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Abstract. Face-bow transfer is an essential step in articulator-based orthognathic
surgery planning. However, it can be a source of inaccuracy. Virtual computer-
based planning avoids this error through the use of direct patient-related three-
dimensional imaging data. The aim of this prospective observational study was to
determine the error of face-bow transfer three-dimensionally and correlate it to the
different types of malocclusion. Orthognathic surgery performed on 38 patients (10
male, 28 female; mean (standard deviation) age 24.7 (6.9) years) was planned twice:
first articulator-based with plaster models and second computer-based with surgery
planning software. Both models were digitized and compared regarding the angle
between the Frankfort horizontal plane and the occlusal plane. In most cases, the
angle in the sagittal dimension was higher in the articulator-based model than in the
computer-based model. The angle in the transverse dimension was as often under-
as over-represented. The type of malocclusion, i.e. skeletal class, vertical
relationship, and degree of asymmetry, had no significant impact on the amount of
error. In conclusion, this study indicates that computer-based planning should be
considered as an advantageous alternative in orthognathic surgery planning.
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Orthognathic surgery is a common treat-
ment to correct severe malocclusions,
functional impairments, and skeletal dis-
harmonies. To reach the treatment goals,
patients take into account the require-
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ment for long-term treatment and the
risk of side effects. Therefore, patient
expectations are high'?, and the treat-
ment plan needs to be as accurate as
possible.

Studies on traditional articulator-based
model surgery planning using dental casts
and two-dimensional (2D) X-rays have
demonstrated significant differences be-
tween the planned and real outcomes of

© 2018 International Association of Oral and Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.
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orthognathic surgery” °. This error in po-
sitioning tends to be more serious in class
11 subjects than in those with skeletal class
IIT*. Therefore the question is raised as to
whether the type of skeletal disharmony
affects the predictability of surgical plan-
ning. It appears that the influence of the
patient’s vertical relationship has not yet
been investigated in this regard, even
though the correct reproduction of the
underlying inclination of the jaws might
be a source of error in articulator-based
model surgery.

Several authors have identified face-bow
transfer and the mounting of the dental casts
in the articulator as a major reason for inac-
curacies in orthognathic surgery’ '°. This
might be due to the assumption that the
horizontal cross bar of the articulator and
Frankfort plane are both horizontal and par-
allel to each other'', which has been rejected
by various investigations”’ "*. Indeed, most
face-bows transfer the axis-orbital plane in-
stead of the Frankfort plane to the horizontal
cross bar of the articulator'"'*. This may
result in a face-bow transfer error of approx-
imately 7° in the lateral view”'”. Zizelmann
et al.” measured angles of up to 18.9° be-
tween the patient’s Frankfort plane and the
horizontal cross bar of the articulator on a 2D
reconstructed cephalometric summation im-
age. This indicates the existence of further
inaccuracies, which may affect precise pre-
diction of the surgical outcome.

Another source of error may be the effect
of asymmetries in the craniofacial complex
in orthognathic patients. Most face-bow
transfer systems assume an almost symmet-
ric condition'*. However, many patients
show asymmetry of the left and right exter-
nal auditory meatus'>'®, which results in
distortion of the mounted dental cast, includ-
ing a shift ofthe dental midline and displace-
ment of the occlusal plane'®. According to
Kim et al.'®, patients with facial asymmetry
tend to show greater deviations of the skele-
tal porion and soft tissue porion (i.e. the
external auditory meatus). Therefore, asym-
metric patients might more often show con-
siderable differences between the planned
and actual outcomes of surgery.

Virtual computer-based surgery plan-
ning circumvents the error of face-bow
transfer and displays asymmetries of the
craniomaxillofacial structures that may
not be recognized clinically. The surgical
outcomes achieved seem to be more pre-
dictable than those achieved by articulator-
based model surgery' " °. However, artic-
ulator-based surgery planning is still an
established and widely performed method
for orthognathic surgery planning. There-
fore, it is important to know whether the
type of malocclusion and skeletal dishar-

mony has an influence on face-bow transfer.
While most previous investigations have
analyzed the face-bow error solely in the
sagittal dimension, the aims of this study
were (1) to evaluate the potential error of
traditional face-bow transfer versus three-
dimensional virtual reconstruction by cone
beam computed tomography, and (2) to
correlate its relationship to the type of mal-
occlusion in the sagittal, vertical, and trans-
verse dimensions.

Materials and methods
Patients

This prospective observational study en-
rolled 38 patients (10 male, 28 female;
mean (standard deviation, SD) age 24.7
(6.9) years), who underwent interdisciplin-
ary orthognathic surgery with the use of
preoperative cone beam computed tomog-
raphy (CBCT) scans in the Department of
Oral and Maxillofacial Surgery and the
Department of Orthodontics, University
Medical Centre Gottingen. The study pro-
tocol was approved by the institutional
ethics committee. Each patient was in-
formed about the purpose of the study
and gave written informed consent to par-
ticipate. Patients with craniofacial disorders
such as craniosynostosis or cleft lip and
palate were excluded from the study. Sur-
gery planning for each patient was per-
formed twice: first articulator-based with
plaster models and second computer-based
with surgery planning software.

Articulator-based surgery planning

To produce dental plaster casts, alginate
impressions of the upper and lower jaws
were taken from each patient. A resident
of the postgraduate programme in ortho-
dontics performed the face-bow transfer to
mount the maxillary cast in the correct
three-dimensional (3D) position in rela-
tion to the cranium. The SAM anatomical
face-bow Axioquick (SAM Prizision-
stechnik GmbH, Gauting, Germany) was
aligned according to the manufacturer’s
instructions. Using the SAM transfer
stand, the plaster casts were mounted onto
the articulator SAM 2PX. For digitization,
the mounted maxillary casts were scanned
by CBCT (Orange Dental PaX Zenith 3D,
Orangedental GmbH & Co. KG, Biberach
a. d. Rif, Germany; field of view
12 x 9cm, 120kV, 4 mA, voxel size
0.3 mm). The datasets were exported in
DICOM format (Digital Imaging and
Communications in Medicine) and trans-
ferred into the surgery planning software
Maxilim (Medicim, Mechelen, Belgium),

so that landmarks and reference planes
could subsequently be analyzed (see Table
1 for a description of the landmarks and
reference lines/planes).

Computer-based surgery planning

CBCT scans of each patient were per-
formed (Orange Dental PaX Zenith 3D;
field of view 24 x 19 cm, 120 kV, 4 mA,
voxel size 0.3 mm). The imaging data of
the CBCT scans were saved in DICOM
format and imported into the planning
software. In accordance with the proce-
dure described by Swennen et al.”', the
skull was orientated in a 3D coordinate
system and virtual lateral and frontal
cephalograms were computed. The land-
marks and reference planes used in this
study are given in Table 1.

Digital data analysis and measurements

To ensure a standardized digital analysis,
the imaging data of both planning methods,
(a) articulator-based and (b) computer-
based, were transferred to the software
Maxilim. Therefore, a direct comparison
of the two methods was possible. To evalu-
ate the accuracy of face-bow transfer, the
angle FH-OcP between the Frankfort plane
(FH) and the occlusal plane (OcP) was
measured in the articulator-based model
and the virtual computer-based model, the
latter being set as the gold standard. These
measurements were performed in 3D as
well as in 2D. Instead of using the world
coordinate system for further analyses, in-
ternal reference planes were constructed,
taking advantage of familiar measurements
that are not affected by head posture. This
enabled the direct comparison of skull and
plaster cast CBCT scans.

The 3D angle FH-OcP_3D is the angle
between two planes, namely FH and OcP.
It is equal to the angle determined by the
normal vectors of those planes. The 2D
measurements split the error into a sagit-
tal and a transverse dimension, i.c. the
angles FH-OcP_sag and FH-OcP_trans.
This distinction is important because sag-
ittal errors in orthognathic surgery plan-
ning have different effects on the final
surgical result than transverse errors. The
2D angles FH-OcP_sag and FH-OcP_-
trans were calculated by projection of the
angle FH-OcP_3D on the midsagittal
plane (analogous to lateral cephalogram)
and frontal plane (analogous to anterior—
posterior  cephalogram), respectively
(Fig. 1). To investigate whether the type
of malocclusion and skeletal disharmo-
nies influence the accuracy of face-bow
transfer, the patients were categorized



Table 1. Landmarks and reference lines/planes analyzed in the study.
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Abbreviation

Landmark/plane

Definition

(a) Landmarks—articulator-based model
SAMI
SAM2

SAM3

(b) Landmarks—computer-based model

(c) Landmarks—both models
16/26

Inc

(d) Reference lines/planes—computer-based model
NL

NSL

ML

MP

(e) Reference planes—both models
FH

OcP

MSP

FP

Horizontal cross bar 1
Horizontal cross bar 2

Horizontal cross bar 3
Sella

Nasion

Porion

Orbitale
Subspinale, point A

Anterior nasal spine
Posterior nasal spine
Submentale, point B

Menton

Gonion

Upper first molars
Upper central incisors
Nasal line
Nasion—sella line

Mandibular plane
Median plane

Frankfort plane

Occlusal plane
Midsagittal plane

Frontal plane

Most anterior point on the horizontal cross bar
Most left and posterior point on the horizontal
cross bar

Most right and posterior point on the horizontal
cross bar

Centre of the hypophyseal fossa

Most anterior point of the nasofrontal suture in
the midsagittal plane

Most superior point of the external auditory
meatus

Midpoint of the infraorbital margin

Point of greatest concavity on the anterior
border of the maxilla

Most anterior process of the maxilla

Most posterior process of the maxilla

Point of greatest concavity on the anterior
border of the mandible

Most inferior midpoint on the outline of the
mandibular symphysis

Most caudal and posterior point of the
mandibular angle

Most inferior point of the mesiobuccal cusp
of the first upper molars
Incisal midpoint of the upper central incisors

Constructed by ANS and PNS

Constructed by N and S

Constructed by Me and both sides of Go
Constructed by S and N, perpendicular to the
x-axis of the coordinate system, used to define
symmetry

Constructed by both sides of Orb and the
midpoint between both sides of Por
Constructed by Inc, 16, and 26
Constructed by Inc, the midpoint between
16 and 26, perpendicular to FH, used for
reconstruction of lateral cephalograms
Constructed by Inc, perpendicular to

FH and MSP, used for reconstruction

of anterior—posterior cephalograms

according to their skeletal class, their
vertical relationship, and their degree of
asymmetry.

The accuracy of face-bow transfer was
calculated for each angle by subtracting
the result of method ‘b’ (computer-based)
from method ‘a’ (articulator-based), giv-
ing Diff FH-OcP. As the angle by method
‘a’ can be higher or lower than the angle
by method (b), the result can be positive or
negative (real difference). To visualize the
magnitude of this difference, the absolute
value of this error was calculated (absolute
difference).

The same examiner indicated the land-
marks and reference planes of 50% of the
sample on two separate occasions, 4
weeks apart. Intra-class correlation coeffi-
cients were calculated and demonstrated

good reliability of the method (» > 0.9 for
all measurements). A second examiner
relocated all landmarks and reference
planes in 25% of the cases. Since inter-
class correlation coefficients of more than
0.9 were obtained for all measurements, a
systematic error of the method could be
excluded.

After calculating the error of face-bow
transfer for all patients, the type of mal-
occlusion and skeletal disharmony was
considered. The patients were catego-
rized according to three skeletal attri-
butes, i.e. their skeletal class, their
skeletal vertical relationship, and their
skeletal degree of asymmetry. Skeletal
class was defined through the analysis
of the Wits appraisal (class II, Wits
>2 mm; class III, Wits <-2 mm)zz.

The vertical relationship was determined
by the angle ML-NL based on the mean
and SD values reported for young adults
by Thilander et al.** (deep bite, ML-NL
<16.5°; neutral vertical relationship,
ML-NL =16.6-27.9°; open bite, ML-
NL >28°). Symmetry was characterized
by menton deviation from the median
plane®*?>. As suggested previously in
the literature, menton deviation of
2 mm was set as the cut-off point between
symmetric and asymmetric patients®.
This stringent classification was taken
to ensure the identification of even minor
asymmetries®®?’ and corresponds to what
people perceive as asymmetry on facial
photographs®*. Whether menton deviated
to the left or right side was not taken into
account.
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Fig. 1. To classify the three-dimensional error of face-bow transfer, the angle FH-OcP was projected onto the midsagittal and frontal planes and
analyzed two-dimensionally in sagittal dimension and transverse dimension, respectively.

Statistical analysis

The sample size determination was per-
formed for the transverse error of face-
bow transfer using G¥Power (v. 3.1.9.2,
University of Diisseldorf, Germany), as-
suming this error to be the least significant
among all errors investigated. The level of
significance was set at 0.05, power was set
at 0.9. The effect size was calculated
expecting a mean transverse error of 1°
and SD of 1.75°. The dropout rate was set
at 10%.

The statistical analysis was conducted
using IBM SPSS Statistics version 23.0
(IBM Corp., Armonk, NY, USA). Mean
and SD values were determined for the

angles FH-OcP_sag, FH-OcP_trans, and
FH-OcP_3D of method ‘a’ (articulator-
based) and method ‘b’ (computer-based),
as well as for the real and absolute differ-
ence between the two methods. According
to Q-Q plots, a normal distribution was
assumed for the real differences and de-
nied for the absolute differences. As it is of
great clinical interest whether the angle
obtained by method ‘a’ or ‘b’ is higher, the
subsequent statistical analysis was per-
formed using the real differences
(Diff_FH-OcP_sag, Diff FH—OcP_trans,
and Diff FH-OcP_3D). The t-test for
paired samples was performed to evaluate
the accuracy of face-bow transfer, i.e. the
real difference in the angle FH-OcP be-

tween the articulator-based model and the
computer-based model, for the total sam-
ple. To identify possible influences of
skeletal disharmonies on the accuracy of
face-bow transfer, a multivariate, general-
ized linear model in a 2 x 3 x 2 factorial
design was conducted. Homogeneity of
variance was determined by Levene’s test.
The level of significance was set at 0.05
for all tests.

Results

Mean and SD values of the angles FH-
OcP_sag, FH-OcP_trans,and FH-OcP_3D
for the computer-based method and the
articulator-based method, as well as for

Table 2. Description of the FH-OcP angle in the articulator-based model versus the computer-based model (n = 38) in the sagittal/transverse

dimension and as a three-dimensional angle®.

Articulator-based model =~ Computer-based model  Real difference  Absolute difference ¢ (37)-value = P-value
FH-OcP_sag (°) 11.4 (4.9) 8.5 (4.8) 3.0 2.9) 33 (2.5 —6.3 <0.0Q1*
FH-OcP_trans (°) —0.6 (2.0) 0.3 (1.6) —0.9 (1.5) 1.4 (1.1) 3.7 0.001
FH-OcP_3D (°) 11.6 (4.9) 8.9 (4.7) 2.7 (2.9) 32 (23) —5.8 <0.001

#Data are presented as the mean (standard deviation). The #-test for paired samples was performed between the angles of the articulator-based

model and the computer-based model.
"Highly significant.
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Fig. 2. The difference between the patient’s occlusal plane in the CBCT scan (OcP CBCT) and in the articulator (OcP cast). In most cases, the

error of face-bow transfer resulted in articulated plaster casts with angles that were too steep.

their differences, are reported in Table 2. In
84.2% of cases (32/38), the angle FH-
OcP_sag was higher in the articulator-based
model than in the computer-based model
(see Fig. 2), which resulted in positive
values of Diff FH-OcP_sag and suggested
that the angles of the articulated plaster
casts were too steep in most cases. The
angle FH-OcP_3D followed a similar pat-
tern. For the angle FH-OcP_trans, four
conditions were found: (a) a higher angle
in the articulator-based model and same roll
of the maxilla compared to the computer-
based model (31.6% of cases, 12/38), (b) a
higher angle in the articulator-based model
and opposite roll of the maxilla compared to
the computer-based model (18.4% of cases,
7/38), (c) a lower angle in the articulator-
based model and same roll of the maxilla
compared to the computer-based model
(31.6% of cases, 12/38), and (d) a lower
angle in the articulator-based model and
opposite roll of the maxilla compared to
the computer-based model (18.4% of cases,
7/38) (see Fig. 3).

The results of the real difference in the
angle FH-OcP in all dimensions between
methods ‘a’ and ‘b’ according to the skel-
etal parameters are displayed in Table 3.
Patients with skeletal class II tended to
show greater differences in the angle

FH-OcP_sag compared to patients with
skeletal class III. Regarding the vertical
dimension, patients with a neutral rela-
tionship demonstrated the lowest differ-
ence in this angle. Symmetry had no
impact. The difference in the angle FH-
OcP_trans showed similar values for all
categories.

The generalized linear model yielded
non-significant F-ratios for all three angle
differences (Diff FH-OcP_sag: F
(11,26)=0.97, P=0.496; Diff FH-
OcP_trans: F (11,26)=1.71, P=0.127;
Diff FH-OcP_3D: F (11,26)=0.68,
P =0.746), indicating that the type of
malocclusion had no influence on the ac-
curacy of face-bow transfer in the study
sample.

Discussion

Face-bow transfer has been shown to be
inaccurate itself and to exhibit variations
in outcome between different dentists®.
Its error in orthognathic surgery planning
has been described in the literature with
mean angular deviation between 6.8°
and 7.7° °. This is consistent with the
results reported here. In contrast to pre-
vious investigations, this study analyzed
the error of face-bow transfer in 3D using

CBCT scans, which is relevant to under-
stand the amount of transmission error in
its entirety. 3D angles are still not com-
monly considered by surgeons and ortho-
dontists, even though the literature
provides various analyses®'?**°. To
make the results more comprehensible
for clinicians, the 3D angles were split
into their sagittal and transverse compo-
nents. These correspond to the ‘lateral
cephalogram’ in sagittal dimension and
the ‘posterior—anterior X-ray’ in trans-
verse dimension. In the comparison of
those two dimensions, the results demon-
strated that the error of face-bow transfer
is more severe in the sagittal than in the
transverse dimension. Therefore, the 3D
error of face-bow transfer seems to be
predominantly influenced by the sagittal
dimension.

In clinical terms, this means that in most
cases the sagittal error of face-bow transfer
results in the mounting of maxillary plaster
casts at angles that are too steep, incorrectly
indicating retroinclination of the maxilla.
Consequently, this inaccuracy will be in-
corporated into the inter-occlusal wafer and
may affect the surgical outcome. In this
way, an articulator-based planned straight
superior impaction of the maxilla may
result in superior and  posterior
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Fig. 3. The articulator-based method failed to reproduce maxillary canting correctly. The occlusal plane of the plaster casts in the articulator (OcP
cast) either concealed or increased the transverse roll of the maxilla like it was reproduced in the compared to the occlusal plane reproduced in the
CBCT (OcP CBCT). Four types of error in the articulator-based model were found to be possible when compared to the computer-based model: (a)
higher angle and same roll, (b) higher angle and opposite roll, (c) lower angle and same roll, and (d) lower angle and opposite roll.

movement during surgery’. Barbenel
et al.® calculated errors of more than
2mm in 10mm forward movement
caused by a 10° discrepancy of the angle
FH-OcP.

Transverse canting of the maxilla in the
articulator was as often under- as over-
represented compared to the maxillary
canting in the computer-based model.
Therefore, face-bow transfer may either

conceal maxillary canting and asymme-
tries may remain undetected, or may in-
correctly indicate maxillary canting in
symmetric patients. Both errors will result
in aesthetic problems postoperative. In
some cases, face-bow transfer even incor-
rectly indicated transverse canting con-
trary to the patient’s actual canting; this
situation could lead to a worsening of the
preoperative asymmetric condition. The

error in FH-OcP_trans is small and may
seem clinically inconsequential. Most lay-
persons detect transverse canting in the
incisal plane only at 3 mm difference from
side to side®'. Nevertheless, patients who
have undergone the complex procedure of
combined orthodontic and surgical treat-
ment are known to be very critical con-
cerning facial deviations’® and might
notice even smaller discrepancies.
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Table 3. Description of the real differences in the FH-OcP angle, two- and three-dimensional, according to the categorization of skeletal

disharmony; values are presented as the mean (standard deviation).

Category I: Skeletal class

Wits (mm)

Diff FH-OcP_sag (°)

Diff FH-OcP_trans

Diff FH-OcP_3D

Category II: Vertical relationship

Skeletal class II (n=19)
6.6 (3.0)

3.7 (2.7)

—0.8 (1.3)

3.4 (2.5)

Deep bite (n=11)

Skeletal class III (n =19)
—9.0 (3.8)

2.2 (2.9)

—1.0 (1.8)

2.1 (3.1)

Neutral relationship (n=17)

Open bite (n = 10)

ML-NL (°) 13.8 (2.8) 21.0 (2.9) 32.4 (3.6)
Diff FH-OcP_sag 3.6 (3.6) 24 (2.7) 3.3(2.3)
Diff FH-OcP_trans —0.5 (1.3) —1.5 (1.6) —03 (1.4)
Diff FH-OcP_3D 2.6 (3.3) 2.6 (3.0) 29 (2.3)
Category III: Symmetry
Symmetry (n =20) Asymmetry (n=18)

Me-MSP (mm) 1.1 (0.7) 34 (12)
Diff FH-OcP_sag 32 (2.8) 2.7 (3.0)
Diff FH-OcP_trans —0.6 (1.2) —1.3 (1.8)
Diff FH-OcP_3D 3.0 (2.8) 2.4 (3.0)

Regarding skeletal disharmonies in the  sis®***, or discrepancies between preop- 2. Tang X, Cai J, Lin B, Yao L, Lin F. Motiva-

sagittal, vertical, and transverse dimen-
sions, no significant difference in the error
of face-bow transfer could be detected.
This indicates that even cases of perfect
symmetry or vertical neutral relationship
are not excluded from transverse or sagit-
tal inaccuracies in face-bow transfer. This
provides an argument for the use of virtual
computer-based planning in orthognathic
surgery for all patients regardless of the
type of malocclusion, since it seems to
offer more certainty concerning the surgi-
cal outcome'” 2.

This study confirmed face-bow trans-
fer as a major source of discrepancy
between articulator-based surgical plan-
ning and computerc-based planning.
However, it also has some limitations.
Due to the indications for orthognathic
surgery, the patient sample included no
patients with skeletal harmony, i.e. skel-
etal class I, a neutral vertical relation-
ship, and transverse symmetry. It should
be considered that the error of face-bow
transfer for patients with skeletal har-
mony might differ from that of patients
undergoing  orthognathic  surgeries.
Hence, the findings of this study should
be applied with caution to prosthodon-
tics and the manufacturing of crowns
and dentures.

Against expectations, this study could
not explain previously reported higher
deviations in class II subjects than in
skeletal class III subjects”. This indicates
additional errors in articulator-based sur-
gery planning besides the inaccuracy of
face-bow transfer. These could include
errors based on the dental plaster casts,
e.g. expansion of the mounting plaster®®,
inaccuracies in cephalometric diagno-

erative and intraoperative positioning of
the condyles*~*°. However, even using 3D
computer-based planning, some of these
errors will persist.

In conclusion, the error of face-bow
transfer during articulator-based orthog-
nathic surgery planning may affect the ac-
tual surgical outcome regardless of the type
of malocclusion. To avoid this error, virtual
computer-based surgery planning provides
a reliable and promising alternative.
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