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Measurement accuracy of a computer-assisted three-dimensional analysis

and a conventional two-dimensional method

Huseyin Olmeza; Serkan Gorgulub; Erol Akina; Ali Osman Bengic; İbrahim Tekdemird; Fatih Orse

ABSTRACT
Objective: To determine the differences between manual and cephalometric measurements on
different sections of the human skull, which were obtained using computer-assisted three-
dimensional (3D) analysis and conventional two-dimensional (2D) techniques.
Materials and Methods: Measurements were carried out on 13 dry human skulls, then 2D
cephalograms and 3D computed tomographic (CT) images were obtained. Anatomic landmarks
were determined and marked with clay before CT images were taken, and the same landmarks
were marked with the help of metallic balls and pins for lateral and frontal cephalograms. Manual,
lateral/frontal cephalometric, and computer-assisted 3D cephalometric measurements were
compared statistically. One-way analysis of variance and Tukey Honestly Significant Difference
tests were used to compare the results among the groups.
Results: All measurements were statistically insignificant between the computer-assisted 3D and
manual measurements. On the other hand, the differences between the conventional 2D and the
manual measurements were statistically significant. The greatest amount of magnification was
found at the Nasion-Menton distance (14.6%), which was located at the farthest distance from the
central x-ray beam in the lateral cephalogram (P , .01). For the same reason, the greatest
enlargement (16.2%) was observed in the distance between the zygomaticomaxillary sutures on
the conventional frontal cephalogram (P , .01).
Conclusions: The computer-aided 3D cephalometric measurements were found to be more
accurate than the conventional cephalometric measurements. The results revealed that 3D
cephalometric measurements were consistent with the manual measurements. In addition, the
magnification and distortion might limit the results of conventional cephalometric measurements.
(Angle Orthod. 2011;81:375–382.)
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INTRODUCTION

The craniofacial skeleton is one of the most complex
regions of the human body and a difficult area to
analyze. Cephalometric radiography is used to de-
scribe the morphology and growth of the craniofacial
skeleton, to predict growth, to develop treatment plans,
and to evaluate treatment results. On the other hand,
reliable and accurate evaluation is difficult because of
the inherent geometric magnification, distortion, and
super-positioning of craniofacial structures.1–6 These
shortcomings of conventional imaging techniques led
to the development of alternative cephalometric
analysis approaches.

Three-dimensional (3D) imaging techniques are
becoming increasingly popular and have allowed for
the development of new possibilities in the arena of
orthodontic diagnosis and treatment assessment.7,8

The accuracy of 3D-rendered images had been
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previously evaluated,9,10 and the findings showed that
direct 3D measurements were highly accurate, with no
significant discrepancies from manual measurements.
3D imaging techniques comprise a noninvasive meth-
od. One of the best examples is cone beam
tomography (CBCT). According to Swennen and
Schutyser,11 conventional computed tomography (CT)
has a 0.93-mSv effective dose, whereas CBCT offers
an 0.05-mSv effective dose for imaging of the cranium.

Recently, Materialise’s Interactive Medical Image
Control System (Mimics, Materialise, Leuven, Bel-
gium) has become one of the most common forms of
3D cephalometry software in orthodontics.12 Neverthe-
less, to date, the accuracy of 3D cephalometric
analysis has not been compared with that of manual
measurements.

The aims of this study were to determine the
accuracy of manual and cephalometric measure-
ments, which were obtained by a computer-assisted
3D analysis system and conventional two-dimensional
(2D) system, and to compare the differences between
these measurements on different sections of human
skull.

MATERIALS AND METHODS

Thirteen human adult dry skulls, on which landmarks
were designated with clay markers (Figures 1 and 2)
were scanned with a Philips MX 8000 IDT Multi-slice
CT System (V 2.5; Philips Medical Systems, The
Netherlands) with a high-resolution bone algorithm,
512 3 512 matrix, 120 kV, and 100 mA. Axial scans
were obtained with a 1-mm slice thickness and parallel
to the Frankfurt horizontal plane. The 3D model of the

axial images was reconstructed using Mimics v12.01
(Materialise) software, and 3D cephalometric analyses
were performed (Figures 3 and 4).

Standard lateral and frontal cephalograms of the dry
skulls, on which clay markers were replaced with metallic
balls and pins, were taken by Odontorama PC (85kV,
10 mA; Trophy Radiologie, Croissy-Beauborg, France)
(Figures 5 and 6). In order to avoid the measurement
errors, the diameter of clays and balls and the length of
the pins were adjusted to 3 mm. Since the slice thickness
was less than 1 mm, 3D images of the markers were
achieved accurately. All metric measurements were
made between the outermost points of balls and pins
during manual and 3D virtual model measurements. All
measurements on 2D radiograms were made between
the center points of pins and balls.

A 6-inch digital caliper (MSI-Viking Gage, Duncan,
SC), accurate to 0.001 inch and to a resolution of
0.0005 inch, was used to measure the distance directly
between the selected landmarks on dry skulls.

In all cephalometric analyses, 18 landmarks and 29
measurements (17 lateral and 12 frontal) were used
(Figures 7 and 8; Tables 1 and 2).13 Measurements
were evaluated in three groups, as follows: (1) group I:
computer-assisted 3D cephalometric measurements;
(2) group II: physical cephalometric measurements;
and (3) group III: conventional 2D cephalometric
measurements.

Statistical Method

All statistical analyses were performed using the
SPSS software package (Statistical Package for Social
Sciences for Windows, version 13.0, SPSS Inc,

Figure 1. Lateral view of the dry skull. Figure 2. Frontal view of the dry skull.
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Chicago, Ill). Statistical significance was set to P , .05.
The normality of data was analyzed with the Shapiro-
Wilk’s test. In order to compare the changes between
the measurements in groups, one-way analysis of
variance and Tukey Honestly Significant Difference
tests were performed.

Method Error

Four weeks after the first measurements, all
radiographs, 3D images, and dry skulls were remea-

sured by the same author. A paired-samples t-test was
applied. The differences between the first and second
measurements of the parameters were insignificant.
Correlation analysis yielded the highest r value, 0.995,
for the intergonial distance among the dry skull
measurements and the lowest r value, 0.786, for the
distance between right porion and A point among the
conventional 2D cephalometric measurements. The
error of the method was calculated using Dahlberg’s
formula. The values changed from 0.479 to 0.976 and
were within acceptable limits.

Figure 3. Lateral view of computer-assisted 3D image of the

dry skull.

Figure 4. Frontal view of computer-assisted 3D image of the

dry skull.

Figure 5. Conventional lateral cephalogram of the dry skull.

Figure 6. Conventional frontal cephalogram of the dry skull.
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RESULTS

Table 3 shows the descriptive statistics (mean and
standard deviation) of cephalometric variables of all
three groups (Group I: Computer Assisted 3 D
Cephalometry, Group II: Physical Cephalometry,
Group III: Conventional Cephalometry) and the statis-
tical comparison of mean values. The comparison of
the groups revealed statistically insignificant differenc-
es between the first and second groups. On the
contrary, statistically significant changes were found
between the second and third groups. The same

statistically significant differences were also observed
between the first and third groups.

DISCUSSION

Imaging is one of the most widespread tools used to
measure and record the size and form of craniofacial
structure in orthodontics. The main goal of imaging is
to replicate the anatomic truth to show the 3D
anatomy. To reduce costs and risk, orthodontists
routinely use 2D static imaging techniques to record
the 3D anatomy of the craniofacial region.

Figure 7. Landmarks and planes used in lateral cephalometric

evaluation.
Figure 8. Landmarks and planes used in frontal cephalometric

evaluation.

Table 1. Landmarks Used in Cephalometric Analysis

Symbol Meaning Characteristics

N Nasion The most anterior point of frontonasal suture in median plane

Gla Glabella The most inferior aspect of the forehead

A A point The point at the deepest midline concavity on maxilla between anterior nasal spine

and prosthion

B B point The point at the deepest midline concavity on mandibular symphysis between

infradentale and pogonion

Pog Pogonion The most anterior point of bony chin in median plane

ANS Anterior nasal spine The tip of the bony anterior nasal spine, in median plane

Go Gonion The lowest intersection point of ramus and corpus

Me Menton The most inferior midline point on mandibular symphysis

OrR Orbitale right The lowest point in inferior margin of the right orbit

OrL Orbitale left The lowest point in inferior margin of the left orbit

PoR Porion right The superior point of the right external auditory meatus

PoL Porion left The superior point of the left external auditory meatus

CorR Coronoid right The supero-anterior point of right coronoid process

CorL Coronoid left The supero-anterior point of left coronoid process

ZyFrnR Zygomaticofrontal right The most lateral point on the right zygomaticofrontal suture

ZyFrnL Zygomaticofrontal left The most lateral point on the left zygomaticofrontal suture

ZyMaxR Zygomaticomaxillary right The most lateral point on the right zygomaticomaxillary suture

ZyMaxL Zygomaticomaxillary left The most lateral point on the left zygomaticomaxillary suture
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Cephalograms have been widely used as clinical
tools and research techniques. Because of the
erroneous assumptions inherent in traditional 2D
cephalometrics, use of this method for deriving clinical

information as a basis for planning treatment has been
questioned.14–16 The most significant issue is that a
conventional head film is a 2D representation of a 3D
object. Structures are displaced vertically and horizon-
tally in proportion to their distance from the film or
recording plane.

Cephalometric analyses are based on the assump-
tion of a perfect superimposition of the right and left
sides about the midsagittal plane, but this condition is
observed infrequently because facial symmetry is
rare.17 Another problem is attributed to radiographic
projection error, which includes the size of magnifica-
tion and the distortion pertaining to the film/patient/
focus geometric relationships.18 This primarily refers to
the differential magnification created by projection
distance among the imaging device, recording device,
and a 3D object. Manual data collection and process-
ing in cephalometric analysis have been shown to
have low accuracy and precision19 pertaining to
ambiguity in locating anatomical landmarks as a result
of the lack of well-defined outlines, hard edges, and
shadows, as well as variations in patient position.20

Table 2. Measurements Used in Cephalometric Analysisa

Lateral Frontal

ANS-Me Gla-GoL

N-ANS Gla-GoR

N-Me Gla-OrL

CorL-A Gla-OrR

CorR-A Gla-ZyFrnL

CorL-Pog Gla-ZyFrnR

CorR-Pog Gla-ZyMaxL

CorL-GoL Gla-ZyMaxR

CorR-GoR ZyFrL-ZyFrR

PoL-A ZyMxL-ZyMaxR

PoR-A GoL-GoR

PoL-B OrL-OrR

PoR-B

PoL-OrL

PoR-OrR

PoL-ZyFrnL

PoR-ZyFrnR

a Please reference Table 1 for definitions of symbols.

Table 3. Descriptive and Statistical Comparison of Groupsa

Group I

Com.As.3D Ceph

Group II

Physical Ceph

Group III

Conven. Ceph ANOVA

Multiple Comparison

Mean SD Mean SD Mean SD F P

Group I-

Group II

Group I-

Group III

Group II-

Group III

ANS-Me 56.932 4.331 56.668 4.152 64.778 5.733 12.045 .000*** .989NS .001** .000***

N-ANS 51.380 4.044 51.275 3.992 56.846 4.525 7.505 .002** .998NS .006** .005**

N-Me 101.307 11.227 100.778 10.781 115.577 9.899 7.518 .000*** .990NS .000*** .000***

CorL-A 71.544 2.224 72.061 1.460 56.807 2.810 72.883 .000*** .728NS .000*** .000***

CorR-A 72.902 2.559 71.694 3.897 55.769 5.215 195.334 .000*** .826NS .000*** .000***

CorL-Pog 95.815 1.734 95.223 2.142 92.846 2.375 5.002 .012* .997NS .028* .023*

CorR-Pog 95.357 3.185 95.532 7.472 89.269 5.761 7.274 .002** .755NS .003** .018*

CorL-GoL 59.425 2.299 57.672 2.067 62.308 3.816 6.227 .005** .478NS .049* .004**

CorR-GoR 60.113 3.099 59.034 1.559 62.231 2.127 8.859 .000*** .269NS .036* .001**

PoL-A 110.249 4.426 108.375 6.412 101.769 4.045 10.043 .000*** .617NS .000*** .006**

PoR-A 110.276 4.281 108.781 5.611 98.769 4.919 20.630 .000*** .725NS .000*** .000***

PoL-B 123.565 3.048 123.410 3.120 118.154 4.616 9.176 .000*** .994NS .002** .002**

PoR-B 122.120 4.079 121.163 4.883 116.500 3.808 6.413 .000*** .837NS .005** .023*

PoL-OrL 81.777 3.924 80.827 4.432 88.308 4.733 3.243 .031* .781NS .003** .048*

PoR-OrR 81.436 2.123 82.335 1.966 84.538 3.357 5.059 .012* .646NS .010* .046*

PoL-ZyFrnL 77.423 3.239 76.526 3.403 80.692 5.313 3.728 .034* .843NS .036* .036*

PoR-ZyFrnR 77.465 3.545 76.838 2.828 73.346 4.506 4.699 .015** .902NS .019* .034*

Gla-GoL 130.710 3.295 129.453 4.026 123.769 1.922 17.340 .000*** .581NS .000*** .000***

Gla-GoR 130.982 3.862 130.373 3.104 123.722 2.587 19.976 .000*** .881NS .000*** .000***

Gla-OrL 54.404 3.167 54.565 3.996 59.577 4.924 6.715 .003** .994NS .007** .010*

Gla-OrR 53.482 5.055 53.346 4.968 57.846 5.786 3.053 .045* .998NS .034* .031*

Gla-ZyFrnL 57.539 2.010 56.363 2.639 61.462 4.151 9.847 .000*** .595NS .007** .000***

Gla-ZyFrnR 57.009 2.450 55.723 2.416 60.654 4.120 8.853 .001** .546NS .013* .001**

Gla-ZyMaxL 81.320 1.987 80.485 2.553 72.462 5.607 22.269 .000*** .837NS .000*** .000***

Gla-ZyMaxR 80.704 2.787 80.317 3.059 74.231 4.919 12.442 .000*** .962NS .000*** .001**

ZyFrL-ZyFrR 104.668 2.943 103.707 2.137 114.038 4.294 40.125 .000*** .733NS .000*** .000***

ZyMxL-ZyMaxR 94.236 4.940 93.908 3.344 109.154 4.616 51.987 .000*** .98NS .000*** .000***

GoL-GoR 93.055 4.921 93.045 4.765 96.692 5.418 5.261 .019* .902NS .036* .031*

OrL-OrR 68.574 8.620 68.027 8.478 77.692 9.997 4.671 .016* .987NS .038* .026*

a Please reference Table 1 for definitions of symbols. ANOVA indicates analysis of variance; NS (superscripted), not significant; * P , .05; ** P

, .01; *** P , .001.
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In order to eliminate the disadvantages of conven-
tional cephalometric evaluations, new methods have
been developed to provide 3D representations of the
craniofacial complex. Computer-aided tomography
and software were considered to minimize errors and
achieve a 3D representation of the craniofacial
complex.21–25

CT differs from traditional cephalometric radiography
in that it uses a computer to generate the image and
then allows multiple CT slices to be stacked to give an
idea of the 3D form. Cephalometric measurements can
be taken by digitizing points in 3D coordinates.7

MimicsH is an interactive tool for the visualization and
segmentation of CT images as well as magnetic
resonance imaging data and 3D rendering of objects.
Information about height, width, volume, and surface is
available for every 3D model. With Mimics software, we
can perform point-to-point measurements on 3D
reconstructions. SurgiCase CMFH (CMF, cranio-max-
illofacial) is a user-friendly, CT-based software of
MimicsH, designed for planning of CMF operations.
SurgiCase CMF presents detailed presurgical informa-
tion, in both 3D and 2D imaging, which allows us to
accurately evaluate the patient’s anatomy, perform
cephalometric analyses, plan reconstructive surgery
(osteotomies and distractions), relocate bone parts,
and simulate soft tissue outcome.12

All of the anatomic landmarks and measurements in
this study are being commonly used in orthodontic
investigations. The only exception was the coronoid
point (Cor). The Cor was preferred to the condylion
point (Co), because Co points could not have been
identified, as a result of the attachment of the dry skull’s
mandible to the cranium at the point of the condyles,
with a clay stick. In addition, the points, which were
determined by superposition of two structures, such as
the articulare point (Ar), were not preferred in this study
because of the impossibility of identifying them by
manual and 3D-CAD/CAM (Computer Aided Design/
Computer Aided Manufacturing) techniques.

Identifications of landmarks are very important in
comparative studies. Although the landmarks could be
determined on computer software, clay and metallic
markers were placed on dry skulls to use the exact
same points in all measurements. Clay markers were
preferred to the metallic markers to prevent artifacts
during the CT imaging. 3D-CAD/CAM was calculated
using these markers. Then clay markers were replaced
with metallic balls and pins for lateral and frontal
cephalograms (pins were used to identify the right
anatomic structures and balls were used for the left-
side and midsagittal landmarks). Manual and conven-
tional cephalometric measurements were calculated
using metallic balls and pins. Pins and balls were
placed in the center of the clays. Thus, the inaccuracy

between measurements, which might be attributable to
the different markers, could have been prevented. At
the same time, clays were used to attach the pins and
the balls to skulls.

Linear measurements were preferred in this analysis
because of the difficulties of calculating the angular
measurements on dry skulls.26,27 In terms of the
comparison of the differences between the 3D
computer-assisted cephalometric and manual cepha-
lometric measurements, all 29 measurements did not
indicate significant differences.

Previous reports25,27–29 showed that 62 mm or 62u
provided a potential threshold for clinically meaningful
differences. Our findings indicated that the mean
differences between the 3D computer-assisted ceph-
alometric and manual cephalometric measurements
were less than 2 mm for all 29 measurements, and
they showed the accuracy of 3D computer-assisted
cephalometry, which is in line with the results of
Cavalcanti et al.,10 Lopes et al.,30 and Bassam et al.31

The authors suggested performing cephalometric
analysis on 3D-rendered models, which seemed to
be the most appropriate approach in terms of accuracy
and convenience.

The comparison of manual and conventional ceph-
alometric measurements indicated significant differ-
ences. Statistically significant increases were found in
17 measurements, which might be related to magni-
fication. Structures farthest from the film were magni-
fied more than those that were closer to the film. In
addition, divergence of the x-ray beam from its source
to the recording device would alter the anatomic
truth.19 The range of magnifications was between
2.6% and 14.6%, and more magnification was ob-
served in the structures, which were located away from
the central x-ray photons.

X-ray photons emanate from the tube-head x-ray
source in a divergent pattern; thus, there was always a
varying amount of magnification of the object in any
radiograph. The degree of magnification is determined
by the ratio of the distance from the x-ray source to the
object and the distance from the x-ray source to the
film. The larger the distance that exists from the object
being imaged to the film plane, the greater the
magnification that occurs. The degree of magnification
changes between the objects close to the film and in
the exact center of the x-ray beam, and it ranges from
0% to 24% magnification for the distance of 60 mm or
greater from the central x-ray beam. This magnification
is unfortunately not constant.13 In the current study,
although the points like N and Me were on the same
plane, large differences were observed between 2D
and 3D techniques because of the distance between
the points and the central beam.
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Statistically significant decreases were found in 12
measurements between 2D and 3D techniques. The
shortness of the measurements with corion (Cor) and
porion (Po) in the lateral cephalogram and gonion (Go)
and zygomaticomaxillary sutures (Zymax) in the frontal
cephalogram can be supported by the fact that when a
point is placed outside of the midsagittal plane, it
cannot be accurately represented in a 2D cephalo-
gram. In addition, the projection of these oblique
distances on the midsagittal plane should be shorter
than the real distance. Moreover, the calculated
distance between the points on the lateral and frontal
cephalograms consisted of only two coordinates,
unlike the three coordinates of the dry skull. Therefore,
distances on the 2D were only calculated as the sum of
the ‘‘x’’ and ‘‘y’’ deviations, whereas in the 3D dry skull,
the ‘‘z’’ deviation was added.32

In comparing 3D computer-assisted cephalometric
measurements and conventional cephalometric mea-
surements, all differences were found to be statistically
significant. The findings were very similar to those
associated with the comparison between manual
cephalometric and conventional cephalometric mea-
surements. This result also supported the findings of
the accuracy of computer-assisted 3D cephalometric
measurements and the distortion of the conventional
cephalometric measurements.

In lateral cephalograms, when we compared the
bilateral structures, the left-side measurements were
greater than the right-side measurements (coronoid to A
point, gonion and pogonion-porion to A and B points,
orbita, zygomaticofrontal suture) as a result of film–
object-tube orientation. The radiographs were at the
right side of the dry skulls during the x-ray exposure;
therefore, the enlargement of the structures on the left
side occurred on the radiographic projection. On the
other hand, there was no difference in size between
bilateral structures in 3D cephalometry because the x-
ray source turned the object around. Moreover, head
inclination affects the conventional cephalometry, which
is not the case with the computer-assisted technique.33,34

Conventional spiral CT uses more radiation than
does the CBCT. However, since human skulls were
used in the current study, it was not necessary to pay
attention to the radiation dose. On the contrary, CBCT
might be preferred in in vivo studies in order to avoid
excessive radiation exposure.

Although CT and 3D cephalometry techniques are
accurate and almost perfect for the imaging of
craniofacial structures, they present some disadvan-
tages (higher cost, difficulty associated with the
definition of anatomical landmarks and 3D angles on
3D, non–user-friendly interface of 3D cephalometric
software, insufficient database storage) that may limit
their routine application in actual patients. On the other

hand, because of the long-term utilization, convention-
al cephalometry has wide-ranging database and
reference values. Low cost and easy accessibility are
the other advantages of this technique.

When the database of computer-assisted cephalo-
metric analysis is composed, radiation exposure and
cost will be decreased significantly. Therefore, CBCT
may become prevalent soon, and it might eventually
replace conventional cephalometry.

CONCLUSIONS

N CT scans have more accurate high-resolution
images for measurement of hard tissue structures
than do conventional 2D cephalometric measure-
ments, and these measurements are within the 62-
mm range. CT scans provide much more precise
evaluation of linear measurements.

N However, the cost, high-dose radiation, and the need
for suitable new measurements and absence of a
database and current population norms associated
with the computer-assisted cephalometry make it
impractical for routine clinical use in orthodontics.

ACKNOWLEDGMENT

We are very grateful to 4C Engineering for their help in
rendering the 3D measurements and for providing us with the
necessary data.

REFERENCES

1. Hixon EH. Cephalometrics and longitudinal research.
Am J Orthod Dentofacial Orthop. 1960;46:36–42.

2. Bjork A, Solow B. Measurements on radiographs. J Dent
Res. 1962;41:672–683.

3. Kragskow J, Sindet-Pedersen S, Gyldensted C, Jensen CL.
A comparison of three-dimensional computed tomography
scans and stereolithographic models for evaluation of
craniofacial anomalies. J Oral Maxillofac Surg. 1966;54:
402–411.

4. Baumrid S, Frantz RC. The reliability of headfilm measure-
ments. I. Landmark identification. Am J Orthod Dentofacial
Orthop. 1971;60:111–127.

5. Baumrid S, Frantz RC. The reliability of headfilm measure-
ments. II. Conventional angular and linear measures.
Am J Orthod Dentofacial Orthop. 1971;60:505–517.

6. Tyndall DA, Renner JB, Phillips C, Matteson SR. Positional
changes of the mandibular condyle assessed by three-
dimensional computed tomography. J Oral Maxillofac Surg.
1992;50:1164–1172.

7. Halazonetis DJ. From 2-dimensional cephalograms to 3-
dimensional computed tomography scans. Am J Orthod
Dentofacial Orthop. 2005;127:627–637.

8. Park SH, Yu HS, Kim KD, Lee KJ, Baik HS. A proposal for a
new analysis of craniofacial morphology by 3-dimensional
computed tomography. Am J Orthod Dentofacial Orthop.
2006;129:623–634.

9. Cavalcanti MG, Vannier MW. Quantitative analysis of spiral
computed tomography for craniofacial clinical applications.
Dentomaxillofac Radiol. 1998;27:344–350.

ARE THE CEPHALOMETRIC MEASUREMENTS ACCURATE? 381

Angle Orthodontist, Vol 81, No 3, 2011



10. Cavalcanti MG, Rocha SS, Vannier MW. Craniofacial
measurements based on 3D-CT volume rendering: implica-
tions for clinical applications. Dentomaxillofac Radiol. 2004;
33:170–176.

11. Swennen GR, Schutyser F. Three dimensional cephalom-
etry: spiral multi slice vs cone-beam computed tomography.
Am J Orthod Dentofacial Orthop. 2006;130:410–416.

12. Materialise. Available at: http://www.materialise.com/
BiomedicaLRnD/application-areas/measurements-analyses
accessed on 08/08/2009.

13. Jacobson A, Jacobson R. Radiographic Cephalometry from
Basics to 3D Imaging. 2nd ed. Istanbul, Turkey: Quintes-
sence Publishing; 2006.

14. Bookstein FL. The geometry of craniofacial invariants.
Am J Orthod Dentofacial Orthop. 1983;83:221–234.

15. Hixon EH. The norm concept in cephalometrics. Am J Orthod
Dentofacial Orthop. 1956;42:898–906.

16. Moyers RE, Bookstein FL. The inappropriateness of
conventional cephalometrics. Am J Orthod Dentofacial
Orthop. 1979;75:599–617.

17. Athanasiou AE. Orthodontic Cephalometry. London, UK:
Mosby-Wolfe; 1977.

18. Quintero JC, Trosien A, Hatcher D, Kapila S. Craniofacial
imaging in orthodontics: historical perspective, current
status, and future developments. Angle Orthod. 1999;69:
491–506.

19. Hatcher DC. Maxillofacial imaging. In: McNeill C, ed.
Science and Practice of Occlusion. Chicago, Ill: Quintes-
sence Publishing; 1977:349–364.

20. Macri V, Athanasiou AE. Sources of error in lateral
cephalometry. In: Athanasiou AE, ed. Orthodontic Cepha-
lometry. London, UK: Mosby-Wolfe; 1997:125–160.

21. Cutting C, Grayson B, Bookstein FL, McCarthy JA.
Computer aided planning and evaluation of facial and
orthognathic surgery. Clin Plast Surg. 1986;13:449–462.

22. Mavili MM, Canter HI, Saglam Aydinatay B, Kamaci S,
Kocadereli I. Use of three-dimensional medical modeling
methods for precise planning of orthognathic surgery.
J Craniofac Surg. 2007;18:740–747.
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