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Formulation of a reference coordinate system of
three-dimensional (3D) head & neck images: Part |.
Reproducibility of 3D cephalometric landmarks

Jae-Woo Park, DDS, MSD.* Nam-Kug Kim, MS.® Young-ll Chang, DDS, MSD, PhD°

The purpose of this study was to redefine the cephalometric landmarks in three-dimensional (3D)
images, which are used in orthodontic cephalometric radiography, and to evaluate the reproducibility
of each landmark for 3D cephalometric analysis. Eighteen CT scans were taken at the Department of
Diagnostic Radiology at Seoul National University Dental Hospital and manipulated with V works 4.0
(Cybermed Inc., Seoul, Korea). The coordinate system was established using 7 reference points, with
no more than 4 points on the same plane. These 7 points were generated as a volume model, the
voxel size of which was 4 by 4 by 2 (threshold value = 639). The cephalometric landmarks were
selected at the multiplanar reformation (MPR) window on the volume mode of V works 4.0. The
selected landmarks were exported to V surgery (Cybermed Inc., Seoul, Korea) for the calculation ot
coordinate values. All the data were taken twice with a lapse of 2 weeks by one investigator. The
reproducibility of each landmark was 0.17 ~1.21 mm in the x axis, 0.30~1.53 mm in the y axis, and
'0.27~1.81 mm in the z axis. In all three axes, the range of error was similar. These error ranges were
acceptable with regards to the pixel space and slice thickness. The most reproducible points were |
points which were selected on the basis of the volume model. The least reproducible points were J

points that were defined by sutures.
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INTRODUCTION

Orthodontics is that branch of dentistry concerned
with the study of facial growth, occlusal development,
and the treatment of dentofacial abnormalities in a
three-dimensional (3D) aspect. Broadbent suggested
the cephalometric radiograph for 3D analysis of the
dentofacial complex with bipolar images." Since then,
many authors have suggested their own analyses to
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diagnose dental and/or facial deformities and establish
treatment planning.” Ironically, all of these efforts
were concentrated to lateral cephalometric analysis,
which confined orthodontic analysis to a two-
dimensional (2D) analysis of projected images rather
than an actual 3D analysis of reality.

Baumrind et al* suggested paired coplanar
radiography using frontal and lateral cephalometric
radiographs to overcome these shortcomings. Grayson
et al’ and Bookstein et al® tried 3D analysis with
biplanar images. Brown and Abbott’ demonstrated
how to obtain 3D coordinate values of landmarks with
a photogrammetric equation, taking cephalometric
radiographs from one X-ray source.

Kusnoto et al® invented a specially designed face
bow to obtain P-A, lateral, and submentovertex views.
They suggested that data could be easily collected
from each view, and were clinically comparable to CT
data. But the images obtained from this method were
merely some polygons in the form of a mesh, not the
real 3D images.

Recently, with the increased need for orthognathic
surgery and an extended application of the surgical
technique for treatment of dentofacial deformities,
some limitations have been encountered in the
diagnosis and treatment planning with 2D analysis.
Therefore the clinical application of 3D images has
gradually increased.

Some authors have introduced the use of 3D models
from CT scans for treating patients with severe
dentofacial deformity or facial asymmetry. Fuhrmann
et al.’ and Fuhrmann® showed that in treating patients
with facial asymmetry, better results were obtained
from the use of a polyurethane foam model combined
with the study cast for surgical planning. Karcher'
combined the 3D CT model and study cast with the
use of a miniscrew as a reference marker. This was
used as a lifesized model during treatment.

Hsieh et al.” developed a surgical simulator with the
CT data. Xia et al®™" also developed a 3D surgical
simulator for orthognathic surgery, which could confirm
the surgical results 3-dimensionally by mapping the
facial contour to the simulated results. Carls et al'®
insisted that the 3D CT can visualize facial anatomy in
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certain patients such as those with asymmetries, large
defects, and fractures with major dislocation, and that
this assimilated information allow for a more accurate
evaluation. But, CT protocols are less indicated because
of higher levels of radiation. In the near future,
radiation dose will be greatly reduced with the
development of cone beam CT, which can extend the
use of CT scans in orthognathic surgery.”’18

Three-dimensional images can allow a detailed
overview of the topographic relations between dento-
maxillofacial structures in all planes of space from any
viewpoint without superimposition of any anatomic
structures. CT images can also make it possible to
study hiologic variation, morphologic dimensions, or
biologic processes etc. Waitzman et al.” tried to define
normal values for a series of craniofacial measure-
ments and to evaluate the growth patterns of the
craniofacial complex through CT. Maki et al®
investigated 3D distribution of bone mineralization in
the developing mandible. They also tried to investigate
the possible association between bone shape and
cortical bone mineral density in asymmetrical
mandibles.”!

But in all of these studies, 3D images were used to
compare the size of the left and right sides. Moreover,
the landmark selection was arbitrarily accomplished,
so the results could not be quantified and were not
comparable. So the application of 3D medical images
was not able to catch up with the technical
development.

The purpose of this study was to redefine the
cephalometric landmarks used in orthodontic cephalo-
metric radiography, and to evaluate the reproducibility
of each landmark for 3D cephalometric analysis.

MATERIAL AND METHODS
Sample selection
CT scans were taken from 18 patients who attended
Seoul National University Dental Hospital for
orthognathic surgery. Eight were male, and the rest

were female. CT data acquisition was carried out using
a Somatom Plus 4 (Siemens, Erlangen, Germany) at a
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Fig 1. Volume model rendering for
reference points and | points.
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Fig 2. Project file creation and extraction of coordinate values.

1.5 mm section interval, a 1 mm slice thickness in the
spiral mode, and a 512 by 512 matrix. The scans were
carried out at the Department of Diagnostic Radiology
of Seoul National University Hospital. The resultant
2D image data were stored in Digital Imaging and
Communications in Medicine (DICOM) format.

Programs used to set reference points: V
works 4.0 and V surgery

V works 4.0 (Cybermed Inc., Seoul, Korea) was
used to select the 3D landmarks. Seven reference
points were isolated as a volume model of 4 by 4 by
2 pixel size. The threshold value for isolation was 865.
These points were used to establish common
coordinate systems (Fig 1). Three points out of 7 were
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used for a horizontal reference plane. One point and
the midpoint of 2 points out of the other 4 points were
used for the sagittal plane. The last point was used for
the coronal plane and as zero point of the coordinate
system. These 3 planes are perpendicular to each
other. All these procedures are described in the next
paragraph. After the selection of 3D landmarks,
project files were exported to V surgery (Cybermed
Inc., Seoul, Korea) to extract the coordinate values
(Fig 2).

Establishment of the coordinate system
Seven reference points were selected near the

anatomic structures listed below. The order of
coordinate system setting was as follows;
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a > Configurations for the horizontal plane (Fig 3, A)
R1: mesiobuccal cusp of left maxillary molar; R2:
mesiobuccal cusp of right. maxillary molar; RS3:
Incision Superius.

b > Configurations for the sagittal plane (Fig 3, B)
The sagittal plane was established to include point R4
and the midpoint of R5 and R6, perpendicular to the
horizontal plane.

R4: Prosthion; R5: apex of left maxillary central
incisor; R6: apex of right maxillary central incisor.

c > Configurations for the coronal plane (Fig 3, O)

The coronal plane was established to include R7 point,
perpendicular to the horizontal plane and sagittal plane.
R7: Basion.

Selection of 3D landmarks (Fig 4)
Three-dimensional landmarks were defined as V

points and grouped according to their positions in the
3D model and named as follows. Odd numbers were

Fig 3. Establishment of the common coordinate
system. A, Creation of the horizontal plane; B,
creation of the mid-sagittal plane; G, creation of
the coronal plane.

Fig 4. Picking the volume point in the MPR mode.

given to the left sided landmarks, even numbers were
given to the right sided landmarks;

a > I point: The point selected on the basis of the
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volume model to indirectly investigate the reproduci-
bility of reference points. The volume model was
generated around the following anatomic structures
with the same conditions as the reference points.
0/12: frontomalar suture Lt/Rt; 13/14: Key ridge;
Lt/Rt; I5/16: Mental foramen Lt/Rt.

b > ] point: The points positioned at the junction of
sutures (3 points).

J1/32: Frontomalar suture Lt/Rt; The most supero-
lateral suture point between malar bone and frontal
bone; J3: Nasion; The junction of the nasal and frontal
bones as seen on the profile of the cephalometric
radiograph; point in the midline of both the nasal root
and the nasofrontal suture.

¢ > S point: The points positioned on the surface or
line angle of the bone (18 points).

S1/S2: Orbitale Lt/Rt; The lowest point on the lower
margin of each orbit; S3: A point; The deepest midline
point on the premaxilla between anterior nasal spine
and prosthion; S4: B point; The most posterior point of
the bony curvature of the mandible below infradentale
and above pogonion; S5 Pogornion; The most anterior
point on the symphysis of the mandible; S6: Menton;
The lowest median landmark on the lower border of
the mandible-concave surface under the mentum in
the mid-sagittal plane; S7. Opisthion; The most
posterior point on the posterior margin of foramen
magnum; S8 Infradentale; The most antero-superior
point on the mandibular alveolar process between the
mandibular central incisors; S9/S10: Gonion Lt/Rt;
The point on the bony contour of the gonial angle
determined by bisecting the tangent angle; S11/S12:
Condylion Lt/Rt; The most postero-superior point on
the condyle; S13/S14: Condylion Medialis Lt/Rt; The
most medial point of the condylar head, intersected
with the long axis of the condylar head; S15/516:
Condylion Lateralis Lt/Rt; The most lateral point of
the condylar head, intersected with the long axis of
the condylar head; S17: Incision Superius; The
midpoint of the incisal edge of the maxillary central
incisor; S18: Incision Inferius; The midpoint of the
incisal edge of the mandibular central incisor.

d > F point: The points defined by foramina (12 points).
F1/F2: Foramen Spinosum Lt/Rt; The geometric
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center of foramen spinosum which can be found in the
most inferior horizontal section; F3/F4: Foramen
Supraorbitale Lt/Rt; midpoint of the notch appearing
in the superior margin of the orbital rim; F5/F6:
Foramen Infraorbitale Lt/Rt; The midpoint of the
orifice of the infraorbital foramen; F7/F8 Porion
Lt/Rt; The midpoint on the upper edge of porus
acusticus externus; F9/F10: Foramen Ovale; The most
mferior point in the latero-posterior margin of foramen
ovale; F11/F12: Foramen Rotundum; The geometric
center of foramen rotundum which can be found in the
most anterior coronal section.

e > P point: The points positioned at the end of the
bony projection (12 points).

P1: Nc; The most superior point of crista galli, the
projection of the perpendicular lamina of the ethmoid;
P2: Rhinion; The most antero-inferior point on the tips
of the nasal bones as seen from norma lateralis; P3:
ANS; The most anterior point of the nasal floor; tip of
premaxilla; P4: PNS; The most posterior point on the
hard palate; P5/P6: L1 Apex Lt/Rt; The root tip of the
mandibular central incisor; P7/P8: Clinoidale Lt/Rt;
The most posterior point on the contour of the
anterior clinoid; P9/P10: Coronoid process; The most
superior point on the coronoid process; P11/P12: U6
Lt/Rt; The mesiobuccal cusp tip of the maxillary 1st
molar.

I > C point: The center of sella turcica (sella)

g > O point: Zero point defined by the coordinate system

Reproducibility

One orthodontist selected the cephalometric land-
marks twice on the same CT data with a lapse of 2
weeks. The coordinate values of each landmark were
obtained. The differences in coordinate values were
calculated. Mean, standard deviation (SD), and
standard error (SE) of the differences were calculated
to evaluate the reproducibility of the landmarks.

RESULTS

Table 1 shows the data of each group. The
reproducibility of O point showed axis dependence,
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Table 1. Reproducibility of grouped landmarks
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K , Voo ,

Mean + SD SE Mem *SD  SE  Mean 2, s
O point - 001 = 045 0.31 - 009 + 032 0.23 - 030 T 0.80 B
R point - 001 = 037 0.26 005 * 0.39 0.28 - 029 0.76
I point - 002 = 049 0.34 - 005 £ 078 0.58 - 019 T 0.64
V point - 001 = 034 0.58 - 002 £ 0% 0.66 - 012 T 0.83
J point - 013 * 137 097 - 028 167 1.19 - 006 £ 1.83 1.28
S point - 004 £ 0.80 0.57 007 + 082 0.58 - 008 * 120 0.85
F point 008 = 090 064 - 014 £ 091 04 - 013 £ 1.27 0.90
P point - 001 £ 062 043 004 = 085 0.60 - 018 ¥ 0.8 0.63
C point -019 = 086 0.61 - 027 £ 097 0.69 005 + 072 0.49

Table 2. Reproducibility of reference points
X auis Y axs ,  Zaxis

Mean * SD s Mean * SD SE Mean £SD  SE
Rl - 002 £ 030 0.21 0.08 + 0.50 0.35 - 030 £ 112 0.30
R2 0.03 * 0.34 0.23 0.10 £ 038 0.27 -030 = 112 0.80
R3 - 001 £ 041 0.28 0.09 £ 038 0.27 - 030 £ 112 0.80
R4 - 001 * 045 0.31 002 * 035 0.24 - 041 + 119 0.87
R5 - 001 * 046 0.31 - 003 £ 043 0.29 - 040 * 110 0.81
R6 0.00 £ 045 0.31 003 £ 041 0.29 - 030 £ 1.19 0.85
R7 - 002 * 013 0.09 0.09 + 0.32 0.23 0.01 £ 036 0.25

which was 0.31 in the x axis, 0.23 in the y axis, and
0.80 in the z axis. It was inferred that this resulted
from the difference between the pixel space (< 05
mm) and the slice thickness (I mm). This tendency
was also seen in the reproducibility of reference points
and I points which showed larger errors in the z axis
than in the x and y axis.

The reproducibility of V points were 0.58 in the x
axis, 0.66 in the y axis, and 0.83 in the z axis. These
error ranges were acceptable with regards to the pixel
space and slice thickness. But, J point, which was
defined by the sutures, showed larger errors than any
of the other points.

The mean, SD, and SE of each point are shown in
Table 2 to Table 7. Points R1, R2, and R3, which were

used to define the horizontal plane, showed the same
errors in the z axis. Points R4, RS, and R6, which were
used to define the mid-sagittal plane, showed the same
errors in the x axis (Table 2). Compared with R
points, I points showed increased errors in the x and
v axes, and a decreased error in the z axis (Table 3).

J points showed the largest error in all three axes.
On the contrary, C point, which was defined as the
showed relatively good
reproducibility (Table 4). Of all the points positioned
on the surface or line angle of the hone, S1 and S2
showed large errors in the x axis, 510 in the y axis,
and S4, S5, S9, and S10 in the z axis. The points
defined in the condyle head showed good repro-
ducihility (Table 5). The points defined by foramina

center of sella turcica,
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Table 3. Reproducibility of { points

0.44

n - 006 £ 065 0.45 - 017 £ 1.04 0.72 - 011 =

2 001 = 069 047 - 015 £ 097 0.68 - 012 = 067 047
3 - 005 £ 048 033 - 011 £ 0 0.38 - 023 £ 030 0.57
4 - 001 £ 043 0.29 - 001 £ 043 0.30 - 027 £ 092 0.66
s - 003 £ 039 0.27 016 = 08 059 - 029 £ 102 0.73
16 0.00 £ 0.23 0.16 013 £ 0.70 049 -029 £ 114 081

Table 4. Reproducibility of O, J, and C points

O point - 001 £ 045 031 - 009 £ 032 0.23 - 030 £ 112 0.80
J1 - 05 £ 1.33 1.00 -~ 036 £ 166 117 - 046 £ 117 099
J2 022 £ 157 1.09 - 022 £ 222 153 - 02 £ 117 083
J3 - 006 £ 114 0.78 - 024 £ 1.00 0.71 052 £ 258 1.81
C point ~ - 019 £ 08 0.61 - 027 £ 097 0.69 - 005 £ 072 049

Table 5. Reproducibility of S points

St - 045 £ 170 121 - 030 £ 093 0.67 - 037 £ 103 0.7
S2 004 = 1.74 119 - 015 £ 1M 0.72 -028 £108 - 077
S3 - 023 £ 045 0.35 - 010 £ 053 0.37 - 040 £ 126 091
54 - 003 £ 049 0.34 - 012 £ 063 0.44 001 = 172 1.18
S5 - 013 £ 061 043 027 T 034 061 027 £ 151 1.05
56 - 009 £ 036 025 005 £ 113 0.78 - 045 £ 132 0.96
S7 023 £ 086 0.61 021 * 072 0.51 - 011 £ 091 0.63
S8 - 007 £ 043 0.30 020 = 055 0.40 - 044 £ 136 099
S9 - 028 £ 085 0.62 050 = 0.98 0.76 - 024 £ 1862 1.13
510 0.08 £ 0.70 049 0.28 = 163 1.14 011 = 215 148
S11 018 £ 094 0.66 031 £ 073 0.54 011 £ 058 041
S12 - 047 £ 04 0.67 0.04 * 063 0.44 016 = 056 0.40
S13 000 £ 0.2 017 -0.18 + 053 0.39 005 = 086 0.59
S14 005 = 029 0.20 0.03 * 046 0.32 029 + 093 0.67
S15 006 = 027 0.19 0.00 £ 0.69 048 000 £ 0.72 0.50
S16 - 013 £ 029 022 - 006 £ 067 0.46 017 £ 077 054
S17 019 £ 060 0.44 006 £ 058 0.40 - 032 £ 132 0.93
S18 0.28 = 059 0.45 019 £ 0.39 0.30 - 002 £ 074 0.51
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Table 6. Reproducibility of F points
X axis Y axis : 7 avis
Mean + SD SE Mean + SD SE Mean *SD  SE
F1 007 + 043 0.30 - 0.08 = 060 0.42 -015 + 114 0.79
I2 - 004 * 037 0.26 - 017 £ 043 0.32 - 027 * 1.37 0.96
I3 0.08 * 1.03 0.71 - 026 £ 147 1.03 - 043 = 113 0.84
F4 012 + 1.19 0.82 -023 = 1.26 0.88 - 038 £ 1.20 0.86
F5 0.03 £ 0.74 0.51 - 020 £ 083 0.59 - 047 £ 1.09 0.82
F6 - 001 £ 070 (.48 - 019 £ 079 0.56 - 035 * 094 .69
E7 - 015 £ 114 0.79 - 001 £ 084 0.58 001 £ 1.24 0.86
F8 032 * 091 067 - 009 £ 076 0.53 - 007 * 086 0.59
9 022 + 062 0.45 - 012 £ 076 0.53 014 * 069 0.48
F10 - 012 £ 047 0.33 - 030 = 086 0.63 - 014 £ 079 0.95
Fl1 - 021 £ 099 0.70 007 = 111 0.77 030 * 155 1.08
F12 061 * 145 1.09 - 009 £ 098 0.68 021 * 241 1.66
Table 7. Reproducibility of P points
X axis Y axis Z-axis
Mean .2 SD SE Mean -2 SD SE Mean +-SD SE
P1 - 005 £ 073 051 - 019 + 1.30 0.90 - 022 = 060 0.44
P2 001 * 0.69 047 - 046 £ 099 0.75 - 070 £ 113 0.92
P3 0.03 * 0.96 0.66 -026 £ 05 0.42 - 037 * 141 1.00
P4 -004 £ 0% 0.65 043 * 0.5 0.48 - 016 & 060 0.42
P5 - 008 £ 044 0.31 015 £ 054 0.38 - 022 + 128 0.89
P6 0.06 * 040 0.28 021 £ 05 041 - 020 £ 114 0.79
pP7 006 £ 046 0.32 - 032 £ 098 0.71 - 025 * 056 0.42
P8 002 * 0.4 0.30 - 016 £ 097 0.67 - 008 * 038 0.27
P9 0.03 £ 050 0.34 008 = 081 0.56 - 004 £ 070 0.48
P10 - 013 + 059 0.42 004 £ 061 0.42 - 017 £ 090 0.63
P11 006 = 055 0.38 052 £ 082 0.67 - 006 £ 046 0.32
P12 - 010 = 051 0.36 043 = 0.4 .59 029 * 066 0.50
showed acceptable reproducihility with a tendency that DISCUSSION

the more definite the canal observed in the MPR
mode, the more accurate the identification (Table 6).
The points positioned at the end of the bony projection
showed smaller errors in the z axis than in the x or
y axis, which had an opposite tendency from the
otherpoints. Of course the errors in the x and y axes
were also small (Table 7).

The reproducibility of O point was absolutely
dependent on the reproducibility of R points used to
define the coordinate system. And the R points
showed axis dependence, which meant the error of the
7z axis showed larger errors than those of the x and y
axes. This tendency was reflected in the repro-
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ducibility of O points, 0.31 in the x axis, 023 in the y
axis, and 0.80 in the z axis. It was inferred that this
resulted from the difference between the pixel space
(< 0. 5mm) and the slice thickness (1 mm).

The reproducibility of R points was very accurate,
but by definition, some points had the same coordinate
value in a specific axis. For example, the z coordinates
of points R1, R2, and R3 were the same, and the x
coordinates of points R4, RS, and R6 were the same.
Since this might decrease the error of each point, it
was reasonable that the reproducibility of R points
should be inferred from that of I points. The
reproducibility of I points were 0.34 in the x axis, 0.58
in the vy axis, and 0.64 in the z axis, which were
relatively accurate. This meant it was very stable to
set the coordinate system using the landmarks marked
by voxels.

Despite the difference between the pixel space and
slice distance, the reproducihility of = volumetric
landmarks showed a similar range of errors in all three
axes, 0.17 ~ 1.21 in the x axis, 0.30 ~ 153 in the y axis,
and 0.27 ~ 1.81 in the z axis. This might be because
the large slice thickness would make more apparent
changes in the anatomical structure around some
landmarks, which made a more accurate selection
possible. One other plausible cause might be that the
large z axis error of O point could mask the z axis
error of other volumetric points. The contribution of
each cause could not be discriminated in this study.
This might be made possible after the development of
a program which could export the DICOM coordinate
directly in the near future.

The reproducibility of each landmark did not show
an apparent difference according to the position in the
3D model. This might be because the landmarks were
selected in the MPR mode, not in the volume model.
So the coordinate values of landmarks which could be
apparently defined in the MPR mode showed smaller
errors, and vice versa. This made a large difference in
the reproducibility of each axis in the same landmark,

Generally, the landmark defined by the sutures
could not be defined as a point or angular point in the
MPR mode. So the reproducibility was relatively low.
The other landmarks defining a point or angular point
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in the MPR mode showed a relatively small error. C
point defined as the center of sella turcica showed a
unique high reproducibility in spite of not being
defined on the volume model, especially in the z axis.

CONCLUSIONS

Cephalometric  landmarks wused for orthodontic
diagnosis are only 2D projections of 3D anatomical
structures. This might evoke a projection error as even
the earliest investigators have known. Although the
projection error could not lower the diagnostic value of
orthodontic cephalometry, it might be meaningful to
define the 3D landmarks and investigate the
reproducibility of the landmarks to seek the anatomical
truth in the oral and maxillofacial area. The
reproducibility of each landmark was 0.17 ~ 1.21 in the
x axis, 0.30 ~ 1.53 in the y axis, and 0.27 ~ 1.81 in the
z axis, all three axes showed similar ranges of error.
These error ranges were acceptable with regards to the
pixel space and slice thickness. It was thought that the
reproducibility of the landmarks was determined mainly
according to the degree of demarcation in the MPR
mode, not the position in the volume model. The most
reproducible points were I points which were selected on
the basis of the volume model. The least reproducible
points were ] points which were defined by the sutures,
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