0.09-2.60 mm) for patients with surgical splints. This dif-
ference was not statistically significant (level of significance
p<0.05). Compare Fig. 3A.

Absolute linear deviations of five corresponding
reference points according to the spatial axes (in mm)

Absolute linear deviations in the x-, y-, and z-axis for five
corresponding reference points between the planned and the
postoperative position were slightly higher regarding the
x-axis but lower regarding the y- and z-axis for PSIs com-
pared to surgical splints. The highest deviation was found
in the y-axis for surgical splints. There were no statistically
significant differences between the x-, y-, and z-axis com-
paring both groups (level of significance p <0.05, Friedman
test). Compare Table 1 and Fig. 3B.

Signed linear deviations for five corresponding
reference points (in mm):

Signed linear deviations in the x-, y-, and z-axis for five
corresponding reference points between the planned
and the postoperative position were higher regarding
the x-axis (to the right) but lower regarding the y- and
z-axis for PSIs compared to surgical splints. The highest
deviation (posterior) was found in the y-axis for surgical
splints. For patients with PSI maxillary segments by trend
were positioned to the right. There were no statistically
significant differences between the x-, y-, and z-axis
comparing both groups (level of significance p <0.05,
Friedman test). Compare Table 2 and Fig. 3C.

Rotations yaw, pitch, and roll (in degree)

With respect to rotations pitch (transversal axis), yaw (longitu-
dinal axis), and roll (sagittal axis) the planned and the postop-
erative position were a little higher regarding pitch but lower
regarding yaw and roll for PSIs compared to surgical splints.
There were no statistically significant differences between
rotations comparing both groups (p <0.05, Friedman test).
Compare Table 3 and Fig. 4.

Discussion

Particularly over the past decades, a lot of research groups
and medical device manufacturers have made great efforts to
improve 3D treatment planning and technical devices in order
to improve accuracy and predictability in orthognathic surgery.

The first promising approaches included VSP-generated
surgical splints, locating guides with pre-bent titanium
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plates on the basis of a resin model as well as intraopera-
tive simulation-guided navigation [9-14].

Newer waferless techniques use cutting guides and
patient-specific implants (PSI) without interocclusal ref-
erence [15-17], and some studies indicate that positioning
using this technique leads to higher clinical accuracy in
orthognathic surgery [19-21]. Therefore, the aim of this
study was to determine the accuracy of maxillary position-
ing in relation to virtual treatment planning using either
VSP-generated surgical splints or PSI.

Our results show comparable high accuracy of maxillary
positioning using PSI or VSP-generated surgical splints
with discrepancies less than 1 mm. In this study, there
was no significant difference regarding any examined
parameter for postoperative outcome after surgery between
both techniques. Yet, deviations between the planned and
postoperative position of the maxilla were lower with respect
to 3D global geometric deviation, the y- and z-axis regarding
for absolute and signed linear deviations in spatial axes as
well as yaw and roll regarding rotations for PSIs compared
to surgical splints.

Various studies have tried to analyze the accuracy of
3D virtually treatment planning of orthognathic surgery
by different evaluating methods. Yet, there is no uniform
measurement and statistical method available. The
methods include measurement of linear and angular
deviations between manually set landmarks, calculation
of translational and rotational deviations with or without
manually set reference points, color-coded heatmaps as
well as intraclass coefficients [5, 9, 19-21, 24-34]. To
achieve reliable results, this study combined these so
far known evaluation methods. Besides artifacts in CT
scans, every single method has its inaccuracy, such as
imprecise manually set reference points or software-related
inaccuracies. However, the different evaluation methods
yielded comparable results in this study.

The main benefit of wafer-less surgery with CAD/CAM
cutting guides and PSI is that positioning is conducted
without interocclusal reference and therefore independ-
ent of the temporomandibular joint which should theo-
retically be more accurate for transferring the virtual
plan into orthognathic surgery with maxillary Le Fort I
osteotomy [19-21]. In our study, discrepancies tend to be
a little lower for PSIs compared to surgical splints. Yet,
VSP-generated surgical splints were a little more accu-
rate regarding absolute and signed linear deviations in the
x-axis as well as pitch in terms of rotational movements.
For patients with PSI maxillary segments by trend were
positioned to the right which might be caused by the oper-
ational perspective of the surgeon who is usually standing
on the patient’s right side. The highest alterations were
found for absolute and signed linear (posterior) deviations
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Fig.3 3D global geometric
deviation (“mean surface
distance”) between the planned
position and the postoperative
outcome was a little lower for
patients with PSI (A), absolute
linear deviations in the x-, y-,
and z-axis for five correspond-
ing reference points between
the planned and the postopera-
tive position for PSI group (on
the left) and patients with VSP
generated surgical splint (on the
right) (B), signed linear devia-
tions in the x-, y-, and z-axis
for five corresponding reference
points between the planned

and the postoperative position
for PSI group (on the left) and
patients with VSP generated
surgical splint (on the right) (C)
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Table 1 Absolute linear deviations in the x-, y-, and z-axis for five corresponding reference points between the planned and the postoperative
position for PSI compared to surgical splints

PSI Surgical splint P
x-axis (left/right) 0.90 mm (95%-CI 0.73-1.08, range 0.02-3.77 mm)  0.89 mm (95%-CI 0.72-1.06, range 0.01-2.43 mm) 1.00
y-axis (anterior/posterior)  0.97 mm (95%-CI 0.80-1.14, range 0.02-3.56 mm)  1.26 mm (95%-CI 1.01-1.50, range 0.01-3.83 mm)  1.00
z-axis (cranial/caudal) 0.77 mm (95%-CI 0.59-0.95, range 0.01-3.58 mm)  0.96 mm (95%-CI 0.74-1.18, range 0.02-3.21 mm)  0.25

Table 2 Signed linear deviations in the x-, y-, and z-axis for five corresponding reference points between the planned and the postoperative posi-
tion for PSI compared to surgical splints

PSI Surgical splint p
X-axis 0.24 mm (95%-CI—0.02-0.51, range 3.22-3.77 mm) —0.09 mm (95%-CI (—0.38)-0.19, range (—2.43)- 0.42
(right/left) 2.05 mm)
y-axis —0.06 mm (95%-CI (—0.34)-0.23, range (-3.56)— —0.63 mm (95%-CI (- 1.00)-(— 0.26), range (—3.65)— 0.22
(anterior/posterior)  2.97 mm) 3.83 mm)
z-axis —0.37 mm (95%-CI (- 0.61)-(—0.13), range (—3.58)— —0.44 mm (95%-CI (—0.75)-(—0.13), range (—3.21)— 1.00
(cranial/caudal) 2.97 mm) 2.72 mm)

Table 3 Rotations yaw (longitudinal axis), pitch (transversal axis), and roll (sagittal axis) between the planned and the postoperative position for
PSI compared to surgical splints

PSI Surgical splint D
Yaw (longitudinal axis) 2.19 (95%-CI 1.71-2.67, range 0.05-7.90) 2.64 (95%-CI 1.90-3.38, range 0.04—11.64) 0.77
Pitch (transversal axis)) 2.17 (95%-CI 1.64-2.70, range 0.15-8.36) 2.10 (95%-CI 1.62-2.57, range 0.05-7.12) 0.25
Roll (sagittal axis) 2.96 (95%-CI 2.22-3.71, range 0.05-11.15) 3.19 (95%-CI 2.34-4.04, range 0.03-10.86) 0.25
Fig.4 Differences in rota- 12 .
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planned and the postoperative "
position for the PSI group (on . . :
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in the y-axis for surgical splints, which indicate an under- maxillary segment was more accurate using PSI compared
correction in maxillary advancement. to VSP-generated splints.
Given the small sample size of our study, missing sig- Prospective randomized and controlled trials are nec-

nificance in this analysis should not be interpreted as the  essary to finally assess which method is more accurate.
definite absence of a real effect. By trend positioning of the =~ However, our results show that both methods provide
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high clinical accuracy. The simultaneous use of PSI with
VSP-generated surgical splints for maxillary positioning in
orthognathic surgery might have a complementary effect.

Conclusion

There were no statistically significant differences in the
positioning of maxillary segments after Le Fort I osteot-
omy between patient-specific implants and surgical splints
regarding 3D global geometric deviation, absolute and
signed linear deviations in the x-, y-, and z-axis, and rota-
tions (yaw, pitch, and roll) comparing both groups. There-
fore, patient-specific implants and VSP-generated surgical
splints provide comparable high accuracy for maxillary posi-
tioning in orthognathic surgery.
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