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From 2D to 3D: an algorithm to derive normal values for 3-dimensional

computerized assessment

Bruno Frazão Gribela; Marcos Nadler Gribelb; Flavio Ricardo Manzic; Sharon L. Brooksd;
James A. McNamara Jre

ABSTRACT

Objective: To test the accuracy of a mathematical model (algorithm) that corrects measurements

made on conventional lateral head films to corresponding dimensions observed in a cone beam

computed tomography (CBCT) scan in human subjects.

Materials and Methods: Thirteen subjects had lateral cephalograms taken with a conventional

cephalometric machine as well as a CBCT scan. Measurements of midface length, mandibular

length, and lower anterior face height (LAFH) from both examinations were calculated. Two other

groups of measurements were derived mathematically from the dimensions directly quantified on

the lateral cephalogram: the magnification correction group and the algorithm correction group.

The data were analyzed statistically, using repeated measures analysis of variance (ANOVA).

Results: All measurements from the lateral cephalogram were significantly different from the

corresponding measurements derived from the CBCT. Simply taking into account the image

magnification did not correct the 2-dimensional (2D) linear measurement obtained from a

conventional cephalogram into a 3-dimensional (3D) linear measurement made on a CBCT scan,

unless the structures from which the distance will be measured are located on the midsagittal

plane. When the algorithm was used to correct the 2D measurements, however, there were no

statistically significant differences between the CBCT group and the algorithm group.

Conclusions: Using the mathematical formula presented herein, 2D cephalometric measure-

ments from landmarks both on and off the midsagittal plane can be corrected into a 3D CBCT

measurement with accuracy. By applying this algorithm to other existing cephalometric longitudinal

growth studies, control groups and standards for CBCT images could be derived without exposing

untreated subjects to radiation. (Angle Orthod. 2011;81:3–10.)
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INTRODUCTION

Since its introduction in 1931,1 radiographic cepha-

lometry has become a popular method used to

understand normal craniofacial growth and develop-

ment, to diagnose malocclusions and other facial

anomalies, and to quantify the effects of orthodontic,

orthopedic, and surgical interventions. Nevertheless,

radiographic examinations have intrinsic limitations. A

conventional cephalometric head film is a two-dimen-

sional (2D) shadow of a three-dimensional (3D)

structure, produced by a nonparallel beam that results
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in a distorted and enlarged image (more so in some

regions than in others).2 In his original article,1 Broad-

bent proposed a 3D analysis, but orthodontists around

the world have focused primarily on the lateral head

film, for the most part ignoring the posteroanterior and

submental vertex views.

Contemporary imaging technologies, such as

magnetic resonance imaging (MRI) and computed

tomography (CT), have permitted 3D assessment of

the craniofacial complex with a greater degree of

accuracy and reproducibility than available previ-

ously.3–5 The applicability of both technologies in a

routine orthodontic environment, however, is limited

by their high equipment costs, by the MRI’s long

acquisition time, and by the CT’s high radiation

levels.6 With the introduction of cone beam comput-

ed tomography (CBCT)7 in 1999 and with its

reduced equipment costs, acquisition time, and

radiation levels,8 a 3D assessment of the craniofa-

cial region has become a viable alternative for

patient imaging.

Such an assessment can be conducted in all three

planes of space, on images with life-size magnification,

and without distortion or overlapping structures.9

Furthermore, head position is not critical for 3D image

capturing and analysis; the spatial relationship among

the various points is not changed in any way by

variations in head orientation.10 These features provide

ease of landmark identification and precise superim-

position of serial images,11 which are critical for

research purposes.

No 3D ‘‘standards’’ derived from a large untreated

population analyzed by way of 3D examinations are

available today. It is highly unlikely that in the near

future 3D data from a large sample of untreated

individuals with ideal occlusions that can be used to

establish normative values for 3D assessments will

become available, due to examination cost and

obvious ethical considerations. Therefore, even

though currently we can identify landmarks accurately

and generate precise 3D measurements,12 these

measurements can be compared only to their contra-

lateral side to evaluate asymmetries13 or to measure-

ments taken at different times to monitor treatment

effects.11 Normative values are needed to reach an

appropriate diagnosis and evaluate the net effects of

treatment.

The aim of this study is to test the accuracy of a

simple mathematical model (algorithm) that corrects

measurements made on conventional lateral head

films to corresponding dimensions observed in a

CBCT scan, in human subjects. Applying this algo-

rithm, normal values for these measurements made on

3D examinations can be calculated using previously

known norms from 2D evaluations.

MATERIALS AND METHODS

The sample consisted of 13 (7 male and 6 female)

adult (27 6 3 years old) subjects with ideal occlusions

and well-balanced faces who had both high-quality

conventional 2D lateral head radiographs and 3D CBCT

scans taken of their heads. The subjects were

orthodontic residents who voluntered to have the exams

taken prior to the study in order to undergo the patient’s

experience and become familiar with both types of

images. All the radiographic examinations were coded

to de-identify all subjects prior to the beginning of the

study. The University of Michigan Institutional Review

Board approved this retrospective, unblinded study.

Power Analysis

The power analysis determined that there was 99%

power to detect a difference greater than 1 mm within

the four groups of repeated measures, for each one of

the three measurements, with a sample of 13 subjects.

Data Acquisition

The cephalometric measurement group. Conven-

tional 2D lateral head films were taken on each subject

with the Frankfort horizontal plane (FHP) parallel to the

floor; the subject’s head position was determined by a

cephalostat. The magnification for the radiographs

produced by that particular machine (Orthoceph

OC100, Instrumentarium Corp, Graven, Finland;

77 kVp; 12 mAs) was set at 10% for all subjects.

The radiographs then were traced on acetate paper

by the principal investigator and checked for accuracy

of anatomical outline and landmark location by a

second. Three measurements (midfacial length, man-

dibular length, lower anterior face height [LAFH]) then

were obtained directly from the tracing with a digital

caliper by the principal investigator.

The CBCT measurement group. The same subjects

were positioned in the CBCT machine (i-CAT, Imaging

Sciences International, Hatfield, Pa, 120 kVp,

18.66 mAs) with the aid of guiding lights, with the

FHP parallel to the floor and the midsagittal plane

passing through the glabella. A head strap rather than

a chin rest was used to stabilize the patient’s head

during the examination to prevent distortion of the soft

tissue profile and changes in mandibular position. The

CBCT machine was set for a 20-second acquisition

time with a 9-inch field of view to minimize radiation

exposure (slices were reconstructed with 0.4-mm

increments and 0.1-mm interval).

The raw data from the CBCT scan were recon-

structed, coded, and converted into a Dicom3 file

format using XoranCat acquisition software (version

1.7.7, Xoran Technologies, Ann Arbor, Mich). The
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Dicom3 files then were imported to software (Mimics

8.13, Materialize Co, Leuven, Belgium) for assess-

ment. A number of points and measurements were

derived by the software to produce an individual

analysis (Figure 1). A list and description of the points

and measurements used in this analysis is provided in

Tables 1 and 2.

The points (point A, ANS, CoR, CoL, Me, Gn) were

marked using the 2D multiplanar reconstruction (MPR)

images (axial, sagittal, and coronal slices) according to

their descriptions (Figure 2). It is important that the

points satisfy all of the description requirements in all

three planes of space at the same time. The

measurements were calculated by computer and

displayed in a separate window.

Derived Groups

The magnification group. The measurements ob-

tained from the lateral cephalograms were reduced by

10%, the known magnification factor of the lateral head

film.

The algorithm group. The measurements obtained

from the lateral cephalograms were corrected using an

algorithm based on trigonometry principles. This

correction was possible because two of the points

chosen for this analysis—condylion right and condylion

left (CoR and CoL)—were located at the central focus

of the X-ray beam, where the effects of magnification

are negligible; the other points were located at the

midsagittal plane where the magnification was deter-

mined easily. The magnification, however, varied

depending on the plane in which a given structure

was located.1,14 Based on these premises, a right

triangle (Figure 3) was constructed with sides de-

scribed as follows:

N The hypotenuse (H) represented the 3D measure-

ment of either mandibular length (Co-Gn) or midface

length (Co-point A).

Figure 1. 3D cephalogram.

Table 1. 3D Composite Norms: Description of Points

Point Description

Condylion right (CoR) Sagittal: most superior and posterior point on the mandibular head

Coronal: midpoint between lateral and medial poles of the condyle

Axial: most posterior point on the condylar head

Condylion left (CoL) Sagittal: most superior and posterior point on the mandibular head

Coronal: midpoint between lateral and medial poles of the condyle

Axial: most posterior point on the condylar head

Anterior nasal spine (ANS) Sagittal: most anterior point on the anterior nasal spine

Coronal: midpoint of the anterior nasal spine

Axial: most anterior point on the anterior nasal spine

Point A (A) Sagittal: at the level of the maxillary incisor roots apex

Coronal: midpoint between maxillary incisor roots

Axial: most anterior in the maxilla external cortical plate

Gnathion (Gn) Sagittal: most inferior and anterior in the mandibular symphysis

Coronal: midpoint on the mandibular symphysis

Axial: most external in the mandibular symphysis external cortical plate

Menton (Me) Sagittal: most inferior in the mandibular symphysis external cortical plate

Coronal: midpoint on the mandibular symphysis

Axial: most external in the mandibular symphysis external cortical plate
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N The condylion to midsagittal plane side (Co-MSP)

represented the distance between the condylion and

the midsagittal plane.

N The projection side (PS) represented the projection

of the 3D measurement on the midsagittal plane. The

PS was equal to the measurement from a lateral

cephalogram, reduced by the magnification (Fig-

ure 3).

The hypotenuse could be calculated if both the

projected side and the condylion to the midsagittal

plane distance were known, using the Pythagorean

theorem (Figure 3).

If the condylion to the midsagittal plane distance was

not known, the hypotenuse could be calculated easily

by dividing the projected side by the cosine of the

angle ‘‘X’’ between the hypotenuse and the projected

side (Figure 3). Because we do not have access to the

missing link (condylion to midsagittal plane distance or

the ‘‘X’’ angle from the original standard sample), we

use the CBCT data to derive individualized correction

factors that are applicable for that particular subject or

sample.

By simple algebraic calculations, it was possible to

translate the measurements from a lateral cephalo-

gram to those obtained from 3D CBCT image and vice-

versa.

3D measurement~ cephalometric measurementð Þ½

{ cephalometric magnificationð Þ�7 cosine Xð Þ½ �:

Measurements on the midsagittal plane were calculat-

ed simply by reducing the magnification because the

cosine of zero was equal to one.

Data Analysis

All data were exported to statistical software (SPSS,

version 14, Cary, NC) for analysis. The data consisted

of four groups, each containing three measurements

(midface length, mandibular length, and LAFH) of the

same 13 individuals:

N the cephalometric measurement group: measure-

ments obtained directly from the cephalogram

N the magnification correction group: measurements

from the lateral cephalogram reduced by the

magnification factor of the lateral head film

N the algorithm correction group: measurements from

the lateral cephalogram corrected for magnification

and distortion using the algorithm, and

N the CBCT measurement group: measurements

directly from the CBCT scan.

The mean values of the right and left midface and

mandibular lengths on the CBCT of each patient were

used to match the other groups that used cephalo-

metric measurements and therefore were derived from

the mean measurements of those bilateral anatomical

structures on the lateral radiograph.

Method Error

The principal investigator repeated all measure-

ments within a 1-month interval. The intraobserver

variability was 0.5 mm (60.2 mm) for the cephalo-

metric measurements and 0.2 mm (60.1 mm) for the

CBCT measurements according to Dahlberg’s formu-

la: !gD2/2N.15

Statistical Analysis

The mean values of the four groups tested for the

three measurements were compared using a repeated

measures analysis of variance (R-ANOVA). Post-hoc

comparisons of means were carried out using the

Bonferroni correction for multiple comparisons.

RESULTS

All results reported are based on the post-hoc pair-

wise comparisons of means (Table 3) from the repeat-

ed measures ANOVA with a .05 level of significance.

The three measurements from the cephalometric

measurement group and the CBCT measurement

group were significantly different from each other.

These differences were even greater when the

cephalometric measurement group was corrected for

the magnification (magnification correction group),

except for the LAFH measurement that displayed an

extremely small mean difference (0.1 mm). There was

Table 2. 3D Composite Norms: Description of Angular and Linear Measurements

Measurements Description

Angular

Maxilla angle (CoR.A.CoL) Condylion right to point A to condylion left

Mandibular angle (CoR.Gn.CoL) Condylion right to gnathion to condylion left

Linear

Right midfacial length (CoR–A) Condylion right to point A

Left midfacial length (CoL–A) Condylion left to point A

Right mandibular length (CoR–Gn) Condylion right to gnathion

Left mandibular length (CoL–Gn) Condylion left to gnathion
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a marked mean difference reduction on all three

measurements when the algorithm was applied; there

was no statistical difference between the algorithm

correction group and the CBCT measurement group.

DISCUSSION

Since the time of Broadbent,1 many authors have

proposed ways to combine the lateral, frontal, and

Figure 2. Point location on multiplanar reconstruction images.
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submental vertex radiographs to obtain a 3D assess-

ment of the patient.16 Kusnoto et al.17 used computer

software and algorithms based on the three types of

radiographs using a special facebow to position the

patient accurately, while Nakasima et al.18 combined

photographs, study models, and radiographs to pro-

duce a 3D model of the patient.

Unfortunately, these complex algorithms rely on

combinations that are not available from most existing

growth studies—studies that are comprised for the

most part of lateral head films. The proposed algorithm

in this paper relies on the patients’ 3D data to derive

normative values from known 2D lateral cephalometric

norms.

Taking 3D measurements directly from the 3D

examinations such as CBCT or even 3D photographs

allows us to quantify accurately the right and left sides

of the patient separately. A diagnosis then can be

reached by comparing the deviation of those mea-

surements from ‘‘normal values.’’ Unfortunately, the

exact nature of such ‘‘normal values’’ for 3D measure-

ments remains undefined. The algorithm proposed

herein can be used to correct the existing 2D

cephalometric norms (on and off the midsagittal plane)

into more accurate 3D norms.

Direct 3D measurements have marked advantages

over other methods proposed recently in the literature,

such as using 3D scans to synthesize a 2D image

similar to that produced by radiographs19,20; performing

cephalometric analysis on this image still has the

characteristics and limitations of a traditional cephalo-

metric examination.

It is recommended to identify landmarks in the MPR

images (ie, the three simultaneous views of a landmark

location available in most 3D software analysis

programs) and not on the rendered or segmented 3D

volume (ie, the 3D virtual model that can be rotated in

all three planes).9,21 Using the MPR slices improved the

accuracy of landmark selection because there is

increased variability when the 3D volume is used for

landmark localization, depending on the segmentation

threshold (ie, the levels of Hounsfield units) selected to

construct the 3D volume.22

Periago et al.23 found mean differences of 1.2%

when comparing 3D measurements from 3D rendered

volumes to direct measurements on a skull, a

difference the authors said was clinically irrelevant.

Disler et al.4 reported that segmented 3D volumes

derived from CBCT images demonstrated less than

1% relative error when compared to the gold standard

Figure 3. Lateral head film image construction diagram.

Table 3. Mean Values and Standard Deviation for Each Measurement on Each of the Four Groupsa

Measurement, mm (n 5 13)

CBCT Algorithm Cephalometric Magnification

Mean SD Mean SD Mean SD Mean SD

LAFH 67.4 5.1 67.5 5.4 74.2 5.6 67.5 5.6

Mandibular length 127.0 5.9 127.4 6.6 128.2 6.5 115.5 6.5

Midfacial length 103.0 2.8 103.5 3.0 98.7 3.2 88.4 3.1

a CBCT indicates cone beam computed tomography; LAFH, lower anterior face height.
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of physical measures directly from skulls. Still, Ludlow

et al.10 reported even better results (0.6% error) were

accomplished when axial MPR images where used.

According to de Oliveira et al.,8 the location of each

point must be defined precisely in all three planes of

space using the MPR images for these measurements

to be reproducible accurately. More studies, however,

should investigate the interobserver reliability of CBCT

measurements within a large group of orthodontists.

All measurements (LAFH, midface length, and

mandibular length) that are derived from a conven-

tional lateral cephalogram are significantly different

from the 3D measurements on a CBCT (mean

difference of 6.8 mm; 1.2 mm and 24.3 mm, respec-

tively; Table 4). These differences constitute an error

when using 2D cephalometric norms for 3D measure-

ments. These results were also found in our previous

ex vivo studies.

The mean difference between mandibular length

measured on a conventional radiograph and the same

measurement on a CBCT is relatively small (1.2 mm);

however, this difference still is statistically and clinically

significant. This difference probably is due to the

magnification increase that partially compensates for

the reduction that occurs when the mandible is

projected on a 2D film.24

Correcting only for the image magnification and not

for the image distortion does not translate the 2D linear

measurements taken from a conventional lateral head

radiograph to a 3D linear measurement taken from a

CBCT scan (mean difference of 211.5 mm and

214.6 mm, respectively; P , .01; Table 4), unless the

structures from which the distance will be measured are

located in the midsagittal plane, as for example LAFH

(mean difference of 0.1 mm; P . .99; Table 4).

Patients rather than skulls were used to reproduce

and validate the clinical applicability of the algorithm

and avoid problems with loss of temporomandibular

joint soft tissue and occlusal instability. Using cadaver

heads or phantoms with nonmetallic fiducial markers

could reduce problems with head orientation on the

cephalostat; in the present study, however, care was

taken to obtain high-quality lateral head films. By doing

so, we increased the external validity and clinical

application of the proposed algorithm because the

algorithm was tested in conditions similar to those

found in clinical practice.

The three measurements used in this study are part

of an analysis first introduced by McNamara and

Brudon25 in 1984 and were chosen because they

represent measurements both on and off the midsag-

ittal plane for which floating normal values based on

proportions rather than fixed standard values are

available: the so-called ‘‘composite norms.’’

The use of proportions, geometric relationships, and

floating norms is an important concept to bear in mind

when deciding which measurements to make and what

we want to achieve with this new 3D technology.

It may be possible to apply this concept (ie,

algorithm) to other existing cephalometric longitudinal

growth studies in order to derive control groups for

future research or validated 3D norms for different

analysis without exposing new untreated subjects to

radiation.

CONCLUSIONS

N Measurements taken on a conventional lateral

cephalogram are significantly different from those

taken from a CBCT scan of the same person.

Table 4. Pair-Wise Group Comparisons for Each Measurement, Using Repeated Measures ANOVA (P . .05) with Bonferroni Correctiona

Group Comparisons Measurement Mean Diff SE Sig Min Max

Cephalometric vs CBCT LAFH 6.8 0.2 ,.01 6.1 7.5

Mandibular length 1.2 0.2 ,.01 0.5 1.9

Midfacial length 24.3 0.4 ,.01 25.5 23.1

Magnification vs cephalometric LAFH 26.7 0.1 ,.01 6.3 7.2

Mandibular length 212.7 0.2 ,.01 12.2 13.2

Midfacial length 210.3 0.1 ,.01 10.1 10.5

Magnification vs CBCT* LAFH 0.1 0.2 ..99 20.6 0.5

Magnification vs CBCT Mandibular length 211.5 0.3 ,.01 10.6 12.4

Midfacial length 214.6 0.4 ,.01 13.4 15.8

Algorithm vs cephalometric LAFH 26.7 0.1 ,.01 6.3 7.2

Mandibular length 20.8 0.1 ,.01 0.4 1.3

Midfacial length 4.8 0.2 ,.01 25.5 24.1

Algorithm vs CBCT* LAFH 0.1 0.2 ..99 20.6 0.5

Mandibular length 0.4 0.2 ..50 21.0 0.3

Midfacial length 0.5 0.2 ..16 21.2 0.1

* The mean difference is not significant at the .05 level.
a Mean Diff indicates mean difference; SE, standard error; Sig, statistical significance; Min, smallest difference; Max, greatest difference;

CBCT, cone beam computed tomography; and LAFH, lower anterior face height.
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N Measurements taken on a conventional lateral

cephalogram and then reduced by the magnification

on the radiograph are significantly different from

those taken with a CBCT scan, unless the structures

from which the distance will be measured are located

on the midsagittal plane.

N The measurements of LAFH, midface length, and

mandibular length can be corrected accurately by

using the algorithm proposed in this study.

N By applying this algorithm to other existing cephalo-

metric longitudinal growth studies, normative values

for 3D measurements could be derived without

exposing new untreated subjects to radiation.
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