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In Vivo Comparison of Conventional and
Cone Beam CT Synthesized Cephalograms

Vandana Kumar2; John Ludlow®; Lucia Helena Soares Cevidanesc; André Mol

ABSTRACT

Objective: To compare measurements from synthesized cone-beam computed tomography
(CBCT) lateral cephalograms using orthogonal and perspective projections with those from con-
ventional cephalometric radiographs.

Materials and Methods: Thirty-one patients were imaged using CBCT and conventional cepha-
lometry. CBCT volume data were imported in Dolphin 3D. Orthogonal and perspective lateral
cephalometric radiographs were created from three-dimensional (3D) virtual models. Twelve linear
and five angular measurements were made on synthesized and conventional cephalograms in a
randomized fashion. Conventional image measurements were corrected for known magnification.
Linear and angular measurements were compared between image modalities using repeated
measures analysis of variance. Statistical significance was defined as an « level of .01.
Results: With the exception of the Frankfort-mandibular plane angle (P < .0001), angular mea-
surements were not statistically different for any modality (P > .01). Linear measurements, wheth-
er based on soft or hard tissue landmarks, were not statistically different (P > .01).
Conclusions: Measurements from in vivo CBCT synthesized cephalograms are similar to those
based on conventional radiographic images. Thus, additional conventional imaging may generally
be avoided when CBCT scans are acquired for orthodontic diagnosis.
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INTRODUCTION

Cephalometry is an essential clinical and research
tool in orthodontics. It has been used for decades to
obtain absolute and relative measures of the cranio-
facial skeleton. Lateral cephalograms are two-dimen-
sional (2D) radiographs that are used to depict three-
dimensional (3D) structures. Consequently, cephalo-
grams have inherent limitations as a result of distortion
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and differential magnification of the craniofacial com-
plex. This may lead to errors of identification and re-
duced measurement accuracy.'s

Three-dimensional imaging techniques are becom-
ing increasingly popular and have opened new pos-
sibilities for orthodontic diagnosis and treatment as-
sessment.* Despite the usefulness of computed to-
mography (CT), the high cost and relatively high ra-
diation exposure make this modality unsuitable for
orthodontic purposes.®

The introduction of maxillofacial cone beam CT
(CBCT) has made 3D imaging more readily available
for dental applications. The advantages of CBCT over
CT include low radiation dose, lower cost, potentially
better access, and high spatial resolution.®® While 3D
analysis for diagnosis and treatment undergoes clini-
cal validation, 2D image simulation tools may be used
on 3D volumes and can help bridge the gap between
2D and 3D image types. CBCT image data can be
used to simulate panoramic, lateral, and posteroante-
rior cephalometric radiographs so that they can be
compared with preexisting image databases.®°

A previous study suggested that measurements
from CBCT synthesized cephalograms are similar to
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Figure 1. Orientation of the three-dimensional virtual model to generate the cephalograms.

those from conventional cephalograms in vitro." The
purpose of this study was to determine whether CBCT
synthesized cephalograms provide the same mea-
surement as conventional cephalograms when applied
to patients. The specific aims were to test the null hy-
potheses that cephalometric measurements are not
different for conventional cephalometric radiographs
and synthesized CBCT cephalograms using either
perspective or orthogonal reconstruction algorithms.

MATERIALS AND METHODS

Thirty-one patients (13 male, 18 female; 21.6 = 7.9
years) treated in the Dentofacial Deformities Program
at the School of Dentistry were recruited for this study.
Informed consent was obtained from all subjects, and
the study was approved by the Institutional Review
Board.

Conventional cephalograms were acquired by po-
sitioning the patients in a cephalostat in natural head
position (Wehmer Cephalostat, Addison, lll). The
source-midsagittal plane distance was 152.4 cm (5
feet). A photostimulable phosphor plate was used as
the detector and positioned 11.5 cm from the midsag-
ittal plane. The plate was scanned at 300 dpi (Digora
PCT, Soredex USA, Milwaukee, Wis).

CBCT scans were made before orthognathic sur-
gery with the NewTom 3G (AFP Imaging, Elmsford,
NY). The imaging protocol used a 12-in field of view
to include the entire facial anatomy. The axial slice
thickness was 0.3 mm, and the voxels were isotropic.
The axial images were imported in Dolphin 3D (pre-
release version 1, Dolphin Imaging & Management
Systems, Chatsworth, Calif). Although the Dolphin im-
aging software has been constantly updated, the up-
dated features refer to improvement of 3D rendering
algorithms and functionality. The Dolphin version used
in this study uses the same procedures as the current
version of Dolphin 10 to generate radiographic images
and 2D cephalometric tracing and analysis. A 3D vir-
tual model was created from the study and carefully
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oriented to generate the 2D cephalogram. Using axial,
coronal, and sagittal views, the midsagittal plane of the
model was oriented vertically, the transporionic line
was oriented horizontally and the Frankfort horizontal
plane was oriented horizontally (Figure 1).

An angle-measuring instrument (Original True An-
gle, Quint Measuring Systems, San Ramon, Calif) was
used to simulate the conventional cephalogram ori-
entation. One scale of the instrument was placed par-
allel to the monitor screen, and the other scale was
placed touching the most prominent points of the pa-
tient's mid-frontal bone and the mid-symphyseal re-
gion of the mandible in the conventional cephalogram.
The angle was reproduced on the right sagittal view
of the 3D virtual model in Dolphin 3D.

Next, orthogonal and perspective radiographs were
built from the reoriented model (Figure 2). The orthog-
onal projection was created by parallel rays. Perspec-
tive radiographs were created simulating the geometry
of the conventional cephalometric radiographs with the
midsagittal plane of the patient corrected for 1:1 mea-
surement. Measurements for conventional cephalo-
grams were adjusted for the 7.5% midsagittal magni-
fication.

Dolphin imaging software (version 9.0.00.24) was
used for cephalometric tracings of the 2D images. This
study compared 12 linear and 5 angular measure-
ments based on soft- and hard-tissue landmarks (Ta-
ble 1). The measurements were selected to include
both vertical and anteroposterior components of the
craniofacial form. The landmarks on which these mea-
surements were based represented both midsagittal
and bilateral anatomic structures with different de-
grees of identification difficulty. The measurements
were made by a single operator (Vandana Kumar) in
a randomized fashion.

Reproducibility of the measurement techniques
used in this study was validated in a previous study of
10 dry skulls.” Measurements made by the same ex-
aminer using the same protocol as the current study
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Figure 2. Subject exhibiting severe mandibular asymmetry: (A) orthogonal cone-beam computed tomography projection without magnification;
(B) perspective projection with 7.5% simulated magnification; (C) conventional cephalogram with inherent magnification of 7.5%.

were made three times with a week’s separation be-
tween measurement sessions. When assessed with
multivariate repeated measures analysis of variance
(MANOVA), no statistical difference was found be-
tween repeated measurements (P > .05).

Statistical Analysis

MANOVA was used to compare the three radio-
graphic modalities for each measurement. Because
multiple measurements were investigated, the risk of
a type | error is increased. Although the Bonferroni
correction for multiple comparisons would suggest an
alpha level of .003 for a two-tailed test, a more liberal
alpha level of .01 was selected. For pairings of each
modality and each measurement, the percentage of
measurements within =2 mm or 2° is also reported.
This is provided as a potential threshold for clinically
meaningful differences.

RESULTS

Table 2 shows that the three cephalometric modal-
ities were not statistically different for any of the 12
linear measurements. The percent of errors within 2

Table 1. Measurements Used in the Study2

mm is noted for pairings of each modality. Table 3
shows that a statistical difference between cephalo-
metric modalities was only present for Frankfort-man-
dibular plane angle (FMA) (P < .0001). Only 16% of
comparisons of perspective CBCT and conventional or
orthogonal CBCT and conventional were within *=2°
for this measurement.

DISCUSSION

Cephalometry is a valuable tool for diagnosing skel-
etal imbalance and for assessing growth, response to
treatment, and long-term stability after orthodontic
treatment. Cephalometric evaluation of patients with
orthodontic needs has traditionally been performed by
lateral and frontal cephalograms. These methods are
well established and have resulted in several large da-
tabases of clinically normal and treated patient popu-
lations. Since standard population norms are not avail-
able for 3D CBCT volumes, patients for whom CBCT
data are acquired may be subjected to further radiation
exposure for the acquisition of traditional lateral ceph-
alograms and panoramic radiographs. Unlike conven-
tional cephalograms, CT has no inherent distortion of

Linear Measurements

Angular Measurements

LFH: Lower face height (ANS-Me)

UFH: Upper face height (N-ANS)

TFH: Total anterior face height (N-Me)

MnL: Mandibular unit length (Co-Gn)

MxL: Maxillary unit length (Co-ANS)

AN: A to N with respect to true vertical

BN: B to N with respect to true vertical

PgN: Pg to N with respect to true vertical

OJT: Overijet

ST(LN): Lower lip to N with respect to true vertical (soft tissue)
ST(UN): Upper lip to N with respect to true vertical (soft tissue)
ST(PgN): Pg to N with respect to true vertical (soft tissue)

SNA: Sella-nasion-A

SNB: Sella-nasion-B

FMA: Frankfort-mandibular plane angle
USN: Upper incisor-sella/nasion

LMP: Lower incisor-mandibular plane

2 ANS indicates anterior nasal spine; Me, menton; N, nasion; Co, condylion; Gn, gnathion; Pg, pogonion; A, point A; B, point B; S, sella; Go,
gonion; Frankfort, Frankfort horizontal plane; MP, mandibular plane (Me-Go); ST, soft tissue landmark.
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Table 2. Differences between Linear Measurements (mm) from Three Imaging Modalities®

Conventional —

Perspective CBCT —

Perspective CBCT —

Orthogonal CBCT Orthogonal CBCT Conventional
% Within % Within % Within M

Measurement® Mean SD +2 mm Mean SD +2 mm Mean SD +2 mm P>F
LFH -0.95 1.88 58% 0.04 1.90 87% 0.99 2.84 58% .0331

UFH 0.56 2.44 71% 0.65 2.70 55% 0.09 1.94 77% .3903
TFH —0.80 2.62 48% 0.42 3.38 58% 1.23 3.22 39% .0848
MnL -1.39 2.57 45% -0.82 3.56 55% 0.57 3.51 45% .0220
MxL 2.21 4.71 35% 0.43 5.38 39% -1.78 4.09 39% .0135
AN 1.15 3.59 52% 0.78 2.55 68% -0.37 3.41 48% .1460
BN —0.26 4.16 45% —0.03 2.15 65% 0.23 4.07 55% 9417
PgN -0.12 4.29 42% 0.16 2.27 65% 0.28 4.60 39% .9120
oJT 0.25 1.47 90% 0.08 0.93 97% -0.17 1.33 84% .6595
ST(LN) 0.76 3.39 61% 0.03 1.75 71% -0.73 3.38 65% .5843
ST(UN) 1.45 3.33 68% -0.15 1.40 81% —1.61 3.30 65% .0427
ST(PgN) 0.77 4.13 52% 0.03 2.31 61% —-0.74 4.14 65% .5843

a Conventional indicates conventional cephalograms adjusted for magnification; perspective CBCT, synthesized cone-beam CT cephalograms
with perspective projection adjusted for magnification; orthogonal CBCT, synthesized cone-beam CT cephalograms with orthogonal projection.
° LFH indicates lower face height; UFH, upper face height; MnL, mandibular unit length; MxL, maxillary unit length; AN, A to N with respect
to true vertical; BN, B to N with respect to true vertical; PgN, pogonion to N with respect to true vertical; OJT, overjet; ST(LN), lower lip to N
with respect to true vertical (soft tissue); ST(UN), upper lip to N with respect to true vertical (soft tissue); ST(PgN), pogonion to N with respect

to true vertical (soft tissue).

anatomic structures. As a result, more accurate mea-
surements have been reported for planar 2D CT im-
ages.™

The current study was undertaken to determine
whether traditional radiographic projections can be
synthesized from CBCT volumes and whether tradi-
tional cephalometry can be done on these synthesized
views with similar results. While much work is needed
to demonstrate the added value of CBCT in standard
orthodontic cases, it is not known whether data ob-
tained from synthesized CBCT views can be com-
pared with current population norms and existing da-
tabases obtained from conventional cephalograms.
Because synthesized views discard much of the 3D
information embedded in CBCT image volumes, the
demonstration of correspondence between CBCT and
conventional radiography is useful during this transi-
tion period.

The results of the current study show that the linear
measurements of the three imaging modalities were
not statistically different. None of the angular mea-
surements were statistically significant except for the
FMA. Every system has various sources of display
and measurement inaccuracy.

In this study, only projection as a source of vari-
ability was explored, but other sources, such as land-
mark definition, observer variability in landmark iden-
tification, and the ability to digitize the landmarks, were
not investigated. The cephalometric literature reveals
that the landmarks like condylion, porion, and gonion,
which are used to define the Frankfort horizontal plane
and the mandibular plane, have greater margins of er-
ror.'®14 The literature shows that superimposition of the
bilateral middle ear and other temporal fossa struc-
tures make it difficult to identify the anatomic porion
and thus influenced the measurement of FMA angle.'®

Table 3. Differences between Angular Measurements (degrees) from Three Imaging Modalities®

Conventional —

Perspective CBCT —

Perspective CBCT —

Orthogonal CBCT Orthogonal CBCT Conventional
% Within % Within % Within M
Measurement® Mean SD +2° Mean SD +2° Mean SD +2° P>F
SNA 0.91 3.06 61% 0.35 3.31 55% —0.56 2.31 68% 1932
SNB -0.37 1.55 84% —0.48 1.67 84% -0.11 1.52 87% .2701
FMA 4.09* 3.43 16% -0.27 2.27 68% —4.36* 3.84 16% <.0001
USN -1.29 7.49 29% -0.35 6.66 32% 0.94 5.23 42% .5488
LMP —0.46 3.82 39% —1.05 2.96 52% —0.58 3.74 48% 1718

a Conventional indicates conventional cephalograms adjusted for magnification; perspective CBCT, synthesized cone-beam CT cephalograms
with perspective projection adjusted for magnification; orthogonal CBCT, synthesized cone-beam CT cephalograms with orthogonal projection.
> SNA indicates sella-nasion-A; SNB indicates sella-nasion-B; FMA, Frankfort-mandibular plane angle; USN, upper incisor-sella/nasion; LMP,

lower incisor-mandibular plane.
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Landmarks like gonion and condylion are located on
curved surfaces and are thus difficult to identify ac-
curately.’® These various sources of noise might have
influenced some of the measurements.

Although FMA is defined by the cephalometric land-
marks menton, gonion, porion, and orbitale, it appears
unlikely that identification of menton and gonion con-
tributed greatly to the significant difference between
images seen in this study. This is because lower in-
cisor-mandibular plane (LMP), another angular mea-
surement dependent on the identification of menton
and gonion, was not significantly different for the dif-
ferent projections. Mean angular differences between
techniques were less than 1.1° for LMP while mean
differences rose to 4.1° for comparisons of conven-
tional to orthogonal CBCT and 4.4° for comparisons of
perspective CBCT to conventional for FMA.

Several studies showed that inconsistency in land-
mark identification is an inherent cause of errors in
conventional cephalometry.'”'® Bruntz et al'® indicated
that the face height (FH) plane is unreliable in identi-
fication with digital media. The results of their study
showed that the landmarks like porion, articulare,
PNS, and UM have lower reliability in landmark iden-
tification as observed from interobserver error. Thus,
porion and orbitale (the two landmarks contributing to
FH plane) showed significant unreliability in landmark
identification. Chen et al?° showed discrepancies in the
vertical component when identifying the landmarks po-
rion, orbitale, and gnathion on digital media. In this
study, the description of porion for conventional ceph-
alometric images includes a caveat: when anatomic
porion is indeterminate, the most superior point of the
ear rod is used as a surrogate. As the location of the
ear rods and the osseous periphery of the ear canal
do not always coincide, this may have been an im-
portant source of error.

Figure 1 illustrates the effect of the application of the
operational definition of porion. Although anatomic po-
rion is indeterminate in the conventional image, it is
clear that the use of ear-rod porion as a substitute is
likely to be inaccurate. The presence of anatomic con-
dylion in a superior position to porion would be an ab-
erration. In this case, use of ear-rod porion results in
overestimation of the actual FMA in the conventional
cephalogram. Although the CBCT projections provide
a more accurate identification of porion, this is para-
doxically undesirable to the degree that it deviates
from systematic (definitional) misidentification in con-
ventional cephalograms. Keep in mind that the point
of producing a cephalometric reconstruction from the
CBCT volume in this study was to duplicate the char-
acteristics of the conventional cephalogram rather
than to improve on its accuracy. Although cephalostats
are not used in CBCT imaging, it would be possible to
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place ear plugs in the patient’s ear canals to simulate
the appearance of cephalostat ear rods. This would
permit the use of an ear-rod determined porion if so
desired.

When the percentage of data within £2° is exam-
ined, some of the angular measures, such as USN and
LMP, and some of linear measurements, such as TFH,
MnL, MxL and PgN, have less than 50% of its mea-
sures within this range. In general, =2 mm may be
clinically significant for short distances and less im-
portant over long distances. Tng et al*® have also
shown that validity errors were greater for angles in-
volving dental landmarks and for angles dependent on
four landmarks compared with those dependent on
three. The standard deviations of the validity errors for
the dental angles ranged from 3.2 to 5.8°.

Perspective imaging geometry leads to imperfect
superimposition of bilateral structures. This is true for
conventional cephalometric projections and perspec-
tive reconstructions of CBCT volumes. Although mea-
surement differences related to projection distortion of
bilateral structures could be hypothesized, this study
showed no significant difference for measurements in-
volving condylion and gonion between orthogonal
CBCT, perspective CBCT, and conventional cephalo-
metric images. This is consistent with the observation
of Lascala and coauthors?? that CBCT technique is re-
liable for use in a variety of clinical situations where
linear measurements between anatomic sites are re-
quired.

Patient positioning is considered critical for cepha-
lometric analysis.’®?® The purpose of the cephalostat
is to minimize projection errors caused by head rota-
tion around the vertical, transverse, and anteroposte-
rior axes. The problem usually encountered while tak-
ing the conventional cephalogram is that even when
the cephalostat is properly adjusted, it cannot prevent
slight translation or rotation of the patient’'s midsagittal
plane. These variations in patient position may lead to
variation in cephalometric measurements.2*-27

Although 3D measurements of CBCT volumes are
free from the influence of patient position during image
acquisition, the orientation of the secondary recon-
struction of the volume directly affects the projection
of anatomy in synthesized 2D cephalometric views. To
remove potential sources of measurement error in the
synthesized views, the orientation of the CT volume
was corrected by iterative adjustment and reassess-
ment and the natural head position was simulated by
using the angle instrument. The alignment of the trans-
porionic axis using the 3D rendered volumes was suf-
ficiently accurate to preclude differences in identifica-
tion and measurement of the landmarks used in this
study. The ability to reorient the volume means that
cephalostat errors, which are common to conventional

Angle Orthodontist, Vol 78, No 5, 2008
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cephalometry, can be eliminated in equivalent CBCT
projections.

Although natural head position can be reproduced in
CBCT volumes, it is debatable whether natural head po-
sition can be produced during actual positioning of the
patient during CBCT imaging. This problem is obvious
for an imaging protocol where the patient must be supine
during image acquisition. Less obvious, but still problem-
atic, is the situation where a seated or standing patient
must be stabilized in a head holder to reduce the risk of
motion artifacts. Typically, CBCT unit restraints and
guides are not designed to promote natural head posi-
tion. Alternative approaches for orienting patients’ vol-
umes will be required in the future. Use of defined an-
atomic references, such as the Frankfort plane, is an
obvious solution for standardization of images. Alterna-
tively, CT volumes may be registered with either 2D or
3D photographic images of the patient in natural head
position. This type of registration is now routinely done
with CT and MR (Magnetic Resonance) imaging vol-
umes.

This study uses one of the commercially available
tools (Dolphin 3D) for generating and measuring ceph-
alograms from CBCTs. While our study systematically
assesses measurements with the synthesized cepha-
lograms, the software used is much more user friendly
than the scanner’s current software, allowing for im-
proved image quality. Current 3D image analysis soft-
ware is continuously being updated. Other commercial
tools, such as the Invivo software (Anatomage, San
Jose, Calif), also have algorithms that render 2D ra-
diographs with postprocessing filters to aid identifica-
tion of anatomic details. Additional studies are needed
to evaluate the parameters of 2D image generation
using diverse tools.

The statistically significant difference between the
values of one of the angle measurements of synthe-
sized projections compared with conventional lateral
views requires further investigation. Although these
differences were relatively small, they could be clini-
cally relevant.

CONCLUSIONS

 Synthesized cephalometric images from CBCT may
be used to bridge the transition from 2D to 3D image
analysis.

» Both types of synthesized CBCT projections are sim-
ilar to conventional cephalograms. In cases where
landmarks such as porion are visually ambiguous
and necessitate the use of proxy landmarks such as
the ear rods, CBCT cephalometric images may pro-
vide a more accurate delineation of the landmark re-
sulting in different measurements from those ob-
tained from conventional cephalograms.

Angle Orthodontist, Vol 78, No 5, 2008
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* In other cases, CBCT cephalometric image recon-
struction can be recommended as an alternative to
conventional cephalograms when a CBCT volume is
already available, thus reducing the need for addi-
tional x-ray exposure and examination expense.
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