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Abstract Morphometric methods are used in biology to
study object symmetry in living organisms and to
determine the true plane of symmetry. The aim of this
study was to determine if there are clinical differences
between three-dimensional (3D) cephalometric midsagit-
tal planes used to describe craniofacial asymmetry and a
true symmetry plane derived from a morphometric
method based on visible facial features. The sample
consisted of 14 dry skulls (9 symmetric and 5 asymmet-
ric) with metallic markers which were imaged with cone-
beam computed tomography. An error study and statis-
tical analysis were performed to validate the morpho-
metric method. The morphometric and conventional
cephalometric planes were constructed and compared.
The 3D cephalometric planes constructed as perpendic-
ulars to the Frankfort horizontal plane resembled the
morphometric plane the most in both the symmetric and
asymmetric groups with mean differences of less than
1.00 mm for most variables. However, the standard
deviations were often large and clinically significant for
these variables. There were clinically relevant differences
(>1.00 mm) between the different 3D cephalometric
midsagittal planes and the true plane of symmetry
determined by the visible facial features. The difference
between 3D cephalometric midsagittal planes and the
true plane of symmetry determined by the visible facial
features were clinically relevant. Care has to be taken
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using cephalometric midsagittal planes for diagnosis and
treatment planning of craniofacial asymmetry as they
might differ from the true plane of symmetry as
determined by morphometrics.
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Introduction

In biology, bilateral symmetry is described as matching
symmetry or object symmetry [1]. Matching symmetry refers
to a structure of interest which is present in two separate
copies of a mirror image of one another, each located on
either side of the body. With object symmetry, the structure is
symmetric within itself and therefore has an internal plane of
symmetry so that the left and right halves are mirror images
of each other. The human skull is an example of object
symmetry. Therefore, clinical diagnosis and treatment plan-
ning in orthodontics and maxillofacial surgery of craniofacial
asymmetry are reinforced by measurements made to an
internal symmetry plane or midsagittal plane [2—7]. The
symmetry plane of the skull is also fundamental in other
areas of medicine, for example the study of functional and
anatomical brain symmetry [8, 9].

In the literature, there is no consensus to which is the
best or most accurate cephalometric plane to describe
craniofacial asymmetry. Most cephalometric 3D analyses
rely on midsagittal planes based on midline structures [4-7,
10, 11]. This has evoked some concerns regarding the
validity of these reference planes because living organisms
are hardly ever perfectly symmetric and a degree of facial
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asymmetry is a common phenomenon in nature [1, 12, 13].
The structures that lie in the midsagittal plane of the ideal
body plan might also be affected. In other words, the
surfaces containing the midline points can deviate from the
true plane of symmetry. It has been suggested that internal
structures of the skull are irrelevant to the visible facial
symmetry, i.e., the midline of the cranial base can deviate
from the visible facial symmetry [15]. Although this is true
for patients with pathological asymmetries for example
plagiocephaly or hemifacial microsomia, it may also apply
to other asymmetries and even symmetric skulls. Kwon et
al. [7] studied a group of noncleft or plagiocephaly patients
and found no difference in the cranial base between the
symmetric and asymmetric groups and concluded that the
cranial base structures were not dominant factors in
explaining the degree of facial asymmetry. Provided that
the internal structures of the skull are relevant to visual
symmetry perception, this result suggests that the cranial
base may be used as reference to determine the midsagittal
plane for mild or moderate craniofacial asymmetries.

To overcome the possible problems of cephalometric
midsagittal planes, shape analysis by means of morpho-
metric methods such as Procrustes analysis and Euclidean
distance matrix analysis has been applied to study cranio-
facial asymmetry [14, 16-20]. Morphometric methods are
accepted in all fields of biology to determine the true plane
of symmetry in structures with object symmetry [1]. Since
the perception of symmetry of faces is very important [20],
the midsagittal plane used for diagnosis and treatment
planning should be determined by the external visible facial
features [16]. Landmark or surface-based Procrustes anal-
ysis uses visible facial features as reference to align original
and mirrored images and therefore determines the true
plane of symmetry relevant to facial perception. This
morphometric approach has been shown to produce very
accurate and reliable midsagittal planes that can be used for
comparative study [15, 18-20].

Unfortunately, the extraction of the midsagittal plane by
means of morphometrics requires additional training,
additional software, and could be more costly which limits
its clinical use. This might explain why 3D evaluation of
craniofacial symmetry is still primarily performed with
cephalometric methods [2—7]. However, these cephalomet-
ric planes might differ from the true plane of symmetry
providing unreliable or even misleading information for the
diagnosis and treatment planning.

Therefore, the aim of this study was to investigate if the
cephalometric midsagittal planes using internal and midline
structures are relevant to visible facial symmetry. Six
cephalometric midsagittal planes described in the literature
[2-7] were compared to the true plane of symmetry
determined by morphometrics using visible facial features
rather than internal landmarks as reference.
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Materials and methods
Materials

To reduce random error due to landmark identification, dry
human skulls were used with radiopaque metal markers.
The sample was selected from a collection of anonymous
dry skulls from the Department of Orthodontics of the
University Medical Center Groningen. No ethical approval
was required. Two groups of skulls were studied: (1) a
group with visible asymmetry and (2) a group with no
visible asymmetry. Before the study sample was selected,
the anatomical landmarks described in Table 1 were marked
on the skulls with a pencil by means of consensus of two
observers (JD and ZF). Visible deviation was defined as at
least 4-mm deviation of menton (Me) from the midline [6].
A midline was constructed with a laser beam passing
through nasion (N) and the anterior nasal spine (ANS). For
inclusion in the symmetric group, deviation of less than
4 mm of Me from the constructed laser beam midline was a
criterion. Because the growth of cranial base could be
affected in subjects with congenital asymmetry, skulls with
a cleft palate, hemifacial microsomia, or plagiocephaly
were not considered. In both groups, the skulls also had to
have a fixed occlusion, with the mandible fixed to the skull
by means of two metal springs. Ultimately, a total of 14
skulls (5 asymmetric and 9 symmetric) were included for
this study. Prior to the radiographic examination, metal
markers with a diameter of 1.5 mm were glued onto the
selected landmarks (Table 1) with cyanoacrylate glue (Uni-
rapide Gold; Pattex, Henkel, Nieuwegein, Netherlands).

The cone-beam computed tomography (CBCT) images
were acquired with the KaVo 3D eXam scanner (KaVo Dental
GmbH, Bismarckring, Germany). The skulls were placed in
the CBCT scanner with the Frankfort horizontal (FH) plane
parallel to the floor and the midline laser beam of the CBCT
scanner passing through N. The skulls were scanned with a
0.30-voxel size resolution (120 kV, 37.07 mA s, and 26.9 s).
The CBCT datasets were exported from the eXamVisionQ
(Imaging Sciences International LCC, Hatfield, PA, USA)
software in DICOM multi-file format and imported into the
SimPlant®Ortho Pro 2.1 software (Materialise Dental,
Leuven, Belgium). Surface models for suitable visualization
of the hard tissues were created, and the landmarks described
in Table 1 were digitized using the middle of the metal
markers as reference.

After the landmarks were digitized, the software auto-
matically constructed the cephalometric 3D midsagittal
planes (Table 1) commonly used for 3D cephalometric
assessment of craniofacial asymmetry in maxillofacial
surgery planning [4-7, 10, 11]. These planes were divided
into two groups according to the method of construction, i.
e., by connection of three midline structures (1, 2, and 3) or
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Table 1 Landmarks and cephalometric planes used in this study
Landmarks Abbreviation Definition
Unilateral
Sella S Center of the sella turcica (in this case the marker was placed in the center of the
floor of sella turcica)
Nasion N Most anterior of the frontonasal suture in the median plane
Basion Ba/MDFM Middorsal point of the anterior margin of the foramen magnum
Point A A Point at the deepest midline concavity on the maxilla between the anterior nasal
spine and prosthion
Pogonion Pog Most anterior point of the bony chin in the median plane
Menton Me Most inferior part of the bony chin in the median plane
Upper incisor contact Ul ontact Contact point of the two central upper incisor teeth
Lower incisor contact Llcontact Contact point of the two central lower incisor teeth
Bilateral
Orbitale Or Lowest point in the inferior margin of the orbit
Supraorbital foramen® SOF Midpoint of the supraorbital foramen
Medial zygomaticofrontal suture® MZF Medial point on the orbital rim of the zygomaticofrontal suture
Frontonasomaxillare® FNM Intersection of the nasomaxillary, frontomaxillary, and frontonasal sutures
Fontorbitomaxillare® FOM Lateral point of the frontomaxillary suture on the medial margin of the orbit
Foramen spinosum FSp Center of the foramen spinosum
Porion Po/SLEAM Superior lateral point of the external auditory meatus
Jugulare J Intersection of the outline of the maxillary tuberosity and the zygomatic buttress
First upper molar U6 Tip of the mesiobuccal cusp of the maxillary first permanent molar
First lower molar L6 Tip of the mesiobuccal cusp of the mandibular first permanent molar
Gonion Go Point at each mandibular angle defined by dropping a perpendicular from the
intersection point of the tangent lines to the posterior margin of the ramus and
the inferior margin of the mandibular body
Zygomatic arch point Za Most lateral border of the zygomatic arch
Anterior clinoid process ACP Tip of the anterior clinoid process
Lateral foramen magnum LFM Most lateral point of the foramen magnum
Generated by computer software
Anterior clinoid midpoint ACP igpoint Midpoint between the left and right ACP
Foramen spinosum midpoint ELSA Midpoint between the left and right FSp
Foramen magnum midpoint LFMnigpoint Midpoint between the left and right LFM
Porion midpoint POmidpoint Midpoint between the left and right Po
3D midsagittal planes through three midline structures
1. Plane passing through points S, N, and ANS
2. Plane passing through S, N, and Me
3. Plane passing through the midpoint between the most lateral points on the foramen magnum, the midpoint between the
anterior clinoid processes and N
3D midsagittal planes through two midline structures and perpendicular to a horizontal plane
4. Plane passing through points S, N, and perpendicular to the Frankfort horizontal plane (FH passing through the bilateral
landmarks of Or and Popigpoint)
S. Vertical plane passing through the superior point of the Cg, a midpoint between the two anterior clinoid processes and
perpendicular to the FH plane
6. Plane passing through ELSA, MDFM, and perpendicular to an alternative horizontal plane (XY passing through the bilateral

points of SLEAM and point ELSA)

#No metal markers used
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Fig. 1 a Linear measurements to
the midsagittal plane. / maxillary
rotation (point A—MSP), 2
maxillary dental midline devia-
tion (Ulgontac—MSP), 3 facial
width (Zy—MSP), 4 maxillary

Midsagittal plane

N

width (J—MSP), 5 maxillary
dental width (U6—MSP), 6
mandibular rotation (Pog—
MSP), 7 mandibular dental mid-
line deviation (LI one—MSP),
& mandibular width (Go—MSP).
b Frontal view of a 3D volume
rendering of a skull used for this
study. The positions landmark
configuration (green markers) is
illustrated (also see Table 1)

by connection of two midline structures perpendicular to a
horizontal plane (4, 5, and 6). The software measured the
distances illustrated in Fig. 1a by means of preprogrammed
analyses. The distances were measured three times for each
skull and the mean used as the reference value.

Morphometric method to determine the midsagittal plane

To determine the true midsagittal plane, the original and
mirrored surface models were matched using partial
Ordinary Procrustes Analysis (OPA) [16, 21]. After the
hard-tissue surface models were segmented with the

Fig. 2 Morphometric method
by means of OPA of original
and mirrored 3D surface models

Original surface model, centroid (red)
and landmark configuration (green)

* = Bilateral measurements

SimPlant®Ortho software, digital markers with an @ of
2.4 mm were imported as STL files and placed in the
landmark configuration position, which serves as reference
for the OPA. Visible facial anatomical landmarks were used
in the supraorbital and nasal bridge region (Table 1) that
can be accurately identified by using the volume renderings
and the cross-sectional slices in all three planes of the
CBCT images. The infraorbital landmarks and zygomatic
bones were not considered because they could be affected
by midface deficiencies [22]. In addition, since most
mandibular asymmetry and mild maxillary asymmetry are
corrected with bilateral sagittal split osteotomies, genio-

Mirrored surface model, centroid (red)
and landmark configuration (blue)

used to derive the midsagittal

plane .

2. Shape alignment by means of partial Ordinary Procrustes Analysis |

Pre-alignment of the original and mirrored
centroids and landmark configurations

_ i Alignment by best fit of the
Centroids superimposed landmark configurations
H L] ° .
: o o o . - e S
~» - L4 -

— —
Step1: Step2:
Translation Rotation

Midsagittal plane determined on
the original and mirrored images
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surface model
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plasty, or Le Fort I surgery, the selected landmark
configuration can be considered as stable reference marks
for surgical planning [23] (Fig. 1b). The centroid positions
were calculated with the software using the coordinate
values of the landmark configuration. Mirror images of the
original surface models, digital landmark configurations,
and centroids were created around an arbitrary plane with
the mirror tool of the software (Fig. 2). Shape alignment by
means of partial OPA involves two steps: translation and
rotation [21]. First, the centroid markers of the original and
mirrored surface models were superimposed using the
translation function of the software. Rotation of the
mirrored landmark configuration around the geometric
midpoint of the superimposed centroid markers followed
until the best fit between all homologous landmarks were
achieved by means of the least squared point distance while
preserving the shape and size of each configuration [16]
(Fig. 2). The individual symmetrical configuration of point

Table 2 Validity of the mor-
phometric method used in this
study

P values of less than 0.05
considered to be significant.
Mean, SD, and method error
values in millimeters

T session, SEM standard error of
measurement, SDD smallest de-
tectable difference or method
error at 95% confidence interval,
r intraobserver agreement, SD
standard deviation

ANS, pogonion, and sella (S) was calculated as the mean of
the original and mirrored landmarks. The software program
created the midsagittal plane by constructing plane through
the middle of these individual symmetrical configurations.
Subsequently, the 12 linear distances illustrated in Fig. la
were measured three times for each skull and the mean used
as the reference value. In addition, the deviation from point
N to the morphometric plane was also measured.

An error study was performed after a 3-week interval to
validate the morphometric method. Wilcoxon signed-rank
sum test was used to detect differences between the two
morphometric midsagittal values. Agreement between the
measurements was tested by the Pearson correlation
coefficient. The standard error of measurement (SEM) of
the repeated measurements was calculated as the square
root of the variance of the random error from a two-way
random effect ANOVA. The smallest detectable difference
was then calculated as 1.96xV2xSEM [24].

T1 T2 Method error T1 vs. T2
Variable Mean SD ()  Mean SD (%) SEM SDD  r P
Asymmetric group (n=5)
Makxillary rotation 1.38 0.73 1.56 0.55 0.07 0.21 0.904  0.60
Maxillary dental rotation 1.25 0.81 1.36 1.05 0.10 0.28 0.930 0.92
Facial width left 60.87 2.32 61.00 1.96 0.08 0.21 0.991 0.92
Facial width right 64.24 1.06 63.83 1.03 0.25 0.70 0.895 0.47
Maxilla width left 34.69 1.22 34.80 1.20 0.06 0.18 0.975 0.75
Maxilla width right 38.21 1.62 38.01 1.89 0.08 0.23 0.988  0.60
Maxilla dental width left 28.26 1.52 28.42 1.65 0.25 0.71 0.938  0.60
Maxilla dental width right ~ 28.51 2.70 28.38 3.08 0.16 0.44 0.989  0.75
Mandibula rotation 7.02 5.32 7.42 5.06 0.16 0.45 0.998 0.92
Mandibula dental rotation 1.89 2.18 2.09 2.61 0.17 0.48 0.984 0.75
Mandibula width left 44.05 3.20 44.08 3.03 0.22 0.63 0.985 0.92
Mandibula width right 44.66 1.53 44.47 1.97 0.24 0.67 0954  0.75
Nasion deviation 0.27 0.15 0.40 0.30 0.02 0.07 0.845 0.25
Symmetric group (n=9)
Maxillary rotation 1.12 0.81 1.14 0.54 0.11 0.30 0.850  0.69
Maxillary dental rotation 1.11 0.54 1.08 0.87 0.08 0.23 0.904  0.76
Facial width left 58.12 4.09 58.08 3.85 0.06 0.17 0.998  0.90
Facial width right 59.48 4.21 59.37 4.32 0.03 0.07 0.999  0.76
Maxilla width left 35.50 2.55 35.31 2.49 0.11 0.30 0.984  0.97
Maxilla width right 37.67 3.40 37.53 3.70 0.08 0.23 0.997  0.83
Maxilla dental width left 25.72 2.00 25.73 1.86 0.12 0.32 0982 097
Maxilla dental width right ~ 26.65 2.85 26.59 2.99 0.10 0.28 0.993  0.97
Mandibula rotation 1.70 1.19 1.74 1.09 0.18 0.51 0914 0.93
Mandibula dental rotation 1.52 1.00 1.62 0.95 0.11 0.31 0.934 0.76
Mandibula width left 43.31 4.46 43.44 4.34 0.25 0.68 0.993 0.97
Mandibula width right 45.07 3.80 44.79 4.05 0.29 0.79 0.991 0.90
Nasion deviation 0.55 0.27 0.33 0.26 0.02 0.06 0.871 0.93
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Comparison of the cephalometric midsagittal planes

The mean values and standard deviations were calculated
for the 12 linear measurements of all the cephalometric 3D
midsagittal planes. The mean of the repeated morphometric
values of the error study was used as the reference values
for comparison. The clinical accuracy of the cephalometric
midsagittal planes was compared by means of the absolute
error (AE). The AE was defined as the reference (morpho-
metric) midsagittal plane values subtracted by the cephalo-
metric midsagittal plane value. Additionally, Mann—
Whitney tests were used to detect possible differences
between the asymmetric and symmetric groups. P values of
less than 0.05 were considered significant. All statistics

were performed with a standard statistical software package
(SPSS version 16, Chicago, IL).

Results

The results of the error study (Table 2) validated the
morphometric midsagittal plane and confirmed its accuracy
and reliability previously reported [15, 18-20]. There were no
statistical differences between the measurements (P=0.25—
0.97), and the agreement was high (#=0.845-0.999). The
small method error (mean=0.39 mm; 95% CI=0.31-
0.47 mm) is more than clinically acceptable for cephalometric
measurements and confirmed the accuracy of the method [25].

Table 3 The mean and standard deviation of the different midsagittal planes of the asymmetric and symmetric skulls

Morphometric

Cephalometric midsagittal planes

midsagittal plane

Three midline structures only

Two midline structures perpendicular
to a horizontal plane

1 2 3 4 5 6
Variable Mean  SD (¥) Mean SD () Mean SD (¥) Mean SD () Mean SD () Mean SD (+£) Mean SD (¥)
Asymmetric group (n=5)
Maxillary rotation 1.47 0.62 076 031 484 238 341 062 133 085 181 1.17 1.03 059
Maxillary dental rotation 1.31 0.91 1.86 075 563 3.10 392 134 120 042 174 087 221 041
Facial width left 60.94 2.14  62.15 157 6094 327 6126 1.64 61.65 187 6212 185 62.13 1.79
Facial width right 64.04 099 6284 153 6356 141 63.62 139 6337 122 6285 133 6289 192
Maxilla width left 34.75 120  36.50 1.11 33.80 3.83 3371 1.17 3517 113 3518 122 3615 1.59
Maxilla width right 38.11 1.75 3635 222 3886 267 39.11 172 3773 122 3771 097 3672 234
Maxilla dental width left ~ 28.34 1.54  31.06 1.86 2682 6.68 2654 248 2889 245 2883 277 3021 2.65
Maxilla dental width right 28.45 288 2573 3.81 3019 521 3045 295 28.06 228 2814 203 26.63 4.05
Mandibula rotation 7.22 518 1004 555 052 062 6.65 654 644 4.64 597 457 923 6.13
Mandibula dental rotation 1.99 2.39 424 077 3.67 339 304 352 152 168 158 152 361 1.76
Mandibula width left 44.06 3.09 4771 3.18 43.62 698 4322 278 4547 2.64 4626 2.65 4640 2.92
Mandibula width right 44.57 1.72 4092 227 4530 584 4536 217 4331 1.71 4248 138 4222 2.84
Symmetric group (n=9)
Maxillary rotation 1.13 0.67 047 034 134 109 198 151 1.02 062 137 108 1.0l 0.69
Maxillary dental rotation 1.10 0.70 165 073 089 100 220 185 0.79 0.79 082 0.78 147 1.15
Facial width left 58.10 385 5931 435 5877 434 5856 4.00 58.85 437 5864 430 59.11 422
Facial width right 59.43 414 5790 3.69 5850 3.80 58.69 4.02 58.69 428 5886 371 5813 3.82
Maxilla width left 35.41 245  36.78 3.34 3540 3.10 35.13 244 3562 336 3558 299 3636 3.16
Maxilla width right 37.60 345 3618 2.61 37.57 287 37.82 350 3739 267 3746 324 36.64 2.70
Maxilla dental width left ~ 25.73 1.87 27.72 2.12 2554 2.00 2509 120 2573 192 2580 230 2659 1.55
Maxilla dental width right  26.62 283 2462 288 2687 264 2728 427 2634 278 2639 276 2580 3.32
Mandibula rotation 1.72 1.11 275 181 074 057 276 1.89 200 1.16 210 124 231 2.13
Mandibula dental rotation 1.57 0.95 1.53 1.04 1.15 09 251 1.80 1.51 1.03 154 131 1.64 139
Mandibula width left 43.37 427 4535 448 4443 508 43.80 3.64 4376 4.58 4428 434 44.67 4.39
Mandibula width right 44.93 3.82 4281 524 4376 340 4436 451 4449 390 4398 423 4360 3.82

All values in millimeters
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The mean and standard deviation of all the midsagittal
planes are illustrated in Table 3. When comparing the
cephalometric values to the morphometric values by means
of the AE, a large variation was seen in both symmetrical
and asymmetrical groups (Table 4). As expected, the
midsagittal planes constructed by connecting midline
structures (1-3) resembled the morphometric plane more
closely in the symmetric group; however, the mean differ-
ences were still more than 1.00 mm. In both groups, the
values of the midsagittal planes (4 and 5) constructed as
perpendiculars to the FH plane were clinically the most
accurate in resembling the morphometric values. For most
of the measurements of these planes, the mean absolute
errors were less than 1.00 mm. The differences between the
values of midsagittal planes 1-3 and 6 can be considered

clinically relevant (>1.00 mm) compared to the morpho-
logical values in both groups.

The amount of mandibular rotation in the asymmetric
group was 7.22+5.18 mm compared to 1.72+1.11 mm in
the symmetric group. This was the only wvariable
significantly different (P=0.01) between the symmetric
and asymmetric skulls. Further analysis of the asymmetric
skulls revealed that the main causes of asymmetry were
probably due to differences between the bilateral ramus
and/or mandibular body lengths. There were clinically
significant (>1.00 mm) differences between the ramus
lengths only or the mandibular body lengths only in two
skulls. In three skulls, clinically significant differences
were found in both the ramus and mandibular body
lengths.

Table 4 Clinical differences determined by means of the absolute error of the cephalometric midsagittal planes (1-6) when compared to the

morphometric reference midsagittal plane

Morphometric midsagittal plane vs. cephalometric midsagittal planes

Three midline structures only

Two midline structures perpendicular to a horizontal plane

1 2 3 4 5 6

Variable Mean SD () Mean SD (¥) Mean SD (+) Mean SD (%) Mean SD (%) Mean SD (£)
Asymmetric group (n=5)

Maxillary rotation 0.82  0.39 3.37 1.94 1.94  0.90 0.40 0.36 0.71 0.46 0.89 0.16
Maxillary dental rotation 0.98 0.62  4.33 299 262 1.07 0.53 0.59 1.02 0.45 1.18 0.45
Facial width left 1.21 0.63 1.06 1.02  0.73 0.26 0.87 0.28 1.28 0.70 1.20 0.93
Facial width right 120  0.60 0.87 1.35 0.62 0.24 0.73 0.38 1.19 0.72 1.15 1.03
Maxilla width left 1.75 0.77  2.89 1.84 1.11 0.69 0.53 0.36 0.69 0.53 1.62 1.05
Maxilla width right 1.76  0.87 285 1.85 1.07  0.70 0.50 0.44 0.66 0.61 1.70 1.01
Maxilla dental width left ~ 2.72 122 476  3.09 1.80 1.33 0.84 0.73 1.00 0.95 2.25 1.48
Maxilla dental width right 2.72 1.39 497 3.25 2.00 1.07 0.58 0.67 0.70 0.84 2.20 1.48
Mandibula rotation 3.85 1.62 6.70  5.38 2.44 1.06 0.85 1.30 1.30 1.14 3.03 1.80
Mandibula dental rotation  2.76 1.39 336 347 1.38 1.22 0.54 0.69 0.62 0.72 242 1.55
Mandibula width left 3.65 1.06  4.71 474 098 1.19 1.47 1.12 2.20 1.41 2.34 1.36
Mandibula width right 3.65 1.17  4.63 419 0.83 1.06 1.31 1.07 2.09 1.36 2.34 1.47
Symmetric group (n=9)

Maxillary rotation 0.75 0.65 1.11 0.67 1.23 1.19 0.70 0.40 0.72 0.50 0.78 0.62
Maxillary dental rotation 1.27 037 098 0.76 1.48 1.42 0.56 0.49 0.69 0.36 1.11 0.83
Facial width left 1.38 0.93 099 0.89 0.69 0.68 0.99 0.90 0.96 0.88 1.41 1.21
Facial width right 1.52 1.15 1.07 1.02  0.81 0.88 0.92 0.68 0.93 0.83 1.49 1.26
Maxilla width left 1.52  0.81 0.95 0.55 1.00  0.73 0.85 0.69 0.78 0.60 1.13 0.94
Maxilla width right 1.65 079 096 056 099 0.71 0.82 0.75 0.63 0.65 1.15 0.90
Maxilla dental width left ~ 2.17 1.03 1.22 0.73 1.64 1.13 0.80 0.71 0.72 0.32 1.21 0.85
Maxilla dental width right 2.60  0.83 1.38 1.05 1.97 1.39 0.65 0.49 0.71 0.37 1.58 0.86
Mandibula rotation 1.77 1.13 1.09  0.88 2.02 1.61 1.00 0.62 0.88 0.57 2.03 1.11
Mandibula dental rotation  1.48 0.75 0.99 0.65 1.29 1.15 0.73 0.55 0.76 0.35 1.49 0.93
Mandibula width left 242 1.17 1.88 1.48 .32 097 0.91 0.50 1.24 0.82 1.30 0.91
Mandibula width right 2.48 1.34 1.96 1.63 1.41 0.99 0.90 0.45 1.22 0.78 1.33 0.87

All values in millimeters
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Discussion

The results of this study show that there were clinically
relevant differences between cephalometric midsagittal planes
and the true plane of symmetry on CBCT images. Therefore,
the additional cost of extra software to extract a morphometric
midsagittal plane might outweigh the risk of misdiagnosis or
inaccurate treatment planning of craniofacial asymmetry. In
addition, other advantages of a morphometric midsagittal
plane further justify its use. A major advantage is that it can
compute the midsagittal plane using intact regions unaffected
by the asymmetry [16, 19, 20] and therefore can be used to
determine the midsagittal plane in severe and congenital
asymmetries. This is not always possible when using
cephalometric planes based on anatomical landmarks, i.e.,
the auditory meatus might be affected in congenital
malformations which would make the Frankfort horizontal
plane unreliable. Other advantages of a midsagittal plane
computed with morphometric methods are: it is very reliable,
it can be simple and quick (newer software can automatically
extract the midsagittal plane), it can be applied to 3D datasets
from laser surface scanners and stereophotogrammetry, and
all to computerized tomography imaging [15, 16, 18-20].
We used dry skulls and metal markers aiming to reduce
the measurement error. Although the asymmetric sample
size can be regarded as small, it can be justified because the
method error was very small and able to detect true clinical
differences between the different midsagittal planes. In
addition, it must be noted that the sample is unique and that
asymmetric dry skulls are difficult to acquire for compar-
ative study. Jacobsen et al. [26] defined the 3D midsagittal
plane as a midline plane bisecting the head sagittally
through point N when viewing the patient in natural head
position (NHP) from the frontal view. Therefore, the

Fig. 3 a Midsagittal plane con-

midsagittal plane derived from the NHP is based on the
visual perception and does not rely on internal structures. In
the present study, 3D reference planes based on the NHP
could not be investigated because dry skulls were used.
However, we found that the mean deviation of point N from
the morphometric midsagittal plane was less than 0.50 mm
in both groups suggesting its suitability as reference point
in both groups. Future research may investigate if the NHP
is more suitable and reliable than the anatomical landmarks
for the construction of standardized planes for cephalomet-
ric analysis with CBCT imaging.

Trpkova et al. [27] studied two-dimensional radiographs
of various asymmetries and concluded that vertical lines
constructed as perpendiculars through midpoints between
bilateral pairs of orbital landmarks are more accurate and
valid than those constructed between two midpoints.
Although we studied 3D images, the results of the present
study are in agreement with this conclusion. The values
from midsagittal planes constructed as perpendiculars to the
FH plane showed the least differences from the morpho-
metric values. The midsagittal plane constructed as a
perpendicular to the FH plane passing through N and S
mimicked the morphometric plane the best in both groups.
However, care should be taken to apply these data for
clinical use. Although the mean differences between this
plane and the morphometric plane were less than 1.00 mm
for most measurements, the standard deviation was often
large and significant [25]. In addition, our sample did not
include congenital asymmetries or asymmetries of the
midface. This is important as the FH plane might be invalid
as reference plane for congenital asymmetries and asym-
metries associated with midface deficiencies.

Recently, a standardized plane orientation for 3D
cephalometric analysis was used to describe asymmetry

structed connecting landmarks
MDFM and ELSA perpendicu-
lar to the horizontal plane XY. b
A small lateral deviation

(0.40 mm) in MDFM results in
significantly greater the linear
measurement error when mea-
suring Pog to the midsagittal
plane (6.15mm difference)
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[4, 28]. When using these planes, the effect of the
positioning of the patients head during image acquisition
is eliminated. The landmarks used to construct the planes
were shown to be very reproducible, and all points are
located on sutures that are not significantly affected by
growth after 5 years of age [4, 28]. Yafiez-Vico et al. [4]
reported an intraobserver error of 1.36 mm for linear
measurements and 0.91° for angular measurements using
this plane orientation. However, it must be noted that their
measurements were not made to the midsagittal plane but
derived from the subtraction of left and right side measure-
ments. Importantly, we found that a geometric principal
described by Nagasaka et al. [29] has a significant effect on
the measurements to the midsagittal plane. This principal
illustrated that the distances between landmarks also have
an influence on the magnitude of measuring error of the
linear and angular measurements and that the more close
two landmarks are, the greater the angular measurement
error tends to be. This geometric principal has a significant
3D effect on the construction of the midsagittal plane
because the landmarks of foramen spinosum midpoint
(ELSA) and MDFM are very close to each other. Therefore,
a 0.40-mm deviation of MDFM could result in 6.15-mm
difference of the wvariable used to measure mandibular
deviation in one of the skulls (Fig. 3). Although the
landmarks are situated on sutures and not affected by
growth after 5 years of age, differences in remodeling occur
which may result in small asymmetries [30]. Therefore, the
midsagittal plane of this “standardized” plane orientation
might not be valid for asymmetry analysis.

The large variations of the cephalometric midsagittal
planes in the symmetric group were somewhat surprising
but can possibly be explained by the fact that a perfect
“symmetric” face does not really exist and a degree of
facial asymmetry is inherent for every individual [1, 12,
13]. Therefore, midline landmarks used to construct 3D
midsagittal planes are also likely to deviate from the true
plane of symmetry. Moreover, the combined 3D effect
when connecting two or more of the off-center midline
points resulting from small regional remodeling could
produce a significant deviation from the actual plane of
symmetry. This supports the suggestion that internal
structures of the skull may be irrelevant to the visible facial
symmetry, even in symmetric skulls. Therefore, determin-
ing an absolute midsagittal plane based on midline
cephalometric points will vary among individuals and
remains questionable.

Conclusion

Clinical relevant differences exist between the different 3D
cephalometric midsagittal planes and the true plane of

symmetry determined by the visible facial features. When
using the cephalometric planes based on midline structures
for clinical diagnosis and treatment planning of craniofacial
asymmetry, care has to be taken as they might differ from
the true plane of symmetry. A morphometric approach to
determine the midsagittal plane using visually intact regions
of the skull not affected by the asymmetry as the reference
might be more valuable for diagnosis and treatment
planning of craniofacial asymmetry.
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