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Foreword

Radiographic cephalometry has been one of the most
important diagnostic tools in orthodontics, since its
introduction in the early 1930s by Broadbent in the
United States and Hofrath in Germany. Generations of
orthodontists have relied on the interpretation of these
images for their diagnosis and treatment planning as
well as for the long-term follow-up of growth and
treatment results. Also in the planning for surgical
orthodontic corrections of jaw discrepancies, lateral
and antero-posterior cephalograms have been valu-
able tools. For these purposes numerous cephalomet-
ric analyses are available. However, a major drawback
of the existing technique is that it renders only a two-
dimensional representation of a three-dimensional
structure.

It was almost 75 years before the next step could
be taken in the use of cephalometrics for clinical and
research purposes. The development of computed
tomography and the dramatic decrease in radiation
dose of the newer devices brings three-dimensional
analysis of the head and face to the scene. A major step
forward is also that 3D hard and soft tissue representa-
tions can be combined in the same image, which
enables in depth analysis of these tissues in relation to
each other possible.

With “Three-Dimensional Cephalometry - A Color
Atlas and Manual” by the authors Swennen, Schutyser
and Hausamen you have an exciting book in your
hands. It shows you how the head can be analysed in
three dimensions with the aid of 3D-cephalometry.
Of course, at the moment the technique is not available
in every orthodontic office around the corner. How-
ever, especially for the planning of more complex
cases where combined surgical - orthodontic treat-
ment is indicated, it is my sincere conviction that with-
in 10 years time 3D cephalometry will have changed
our way of thinking about planning and clinical
handling of these patients.

July 2005 ANNE MARIE KUIJPERS-JAGTMAN,
DDS, PhD, FDSRCS Eng

Professor and Chair

Department of Orthodontics

and Oral Biology

Radboud University Nijmegen
Medical Centre

Nijmegen, The Netherlands
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Foreword

Few can fail to feel enlivened by entering a bookshop,
and to encounter a new surgical textbook always pro-
vokes excitement. I am therefore most honoured to be
asked to pen this foreword to what is truly a new book.
This is not just a rehashing of old ideas on familiar top-
ics,but a most innovative exploration of an increasing-
ly important diagnostic medium, 3-D imaging.

We have all been assailed by sometimes startling
3-D images, but on cooler reflection have realised these
were no more than clever pictures, of little value to
patient or clinician. This book, however, provides a
logical comprehensive text on the role of 3-D imaging
in the surgical management of facial deformity. It skil-
fully provides a range of knowledge from the basic
principles of radiological imaging to its use, giving the
patients the best options for a predictable and good
outcome. Seeing the list of authors, it should come as
no surprise that this is innovative and highly informa-
tive. Professor Jarg-Erich Hausamen has established
a centre of excellence for maxillofacial surgery. His
modest persona, coupled with his great depth of
knowledge and teaching skills, has made his unit an in-
ternational name for innovation, training and, above
all, patient care. It is not surprising, therefore, that his

co-authors and former colleagues have shown tireless
dedication in the production of this book.

It is clear that 3-D imaging has become an essential
tool in planning and managing the treatment of facial
deformity. The development of spiral CT and cone
beam CT has revolutionised this technique, the former
providing outstanding resolution and the latter, with
its low cost, allowing unique accessibility. Both tech-
niques reduce radiation levels to permit use in non-
life-threatening conditions, such as facial deformity.
These technological advances would be worthless,
however, without this type of comprehensive textbook.
This book educates and is a source of reference for all
surgeons, regardless of seniority. It will be invaluable to
those in other surgical specialities, who are less com-
monly involved in the management of facial deformity.

This volume is a joy to read and is enhanced by the
high quality of the production and technical editing.

PETER WARD BooTh, FDS, FRCS
Consultant Maxillofacial Surgeon
Queen Victoria Hospital

East Grinstead, United Kingdom

July 2005




Foreword

Similar to the biological and intellectual environment,
craniofacial growth is not a linear phenomenon. It
is characterized by periodicity: an initial phase of
rapid growth is followed by a slowing of activity until
a provision of new resources allows a new period of
increased growth.

During the past three decades, craniofacial surgery
has witnessed a paradigm shift as a result of the work
of Paul Tessier, Fernando Ortiz Monasterio and others.
A precise craniofacial imaging system for planning,
monitoring and evaluation of results therefore became
necessary. During the same three decades, medical im-
aging has developed in the same way. Since the use of
the first cephalometric radiographs in our clinical
practice in the 1970s, the development of computer
tomography associated with the progress in computer
technology gives us today access to unprecedented
static and dynamic medical imaging. The need for an
atlas that allows appropriate application of advanced
three-dimensional craniofacial imaging methods is
apparent.

This book is not a “cookbook” for clinical practice
but a guide to three-dimensional treatment planning
and evaluation of treatment outcome. The step-by-step

method that the authors presents in this atlas will allow
all professionals, including those who are not experts
in imaging but have an interest in virtual computer-
aided planning and surgery, to become familiar with
three-dimensional cephalometry.

Gwen R.]. Swennen and his co-authors have gained
considerable experience in this field. This atlas is the
result of a team effort and the reflection of an excellent
and safe clinical practice. I have to congratulate Gwen
Swennen on his wonderful work, his boundless enthu-
siasm and his unending dedication to his profession.
It is a pleasure and a privilege to work with him in my
department as he not only acquires learning but also
transmits it.

July 2005 ALBERT DE MEY, MD
Professor and Chairman
Department of Plastic Surgery
University Hospital Brugmann
Brussels, Belgium

Queen Fabiola Children’s
University Hospital

Brussels, Belgium

Xi




Preface

On the day he won the Nobel Prize in 1979,
Godfrey Hounsfield had some home-spun words
of advice for all would-be Nobel laureates:

Don’t worry too much if you don’t pass exams,

so long as you feel you have understood the subject.
It’s amazing what you can get by the ability

to reason things out by conventional methods,
getting down to the basics of what is happening.

Sir Godfrey N. Hounsfield,
28 August 1919-12 August 2004

»Cephalometric radiography“ was introduced in ortho-
dontics in 1931 by B.H. Broadbent and H. Hofrath,
who developed simultaneously and independently
standardized methods for the production of cephalo-
metric radiographs. It was, however, not until the 1960s
that this method gained worldwide acceptance for the
evaluation of craniofacial morphology and growth in
daily clinical practice. Meanwhile, cephalometric
analysis has proven to be a valuable tool for planning,
monitoring and evaluation of orthodontic, surgical
and combined treatment protocols, especially in
regard to stability.

»Computer tomography“ (CT), developed by G.N.
Hounsfield in 1972 based on the mathematical and pi-
oneer work of A.M. Cormack, represented a major
breakthrough in diagnostic radiography. Cormack and
Hounsfield’s pioneer work was rewarded with the
Nobel Prize in Medicine and Physiology, which they
shared in 1979. CT is nowadays available practically
worldwide, is becoming more and more cost-efficient,
and the new generation of spiral multi-slice (MS) CT
and cone beam CT causes less irradiation for the patient.

Currently voxel-based craniofacial surgery and vir-
tual assessment of craniofacial morphology and
growth are becoming increasingly popular. Recent
advances in computer software technology allow the
combination of conventional cephalometric radiogra-
phy and CT methods. It was therefore a fascinating
challenge to develop a new method of voxel-based
»three-dimensional cephalometry*

Three-dimensional (3-D) cephalometry is a power-
ful tool for planning, monitoring and evaluation of
craniofacial morphology and growth. It allows objec-
tive immediate and long-term postoperative assess-
ment of virtual planned or assisted craniofacial surgi-
cal procedures. The accuracy and reliability of 3-D
cephalometry, however, depends on the correct appli-
cation of the method. This atlas is a practical straight
forward ,,step-by-step“ manual for both orthodontists,
maxillofacial, craniofacial and plastic surgeons inter-
ested in virtual computer-aided planning and surgery.
Because this book is an atlas and manual, the emphasis
is on little text and numerous comprehensive color
illustrations.

In order to help the reader become familiar with
voxel-based 3-D cephalometry, Chap.1, deals with
the principles of 3-D volumetric CT. Chapter 2 focuses
on basic craniofacial anatomical knowledge. 3-D
cephalometry demands new knowledge from ortho-
dontists regarding interpretation of CT anatomy. On
the other hand, maxillofacial and craniofacial plastic
surgeons are often not familiar with conventional
cephalometry and may need some additional expertise
regarding cephalometric radiography. The nomencla-
ture is in English, based on the recommendations
found in the 4th edition of Nomina Anatomica. Chap-
ter 3 highlights the set-up of a precise and reliable 3-D
reference system that allows longitudinal comparison
of craniofacial growth patterns and comparison of
pre-operative findings, virtual planning and post-
operative results. In the following chapters, ,step-
by-step® virtual definition of 3-D cephalometric hard
(Chap. 4) and soft (Chap.5) tissue landmarks is de-
scribed concisely. Only landmarks whose accuracy and
reliability has been statistically validated are described
in detail; additional landmarks are mentioned. To en-
sure uniformity, internationally accepted landmarks
are used and named according to the Greek or Latin
anatomical terminology as proposed by L.G. Farkas,
who stated ,,...the use of the internationally accepted
anthropometric symbols, without any individual modi-
fications, is a ,,sine qua non* for easy understanding of
papers based on anthropometry...

Xl
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Preface

The next two chapters deal with 3-D cephalometric
planes (Chap. 6) and 3-D cephalometric hard and soft
tissue analysis (Chap. 7). A great number of analytical
and investigatory cephalometric procedures have been
described in the literature. To avoid confusion, mean-
ingful practical cephalometric measurements are de-
scribed that provide data for clinical decision making.
Moreover, additional measurements designed for sci-
entific research and validation purposes are supplied.
No descriptive data are given because normative hard
and soft tissue data are not yet available. A separate
chapter (Chap. 8) deals with the potential of 3-D
cephalometry to assess craniofacial growth. Finally,
clinical orthodontic and surgical applications of 3-D
cephalometry are illustrated in Chap.9. Since 3-D
cephalometry is still very new, the future will certainly
bring innovations. The last chapter (Chap. 10) high-

lights some interesting future perspectives of 3-D
cephalometry.

It is our sincere hope that this atlas will prove to be
a valuable reference on the basic principles of 3-D
cephalometry for different specialities involved in the
assessment of the head and the face, such as ortho-
dontics, maxillofacial, craniofacial and plastic surgery,
medical anthropology and dysmorphological genetics.
We hope that this atlas will stimulate both clinicians
and researchers to extend their expertise and to fur-
ther develop the rapidly expanding and interesting
field of virtual craniofacial assessment.

Hannover,
July 2005

GWEN R.J. SWENNEN, MD DMD PhD
FiLip SCHUTYSER, MSc

JARG-ERICH HAUSAMEN,
MD DMD PhD
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From 3-D Volumetric Computer Tomography to 3-D Cephalometry

With 3-D cephalometry, the head is geometrically
analysed in three dimensions. In order to do so, an ac-
curate volumetric measurement of the head is needed,
together with the appropriate tools to access this 3-D
dataset. This implies a toolset to access the data of im-
portance in a reliable and repeatable way. Moreover, it
is important to bridge classical 2-D approaches with
new 3-D analysis methods.

To measure the anatomy of the head, CT imaging is
the modality of preference because of its high contrast
for bony tissues. In Sect. 1 of this chapter the focus is on
CT imaging of the head.

After a correct CT acquisition of the head, the 3-D
data need to be visualized appropriately. Therefore, a 3-
D scene approach is applied. Section 2 of this chapter
details this approach.

To bridge this new 3-D technology with the classical
clinical daily practice, which consists of the use of 2-D
cephalometry, virtual 2-D cephalograms are generated
and co-visualized with the 3-D data, taking into ac-
count the geometrical relationships. In this way, a com-
bined 2-D and 3-D approach opens the way towards re-
liable and repeatable 3-D analysis of the head. Section
3 of this chapter explains this technology.

1.1
CT Imaging of the Head

1.1.1
CT Scanner

Computed tomography is an imaging modality that
produces cross-sectional images representing the X-
ray attenuation properties of the body.

Multi-slice CT

Single-slice CT

Fig. 1.1. The different types of CT scanners

Image formation is based on the following proce-
dure. Using an X-ray beam, a set of acquisitions is
made, covering the entire field of view. This process is
repeated for a large number of angles, yielding line
attenuation measurements for all possible angles and
for all possible distances from the centre. Based on all
these measurements, the actual attenuation at each
point of the scanned volume can be reconstructed.

To acquire a volume of data, two scanning modes are
possible: sequential CT or spiral CT. With sequential
CT, the table with the patient is positioned, and attenu-
ation data are acquired. Then the table is moved to a
next position, and a new acquisition is made. With spi-
ral CT, the table moves from the starting position to the
end position while X-ray attenuation data are ac-
quired. From these data, a set of consecutive CT slices
is computed.

Three CT technologies can be distinguished (Fig.
1.1):

1. Single-slice CT

This type of CT scanner is the oldest. From an X-ray

source, a fan-beam X-ray is emitted through the im-

aged object towards a single array of detectors. The

tube-detector unit rotates around the patient. Se-
quential as well as spiral scanning is possible.
2. Multi-slice CT

The multi-slice CT scanner, introduced in 1998,

allows acquisition of multiple slices simultaneously

using adjacent detector arrays. In 2004, this number
of arrays varies from 2 to 64 slices. This technology
implies faster imaging and reduced dose. Sequential
as well as spiral scanning is possible.

3. Cone-beam CT

With cone-beam CT (CBCT) scanners, the detector

is extended to a 2-D detector. For the field of dento-

Cone-beam CT
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Bone
(window = 3100 HU; level = 700 HU)

Soft tissue
(window = 2200 HU; level = 50 HU)

Fig. 1.2. With appropriate window/level settings, the structures of importance are visualized with the preferred contrast

maxillofacial imaging, dedicated devices are devel-
oped. With one rotation of the tube-detector unit, a
large part of the skull can be imaged. With dedicat-
ed cone-beam reconstruction algorithms, a detailed
CT data volume is obtained. Since the focus of CBCT
devices is on bone imaging, the dose can be signifi-
cantly reduced.

1.1.2 Characteristics of a CT Dataset

The attenuated X-rays are captured by the detectors of
the CT scanner and digitized. Reconstruction algo-
rithms convert these data into a single CT slice or a set
of CT slices. Thus, the slices have a digital nature. They
can be printed on film, but, with increasing frequency,
they are stored and sent digitally. For digital transmis-
sion of CT slices, a dedicated open communication
protocol has been established: Digital Imaging and
Communications in Medicine (DICOM). DICOM also
specifies a file format for storage of CT slices as digital
files. Systems to store and retrieve all this image infor-
mation have been developed. This type of information
technology system is called a Picture Archiving and
Communication System (PACS).

The CT volume consists of a 3-D array of image ele-
ments, called voxels, with a CT number with a range of
typically 12 bits, expressed in Hounsfield units (HU).

By definition, the CT number of water (H,0) is 0 HU.
Air is typically about -1000 HU.

Since the dynamic range is too high to be perceived
in a single image, a window/level operation - this is a
grey level transformation - must be applied. This op-
eration rescales the CT numbers around a defined
number, i.e. the level, in a range defined by the window
to 256 grey values that are shown on the computer dis-
play. With appropriate settings of window/level, soft
tissues or bone, for example, are visualized with more
contrast (Fig. 1.2).

The spatial resolution in a CT image is non-isotrop-
ic and non-uniform and depends on a number of fac-
tors during acquisition (e.g. focal spot, size detector el-
ement and table feed) and reconstruction (reconstruc-
tion kernel, interpolation process, voxel size). For den-
to-maxillofacial CT imaging, a resolution of 0.5 mm in
X,Y and Z directions is achievable. When the resolu-
tion is reduced, the reduction typically applies to the
cranio-caudal (Z) direction.

Image noise depends on the total exposure and the
reconstruction noise. Increasing the current in the X-
ray tube increases the signal-to-noise ratio, and thus
reduces the quantum noise of the statistical nature of
X-rays, at the expense of patient dose. The applied fil-
ters and interpolation methods in the reconstruction
algorithm influence image noise.
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Fig. 1.3. Movements of the patient during CT acquisition results in some blurred CT slices (a). As a consequence, the 3-D rendering of the bone is also distorted
(b) at the position of the blurred CT slices

CT imaging also shows artefacts. Several factors in-

fluence these artefacts:

m Beam hardening
Ideally, an X-ray source would emit mono-energetic
rays. However, this is not the case. Low-energy pho-
tons are preferentially absorbed, i.e. the X-ray beam
hardens as it passes through tissue. The harder the
beam, the less it is further attenuated. All beams
passing through a particular point in the imaged
volume follow different paths and therefore experi-
ence a different degree of beam hardening. Hence,
they attain different attenuation values. This phe-
nomenon causes beam-hardening artefacts such as
reduced attenuation towards the centre of an object
and streaks that connect objects with strong attenu-
ation.

m Scatter
Not all photons follow a straight path due to Comp-
ton scatter. As a consequence, the measured intensi-
ty is always an underestimation of the integrated av-
eraged attenuation. This results in streaks tangent to
edges.

m Non-linear partial volume effect
Because of the finite beam width, every measure-

derestimation. This results in streaks tangent to
edges.

Motion

A short movement of the imaged object results in in-
consistent measurements, and thus causes artefacts
(Fig. 1.3).

Stair-step artefact

The interpolation process inherent to spiral CT in-
volves several types of artefacts. The most common
example is the stair-step artefact. This artefact is vis-
ible as regular step-like disruptions along edges
with an inclination with respect to the longitudinal
axis. This artefact can be typically observed in the
cranium (Fig. 1.4).

Other artefacts

A variety of other artefacts are related to poor cali-
bration or system failure. Also, the number of detec-
tors has to be sufficiently high, or the beam suffi-
ciently wide, to avoid under-sampling artefacts.
Moreover, the number of views needs to be suffi-
ciently large to avoid alternating dark and bright
streaks in the peripheral image region where the
sampling density is smallest.

ment represents an intensity averaged over this Artefacts due to amalgam fillings or brackets are typi-
beam width. It can be shown that this value corre- cally a combination of beam hardening, scatter and
sponds with an underestimation of the integrated non-linear partial volume effect (Figs. 1.5, 1.6).

averaged attenuation. The larger the attenuation dif- Based on these findings, a generic CT protocol is
ferences along the beam width, the larger this un- proposed. The patient should be scanned in one con-
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Fig. 1.4. When the slice interval is large, the stair artefact is clearly visible on
the cranium

tinuous acquisition, with a tube voltage of 120 kV and
current of 80 mAs. In order to reduce the artefacts, the
occlusal plane should be parallel to the axial slice
plane, and no gantry tilt should be applied. The slice
thickness should be equal to the collimation width.
The pitch (= table speed / rotation speed) is preferably

lower then 1.In order to image the soft tissues correct-
ly, the use of fixation bandages or cushions should be
avoided. Although this increases the risk of motion
artefacts, only then are the soft tissues correctly im-
aged. These are the acquisition settings.

For the reconstruction settings, a bone filter is pre-
ferred, but very sharp filters should not be used, be-
cause this boosts the amount of noise. As a reconstruc-
tion interval, half the detector width should be chosen,
and this should be in the range of 0.5-1 mm. This
typically results in datasets of 150-200 slices, or 75-
100 MB.

113
Radiation Dose

As CT imaging is based on X-rays, radiation dose
should be investigated. The absorbed dose, i.e. the en-
ergy delivered to the traversed material, is expressed in
grays (Gy). The absorbed dose is independent of the
type of irradiation. For CT, the measurements of ab-
sorbed dose are often performed according to IEC
60601-2-44. In a polymethylmethacrylate (PMMA)
cylinder with a diameter of 160 mm and a length of
200 mm, dosimeters are inserted in dedicated holes.
From these measurements, the CT dose index (CTDI)
is defined and expressed in mGy. This dose number
gives a good estimate for the average dose applied in
the scanned volume as long as the patient is similar in
size to the respective dose phantom.

Fig. 1.5 a, b. Metal orthodontic brackets caused some artefacts at the level of the teeth. However, the amount of artefacts is fairly small
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However, the biological damage varies not only with
the absorbed energy but also depends heavily on the
wavelength of the radiation. To take this effect into
account, the absorbed dose has to be multiplied by
a radiation-weighting factor, yielding the equivalent
dose.

The harm induced by the radiation also depends on
the irradiated organ. The risk for cancer or genetic dis-
orders for the same equivalent dose varies among or-
gans. Therefore, tissue-weighting factors have been de-

Fig. 1.6 a—c. Amalgam filling cause several artefacts.On the axial CT slices (a),
the typical star-shaped artefacts are visible. On the bone surface (b) and skin
surface (c), the streaks are also visible. However, when the occlusal plane is
positioned parallel to the axial slices during CT acquisition, the number of
affected slices is small

veloped. Multiplying the equivalent dose of an organ
with the corresponding weighting factor gives the ef-
fective dose, expressed in sieverts (Sv), of that organ.
The effective dose for the patient then is the sum of the
effective doses for all organs. The sum of all weights
equals 1. Well-accepted weighting factors are defined
by the International Commission on Radiological Pro-
tection (ICRP) in ICRP publication 60. Because of the
potential risk of medical irradiation, the ICRP also rec-
ommends keeping the magnitude of individual exam-
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Table 1.1. The effective doses of different acquisition schemes accord-
ing to the settings explained in Sect. 1.1.3

Acquisition Effective Equivalent natural
dose background radiation

CT full skull 0.93mSv 97 days
CT mandible, maxilla, orbit  0.41 mSv 50 days
CT mandible, maxilla 0.31mSv 38 days
CT dental mandible 0.27mSv 33 days
CT dental maxilla 0.21mSv 26 days
CBCT 0.05 mSv 6 days
Cephalogram 0.1 mSv 12 days
OPG 0.05 mSv 6 days

ination doses as low as reasonably achievable (ALARA
principle).

The average equivalent dose due to natural sources
is estimated at about 3 mSv per year in US.

For a multi-slice scanner (Siemens Sensation 64,
tube potential 120 kV, effective tube current 80 mAs,
slice thickness 0.75 mm, slice collimation 0.75 mm,
table feed 6 mm/s, rotation time 0.75s, scan length
225 mm, scan time 29.48 s), the effective dose for a
complete head scan without thyroid gland is 0.93 mSv.
If the effective tube current is reduced, the dose re-
duces linearly. If the scanning area is reduced to
mandible, maxilla and eyes, a effective dose of
0.45 mSv is measured. If the area is further reduced to
the mandible and maxilla, the dose reduces to
0.31 mSv.

With CBCT scanners, an important reduction of
dose is achieved. For example, the NewTom QR DVT-
9000 can, at maximum, scan a height of 70 mm, i.e. a

Fig. 1.7. Single (T slices of the imaged object
are composed into a block of 3-D image data
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range of mandible and maxilla. The tube potential is
110kV and the tube current is about 2.5 mA. The re-
sulting effective dose is 0.05 mSv. However, due to this
lower dose, the resulting CT images show more noise
and artefacts, and detailed information about soft tis-
sues is lost.

These dose values should be compared with the
classical cephalogram and orthopantogram (OPG)
doses. Table 1.1 gives an overview of the doses, and
shows the equivalent time to have the same dose as nat-
ural background radiation.

1.1.4
3-D Image Volume

CT imaging of the maxillofacial region results in a
stack of 2-D digital images. Each voxel is characterized
with a height, width, and depth. A typical voxel size of
a CT scan of the maxillofacial complex is [v,, v,, v,] =
[0.4 mm 0.4 mm 1 mm]. When all these CT slices are
ordered, a block (rectangular prism) of image data is
obtained (Fig. 1.7). Thus, CT imaging performs a volu-
metric measurement of the X-ray attenuation values
and therefore images the patient’s anatomy in three di-
mensions with a particularly high contrast for radio-
opaque structures. These structures are typically bone.
Since the voxel sizes are known from the acquisition,
correct measurements can be performed.

This understanding of a three dimensional volume
of digital data is the key for building 3-D visualization
systems. For example, when the CT numbers at the in-
tersection of a rectangle with this volume are comput-
ed, a reconstructed slice (reslice) is obtained (Fig. 1.8).
Conventional cuts through the volume - axial, coronal
and sagittal slices - are straightforward, but also any
other reslice is defined in this way.
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1.2
3-D Scene Approach

To effectively depict the volumetric data block of CT
numbers, a visualization paradigm is needed. A scene-
based approach is adopted. The virtual 3-D space is
considered as a 3-D scene with medical image data as
actors. This scene is viewed with a virtual camera, and
the resulting views are shown on the screen. To inspect

Fig. 1.9. The virtual scene can be composed with the structures of interest

Fig. 1.8. By computing the CT numbers at the inter-
section of a rectangle with the image volume,
any reslice can be defined

the scene from various angles and positions, the cam-
era is moved around.

In this virtual scene, various actors are present.
Based on the volumetric CT data, surface models of the
bone and skin surface can be computed. These surface
representations are computed as isosurfaces. An iso-
surface is a surface that connects points within the im-
age volume with a specified CT number. These surfaces
are added to the scene. Also CT slices are positioned in
this scene. Furthermore, related data such as rulers,
surgical devices and markers feature in the scene
(Fig. 1.9).

It is important to visualize only the structures of in-
terest during a certain stage of inspecting the patient’s
anatomy or performing surgical planning. Therefore,
all the objects in the scene have a visibility property.
Any object hiding the object of interest can be made
temporarily invisible.

Besides visualizing the image data, the paradigm
also allows for actions in this scene. In addition to
the ability to move the virtual camera around, a mode
to interact with objects is required. Then actions
such as indicating landmarks, performing virtual os-
teotomies and moving bone fragments become possi-
ble (Fig. 1.10).

Today, these visualizations are possible on desktop
or laptop computers (e.g. CPU P4 2.0 GHz, RAM
512 MB, graphics card nVidia GeForce Series) with
dedicated image-based planning software (e.g. Maxil-
im, www.medicim.com). The Maxilim data files (.mxm)
have an average size of 50 MB.



1.2 3-D Scene Approach CHAPTER 1

Fig. 1.10 a-d. As an example, virtual osteotomies can be simulated. First a cut surface is designed. A possibility is to draw a line (a), and add depth dimension
(b, €).Finally the bone is cut and split (d)
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Fig. 1.11. Fora lateral cephalogram, the patient is positioned in a standard way in the X-ray machine

1.3
Virtual Cephalograms

1.3.1
Conventional 2-D Cephalograms

Cephalometric X-ray images are widely accepted in
daily routine. The patient is installed in a standard way
in the X-ray apparatus (Fig. 1.11). Then, the patient’s
head is exposed to an X-ray beam. The image is cap-
tured on film with a screen-film detector, or digitally
stored using electronic detectors or computed radiog-
raphy. The effective dose of an X-ray of the skull is
0.1 mSv.

Ideally, a parallel X-ray beam is generated by the X-
ray tube, attenuated by the tissues of the head, and
transformed into an image without distortion, with a
high dynamic range (good contrast) and with a high
signal-to-noise ratio. The resolution, however, is relat-
ed to the quality of the anode tip, the size of the patient
(thicker patients cause more X-ray scattering, deterio-
rating the image resolution) and the conversion from
X-ray to image (either on film or digitally).

13.2
Generation of the Virtual Cephalogram

In a 3-D environment, 3-D CT imaging is needed to
volumetrically measure the patient’s anatomy. How-
ever, for a cephalometric analysis, the availability of
2-D lateral and frontal cephalograms is beneficial to
indicate landmarks accurately and repeatably in the
3-D scene. Therefore, the geometrical relationship
between cephalogram and CT image volume is a pre-
requisite if one is to benefit from the combination of
CT and virtual cephalograms.

To avoid extra radiation dose, and to achieve this
geometric relationship, lateral and frontal cephalo-
grams are computed from the CT data. In this way, an
unlimited number of virtual X-ray images of the skull
can be computed (Chap. 2).

To compute a virtual X-ray image, a bundle of paral-
lel rays is cast through the CT volume (Fig. 1.12). Each
CT number is associated with an opacity value. When
a ray travels through the CT volume, the CT numbers,
modulated with the related opacity value, are accumu-
lated, resulting in a final grey value. The grey values of
the bundle of rays compose the virtual X-ray image.
Again, the contrast of this projection image can be
adjusted by modifying the window/level settings in a
similar way as on a native CT slice.
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Fig. 1.12. Avirtual cephalogram is computed
from the CT image volume. A virtual parallel X-ray
beam is sent through the patient. Extra radiation
dose is avoided, and the geometrical relationship
is known

1.3.3
Visualization of Virtual Cephalogram and 3-D Data

The orientation of the virtual X-ray image plane is per-
pendicular to the bundle of rays. Therefore, this X-ray
image can be added to the 3-D scene as a textured rec-
tangle. Since this image is a projection image, its posi-
tion on the ray is not fixed, but adjacent to the CT im-
age volume.

Since the projection direction is known, for each
point of the X-ray image a projection line is defined. All
points on this line are projected on a single point in the
X-ray image. This line also intersects with the bone or
skin surfaces in the 3-D scene. Therefore, when a point
is indicated on the cephalogram as a point on the bone
surface, the 3-D point should be positioned on this line
and on the bone surface. This combination of 2-D and
3-D information is the key to accurate indication of
landmarks in a repeatable way.

134
Benefits of This Environment

The 3-D scene allows combination of 3-D hard and soft
tissue representations with lateral and frontal cephalo-
grams. This allows the set-up of a reliable 3-D cephalo-
metric reference system (Chap. 3). Moreover, 3-D
cephalometric hard (Chap. 4) and soft (Chap. 5) tissue
landmarks can be precisely defined and accurately po-
sitioned. Each landmark is visualized on the surface
representations together with its projection points on
both cephalograms. Depending on the nature of a
landmark, it can be easily indicated on the bone sur-
face and adjusted on the cephalograms, or vice versa.
This ease of indicating landmarks is an important ben-
efit of this approach.

Once landmarks are defined, they can be combined
to define anatomical planes (Chap. 6). Moreover, based
on these landmarks and planes, a complete set of hard
and soft tissue measurements can be defined: linear
measurements (3-D distances, distances with respect
to a reference frame) angular and proportional meas-
urements (Chap. 7).

CHAPTER 1
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Basic Craniofacial Anatomical Outlines

2.1 Skull - Anterior View
3-D CT Anatomy of the Skull

Fig. 2.1. a Anterior view of the skull in centric occlusion (adult cadaver skull). 7 Frontal bone; 2 Coronal suture; 3 Parietal bone; 4 Sphenoparietal suture;
5 Sphenofrontal suture; 6 Greater wing of sphenoid bone; 7 Sphenosquamosal suture; 8 Temporal bone; 9 Lesser wing of sphenoid bone; 70 Superior orbital fissure;
11 Inferior orbital fissure; 72 Sphenozygomatic suture; 73 Zygomatic bone; 14 Zygomaticofrontal suture; 75 Supraorbital margin; 76 Supraorbital foramen; 77 Fron-
tonasal suture; 78 Nasal bone; 79 Internasal suture; 20 Nasomaxillary suture; 27 Vomer; 22 Middle nasal conchae; 23 Inferior nasal conchae; 24 Frontomaxillary
suture; 25 Infraorbital margin; 26 Infraorbital foramen; 27 Maxilla; 28 Frontal process of maxilla; 29 Zygomaticomaxillary suture; 30 Alveolar process of maxilla;
37 Anterior nasal spine; 32 Mandible; 33 Vertical ramus of mandible; 34 Mandibular angle; 35 Body (or horizontal ramus) of mandible; 36 Mental foramen;
37 Alveolar process of mandible; 38 Symphysis of mandible; 39 Fracture line; 40 Saw line
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Fig. 2.1. b Anterior view of skull in centric occlusion (3-D CT, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull - Lateral View

Fig. 2.2. aRight lateral view of the skull in centric occlusion (adult cadaver skull). 7 Frontal bone; 2 Coronal suture; 3 Sphenofrontal suture; 4 Greater wing of
sphenoid bone; 5 Sphenosquamosal suture; 6 Parietal bone; 7 Squamosal suture; 8 Parietomastoid suture; 9 Lambdoidal suture; 70 Squamous portion of temporal
bone; 77 Processus mastoideus of temporal bone; 72 Occipitomastoid suture; 73 Occipital bone; 74 Sphenozygomatic suture; 75 Zygomatic bone;
16 Zygomatic arch; 17 Zygomaticofrontal suture; 78 Zygomaticotemporal suture; 79 Zygomaticomaxillary suture; 20 Nasal bone; 27 Nasomaxillary suture; 22 Fron-
tomaxillary suture; 23 Lacrimal bone; 24 Maxillary bone; 25 Anterior nasal spine; 26 External acousticus meatus; 27 Styloid process (incomplete);
28 Condyle of mandible; 29 Coronoid process of mandible; 30 Vertical ramus of mandible; 37 Mandibular angle; 32 Body of mandible; 33 Mental foramen;

34 Mental protuberance; 35 Saw line; 36 Screwhole; 37 Condylar process of mandible
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Fig. 2.2. bRight lateral view of skull in centric occlusion (3-D CT, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull Base — Endocranial View

Fig. 2.3. aEndocranial view of the skull base (adult cadaver skull). 7 Anterior cranial fossa; 2 Crista galli; 3 Frontal bone; 4 Frontal crest; 5 Frontoethmoidal suture;
6 Cribriform plate of ethmoid bone; 7 Sphenofrontal suture; 8 Middle cranial fossa; 9 Sphenoid bone; 70 Lesser wing of sphenoid bone; 77 Tuberculum sellae;
12 Hypophyseal fossa (sella turcica); 73 Dorsum sellae; 74 Optic canal; 75 Anterior clinoid process; 76 Posterior clinoid process; 77 Carotid sulcus;
18 Foramen rotundum; 79 Lingula of sphenoid bone; 20 Oval foramen of sphenoid bone (foramen ovale); 27 Spinous foramen (foramen spinosum); 22 Foramen
lacerum; 23 Squamous portion of temporal bone; 24 Petrous portion of temporal bone; 25 Petrosquamosal fissure; 26 Jugular foramen (foramen jugulare);
27 Internal acoustic meatus; 28 Parietal bone; 29 Posterior cranial fossa; 30 Occipital bone; 37 Clivus; 32 Great foramen (foramen magnum); 33 Occipitomastoid
suture; 34 Internal occipital crest; 35 Internal occipital protuberance; 36 Frontal sinus
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Fig. 2.3. b Endocranial view of the skull base (3-D CT, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull Base — Exocranial View

Fig. 2.4. a The skull base with the mandible removed: exocranial view (adult cadaver skull). 7 Median palatine suture; 2 Palatine process of maxilla; 3 Incisive
foramen (foramen incisivum); 4 Transverse palatine suture; 5 Palatine bone; 6 Greater palatine foramen; 7 Posterior nasal spine; 8 Vomer; 9 Zygomatic process of
maxilla; 70 Zygomatic arch; 77 Zygomatic process of temporal bone; 72 Pterygoid hamulus; 73 Medial lamina of pterygoid process; 74 Lateral lamina of pterygoid
process; 15 Infratemporal crest, greater wing of sphenoid bone; 76 Oval foramen of sphenoid bone (foramen ovale); 77 Spinous foramen (foramen spinosum);
18 Foramen lacerum; 79 Articular tubercle; 20 Carotid canal; 27 Incomplete styloid process; 22 Mandibular fossa; 23 Jugular foramen (foramen jugulare);
24 Stylomastoid foramen; 25 Mastoid foramen; 26 External acoustic meatus; 27 Occipitomastoid suture; 28 Occipital condyle; 29 Parietal bone; 30 Condylar canal;

37 Lambdoidal suture; 32 Inferior nuchal line; 33 External occipital protuberance; 34 Great foramen (foramen magnum)



2.1 3-D CT Anatomy of the Skull CHAPTER 2

Fig. 2.4. b The skull base with the mandible removed: exocranial view (3-D CT, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull — Superior View (Calvaria)

Fig. 2.5. a Superior view of the skull (calvaria) (adult cadaver skull). 7 Frontal bone; 2 Fracture line; 3 Coronal suture; 4 Parietal bone; 5 Sagittal suture
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Fig. 2.5. b Superior view of the skull (calvaria) (3-D CT,adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Calvaria - Interior View

Fig. 2.6. a Interior view of the calvaria (adult cadaver skull). 7 Frontal sinus; 2 Frontal bone; 3 Fracture line; 4 Outer table; 5 Diploe; 6 Inner table; 7 Frontal crest;
8 Coronal suture; 9 Parietal bone; 70 Sagittal suture; 77 Foveolae for arachnoid granulations; 72 Meningeal arterial grooves
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Fig. 2.6. b Interior view of the calvaria (3-D (T, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull - Dorsal View

Fig. 2.7. a Dorsal view of the skull (adult cadaver skull). 7 Parietal bone; 2 Sagittal suture; 3 Saw line; 4 Occipital bone; 5 Suture bone; 6 Lambdoidal suture;
7 Parietomastoid suture; 8 Occipitomastoid suture; 9 Mastoid process; 70 Superior nuchal line; 77 Inferior nuchal line
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Fig. 2.7. b Dorsal view of the skull (3-D CT, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull — Paramedian Sagittal View

Fig. 2.8. a Paramedian view of the skull with the mandible and calvaria removed (adult cadaver skull). 7 Frontal bone; 2 Parietal bone; 3 Arteria sulci;
4 Occipital bone; 5 Squamosal portion of temporal bone; 6 Coronal suture; 7 Squamosal suture; 8 Lambdoidal suture; 9 Frontal sinus; 70 Sphenoidal sinus; 77 Nasal
bone; 72 Frontonasal suture; 73 Perpendicular plate of ethmoid bone; 74 Vomer; 75 Dorsum sellae; 76 Clivus; 77 Spina nasalis anterior; 78 Spina nasalis posterior;
19 Hypophyseal fossa (sella turcica); 20 Hypoglossal canal; 27 Internal acoustic meatus; 22 Pterygoid fossa; 23 Pterygoid hamulus; 24 Alveolar process of maxillary
bone; 25 Incisive canal; 26 Palatine process of maxilla; 27 Screwhole
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Fig. 2.8. b Paramedian view of the skull with mandible and calvaria removed (3-D CT, adult cadaver skull)
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Basic Craniofacial Anatomical Outlines

Skull of a Newborn

Fig. 2.9. aThe skull of a new-born: anterior view (cadaver skull). b The skull of a new-born: anterior view (3-D CT, cadaver skull). 7 Anterior fontanelle; 2 Frontal
eminence; 3 Frontal suture; 4 Parietal eminence; 5 Coronal suture; 6 Deciduous molar

Fig.2.10. a The skull of a new-born: right lateral view (cadaver skull). b The skull of a new-born: right lateral view (3-D CT, cadaver skull). 7 Anterior fontanelle;
2 Frontal eminence; 3 Coronal suture; 4 Parietal eminence; 5 Lambdoidal suture; 6 Sphenoidal fontanelle; 7 Greater wing of sphenoid bone; 8 Squamous portion
of temporale bone; 9 Transverse occipital suture; 70 Squamous portion of occipital bone; 77 Posterolateral fontanelle; 72 Tympanic ring
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Fig. 2.11. a The skull base of a new-born: exocranial view (cadaver skull). b The skull base of a new-born: exocranial view (3-D CT, cadaver skull). 7 Mandible;
2 Premaxilla; 3 Choana; 4 Vomer; 5 Tympanic ring; 6 Lateral portion of occipital bone; 7 Petrous portion of temporal bone; 8 Squamous portion of temportal bone;
9 Parietal eminence; 70 Mastoid fontanelle; 77 Transverse occipital suture; 72 Squamous portion of occipital bone

Fig. 2.12. aThe skull of a new-born: superior view (cadaver skull).b The skull of a new-born: superior view (3-D CT, cadaver skull). 7 Frontal eminence; 2 Anterior
fontanelle; 3 Coronal suture; 4 Parietal eminence; 5 Sagittal suture; 6 Posterior fontanelle; 7 Squamous portion of occipital bone
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Basic Craniofacial Anatomical Outlines

Skull of a Newborn

Fig. 2.13. aThe skull of a new-born: dorsal view (cadaver skull). b The skull of a new-born: dorsal view (3-D CT, cadaver skull). 7 Parietal eminence; 2 Sagittal
suture; 3 Posterior fontanelle; 4 Squamous portion of occipital bone
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Skull of a 6-Year-0ld Child

Fig. 2.14. aThe skull of a 6-year-old child: anterior view (cadaver skull). b The skull of a 6-year-old child: anterior view (3-D CT, cadaver skull). 7 Deciduous (milk)
teeth; 2 Rudiments of permanent teeth

Fig. 2.15. aThe skull of a 6-year-old child: right lateral view (cadaver skull). b The skull of a 6-year-old child: right lateral view (3-D CT, cadaver skull)

33




34

Basic Craniofacial Anatomical Outlines

Skull of a 6-Year-0ld Child

Fig. 2.16. aThe skull base of a 6-year-old child: exocranial view (cadaver skull). b The skull base of a 6-year-old child: exocranial view (3-D CT, cadaver skull)

Fig. 2.17. aThe skull of a 6-year-old child. Superior view (cadaver skull).b The skull of a 6-year-old child. Superior view (3-D CT, cadaver skull)
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Fig. 2.18. aThe skull of a 6-year-old child: dorsal view. (cadaver skull). b The skull of a 6-year-old child: dorsal view. (3-D CT, cadaver skull)
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2.2 2.2.1
Multiplanar CT Anatomy of the Skull Axial CT Slices

Fig. 2.19. aVirtual scene shows 3-D hard-tissue surface representation and orientation of axial, virtually reconstructed coronal and sagittal slices (patient K.C.).
b Virtual scene shows orientation of axial, virtually reconstructed coronal and sagittal slices (patient K.C.)

Fig. 2.20. 3-D hard-tissue surface representation shows the position of orbito-
meatal orientated axial slices 1-8 (Figs. 2.21-2.28) (patient K.C.)
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Basic Craniofacial Anatomical Outlines

Axial CT - Slice 1

Fig. 2.21. Axial (T slice 1 (patient K.C.). 7 Frontal bone; 2 Frontal sinus; 3 Sphenoid bone; 4 Sphenosquamosal suture; 5 Temporal bone
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Axial CT - Slice 2

Fig. 2.22. Axial (T slice 2 (patient K.C.). 7 Frontal bone; 2 Frontal sinus; 3 Orbital roof; 4 Optic canal; 5 Anterior cranial fossa; 6 Sphenoid bone; 7 Sphenosquamosal
suture; 8 Temporal bone
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Axial CT - Slice 3

Fig. 2.23. Axial CT slice 3 (patient K.C.). 7 Nasal bone; 2 Maxillary bone; 3 Nasomaxillary suture; 4 Nasal septum; 5 Ethmoid air cells; 6 Orbita; 7 Frontal bone;
8 Sphenoid bone; 9 Superior orbital fissure; 70 Sphenoidal sinus; 77 Medial cranial fossa; 72 Sella turcica; 73 Posterior clinoid process; 74 Dorsum sellae; 75 Internal
acoustic meatus; 76 Mastoid air cells; 17 Posterior cranial fossa
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Axial CT - Slice 4

Fig. 2.24. Axial (T slice 4 (patient K.C.). 7 Nasal bone; 2 Maxillary bone; 3 Nasal septum; 4 Orbita; 5 Zygomatic bone; 6 Ethmoidal air cells; 7 Sphenoid bone;
8 Superior orbital fissure; 9 Sphenoidal sinus; 70 Medial cranial fossa; 77 Posterior cranial fossa; 72 Mastoid air cells; 73 External acoustic meatus
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Basic Craniofacial Anatomical Outlines

Axial CT - Slice 5

Fig. 2.25. Axial T slice 5 (patient K.C.). 7 Nasal bone; 2 Nasomaxillary suture; 3 Maxillary bone; 4 Maxillary sinus; 5 Zygomaticomaxillary suture; 6 Zygomati-
cotemporal suture; 7 Zygomatic arch; 8 Temporal bone; 9 Nasal septum; 70 Sphenoidal sinus; 77 Zygomatic bone; 72 Clivus; 73 Oval foramen of sphenoid bone
(foramen ovale); 74 Spinous foramen (foramen spinosum); 75 Foramen lacerum; 76 Carotid canal; 77 Jugular foramen (foramen jugulare); 78 External acoustic
meatus; 79 Occipital bone; 20 Hypoglossal nerve canal; 27 Condyle of mandible; 22 Mastoid air cells; 23 Posterior cranial fossa



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Axial CT - Slice 6

Fig. 2.26. Axial (T slice 6 (patient K.C.). 7 Maxillary bone; 2 Maxillary sinus; 3 Infraorbital canal; 4 Zygomatic bone; 5 Nasal septum; 6 Palatine bone; 7 Medial
lamina of pterygoid process; 8 Lateral lamina of pterygoid process; 9 Coronoid process of mandible; 70 Condylar process of mandible; 77 Styloid process;
12 Mastoid process; 13 Occipital condyle; 74 Great foramen (foramen magnum)
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Axial CT - Slice 7

Fig. 2.27. Axial (T slice 7 (patient K.C.). 7 Upper central incisors; 2 Upper left lateral incisor; 3 Upper left canine; 4 Upper left premolars; 5 Upper left first molar;
6 Upper left second molar; 7 Upper left third molar; 8 Vertical ramus of mandible; 9 Mandibular canal; 70 Body of 2nd cervical vertebra (axis); 77 Incisive foramen
(foramen incisivum)
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Axial CT - Slice 8

Fig. 2.28. Axial (T slice 8 (patient K.C.). 7 Upper central incisors; 2 Lower central incisors; 3 Lower left lateral incisor; 4 Lower left canine; 5 Lower left premolars;
6 Lower left molars; 7 Mandibular body; 8 Mandibular canal; 9 Body of 3rd cervical vertebra; 70 Vertebral foramen; 77 Articular process of 3rd cervical vertebra;
12 Arch of 3rd cervical vertebra; 73 Spinous process of 3rd cervical vertebra
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2.2.2

Virtual Coronal (Frontal) Slice Reconstructions Coronal Reconstruction — Slice 1

Fig. 2.29. a 3-D hard-tissue surface representations show the position of coronal reconstruction slice 7 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.29. b Coronal reconstruction slice 7 (patient K.C.). 7 Frontal bone; 2 Nasal bone; 3 Maxillary bone; 4 Anterior nasal spine; 5 Alveolar process of maxilla;
6 Upper central incisors
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Basic Craniofacial Anatomical Outlines

Coronal Reconstruction — Slice 2

Fig. 2.30. a.3-D hard-tissue surface representations show the position of coronal reconstruction slice 2 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.30. b Coronal reconstruction slice 2 (patient K.C.). 7 Frontal bone; 2 Anterior cranial fossa; 3 Crista galli; 4 Orbital roof; 5 Medial wall of orbit; 6 Fronto-
zygomatic suture; 7 Orbital floor; 8 Infraorbital canal; 9 Ethmoidal air cells; 70 Nasal septum; 77 Inferior nasal concha; 72 Medial nasal concha; 73 Maxillary sinus;
14 Zygomatic bone; 75 Palatine process of maxilla; 76 Alveolar process of maxilla; 77 First upper right molar; 78 Second lower right premolar; 79 Alveolar process of
mandible; 20 Body of mandible; 27 Mandibular canal
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Coronal Reconstruction — Slice 3

Fig. 2.31. a 3-D hard-tissue surface representations show the position of coronal reconstruction slice 3 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.31. b Coronal reconstruction slice 3 (patient K.C.). 7 Frontal bone; 2 Anterior cranial fossa; 3 Orbital roof; 4 Cribriform plate of ethmoid bone (lamina
cribrosa); 5 Perpendicular plate of ethmoid bone; 6 Ethmoidal air cells; 7 Lateral wall of orbit; 8 Orbit; 9 Zygomatic arch; 70 Medial nasal concha; 77 Inferior nasal
concha; 12 Nasal septum; 73 Palatine bone; 74 Maxillary tuberosity; 75 Upper right third molar; 76 Body of mandible; 77 Mandibular canal; 78 Lower right third molar
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Coronal Reconstruction — Slice 4

Fig. 2.32. a3-D hard-tissue surface representations show the position of coronal reconstruction slice 4 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.32. b Coronal reconstruction slice 4 (patient K.C.). 7 Frontal bone; 2 Lesser wing (ala minor) of sphenoid bone; 3 Greater wing (ala major) of sphenoid bone;
4 Sphenoidal sinus; 5 Superior orbital fissure; 6 Pterygopalatine fossa; 7 Superior nasal concha; 8 Medial nasal concha; 9 Nasal septum; 70 Medial lamina of ptery-
goid process; 11 Pterygoid fossa; 72 Lateral lamina of pterygoid process; 73 Zygomatic arch; 74 Coronoid process of mandible; 75 Vertical ramus of mandible;
16 Mandibular canal; 77 Greater cornu of hyoid bone; 78 Superior cornu of thyroid cartilage
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Coronal Reconstruction — Slice 5

Fig. 2.33. a3-D hard-tissue surface representations show the position of coronal reconstruction slice 5 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.33. b Coronal reconstruction slice 5 (patient K.C.). 7 Middle cranial fossa; 2 Parietal bone; 3 Squamosal suture; 4 Temporal bone; 5 Lesser wing (ala minor)
of sphenoid bone; 6 Optic canal; 7 Superior orbital fissure; 8 Spenoidal sinus; 9 Sphenosquamosal suture; 70 Greater wing (ala major) of sphenoid bone; 77 Ptery-
goid canal; 72 Nasal septum; 73 Medial lamina of pterygoid process; 14 Pterygoid fossa; 75 Lateral lamina of pterygoid process; 16 Zygomatic arch; 17 Vertical ramus
of mandible; 78 Mandibular canal; 79 Greater cornu of hyoid bone
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Coronal Reconstruction - Slice 6

Fig. 2.34. a 3-D hard-tissue surface representations show the position of coronal reconstruction slice 6 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.34. b Coronal reconstruction slice 6 (patient K.C.). 7 Middle cranial fossa; 2 Parietal bone; 3 Squamosal suture; 4 Temporal bone; 5 Anterior clinoid process;
6 Hypophyseal fossa (sella turcica); 7 Carotid sulcus; 8 Spenoidal sinus; 9 Sphenosquamosal suture; 70 Greater wing (ala major) of sphenoid bone; 77 Foramen
rotundum; 72 Vertical ramus of mandible; 73 Greater cornu of hyoid bone; 74 Thyroid cartilage
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Coronal Reconstruction - Slice 7

Fig. 2.35. a 3-D hard-tissue surface representations show the position of coronal reconstruction slice 7 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.35. b Coronal reconstruction slice 7 (patient K.C.). 7 Middle cranial fossa; 2 Parietal bone; 3 Squamosal suture; 4 Temporal bone; 5 Posterior clinoid process;
6 Clivus; 7 Carotid sulcus; 8 Spenoidal sinus; 9 Sphenosquamosal suture; 70 Sphenoid bone; 77 Condylar process of mandible; 72 Cervical vertebra
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Coronal Reconstruction — Slice 8

Fig. 2.36. a 3-D hard-tissue surface representations show the position of coronal reconstruction slice 8 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.36. b Coronal reconstruction slice 8 (patient K.C.). 7 Parietal bone; 2 Squamosal suture; 3 Temporal bone; 4 Middle cranial fossa; 5 Posterior cranial fossa;
6 External acoustic meatus; 7 Vestibulum; 8 Arcuate eminence; 9 Foramen stylomastoideum; 70 Facial canal; 77 Styloid process; 72 Petro-occipital fissure
(synchondrosis); 73 Occipital bone; 74 Atlanto-occipital articulation; 75 Transverse process of atlas; 76 Lateral mass of atlas; 77 Dens axis (odontoid process);
18 2nd cervical vertebra; 79 3rd cervical vertebra; 20 4th cervical vertebra; 27 5th cervical vertebra
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Coronal Reconstruction - Slice 9

Fig. 2.37. a3-D hard-tissue surface representations show the position of coronal reconstruction slice 9 (patient K.C.)



2.2 Multiplanar CT Anatomy of the Skull CHAPTER 2

Fig. 2.37. b Coronal reconstruction slice 9 (patient K.C.). 7 Posterior cranial fossa; 2 Foramen magnum; 3 Parietal bone; 4 Mastoid process; 5 Mastoid air cells;
6 Petro-occipital fissure (synchondrosis); 7 Occipital bone; 8 Jugular foramen (foramen jugulare); 9 Atlanto-occipital articulation; 70 Transverse process of atlas;
11 2nd cervical vertebra; 72 3rd cervical vertebra; 13 4th cervical vertebra; 74 5th cervical vertebra




64

Basic Craniofacial Anatomical Outlines

2.23

Virtual Sagittal Slice Reconstructions Sagittal Reconstruction - Slice 1

Fig. 2.38. a 3-D hard-tissue surface representations show the position of sagittal reconstruction slice 7 (patient K.C.)
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Fig. 2.38. b Sagittal reconstruction slice 7 (patient K.C.). 7 Frontal bone; 2 Frontal sinus; 3 Crista galli; 4 Anterior cranial fossa; 5 Cribriform plate of ethmoid bone
(lamina cribrosa); 6 Tuberculum sellae; 7 Hypophyseal fossa (sella turcica); 8 Dorsum sellae; 9 Clivus; 70 Sphenoidal sinus; 77 Ethmoidal air cells; 72 Nasal bone;
13 Frontonasal suture; 74 Sphenoid bone; 75 Occipital bone; 76 Great foramen (foramen magnum); 77 Vertebral canal; 78 Anterior nasal spine; 79 Alveolar process
of maxilla; 20 Upper central incisor; 27 Incisive canal; 22 Palatine process of maxilla; 23 Palatine bone; 24 Posterior nasal spine; 25 Anterior arch of atlas; 26 Posterior
arch of atlas; 27 Dens axis; 28 Spinous process of axis; 29 3rd cervical vertebra; 30 Spinous process of 3rd cervical vertebra; 37 4th cervical vertebra; 32 Spinous
process of 4th cervical vertebra; 33 5th cervical vertebra; 34 Spinous process of 5th cervical vertebra; 35 Symphysis of mandible; 36 Alveolar process of mandible;
37 Lower central incisor; 38 Hyoid bone
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Sagittal Reconstruction — Slice 2

Fig. 2.39. a 3-D hard-tissue surface representations show the position of sagittal reconstruction slice 2 (patient K.C.)
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Fig. 2.39. b Sagittal reconstruction slice 2 (patient K.C.). 7 Frontal bone; 2 Frontal sinus; 3 Anterior cranial fossa; 4 Ethmoidal air cells; 5 Sphenoidal sinus;
6 Sphenoid bone; 7 Carotid canal; 8 Hypoglossal nerve canal; 9 Occipital bone; 70 Great foramen (foramen magnum); 77 Vertebral canal; 72 Alveolar process of
maxilla; 73 Upper lateral incisor; 74 Palatine process of maxilla; 75 Posterior palatine artery canal; 76 Atlanto-occipital articulation; 77 Anterior arch of atlas;
18 Posterior arch of atlas; 79 2nd cervical vertebra; 20 Spinous process of axis; 27 3rd cervical vertebra; 22 Spinous process of 3rd cervical vertebra; 23 4th cervical
vertebra; 24 Spinous process of 4th cervical vertebra; 25 5th cervical vertebra; 26 Spinous process of 5th cervical vertebra; 27 Body of mandible; 28 Alveolar process
of mandible; 29 Lower canine; 30 Hyoid bone
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Sagittal Reconstruction - Slice 3

Fig. 2.40. a 3-D hard-tissue surface representations show the position of sagittal reconstruction slice 3 (patient K.C.)
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Fig. 2.40. b Sagittal reconstruction slice 3 (patient K.C.). 7 Frontal bone; 2 Anterior cranial fossa; 3 Orbital roof; 4 Sphenoid bone; 5 Orbit; 6 Orbital floor; 7 Medial
cranial fossa; 8 Oval foramen (foramen ovale); 9 Carotid canal; 70 Internal acoustic meatus; 77 Posterior cranial fossa; 72 Occipital bone; 73 Maxillary sinus; 74 Ptery-
gopalatine fossa; 75 Lateral lamina of pterygoid process; 76 Alveolar process of maxilla; 77 Second upper premolar; 78 First upper molar; 79 Second upper molar;
20 Third molar; 27 Maxillary tuberosity; 22 Body of mandible; 23 First lower molar; 24 Second lower molar; 25 Mandibular canal; 26 Atlanto-occipital articulation;
27 Lateral mass of atlas; 28 22nd cervical vertebra; 29 3rd cervical vertebra; 30 4th cervical vertebra; 37 5th cervical vertebra
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Sagittal Reconstruction — Slice 4

Fig. 2.41. a3-D hard-tissue surface representations show the position of sagittal reconstruction slice 4 (patient K.C.)
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Fig. 2.41. b Sagittal reconstruction slice 4 (patient K.C.). 7 Frontal bone; 2 Anterior cranial fossa; 3 Orbital roof; 4 Sphenoid bone; 5 Orbit; 6 Orbital floor; 7 Medial
cranial fossa; 8 Internal acoustic meatus; 9 Temporal bone; 70 Posterior cranial fossa; 77 Occipital bone; 72 Maxillary sinus; 73 Transverse process of atlas; 74 Body
of mandible; 75 Mandibular canal
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Sagittal Reconstruction - Slice 5

Fig. 2.42. a3-D hard-tissue surface representations show the position of sagittal reconstruction slice 5 (patient K.C.)
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Fig. 2.42. b Sagittal reconstruction slice 5 (patient K.C.). 7 Frontal bone; 2 Anterior cranial fossa; 3 Medial cranial fossa; 4 Posterior cranial fossa; 5 Lateral orbital
wall; 6 Temporal bone; 7 Occipital bone; 8 Facial canal; 9 Styloid process; 70 Stylomastoid foramen (foramen stylomastoideum); 77 Tympanic cavity; 12 Zygomatic
bone; 73 Condyle of mandible; 74 Coronoid process of mandible; 75 Vertical ramus of mandible; 76 Mandibular canal
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Sagittal Reconstruction — Slice 6

Fig. 2.43. a3-D hard-tissue surface representations show the position of sagittal reconstruction slice 6 (patient K.C.)
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Fig. 2.43. b Sagittal reconstruction slice 6 (patient K.C.). 7 Frontal bone; 2 Frontozygomatic suture; 3 Zygomatic bone; 4 Sphenoid bone; 5 Temporal bone;
6 Mastoid air cells; 7 External acoustic meatus; 8 Occipital bone; 9 Mandibular fossa; 70 Condyle of mandible; 77 Condylar process of mandible; 72 Vertical ramus
of mandible
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23
Virtual X-Rays of the Skull Virtual X-Ray — Frontal View

Fig. 2.44 a,b. Lateral view (patient K.C.). In order to compute the virtual lateral X-ray, the skull is virtually positioned in the right profile view with the cantho-
meatal or trago-canthal line (the line that extends from the external acoustic meatus or tragus to the lateral junction of the eyelids) parallel to the horizontal plane



2.3 Virtual X-Rays of the Skull CHAPTER 2

Fig. 2.45. Virtual X-ray film of the skull, lateral view (patient K.C.)
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Virtual X-Ray — Frontal View

Fig. 2.46 a,b. Frontal view (patient K.C.).In order to compute the virtual frontal X-ray, the skull is virtually positioned in the frontal view with the cantho-meatal
or trago-canthal line parallel to the horizontal plane



2.3 Virtual X-Rays of the Skull CHAPTER 2

Fig. 2.47. Virtual X-ray film of the skull, frontal view (patient K.C.)
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Virtual X-Ray — Modified Waters View

Fig. 2.48 a,b. Modified Waters view (patient K.C.).In order to compute the virtual modified Waters X-ray, the skull is virtually positioned in the frontal view and
posteriorly inclined until the cantho-meatal or trago-canthal line is 37° to the horizontal plane



2.3 Virtual X-Rays of the Skull CHAPTER 2

Fig. 2.49. Virtual X-ray film of the skull, modified Waters view (patient K.C.)
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Basic Craniofacial Anatomical Outlines

Virtual X-Ray — Modified Caldwell View

Fig. 2.50 a,b. Modified Caldwell view (patient K.C.). In order to compute the virtual modified Caldwell X-ray, the skull is virtually positioned in the frontal view
and posteriorly inclined until the cantho-meatal or trago-canthal line is approximately 23° (15° for children) to the horizontal plane
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l‘ j

Fig. 2.51. Virtual X-ray film of the skull, modified Caldwell view (patient K.C.)
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Virtual X-Ray — Base View

Fig. 2.52 a,b. Base view (patient K.C.).In order to compute the virtual base view X-ray, the skull is virtually positioned in the frontal view and posteriorly inclined
until the cantho-meatal or trago-canthal line is perpendicular to the vertical plane



2.3 Virtual X-Rays of the Skull CHAPTER 2

Y

7

Fig. 2.53. Virtual X-ray film of the skull, base view (patient K.C.)
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Virtual Lateral Cephalogram

Fig. 2.54 a,b. Virtual lateral cephalogram (patient K.C.). In order to compute the virtual lateral cephalogram, the skull is virtually positioned in the right profile
view with Frankfort horizontal (FH) parallel to the horizontal plane
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Fig. 2.55. Virtual lateral cephalogram (patient K.C.)
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Virtual Frontal Cephalogram

Fig. 2.56 a,b. Virtual frontal cephalogram (patient K.C.). In order to compute the virtual frontal cephalogram, the skull is virtually positioned in the frontal view
with Frankfort horizontal (FH) parallel to the horizontal plane



2.3 Virtual X-Rays of the Skull CHAPTER 2

Fig. 2.57. Virtual frontal cephalogram (patient K.C.)
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CHAPTER 3

Assessment of craniofacial morphology is inherently
influenced by the experience and subjective perception
of the examiner. Hence, standardized positioning of
the patient and standardized measurement acquisition
systems are crucial for objective assessment. Standard-
ized methods for the production of cephalometric ra-
diographs were introduced and developed by Broad-
bent and Hofrath in 1931. In cephalometric radiogra-
phy special holders known as cephalostats (Chap. 1,
Fig. 1.11), are used to keep the patient’s head in a stan-
dardized position to the Frankfort horizontal (FH).
Cross-sectional and longitudinal multicentre studies
on craniofacial morphology, however, often have to
deal with different enlargement factors used in
cephalometric radiography. To minimize analysis bias,
scaling procedures (e.g. to the anterior cranial base)
are frequently used or linear measurements are ex-
cluded and only angular and proportional measure-
ments are employed.

Spiral CT-based 3-D cephalometry using standard-
ized CT scanning protocols (Chap. 1) has the great ad-
vantage that all measurements are real size (1:1) which
allows both cross-sectional and longitudinal compari-
son of 3-D distances, linear projective and orthogonal
measurements. Contrary to cephalometric radiogra-
phy, spiral CT-based 3-D cephalometry does not neces-
sitate standardized fixation of the skull during record
taking, because the 3-D virtual scene approach allows
standardized virtual positioning of the skull to the FH.

Once standardized data are available, an accurate
3-D coordinate system is required that can be reliably
transferred to allow cross-sectional and longitudinal
comparison of craniofacial morphology and pre-oper-
ative status, virtual planning and post-operative surgi-
cal treatment outcome. In conventional radiographic
cephalometry, different anatomic reference systems
have been proposed. The best-known of these are

based on the FH or the anterior cranial base (S-N).
Proffit and co-workers advocate a reference system
with the horizontal plane six degrees below the
Sella-Nasion (S-N) line.

This chapter describes, step by step, the set-up of a
Cartesian anatomical 3-D cephalometric reference sys-
tem. The 3-D virtual scene approach allows standard-
ized virtual positioning of the patient, generation of
virtual cephalograms, easy and accurate location of the
Sella and Nasion landmarks, subsequently automatic
definition of a horizontal plane according to Proffit
and co-workers and finally the set-up of the 3-D
cephalometric reference system. The presented 3-D
cephalometric system can be used as a registration sys-
tem for evaluation of craniofacial growth and develop-
ment (Chap. 8); however, it is important to take into
account that the cranial base undergoes remodelling
changes during childhood and that cranial base-relat-
ed landmarks such as Sella and Nasion can change
during growth.

The potential of the presented 3-D cephalometric
reference system lies in the fact that both hard and
soft tissue CT surface representations are linked to the
same Cartesian anatomic coordinate system, which
allows cross-sectional and longitudinal quantitative
comparison of craniofacial morphology and growth
patterns. Moreover, the 3-D cephalometric reference
system presents an alternative and is complementary
to rigid registration (point-, surface- or voxel-based)
techniques to compare pre-operative status, virtual
planning and post-operative outcome of voxel-based
surgery. The orthogonal coordinate data of the 3-D
cephalometric landmarks have been used for valida-
tion of the 3-D cephalometric reference system and
have shown a high intra-observer and inter-observer
accuracy and reliability (Chap. 7).
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3.1

3-D Cephalometric Reference System

Standardized Virtual Positioning of the Skull

Once the 3-D CT hard and soft tissue representations
of the patient’s skull are rendered in the virtual scene,
the skull has to be positioned virtually in a standard-
ized manner.

Standardized Virtual Positioning of the Skull

Step 1:

Step 2:

Position the skull oriented to the median
plane using paired midfacial anatomic struc-
tures (e.g. the orbits, frontal process of the
maxilla, frontozygomatic suture) in the
frontal view of the 3-D hard tissue surface
representation (Fig. 3.1).

Position the skull parallel to the FH in the
right profile view of the 3-D hard tissue sur-
face representation (Fig.3.2). The FH con-
nects the most superior point of the external
acoustic meatus (Porion) with the most infe-
rior point of the infraorbital rim (Orbitale)
(Chap. 4).

Fig. 3.1. Virtual positioning of the skull in the frontal view of the 3-D hard tis-
sue surface representation (3-D CT, patient K.C.)

Step 3:

Verify the position of the skull with regard to
the FH in the left profile view of the 3-D hard
tissue surface representation (Fig.3.3). If a
discrepancy between the right and left FH is
present (Fig. 3.3), always orient the skull par-
allel to the right FH. In unilateral congenital
malformations (e.g. Goldenhar syndrome,
hemifacial microsomia) or acquired malfor-
mations (e.g. fracture of the infraorbital rim)
the non-affected FH should be used to posi-
tion the skull, while in bilateral malforma-
tions, an effort should be made to orient the
skull parallel to the FH using other land-
marks.



3.1 Standardized Virtual Positioning of the Skull CHAPTER 3

Fig. 3.2. Virtual positioning of the skull parallel to the right Frankfort horizon-  Fig. 3.3. The left profile view of the 3-D hard tissue surface representation

tal (FH) (3-D CT, patient K.C.) illustrates a discrepancy between the right and the left FH, due to an uneven
vertical level of the Porion 3-D cephalometric landmarks.The left Porion is more
inferiorly localized than the right Porion. In case of uneven FHs, it is proposed to
orient the skull on the right FH for standardization. (3-D CT, patient K.C.)

95




96

3-D Cephalometric Reference System

3.2
Computing of Virtual Lateral and Frontal Cephalograms

Once the patient’s skull is virtually placed in the stan-
dardized position, virtual lateral (Fig.3.4, Fig.2.55)
and frontal (Fig. 3.5, Fig. 2.57) cephalograms are gen-
erated from the CT data set (Chaps. 1 and 2) and linked
to the 3-D hard tissue surface representation.

Fig. 3.4. Virtual lateral cephalogram linked
to the 3-D hard tissue surface representation
(patient K.C.)




3.2 Computing of Virtual Lateral and Frontal Cephalograms CHAPTER 3

Fig. 3.5. Virtual frontal cephalogram linked
to the 3-D hard tissue surface representation
(patient K.C.)
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Fig. 3.6. Virtual lateral and frontal cephalograms linked
to the 3-D hard tissue surface representation (patient K.C.)

Fig. 3.7. Virtual lateral and frontal cephalograms linked
to the 3-D hard tissue surface representation (patient K.C.)



3.3 Definition of the Nasion and Sella 3-D Cephalometric Landmarks CHAPTER 3

3.3 Definition of the Nasion Landmark

Definition of the Nasion

and Sella 3-D Cephalometric Landmarks Nasion is the midpoint of the frontonasal suture.
Nasion: N

Fig. 3.8. Nasion. Frontal view (cadaver skull) Fig. 3.9. Nasion. Frontal view (3-D CT, cadaver skull). Note that it is not possi-
ble to precisely define the Nasion landmark on the 3-D hard tissue representa-
tion because the frontonasal suture is not clearly visible

Fig. 3.10. Nasion. Profile view right (cadaver skull) Fig. 3.11. Nasion. Profile view right (3-D CT, cadaver skull)
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3-D Cephalometric Reference System

Virtual Definition of the Nasion Landmark

Step 1: Define Nasion on the virtual lateral cephalo-
gram (Figs. 3.12,3.13).

Step 2: Verify and correct the median position of
the Nasion landmark on the frontal view
of the 3-D hard tissue surface representation
(Fig. 3.14).

Step 3: The position of the Nasion landmark is veri-
fied on the left and right 3-D profile views of
the 3-D hard tissue surface representations
(Figs. 3.15, 3.16).

Fig. 3.12. Nasion.Virtual lateral cephalogram (patient K.C.) Fig. 3.13. Nasion. Virtual lateral cephalogram linked to the 3-D hard tissue
surface representation (patient K.C.)
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3.3 Definition of the Nasion and Sella 3-D Cephalometric Landmarks CHAPTER 3

Fig. 3.14. Nasion.Frontal view (3-D CT, patient K.C.)

e

Fig. 3.15. Nasion. Profile view right (3-D CT, patient K.C.) Fig. 3.16. Nasion. Profile view left (3-D CT, patient K.C.)
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Fig. 3.17. Nasion.Virtual lateral and frontal
cephalograms linked to the 3-D hard tissue
surface representation (patient K.C.)
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3.3 Definition of the Nasion and Sella 3-D Cephalometric Landmarks CHAPTER 3

Sella: S
Definition of the Sella Landmark

Sella is the centre of the hypophyseal fossa
(sella turcica).

Fig. 3.18. Sella.Paramedian view right (cadaver skull) Fig. 3.19. Sella.Paramedian view right (3-D CT, cadaver skull)

-

Fig. 3.20. Sella.Endocranial skull base view (cadaver skull) Fig. 3.21. Sella.Endocranial skull base view (3-D CT, cadaver skull)
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Virtual Definition of the Sella Landmark

Step 1: Define Sella on the virtual lateral cephalo-
gram (Figs. 3.22,3.23).

Step2: Verify the position of the Sella landmark
on the left and right paramedian views of
the 3-D hard tissue surface representation
(Figs. 3.24,3.25).

Step 3:  Verify the midline position of the Sella land-
mark on the endocranial skull base view
(Fig. 3.26).

= iy o,

Fig. 3.22. Sella.Virtual lateral cephalogram (patient K.C.) Fig. 3.23. Sella. Virtual lateral cephalogram linked to the 3-D hard tissue
representation

104




3.3 Definition of the Nasion and Sella 3-D Cephalometric Landmarks CHAPTER 3

Fig. 3.24. Sella.Paramedian view right (3-D CT, patient K.C.) Fig. 3.25. Nasion.Paramedian view left (3-D CT, patient K.C.)

Fig. 3.26. Sella.Endocranial skull base view (3-D CT, patient K.C.)
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34 Virtual Definition
Set-up of the Anterior Cranial Base (S-N) Plane of the Anterior Cranial Base (S-N) Plane

Once virtual definition of the Nasion and Sella 3-D The anterior cranial base (S-N) plane is a plane that
cephalometric landmarks is accomplished, the anteri- passes the Nasion and Sella landmarks and is perpen-
or cranial base (S-N) plane is automatically computed. dicular to the virtual lateral cephalogram (Fig. 3.27).

Fig. 3.27. Anterior cranial base (S-N) plane.Virtual lateral cephalogram linked to the 3-D hard tissue surface representation (3-D CT, patient K.C.)



3.5 Set-up of the 3-D Cephalometric Reference System

3.5
Set-up of the 3-D Cephalometric Reference System

With the geometric information that is now available,
the 3-D virtual scene approach allows the automatic
generation of a 3-D cephalometric reference system as
an anatomic Cartesian coordinate system.

Virtual Definition of the 3-D Cephalometric
Reference System

The horizontal (x) 3-D cephalometric reference plane
is automatically computed as a plane 6 degrees below
the anterior cranial base (S-N) plane, with the origin in
Sella perpendicular to the virtual lateral cephalogram
(Fig. 3.28). The vertical (y) 3-D cephalometric refer-
ence plane is computed as a plane with the origin
in Sella and perpendicular to the horizontal (x) 3-D
cephalometric reference plane. The median (z) 3-D
cephalometric reference plane is computed as a plane
with the origin in Sella and perpendicular to both the
horizontal (x) and the vertical (y) 3-D cephalometric
reference plane (Fig. 3.29).
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Fig. 3.28. Horizontal (x) 3-D cephalometric reference plane.Virtual lateral cephalogram linked to the 3-D hard tissue surface representation (3-D CT, patient K.C.)
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Fig. 3.29. 3-D cephalometric reference system. Virtual lateral cephalogram linked to the 3-D hard tissue surface representation (3-D CT, patient K.C.)
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Fig. 3.30. 3-D cephalometric reference system. Virtual lateral cephalogram linked to the 3-D soft tissue surface representation (3-D (T, patient K.C.)
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Fig. 3.31a, b. 3-D cephalometric reference system superimposed on the hard tissue surface representations (3-D CT, patient K.C.)

Fig. 3.32 a, b. 3-D cephalometric reference system superimposed on the hard and transparent soft tissue surface representations (3-D CT, patient K.C.)
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Fig. 3.33 a, b. 3-D cephalometric reference system superimposed on the soft tissue surface representations (3-D CT, patient K.C.)
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CHAPTER 4

Cephalometric radiography, introduced by Broadbent
and Hofrath in 1931, allows orthodontists, maxillo-
facial, craniofacial and plastic surgeons to diagnose
the patient’s craniofacial morphology and growth and
enables them to plan, monitor and evaluate the appro-
priate treatment. The most important shortcoming
of cephalometric radiography is its two-dimensional
character. Lateral cephalometric radiographs are most
commonly used and allow 2-D evaluation of cranio-
facial morphology and growth but ignore the medio-
lateral axis. Frontal cephalometric radiographs are
useful for facial asymmetry assessment but neglect
the postero-anterior dimension. Multi-planar cephalo-
metric radiography was developed by Grayson and
co-workers. By tracing cephalometric landmarks lo-
calized on the midsagittal plane (Sella, Nasion, An-
terior Nasal Spine, incisal tip of maxillary central inci-
sor, incisal tip of mandibular central incisor, Menton
and Pogonion) on both lateral and postero-anterior
cephalometric radiographs, 3-D cephalograms could
be generated after combining and integrating the data
of both 2-D projecting cephalograms. The major
shortcoming of this method is that the 3-D cephalo-
gram does not present a truly 3-D depiction; they are
generated from 2-D cephalometric radiographs, which
involves an inherent analysis bias.

Recent innovations in computer software technolo-
gy enabled the development of a new virtual voxel-
based 3-D cephalometric method by our research
group. This approach of 3-D cephalometry is based on
a single dataset in which virtual lateral and frontal
cephalograms are linked to the 3-D hard and soft tis-
sue surface representations. It is therefore less sensitive
to analysis bias than multi-planar cephalometric ra-
diography. Moreover, it offers real three-dimensional
landmark definition and cephalometric analysis.

Precise definition of cephalometric landmarks is es-
sential for the accuracy a