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ABSTRACT
Introduction: We argue, for studies of growth or treatment changes, superimposed
CBCT images ought to be employed routinely. The location of 3D landmarks on curved
structures, however, has been complex. In this study, a reliable method of CBCT
superimposition was developed with the aid of AMIRA XImage® software. The specific
focus was to develop a practical method for cranial base superimpositions at sella turcica
in serial CBCT images. Subsequently, evaluations of the anterior curvature of
hypophyseal fossa during growth were completed to confirm the stability. Comparisons
of surface changes in the superimposed images in different regions were also made.

Methods: Samples of pre- and post-orthodontic CBCT data were procured from Case
Western Reserve University. Cranial base changes in 10 adolescent patients of Class I
and II hypodivergent, normodivergent, and hyperdivergent malocclusions, were observed
over an average interval of 2 years and 5 months. Cranial base models were
superimposed using a rigid registration technique, and 3D models constructed from
manual segmentation in the AMIRA software. Surface distance changes of the entire
cranial base were compared to that of the anterior portion of sella turcica.

Results: Mean surface distance changes for the entire cranial base and anterior sella were
0.73-1.57 ± 0.71-1.30 mm and 0.37-0.63 ± 0.29-0.43 mm, respectively. The area above a
threshold of 0.5 mm was 61.02-74.11% (cranial base) and 40.70-50.94% (anterior sella)
as well. Paired t-tests were applied to compare differences between the mean distance and
area above the threshold for data of cranial base versus anterior sella. Both illustrated p-
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values less than 0.0001 and were statistically significant. Intra-rater reliability was
evaluated by completing segmentation and registration three consecutive times on each
CBCT volume. Mean surface differences were within 0.01 mm with the exception of one
patient. In addition, all subjects exhibited less than 1.00% deviation except three patients,
which deviated by 1.03%, 1.46%, and 1.64%, respectively.

Conclusions: A practical method of superimposition of serial CBCT images was
developed. Through production of color maps, the surface distance of the anterior portion
of sella turcica was shown to change much less than the clivus and remaining cranial base
structures in pre- and post-treatment scans of growing children. Lastly, the method of
superimposition developed here may assist future studies of skeletal changes with
accuracy.
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CHAPTER 1
INTRODUCTION
The first renderings of corporeal beings were found on prehistoric cave walls.
Ever since the days of our cave-dwelling ancestors, humans have practiced depictions of
objects in a two-dimensional format. The human anatomy too, was simplified to twodimensions (2D) because of the available technology until recently. During the course of
its evolution, drawings and paintings incorporated perspective and shadowing. These
advances helped represent depth and extent of the three-dimensional (3D) nature of the
object, be it, animate or inanimate. Despite such advances, the 2D rendering and
measurements still offer limited accuracy to understand 3D objects. As materials and
technology have advanced, three-dimensional imaging has come to the forefront. In the
world of craniofacial sciences, Van Loon’s Cubus Craniophorus was the first effort to
create the virtual patient in 3D (Wahl, 2006b; Van Loon, 1915). It was long understood
that innovations and advances in 3D rendering techniques not only allow professionals to
generate a truer representation of the subject, but also aid in the study of the human form.
One of the most important advantages of three-dimensional imaging is the increase in the
amount of information of craniofacial morphology that is now available (Baumrind,
2011). Although the imaging technologies have advanced rapidly, methods employing
the techniques have lagged behind.
Applications of three-dimensional imaging technology to diagnose, fabricate, and
study are now commonplace orthodontics. In its infancy, cone-beam computed
tomography (CBCT) had limited acceptance due to its higher cost, low resolution, and
most importantly, higher dose of radiation (Silva et al., 2008). Recent advances, however,
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have made it affordable and capable of capturing higher resolution images with notably
lower radiation. The information CBCT images can generate is invaluable. Many
conditions that were difficult or impossible to diagnose with older technology are now
patently visible in the 3D images. Moreover, these images are also expedient in the
planning of treatment for impacted teeth, airway analysis, surgical planning, evaluation of
skeletal asymmetries, and placement of miniscrews (Hodges, Atchison, and White, 2013).
Superior to previous methods, CBCT volumes may also allow direct measurement of the
transverse dimension and relative tooth positions within the skeleton (Larsen, 2012). Yet,
there is still much to be discovered in the CBCT data (Abdelkarim, 2012).
The current 2D panoramic radiographs, for example, display increased amounts of
horizontal and vertical magnification as the objects move further from the focal trough. In
contrast, CBCT has the ability to provide a 1:1 geometry allowing increased accuracy for
dimensional measurements (Larsen, 2012). Additional advantages three-dimensional
(3D) images have over 2D are: image reformatting to provide viewing from different
angles and perspectives, improved management of superimpositions, and production of
images with minimal projection artifacts and blurring (Mah, Yi, Huang, and Choo, 2011).
Further development of CBCT imaging units with low-dose scan protocols may soon
allow for acquisition of images at radiation levels close to those of lateral cephalogram
and panoramic units (Larsen, 2012).
A new and interesting function of CBCT imaging needs to be the superimposition
of images to map cranial structures (Cevidanes, Styner, and Proffit, 2006). The 3D
superimposition of serial images will aid in understanding temporal changes in the
positions of skeletal and soft tissue structures. It will reveal, for example, how orthopedic
2

or surgical manipulation of one structure might affect the adjacent ones, and also posttreatment stability (Mah, Yi, Huang, and Choo, 2011). It may be expected such novel
information has the potential to estimate how a patient might respond to particular
treatment modalities. The conventional wisdom of orthodontics in order to begin
superimposition of images is to first register an image with structures that are seen as
stable reference points.
To date, this has been very difficult to do for 3D images. Location of threedimensional landmarks on curving structures of the bony contours remains highly
complex. We posit, increasing the number of points for superimposition may overcome
this difficulty (Cevidanes et al., 2011). Thus, the reproducible method of CBCT
superimposition established by Gianquinto will be implemented and adapted to develop a
practical method for superimposition at sella turcica (Gianquinto, Viechnicki, and Tuncay,
2012). The anterior curvature of the hypophyseal fossa area is chosen in our project, as it
is known to be stable during growth and remodeling. It may be used to assess overall
growth of treatment changes and stability of anatomical surfaces in the craniofacial
complex.
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CHAPTER 2
REVIEW OF THE LITERATURE
2.1 Cephalometric Radiography
A contemporary of Van Loon’s, Wilhlem C. Roentgen, passed electric current
through a vacuum tube and witnessed a phosphor screen fluoresce brightly in 1895. This
led to the groundbreaking discovery of x-rays (Wahl, 2006a). It was not until 1931 that
Broadbent invented roentenographic cephalometry, giving rise to its use in orthodontics.
Cephalograms became a focal point of the landmark Bolton Brush study, being used to
interpret craniofacial growth patterns and complete dentofacial measurements (Broadbent,
1931). After following the developmental pattern of patients longitudinally, Broadbent
published his analysis on more than 1,000 cases in 1937 (Wahl, 2006a).
It was not until after the Second World War that cephalometric radiography
became widely used. With this new imaging technique, clinicians began to realize that
faulty jaw relationships were the main culprit behind Class II and III malocclusions.
Additionally, orthodontists began to witness changes in jaw growth through analysis of
these cephalometric images. In 1939, Lucien de Coster of Belgium became the first to
publish an evaluation technique. The analysis focused on relating the cephalometric
landmarks to dentofacial proportions by utilizing a grid system (Wahl, 2006b). In the
coming years, orthodontists throughout the world developed numerous cephalometric
evaluations.
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2.1.1 Cephalometric Analyses
In regards to cephalometric analyses, Downs was the first to publish his study
“Variations in Facial Relationships: Their Significance in Treatment and Prognosis”. This
publication examined the facial proportions of 20 Caucasian adults without orthodontic
treatment who were considered to have ideal occlusion (Downs, 1956). By analyzing the
normal pattern of development, Downs felt one would be able to determine the abnormal.
This study later became known as the Downs’ analysis and provided a way to evaluate
the relationships of facial components throughout growth. Downs’ analysis has acted as a
stepping-stone for future cephalometric studies (Wahl, 2006b).
Cephalometric radiographs continued to gain acceptance throughout the
orthodontic community. Cecil Steiner developed an innovative technique in 1953
allowing orthodontists to use cephalometric radiographs to treatment plan cases. It
proposed guidelines describing what compromises were needed in incisor positions to
achieve a proper occlusion when the ANB angle was not ideal (Steiner, 1953; Hans,
Palomo, and Valiathan, 2015).
In 1966, Charles Tweed developed the Tweed triangle, formed by the lower
central incisor, mandibular plane and Frankfort horizontal plane. The ideal measurements
for the Tweed triangle are FH/MP (FMA) = 25°, LI/MP (IMPA) = 90°, and FH/LI
(FMIA) = 65°. By analyzing these proportions, one could determine if premolar
extractions would be needed (Tweed, 1966; Wahl, 2006b). Facial esthetics and balance
were paramount in this analysis, providing one of the initial studies combining evaluation
of the dental and soft tissue components of a patient.
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Additional cephalometric evaluations were developed in years to come by
Sassouni, McNamara, Jacobson and Ricketts to evaluate the both the horizontal and
vertical relationships of the dentition (Wahl, 2006b; Proffit and Fields, 2000; Jacobson,
1975). Following the publication of the Bolton Standards in 1975, Moorrees and Lebret
also developed their mesh diagram analyses from this data (Hans, Palomo, and Valiathan,
2015).

2.1.2 Cephalometric Superimposition
Superimpositions of serial films of the cranial base can be used to evaluate
changes resulting from orthodontic and orthopedic treatments (Arat, Rübendüz, and
Akgül, 2003). The cranial base is used for many superimposition methods as it has been
shown to be stable, reliable and consistent through a number of studies (Coben, 1955;
Björk, 1968; Broadbent, Broadbent, and Golden, 1975; Ricketts, 1960). Steiner has the
most widely accepted and conventional method where the superimposition is along the
sella-nasion (S-N) line with registration at sella (S) (Arat, Rübendüz, and Akgül, 2003).
Ricketts’ method is based off a superimposition along basion-nasion (Ba-Na), whereas
Björk uses a number of cranial and cranial base references for superimpositions (Ricketts,
1960; Björk, 1968).
Throughout all of the methods, it has been shown that an area around the anterior
and middle cranial base (tuberculum sella-wings) remains most stable throughout the
pubertal growth spurt (Arat et al., 2001). However, as different areas of the cranium grow
at different and disproportional rates, there is not one perfectly accurate method of
superimposition for all stages of growth (Bergersen, 1961). Melsen’s study in 1974
6

provided radiographic and histologic evidence that sella turcica increases in size
throughout childhood. More importantly, the analysis illustrated that the anterior wall of
the hypophyseal fossa appears stable during growth (Melsen, 1974; Björk and Skieller,
1983). This region provides a reliable area to superimpose on to evaluate craniofacial
growth in a growing child. The posterior cranial base is another potential region to use,
but is more reliable in non-growing patients once it is more stable.

2.1.3 Limitations in Cephalometric Analyses
There is a plethora of literature on cephalometric methods and their validity and
accuracy. However, a keen eye should be used with the introduction of each new
technique and analysis. Cephalometric analyses are based on mathematics, but the
anatomic landmarks that are measured are bound by the biology of the respective patient
(Arat, Rübendüz, and Akgül, 2003). Thus, in order to complete an ideal superimposition,
one must discover a point that remains constant in both shape and location throughout
growth (Bergerson, 1961). Critics focus on poor, inconsistent landmark identification and
reproducibility difficulties as downfalls of cephalometric analyses (Arat, Rübendüz, and
Akgül, 2003).
Moyers and Bookstein stated, “…that growth itself is not compatible with the
current cephalometric scheme.” This is due to the fact that landmarks are carried
throughout space but not all changes can be described by a set of measurements. Other
downfalls include the fact that some points lie along a curve and some landmarks are not
even points on the skull. Errors may due to inappropriate landmark identification, poor
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patient positioning, as well as disproportionate growth and skeletal asymmetries (Moyers
and Bookstein, 1979).
Accordingly, differences in data interpretation of facial changes can be related to
the particular method of superimposition. Errors can be reduced by proper identification
of landmarks, ideal film density and sharpness, and minimal tracing errors. In addition,
standardizing conditions to obtain quality films and consistent interpretation of tracings
may also aid in the reduction of mistakes (Ghafari, Engel, and Laster, 1987). It is very
important to evaluate and interpret every analysis carefully. The creators of each method
generally feel as though their studies provide the best results about craniofacial growth
and establishing treatment plans based on cephalometric tracings (Steiner, 1953; Coben,
1955; Downs, 1956; Björk, 1968; Ricketts, 1960). Yet, none has proven superior to the
others.

2.1.4 Morphology and Stability of the Cranial Base
It is known that cranial growth is very much dependent on the overall growth of
the brain. The cranium tends to follow the neural pattern of growth. This means that there
is rapid growth throughout the first two to three years of life, a prompt downfall,
followed by growth being practically complete by 7 to 8 years of age (Ford, 1958).
Overall, 90-95 percent of cranial growth is completed by age 6, with minimal growth
after age 7. Thus, the cranial base is a region of references for cephalometric analyses of
craniofacial growth (Sicher, 1970).
The cranial base consists of three segments: anterior, middle and posterior. The
anterior and posterior segments grow similar to the craniofacial skeleton and therefore
8

grow in line with the jaws (Arat et al., 2010). Growth at the spheno-occipital
synchondrosis causes growth in the medial region of the cranial base and the basilar part
of the occipital bone may be displaced. This may cause a change in the distance between
sella and the foramen magnum (Björk, 1955). The middle cranial base completes its
development earlier in order to protect the brain and other organs, making it an ideal
baseline for studying facial growth (Arat et al., 2010).
Scott also describes the cranial base as being made of three regions: anterior,
middle, and posterior. The regions of the cranial base encompass the following structures:
nasion to foramen cecum (anterior), foramen cecum to hypophyseal fossa (middle), and
hypophyseal fossa to foramen magnum (posterior) (Figure 2.1) (Scott, 1967).

Figure 2.1: Human mid-line cranial base.
O = basioccipital; S = sphenoid; E = ethmoid; F = front; N = nasal; 1 = posterior cranial
base; 2 = middle cranial base; and 3 = anterior cranial base. (Scott, 1967)
From this study, Scott determined the middle cranial base was the most stable. This
conclusion was made because this region grew to 98% of its final adult size between ages
8 and 13. Similar to other studies, Scott stated that the anterior and posterior were not as
constant. The spheno-occipital synchondrosis and regions of the posterior cranial base
remain active sites of growth until early adulthood. In addition, growth in the areas of
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nasion continues even later into life, showing even less stability in the anterior cranial
base (Scott, 1967).
Conversely, Moss described the stability of the anterior cranial base through his
studies. He felt that the uniformity of the cribiform angle meant that median structures in
the anterior cranial base where more stable than those adjacent lateral structures. In
addition, he stated that neural growth was completed in this region by the end of age 3
and the size, shape and position of the cranial base should be deemed stable (Moss and
Greenberg, 1955; Moss and Salentjin, 1969).
In analyses of the middle cranial base is favored for superimposition, due to its
stability earlier in life (Scott, 1967). The anterior and posterior cranial bases continue to
grow throughout the circumpubertal growth spurt, making them relatively hard to use for
superimposition. In non-growing individuals, however, the posterior cranial base may be
used due to its large, smooth surface. Radiographic and histologic studies have shown
that sella turcica increases in size throughout childhood, but the anterior wall appears
stable during growth (Björk and Skieller, 1983; Melsen, 1974). Thus, the anterior wall of
sella turcica is frequently used in craniofacial growth analyses of serial cephalograms.
The American Board of Orthodontics utilizes a combination of these superimposition
methods to evaluate skeletal and dental changes of patients throughout treatment. The
structural method of superimposition developed by Björk and Skieller as well as
Melsen’s research on the anterior cranial base have shown to be both reliable and valid
ways to evaluate changes during orthodontic treatment (Björk and Skieller, 1983; Melsen,
1974; Nielsen, 1989).
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2.2 Cone Beam Computed Tomography (CBCT)
Computed tomography (CT), a three-dimensional imaging modality, has been
used to diagnose and treatment plan in the medical field for many years. CT scans are
some of the most common x-rays taken in the medical field. The images are frequently
used to view coronary arteries, evaluate head trauma, and diagnose pulmonary embolisms
in addition to many other applications. While many areas of healthcare have incorporated
this imaging technique into practice, its implementation has been somewhat scarce in the
dental profession. This is mainly due to elevated radiation exposure, few benefits for
diagnosis, and lower resolution (Silva et al., 2008). Thus, traditional CT scanners are not
practical for use in private practice for dental professionals.
Cone-beam computed tomography was adapted from traditional computed
tomography (Figure 2.2). Traditional CT scanners capture radiation through a series of
horizontal detectors, which result in a series of planar axial images. The images are
combined to create a three-dimensional image through formation of volumes (Arai et al.,
1999). The CBCT machines show two major differences compared to traditional scanners.
One is, CBCT machines utilize a low output anode tube, similar to panoramic x-ray
machines and also the machines rotate around the patient only once, capturing a coneshaped beam (Palomo, Rao, and Hans, 2008). During a CBCT scan, various single twodimensional images are captured from different angles as the machine completes its
rotation. These raw images are then compiled into a three-dimensional data set (Mah, Yi,
Huang, and Choo, 2011).
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A.G. Farman and W.C. Scarfe

Figure 2. Comparison of fan beam and cone beam computed tomography imaging geometry.

is the smallest element of the 3D radiograph
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Figure 2.2: Comparison
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cone-beam
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image volume. of traditional CT
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slices programmed at
acqui- imaging systems.
Most hospital CT scanners acquire image data
sition, voxels can be nonisotropic (not identiusing a thin broad fan-shaped
radiograph
beam Scarfe,
cal in all planes)
and precision in measure(Farman
and
2009)
with images acquired as axial slices that are intement can be compromised.
grated to provide volumetric data (Fig 2). Recent
advances in hospital CT include multirow detectors (commonly 16 to 64 slices, but up to 320 slices
acquired simultaneously), helical progression, and
sometimes with the application of dual energy.
Drawbacks of such fan beam CT systems include
high cost, large physical size, and the relatively
high radiograph dosages needed to acquire images. Fan beam CT scanners produce images in
slices. The slices need to be put together in the
correct order and orientation to construct the
volume from which subsequent reoriented

The CBCT approach to image acquisition obviates most of the disadvantages of the fan beam
CT. CBCT use a rectangular or round 2D detector, which allows a single rotation of the gantry
to generate a scan of the entire region of interest
(ROI). Compared with the fan beam CT scanner, cone beam geometry has higher efficiency
in radiograph use, inherent quickness in volumetric data acquisition, and the potential for
significant cost savings. With CBCT, voxels are
isotropic and measurements are generally precise in all dimensions (Fig 2).

2.2.1 Advantages and Benefits of CBCT Imaging
Listed advantages of CBCT are as follows: variable field of view (FOV), submillimeter resolution, high speed scanning, voxel isotropy, and multiplanar reformatting.
Variable field of view becomes important as the collimation can be adjusted to decrease
the radiation exposure to a smaller region of interest. The current generations of CBCT
machines come close to scanning the entire head in 10 seconds or less, which is similar to,
if not less than typical panoramic imaging. Voxel isotropy means that the same resolution
can be achieved in the longitudinal slice as in the lateral slice. This further illustrates the
increased accuracy of this imaging modality. Lastly, multiplanar reformatting allows for
the generation of non-axial 2D images. (Farman and Scarfe, 2009).
One of the main benefits of CBCT use for orthodontic treatment is due to the
accurate image geometry. For traditional panoramic imaging, magnification in the
horizontal direction may vary as objects are displaced from the focal trough. CBCT
12

imaging offers the advantage of 1:1 geometry, resulting in highly accurate measurements
of particular objects (Larsen, 2012). Additionally, images may be assessed in three planes
with the absence of distortion or overlapping structures (Bayome, Park, Kim, and Kook,
2015). The use of this technology, however, increases ionizing radiation exposure to the
patient compared to many traditional radiographs and has not been used frequently to this
point (Kuijpers-Jagtman et al., 2013).

2.2.2 CBCT Disadvantages and Limitations
Much of the reason CBCT has had limited acceptance in orthodontics is due to its
higher cost, low resolution, and most importantly, higher dose of radiation (Silva et al.
2008). When discussing doses of radiation, it is important to understand the effective
radiation dose. This dose is the summation of dose received by all tissues and organs, and
represents stochastic risks to health. The effective radiation dose may be altered by the
field of view and acquisition protocol, differing between scanners. The varying effective
doses for CBCT and other radiographic techniques are listed in Table 2.1 (Garib, Calil,
Leal, and Janson, 2014).

Table 2.1
Effective dose of radiation of various radiographs
Type of Radiograph
Effective Dose (mSv)
CBCT of face and cranium (FOV > 15 cm)
52 to 1073
CBCT of face (FOV 10-15 cm)
61 to 603
CBCT of jaws
18 to 333
Traditional multi-slice CT
426 to 1160
Panoramic radiograph
6 to 50
Cephalogram
2 to 10
Note: Adapted from American Academy of Oral and Maxillofacial Radiology, 2013.
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In addition, utilizing CBCT imaging in place of traditional fan beam CT has the
disadvantage of reduction in collimation and an increase in noise artifacts. This makes it
much more difficult to analyze soft tissue difference in captured images. There are also
problems related to artifacts from metal objects such as brackets or dental restorations
(Baumrind, 2011). Metal objects may result in artifacts such as beam hardening and
streaking, resulting in a decrease of image quality (Scarfe and Farman, 2008). Artifacts
due to metal objects result in the formation of white radial streaks varying the degree of
x-ray absorption and alloy composition (Hirschinger et al., 2015).
Undersampling is also another limitation that occurs in CBCT imaging. This
occurs when image reconstruction is completed with too few projections. Insufficiency in
data can lead to additional errors in registration, as well as, noise and sharp edges in the
image. Undersampling results in poorly resolved images and can be avoided by ensuring
the correct number of projection images. Noise has also been a frequent issue with CBCT
imaging. The detectors utilized in CBCT imaging machines capture a larger surface area.
Thus, any scattered radiation may be collected as well as the primary beam. This
additional radiation is defined as noise and causes less detailed images to be captured.
Utilizing detectors with a smaller surface area may limit the noise created (Scarfe and
Farman, 2008).
One of the inherent drawbacks of CBCT imaging is a property related to the
actual shape of the beam. As the beam is cone-shaped, the images will exhibit their
highest contrast and quality at their center. The quality and contrast decrease towards the
periphery, resulting in what is termed the “cone-beam effect.” Cone beam geometry is a
combination of three projections of beams: one perpendicular, one angled superiorly, and
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the other inferiorly. The amount of data needed for reconstruction is relative to the
amount of volume between overlapping projections. Thus, structures in the center of the
subject receive a higher degree of beam overlap, allowing for greater detail than
structures at the periphery. This most commonly results in a v-shaped artifact in the midanatomical structures are subject to a high degree of beam overlap, resulting in
greater image detail at the center of mass, with degradation of image quality at

sagittal due to the minimal
beam overlap in theses areas (Figure 2.3) (Scarfe and Farman,
the periphery. The image resolution gradient is most easily seen in corners of
2008).

the image, where minimal beam overlap results in a v-shaped artifact of
reduced image quality (Scarfe & Farman, 2008).

Figure 2.2. The cone-beam effect. Cone beam geometry can be described as a
projection of three x-ray beams; one perpendicular, one angled inferiorly, the
last angled superiorly, shown at two projections 180 degrees apart. The amount
of data collected for reconstruction is relative to the amount of solid volume

Figure 2.3: Cone beam effect.
13

Lastly, there are artifacts that may be due to the patient. As with any type of
imaging modality, patient movement can result in errors. Horizontal streaks and distorted
regions are due to errors in image or volume reconstruction resulting in poor diagnostic
quality. Certain steps may be taken to avoid these mishaps such as head holders or
restraints, but this has the potential to distort certain tissue contours, lengthen the scan
time, and potentially decrease resolution (Scarfe and Farman, 2008).
As technology advances, many of these limitations can be taken into account and
corrected through new programs with software correction and adjustments. Despite these
limitations, as low scan protocols are developed and adjustments are made to compensate
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for these limitations, CBCT imaging machines may become commonplace in private
practices. This would be due to the increase in image accuracy as well as the ability to
extract panoramic and cephalometric radiographs from the reconstructed image.

2.2.3 Uses of CBCT in Orthodontics
In contemporary orthodontics, CBCT images prove beneficial in patients with
craniofacial anomalies and skeletal asymmetries. As the 3D image is a truer
representation of the patient’s anatomy, a more accurate diagnosis of the discrepancy
could be provided (Garib, Calil, Leal, and Janson, 2014). CBCT images have been used
for diagnosis of impacted and supernumerary teeth, treatment planning placement of
temporary anchorage devices (TADs), three-dimensional assessment of the upper airway,
skeletal discrepancies in the transverse, vertical and sagittal dimensions, and analysis for
diagnosis and treatment planning of orthognathic surgery patients (Bayome, Park, Kim,
and Kook, 2015; Garib, Calil, Leal, and Janson, 2014). The CBCT images also allow
direct measurement of the transverse dimension and relative positions of the teeth within
the alveolar bone (Larsen, 2012). For more objective studies, CBCT images have also
been used to evaluate how expansion forces affect regions of the maxilla and analysis of
the magnitude of skeletal expansion versus dental tipping in relation to age (Kapila and
Nervina, 2015).
The labial/lingual relationships and angulations of impacted canines can also be
imaged more readily. This potentially leads to alternate treatment plans once further
information is gathered when the dentition is viewed in three dimensions (Haney et al.,
2010). CBCT may be valuable in determining the best site for surgical access due to the
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advantage of evaluating the tooth in three dimensions (Kapila and Nervina, 2015; Garib,
Calil, Leal, and Janson, 2014). This may allow for evaluation of the proximity of adjacent
roots and can be helpful in determining the possibility of uncovering, bonding and
applying the proper vector of force to bring the tooth into the arch (Hechler, 2008).
Root resorption is a major risk for impacted or ectopic canines. With CBCT
images, however, there are improved detection rates of 63% (Jawad et al., 2016). Since
root resorption occasionally occurs through orthodontic treatment, CBCT can generate
images of small root defects and resorption with greater sensitivity and specificity than
two-dimensional radiographs (Kapila and Nervina, 2015). Lastly, CBCT scans have been
shown to be more sensitive when diagnosing resorption due to impacted teeth compared
to conventional, 2-dimensional radiographs. Periapical and panoramic radiographs
provide limited views when analyzing overlapping teeth and have the potential to provide
false-negative results. Three-dimensional images also views in every plane of space,
eliminating the potential for false-negatives (Garib, Calil, Leal, and Janson, 2014).
With the increased use of temporary anchorage devices in orthodontics, it is very
important to ensure the treatment modality succeeds. In order to place a mini-screw with
more predictable results, the proper thickness of bone is of utmost importance. Having
this information allows one to choose the ideal mini-screw length, and CBCT scans have
the ability to evaluate this anatomical aspect. Holm et al. completed a study to determine
thickness of bone in the anterior palate using CBCT imaging, and evaluating differences
between bone thickness, gender, age, and left and ride sides of the maxilla. The study
illustrated that bone thickness is less in females and the placement of mini-screws should
be made in different locations based on age (Holm et al., 2016). Additional studies on
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measuring maxillary bone thickness have also been completed, but do not relate to age or
gender differences (King et al., 2007; Gracco et al., 2006; Gracco et al., 2007; Kang et
al., 2007).
As direct measurements can be made on CBCT images, the right and left sides of
the face may be compared more readily. This also helps eliminate positioning problems
that make evaluation of mandibular asymmetries more difficult (Hechler, 2008).
Evaluations of the size, shape and volumetric differences in facial structures can also be
completed in three-dimensions. This allows diagnosis in three separate places of space,
leading to alternate treatment planning decisions (Kapila, Conley, and Harrell Jr., 2011).
Being able to diagnose in three planes of space may be beneficial for patients with severe
skeletal discrepancies requiring orthognathic surgery. Three-dimensional images could
allow for a more thorough and complete diagnosis when treatment planning orthodontic
treatment in conjunction with surgery (Garib, Calil, Leal, and Janson, 2014). CBCT
imaging is needed to fully understand a craniofacial asymmetry and differentiate
pathology from possible anatomical phenomena. 3D imaging also enables facial
asymmetries to be evaluated through volumetric and distance measurements. Having the
ability to analyze a truer representation of the asymmetry provides a more realistic
description of the anatomy (Nur, Çakan, and Arun, 2016). With such potential, a new and
interesting application of CBCT imaging is the superimposition of volumes to map
cranial structures (Cevidanes, Styner and Proffit, 2006).
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2.3 Three-dimensional Imaging and Analysis
The CBCT image reconstruction begins with the acquisition and reconstruction of
the image. The image is acquired as the machine makes one single 180° rotation around
the patient’s head. These primary images are captured as sequential two-dimensional
(2D) images that are referred to as raw data or basis projections.

2.3.1 Multiplanar Reformation
Through multiplanar reformation (MPR), non-axial 2D images are generated from
the isotropic voxels collected in the scan and reconstructed. This process provides the
ability to reconstruct images that are distortion-free. During MPR, traditional panoramic
and cephalometric radiographs may be constructed and extracted in addition to custom
images designated by the operator (Farman and Scarfe, 2009; Scarfe, Farman, and
Sukovic, 2006).

2.3.2 Volume Rendering
Three-dimensional images can then be produced through a process known as
volume rendering. In this technique, volume elements, or voxels, can be given a
particular transparency or color. This allows the volume to be viewed as a single image
that can be manipulated. Thresholds of varying transparencies may be set in order to
evaluate particular tissues of interest as determined by the operator. Such a technique is
most appropriate for visualization of anatomy because surfaces do not have to be clearly
defined (Swennen, Mollemans, and Schutyser, 2009).
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2.3.3 Image Registration
Image registration occurs by placing multiple data sets into one single coordinate
system. The most commonly utilized techniques are rigid registration techniques. These
involve changes in spatial orientation, without the manipulation of proportions or form.
This is accomplished by completing only linear transformations such as translation,
rotation and scaling (Goshtaby, 2005). Image registration is required to complete any
comparison of images or data sets. Once the images are registered, they may be
superimposed with the aid of appropriate software.

2.3.4 Image Segmentation
In order to create a three-dimensional surface mesh, images are analyzed after
segmentation and measuring various properties and relationships. Segmentation simply
means to determine or set the boundaries of the anatomical structures in the sequential 3D
slices of the image. Segmentation can be done either manually or automatic. Manual
segmentation places the user in control of the process making it very time-consuming
with a high degree of error with inconsistent segmentation (Yushkevich et al., 2006).
Automatic segmentation is dependent upon user-defined parameters; meaning sources of
error may still be present. However, numerous semi-automated techniques have been
developed incorporating automatic segmentation followed by manual editing. (Yuskevich
et al., 2006; Cevidanes et al., 2005a; Cevidanes et al., 2005b; Cevidanes, Styner, and
Proffit, 2006). The final three-dimensional surface models may be represented as color
maps, allowing for visualization of quantitative changes between two images (Cevidanes
et al., 2011).
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2.4 Analysis of CBCT Volumes
2.4.1 Cephalometric Analyses
The ability to visualize the head and the possibility of obtaining 3D sections has
allowed clinicians to place reference points on structures that were not available on 2D
cephalograms (Bayome, Park, Kim and Kook, 2015). A major problem with traditional
cephalometry is the potential for projection errors that effect linear and angular
measurements that are compounded by improper patient positioning. At times, lateral
cephalograms have particular intrinsic limitations that result in distorted images (Gribel
et al., 2011). Three-dimensional volumetric imaging provides data that can be compared
with reality in a 1:1 ratio, minimizing the chances of projection errors (Lagravère, Carey,
Toogood, and Major, 2008). This also leads to increased accuracy for dimensional
measurements (Larsen, 2012). With the ability to evaluate an image in three dimensions
with minimal distortion and projection errors, cephalometric analyses could become more
accurate in the coming years.
Landmark placement on 2D cephalograms has errors due to inaccuracies in the
presentation of anatomical structures. However, 3D images have the advantages of
increased visualization and identification due to the ability to evaluate in three planes of
space (da Neiva et al., 2015). As recent studies have shown, measurements of 3D images
can be more accurate than 2D, but also represent a “truer” representation of the patient
(Lamichane et al., 2009; Lascala, Panella, and Marques, 2004). Numerous studies have
evaluated cephalometric landmark placement on 3D images. Katkar et al. compared
images taken on Galileos and i-CAT® scanners and found placement of cephalometric
landmarks was both reproducible and reliable between examiners (Katkar et al., 2013). In
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other studies, highly reliable points are found on the midline and are points of interest for
3D cephalometric analyses. This has been the conclusion of Schlicher et al. due to the
ease of identification in sagittal slices (Schlicher et al., 2012). Less reliable points were
the condyle, porion, orbitale, and gnathion. These are difficult to identify as the
landmarks are being placed on a curved surface or a prominence (de Oliveira et al., 2015;
da Neiva et al., 2015; Medelnik et al., 2011). The condyle specifically is difficult due to
its round and sometimes irregularly shaped anatomy (Schlicher et al., 2012).

2.4.2 Superimposition
Visualization of changes in the size and shape and shifts in relative positions of
skeletal components in response to orthodontic, orthopedic and surgical treatment
changes is the goal of three-dimensional superimpositions. In order to begin, the images
must be registered in order to define stable reference landmarks. The analysis of
sequential CBCT images through superimposition then includes the following steps for
analysis: model construction, image registration, transparency overlay, and quantitative
measurement. Superimpositions on the anterior cranial base and ethmoid bone surfaces
should be used for growing individuals as the structures have completed growth in early
childhood. Once the images are registered, they share the same coordinate system and the
3D model surfaces can be overlaid. Finally, quantitative changes are visualized through
color maps where inward displacement is indicated as blue and outward as red
(Cevidanes et al., 2011). Overall, the ability to superimpose CBCT volumes has allowed
clinicians to analyze changes in three dimensions and overcome errors seen in traditional
two-dimensional cephalometric superimposition (Mah, Huang, and Choo, 2010).
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Recently, studies have been completed using 3D regional superimposition using
CBCT volumes. Many times in orthodontics, superimposing CBCT scans requires a large
field of view, which increase radiation exposure and tends to be very time-consuming
(Cevidanes et al., 2005a; De Clerk, Nguyen, de Paula, and Cevidanes, 2012; de Paula et
al., 2013). In addition, many of the studies looked at changes of the maxilla or mandible
in relation to the cranial base. Currently, studies are focusing on regional superimposition
of the maxilla and mandible in non-growing patients. Completing superimpositions of the
maxilla and mandible allows for a scan with a smaller FOV. The methods employed have
shown to be very accurate and reproducible with the added benefit of decreased radiation
to the patient. Once low-scan protocols are developed, standardized methods can be
created to make superimpositions faster and easier (Koerich et al., 2016).

2.4.3 Future Investigations
To date, it has been shown that locating three-dimensional landmarks on complex,
curving structures is more difficult than identifying reference points on a 2-dimensional
image. In addition, regional superimpositions of the cranial base do not define movement
of the mandible relative to the maxilla, and vice versa. Cevidanes stated that registration
on the anterior cranial base provides a reliable assessment of craniofacial changes during
growth and development (Cevidanes et al., 2005a). Unfortunately, registering along the
anterior cranial base has been challenging (Park, Tai and Owtad, 2015). It is suggested
that studies must be completed to investigate newer areas to use for regional
superimposition as well as more consistent landmark identification on three-dimensional
images (Cevidanes et al., 2011). In addition, superimposition for assessment of treatment
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changes is challenging because of registration and homology. Analysis of new
registration and superimposition methods with advancing software may help overcome
these issues (Cevidanes et al., 2005a). Now that fast and reliable regional
superimposition methods have been developed for the maxilla and mandible, methods
must be developed and standardized for the cranial base. However, this may be difficult
due to poor reliability in landmark placement and large FOV scans. As technology
improves, radiation exposure will decrease and superimposition will become easier
(Koerich et al., 2016).
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CHAPTER 3
AIMS OF THE INVESTIGATION
The aims of the investigation are as follows:
1. Develop a practical method for cranial base superimpositions at sella turcica in
serial CBCT images
2. Confirm the stability of the anterior curvature of the hypophyseal fossa during
growth
3. Compare surface changes in the superimposed images in different regions of the
cranial base of pre- and post-treatment scans of growing children
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CHAPTER 4
MATERIALS & METHODS
4.1 Subject Selection
Existing anonymized CBCT scans were procured from the depository of Case
Western Reserve University Department of Orthodontics and analyzed retrospectively
(Use Agreement; Appendix A). Temple University Institutional Review Board stated
approval was not applicable and the study was given the status of “closed/never opened”
(Appendix B). Twenty patients having more than one scan were identified, pre- and postorthodontic treatment. Images were chosen for patients ages 10-14 and included the
entire anatomy of the cranial base. CBCT images were eliminated if they were of poor
contrast, had different exposure times and voxel sizes, did not include the entire cranial
region of interest, and had more than three years between scans.
The resulting data set included ten patients, five female and five male, each
consisting of a pre- and post-orthodontic treatment scan. Seven were Caucasian and the
remaining patients were African-American. The average patient age at the time of the
first scan was 12 years, 5 months and the average time elapsed between scans was 2 years,
5 months. For each of the patients, pre-treatment SNA, SNB, ANB and FMA values were
available for the de-identified files allowing determination of skeletal pattern. Five
patients had Class I ANB (Subjects 3, 5, 7, 8, and 10) and five had Class II ANB pretreatment values (Subjects 1, 2, 4, 6, and 9). The FMA values were normal for four
patients (Subjects 2, 3, 4, and 9), increased for one patient indicating a steeper
mandibular plane (Subject 6), and the remaining five patients had decreased values
representing a flatter mandibular plane (Subjects 1, 5, 7, 8, and 10). Average pre26

treatment values were as follows: SNA, 83.6° (range: 77.2-92.2°); SNB, 79.8° (range: 7588.3°); ANB, 3.8° (range: 1.9-5.5°); and FMA, 22.7° (range: 15.8-36.8°). Subject
information is listed in Table 4.1.
Table 4.1
Subjects included in study
Subject

Gender

Ethnicity

Age at
First Scan

Time
Between
Scans

SNA
(°)

SNB
(°)

1
F
C
13 y 1 m
2 y 5 m 82.5
77.0
2
M
C
13 y 7 m
2 y 8 m 80.9
76.7
3
F
AA
13 y 7 m
2 y 1 m 88.0
84.7
4
M
AA
13 y 3 m
2 y 6 m 85.3
80.7
5
M
C
13 y 10 m 3 y 0 m 87.5
85.6
6
M
AA
10 y 10 m 2 y 4 m 81.0
75.7
7
M
C
13 y
2 y 3 m 92.2
88.3
8
F
C
11 y 1 m
2 y 4 m 76.3
74.5
9
F
C
10 y 2 m 2 y 11 m 85.2
79.8
10
F
C
12 y 11 m 2 y 5 m 77.2
75.0
Note: F = female, M = male, C = Caucasian, AA = African American

ANB
(°)

FMA
(°)

5.5
4.2
3.3
4.5
2.0
5.3
3.8
1.9
5.3
2.2

19.2
24.7
21.8
31.2
16.5
36.8
15.8
16.7
26.9
17.6

4.2 Image Acquisition
Images in the Case Western Reserve University depository were collected using
the Hitachi CB Mercuray, a scanner designed for optimal maxillofacial imaging (Hitachi
Medical Systems America, Inc., 1959 Summit Commerce Park, Twinsburg, OH 44080).
The unit has a 9 or 12” image intensifier and a 100M pixel CCD camera facing each
other. In addition, the scanner has a tube voltage of 60 to 120 kvp, tube current of 10 to
15 mA, field of view of 6, 9 and 12 inches and a minimum voxel size of 0.2 mm. Scans
that include a 360° rotation for a duration of 10 seconds, provides 288 views of images
that can be analyzed in two or three dimensions (Palomo, Kau, Palomo, and Hans, 2006).
The scan parameters for all captured images were as follows: F mode (2 mA, 120
kVp, 192.5 mm), 10 second scan, voxel size of 0.377 mm, and an effective radiation dose
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of 2.20 mgy. A lead apron was used for each exposure, and a thyroid collar was only used
at the request of the patient.

4.3 Superimposition of Cranial Base Models
Cranial base models were superimposed through a landmark-based rigid
registration technique using the AMIRA software program (Version 6.0, FEI, 5350 NE
Dawson Creek Drive, Hillsboro, OR 97124). First, the DICOM files were filtered using a
non-local means filter to de-noise the scans and volume renderings of the misaligned
images were prepared (Figure 4.1).

(a)

(b)

Figure 4.1: Filtered images and alignment.
Initial filtered and de-noised images of pre- (orange) and post-treatment (scans) (a).
Alignment of scans prior to registration (b).
Isosurface models were created from the filtered images to provide a 3D
representation of the entire skull, specifically the cranial base. Surface approximation was
performed through manual placement landmarks on the pre-and post-treatment isosurface
models along the anterior wall of the hypophyseal fossa (Figure 4.2).
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(a)

(b)

(c)

Figure 4.2: Isosurface models.
Models of the anterior cranial base of pre- and post-scans (a). Landmarks denoted by
arrows for pre- (yellow) and post-scan images (gray) (b and c).
The scans were then transformed using the LandmarkWarp software module. This
module is a tool allowing for the rigid transformation of one object to match the other. In
this study, it allowed for the superimposition of the post-scan image to that of the prescan (Figure 4.3).

(a)

(b)

Figure 4.3: Superimposed models.
Frontal view (a). Right and left sagittal views (b).
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4.4 Three-dimensional (3D) Model Construction
A three-dimensional surface mesh of each cranial base was created in order to
analyze the registration and superimposition of the pre- and post-treatment CBCT
volumes using the following approach.

4.4.1 Segmentation
CBCT volumes were imported into the AMIRA software via two-dimensional
images encoded in digital imaging and communications in medicine (DICOM) files. The
anterior wall of the hypophyseal fossa was selected as the region of interest. Thus, the
middle and posterior cranial bases were segmented from the remaining structures. The
segmentation was completed for each scan using the boundaries listed in Table 4.2.
Table 4.2
Boundary
Anterior
Posterior
Superior
Inferior
Lateral

Region of interest boundaries for segmentation
Description
Most posterior aspect of ethmoid sinus at the junction with
anterior aspect of sphenoid sinus to capture the
hypophyseal fossa in entirety
Most anterior extent of foramen magnum including
dorsum sellae and clivus entirely
Most superior extent of the posterior clinoid process
Most anterior extent of foramen magnum
Most lateral aspects of the foramen magnum

The gray value threshold for each scan was set to -3000 to 1000 Houndsfeld units. The
cranial base was then segmented manually by an orthodontic resident for both pre- and
post-scans for each patient (Figure 4.4).
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Figure 4.4: Segmentation process of manual tracing of cranial base.
Information was then extracted from the CBCT data, followed by mesh smoothing
options that were completed by the AMIRA software (Figure 4.5).

Figure 4.5: Smoothed 3D surface mesh of segmented cranial base.

4.4.2 Superimposition of 3D Surface Models
Once the surface models were created, they were superimposed in a similar
manner to the initial isosurface models. This step was necessary in order to register the
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three-dimensional models on one another. Using the same landmarks as before, the 3D
models were transformed using the LandmarkWarp module in the AMIRA software
(Figure 4.6).

(a)

(b)

Figure 4.6: Three-dimensional surface mesh superimposition.
Pre- (purple) and post-treatment (yellow) three-dimensional surface mesh models prior to
transformation (a). Models following segmentation with LandmarkWarp module (b).

4.5 Analysis of Registration Accuracy
4.5.1 Cranial Base
The accuracy of the superimpositions was analyzed using the SurfaceDistance
module in the AMIRA software. This specific module can evaluate and compute the
differences between two superimposed surfaces or images. For each of the vertices on a
particular surface, the closest point between the superimposed surfaces was calculated.
Following this calculation, a histogram was generated. The histogram allowed the mean
distance, standard deviation, and percentage of area deviating by 1 voxel (0.5 mm) to be
calculated. These data were represented through application of a color map (Figure 4.7).
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Figure 4.7: Surface distance visualization of cranial base.
Data represented by a color map applied to surface distance data ranging from 0 mm
(blue) to 1 mm (red).

4.5.2 Anterior Wall of Sella Turcica
The accuracy of the superimpositions of the anterior wall of sella turcica was then
analyzed. In order to select a region of interest, the ROI Box option was selected and a
bounding box produced. The bounding box was adjusted in order to capture only the
anterior wall of sella turcica. The SurfaceDistance module was again employed to
evaluate only the region within the bounding box. The resultant histogram allowed the
mean distance, standard deviation, and percentage of area deviating by 1 voxel (0.5 mm)
to be calculated. These data were represented through application of a color map (Figure
4.8). The surface distance changes of the anterior wall of sella turcica were then
compared to the entire cranial base to evaluate the stability of this region.

33

Figure 4.8: Surface distance visualization of the anterior wall of sella turcica.
Data for region of interest represented by a color map applied to surface data ranging
from 0 mm (blue) to 1 mm (red).
4.6 Segmentation Reliability
Segmentation and registration were completed three times on each patient to
determine intra-rater reliability in generation of 3D surface models. The AMIRA
SurfaceDistance module was applied for each model allowing calculation of mean
distance, standard deviation, and percentage of area deviating from 1 voxel (0.5 mm). All
calculations were compared between patients to assess reliability.
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CHAPTER 5
RESULTS
5.1 Surface Distance Data
5.1.1 Cranial Base
For each subject, the cranial base was segmented and superimposed for serial
CBCT volumes after registration. The accuracy of the superimposed volumes was
analyzed through the SurfaceDistance module in the AMIRA software. The result was a
histogram allowing the mean distance, standard deviation, and percentage of area
deviating by 1 voxel (0.5 mm) to be calculated (Table 5.1). These data were represented
through application of a color map for qualitative analysis (Figures 5.1-5.10).
Overall, the mean distance was 1.12 ± 0.95 mm and the average percentage area
deviating by greater than 0.5 mm was 69.14%. The ranges for mean surface distance and
area above 0.5 mm deviation were 0.73-1.57 ± 0.71-1.30 mm and 61.02-74.11%,
respectively. Subjects 3 and 8 exhibited the smallest changes in mean distance as well as
the smallest percentage of area deviating more than 0.5 mm between volumes. Subjects 4,
5, and 6 had the largest changes in mean distance, with Subjects 4 and 5 producing the
largest percentage of area above 0.5 mm deviation. Qualitative measurement of color
maps indicate larger deviations localized to the lateral portions of the cranial base, the
posterior cranial base near the foramen magnum, and in some cases near the posterior
clinoid processes (Figures 5.1-5.10).
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Table 5.1
Surface distance data for superimposed cranial bases in serial CBCT volumes
Subject
Mean Distance
Standard Deviation
> 0.5 mm
(mm)
(mm)
(% area)
1
1.06
0.71
69.00
2
0.99
0.79
68.16
3
0.77
0.86
61.02
4
1.43
1.10
74.11
5
1.57
1.27
74.05
6
1.25
1.30
69.85
7
1.16
0.89
72.52
8
0.73
0.78
63.58
9
1.11
0.89
69.67
10
1.17
0.93
70.45

0

0.5 mm

1.0 mm

Figure 5.1: Topographical changes between CBCT volumes for Subject 1.
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0

0.5 mm

1.0 mm

Figure 5.2: Topographical changes between CBCT volumes for Subject 2.

0

0.5 mm

1.0 mm

Figure 5.3: Topographical changes between CBCT volumes for Subject 3.
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0

0.5 mm

1.0 mm

Figure 5.4: Topographical changes between CBCT volumes for Subject 4.

0

0.5 mm

1.0 mm

Figure 5.5: Topographical changes between CBCT volumes for Subject 5.
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0

0.5 mm

1.0 mm

Figure 5.6: Topographical changes between CBCT volumes for Subject 6.

0

0.5 mm

1.0 mm

Figure 5.7: Topographical changes between CBCT volumes for Subject 7.
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0

0.5 mm

1.0 mm

Figure 5.8: Topographical changes between CBCT volumes for Subject 8.

0

0.5 mm

1.0 mm

Figure 5.9: Topographical changes between CBCT volumes for Subject 9.
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0

0.5 mm

1.0 mm

Figure 5.10: Topographical changes between CBCT volumes for Subject 10.

5.1.2 Anterior Wall of Sella Turcica
After analyzing the topographical changes of the cranial base for all subjects, the
anterior wall of sella turcica was selected using the ROI Box tool. Upon selection, the
SurfaceDistance module was employed for only the selected region. The resulting
histogram provided the mean distance, standard deviation, and percentage of area
deviating by 1 voxel (0.5 mm) (Table 5.2). These data were represented through
application of a color map for qualitative analysis (Figures 5.11-5.20).
The mean surface distances were 0.48 ± 0.34 mm overall, with an average area
deviating more than 0.5 mm of 47.73%. Subjects analyzed showed the following ranges:
mean surface distances of 0.37-0.63 ± 0.29-0.43 mm and percent area above 0.5 mm of
40.70-50.94%. Subjects 3 and 8 again exhibited the smallest changes in mean distance as
well as smaller percentage areas above 0.5 mm deviation between volumes. Subjects 4, 5,
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and 6 had the largest changes in mean distance, with Subjects 4 and 5 producing the
largest percentage of area above 0.5 mm. All of the surface distance data illustrated less
deviation compared to the entire cranial base for each subject. Topographical changes of
the selected region of interest are shown in the resulting color maps (Figures 5.11-5.20)

Table 5.2
Surface distance data for the anterior wall of sella turcica in superimposed serial
CBCT volumes
Subject
Mean Distance
Standard Deviation
> 0.5 mm
(mm)
(mm)
(% area)
1
0.47
0.30
47.69
2
0.50
0.30
47.15
3
0.37
0.29
40.71
4
0.54
0.37
50.94
5
0.63
0.43
50.13
6
0.51
0.32
48.79
7
0.42
0.35
50.54
8
0.39
0.31
43.45
9
0.52
0.29
48.08
10
0.46
0.37
49.84
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0

0.5 mm

1.0 mm

Figure 5.11: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 1.

0

0.5 mm

1.0 mm

Figure 5.12: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 2.
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0

0.5 mm

1.0 mm

Figure 5.13: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 3.

0

0.5 mm

1.0 mm

Figure 5.14: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 4.
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0.5 mm
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Figure 5.15: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 5.
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1.0 mm

Figure 5.16: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 6.

45

0

0.5 mm
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Figure 5.17: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 7.
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1.0 mm

Figure 5.18: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 8.
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0

0.5 mm

1.0 mm

Figure 5.19: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 9.

0

0.5 mm

1.0 mm

Figure 5.20: Topographical changes of the anterior wall of sella turcica between
CBCT volumes for Subject 10.
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5.2 Statistical Analysis
The data collected for the entire cranial base was compared to that of the anterior
wall of sella turcica for each subject. One-sample Kolmogorov-Smirnov tests were
employed to determine if the distributions were normal for the mean surface distance and
percentage area above the 0.5 mm threshold. For the cranial base and anterior wall of
sella turcica, the tests illustrated statistical significance. Thus, even with such a small
sample, paired t-tests could be used for analysis.
Paired t-tests were applied to compare differences between the mean distance and
area above the 0.5 mm threshold for the cranial base versus anterior sella. Both tests
illustrated p-values less than 0.0001 and were statistically significant.

5.3 Segmentation Reliability
Segmentation and registration were completed three times on each CBCT volume
to determine intra-rater reliability in the generation of 3D surface models. Through the
SurfaceDistance module, surface distance was calculated, statistics collected, and color
maps produced (Appendix C). Quantitative analysis of the data was completed to
evaluate the maximum error between surface distance data between each volume (Table
5.3). Mean surface differences for each subject were within 0.01 mm, with the exception
of one patient. There was a 0.02 mm difference between the second and third
segmentations for Subject 8. In addition, the percent areas deviating more than 0.5 mm
were also very close for the repeated segmentations. All subjects differed by less than
1.00% with the exception of Subjects 1, 5, and 8, which were 1.03%, 1.46%, and 1.64%,
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respectively. Subjects 6 and 7 had the least variation between segmentations at 0.14%
and 0.30%.

Table 5.3
Subject
1-1
1-2
1-3
2-1
2-2
2-3
3-1
3-2
3-3
4-1
4-2
4-3
5-1
5-2
5-3
6-1
6-2
6-3
7-1
7-2
7-3
8-1
8-2
8-3
9-1
9-2
9-3
10-1
10-2
10-3

Surface distance error data for repeated segmentations
Mean Distance
Standard Deviation
> 0.5 mm (% area)
(mm)
(mm)
1.06
0.71
69.00
1.06
0.72
68.22
1.05
0.72
67.97
0.99
0.79
68.16
0.98
0.78
67.64
0.98
0.78
67.27
0.74
0.86
61.02
0.73
0.84
61.68
0.74
0.84
61.84
1.43
1.10
74.11
1.43
1.10
74.43
1.43
1.10
75.10
1.59
1.27
74.05
1.60
1.29
75.49
1.60
1.30
75.51
1.25
1.30
69.85
1.25
1.30
69.73
1.25
1.30
69.71
1.16
0.89
72.52
1.16
0.89
72.23
1.15
0.90
72.53
0.73
0.78
63.58
0.74
0.78
64.26
0.72
0.78
62.62
1.11
0.89
69.67
1.10
0.89
69.67
1.10
0.89
69.43
1.17
0.93
70.44
1.18
0.93
70.86
1.17
0.93
70.64
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CHAPTER 6
DISCUSSION
As 3-dimensional imaging continues to gain acceptance as a diagnostic technique,
much importance should be placed on the development of superimposition methods.
Systems that evaluate CBCT superimposition have recently been the focus of various
studies, but remain in the elementary stages. This study was conducted to further the
knowledge gained in these preliminary projects. The data in this report enables cranial
base superimposition to become common practice in three-dimensional imaging analyses
of either growing or surgically treated patients.
This study utilized manual placement of landmarks in order to prepare the rigid
registration protocol. While the images were accurate with minimal errors due to patient
positioning or artifact, operator placement of landmarks includes the inherent drawback
of human error. The challenge in this study was to ensure landmarks were consistently
placed in a reproducible manner for each patient. The entire process proved reliable for
data analysis, but we predict further improvement of registration methods will be needed
in the future. Previously, rigid registration proved difficult in the growing individual due
to positional changes in the cranial base caused by growth in the synchondroses. Future
studies on growing children would require more elastic, precise registration techniques.
Unfortunately, they are not currently in use mostly due to poor practicality.
Another difficulty encountered in this study was the inconsistencies between
image resolutions. Images from only two of the ten patients provided a well-defined
representation of the entire region of interest. The remaining patients had high enough
resolution to allow for consistent registration. Increased clarity and resolution of images
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may be expected to provide more accurate results. Additional processing steps and filters
must also be developed to evaluate changing surface morphology.
Segmentation allows for a particular region of interest to be separated and
extracted from the remaining structures of a three-dimensional image. This process
continues to present challenges even with advancing technology and software. Our choice
of the anterior wall of sella turcica provided an easily recognizable structure on CBCT
images, which simplified the process in this study. Each of the ten patients exhibited
sufficient definition of the cranial base anatomy. For the most part, bone density was
adequate and permitted accurate segmentation of the region of interest. In addition, there
were no noticeable artifacts in the images related to poor patient positioning or metallic
artifacts.
Each of the images required manual segmentation and editing by the operator.
Although the hypophseal fossa included smooth surfaces that yielded fewer discrepancies
during segmentation, the process utilized in this study was still time-consuming and
inefficient. The most difficult challenge was to manually trace subsequent slices in order
to achieve an exact representation of the cranial base. Currently, the AMIRA software
does not incorporate fully automated methods for segmentation of images. If such
methods were established, superimposition would become much simpler, efficient, and
more practical.
The performance of the AMIRA software for this study was satisfactory.
Understanding the subtle nuances of the program was challenging at first, but with time,
usability became much easier. One of the most challenging processes in the software was
the development of an efficient, easy-to-use registration process. At first, manual
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registration was attempted, but this was very difficult, as the three-dimensional axes
would not align properly. After contacting the online technical support, a technician was
in constant contact in order to help determine a better method of registration.
Consequently, the landmark-based registration method was employed. During the
segmentation process, it was also rather hard to set a threshold value to allow the entire
region of interest to be selected in whole. Thus, each slice had to be manually segmented
by the operator, which was very time-consuming. Nonetheless, the 3D surface models
and produced color maps were extremely clear and provided great surface detail of the
cranial base and hypophyseal fossa. Overall, the performance of AMIRA was adequate
for this method development study. There are certainly improvements that could be made
to the software including advanced filters for image resolution and automated
segmentation protocols. The online technical support, however, was very helpful and
software was sufficient for the study to be completed.
Although the same protocol and parameters were utilized for each image, the
clarity of the anterior wall of the hypophyseal fossa still varied. Subjects 3 and 8
produced the most accurate representation of the region of interest. In the pre- and postimages for these patients, the hypophyseal fossa was free of extraneous points and did not
include voids. The landmark-based surface approximation seemed much simpler and
more accurate for these patients. These subjects exhibited the smallest changes in mean
distance between volumes for both the cranial base and anterior wall of sella turcica,
respectively. It was concluded that the increased resolution of the images for these
patients lead to improved data compared to the other patients.
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During this study, superimposition of serial images resulted in surface distance
data that was very consistent between patients. As these were growing patients, surface
changes were expected throughout much of the cranial base. Larger deviations were seen
in the lateral portions of the cranial base, in areas surrounding the foramen magnum, and
in some cases the posterior clinoid process (Table 5.1; Figures 5.1-5.10). Deviations near
the foramen magnum were anticipated as the posterior cranial base continues to grow
throughout the circumpubertal growth spurt.
It was hypothesized that the anterior wall of the hypophyseal fossa would contain
less surface changes than the remaining areas of the cranial base. This region is said to be
stable during growth. This study supports the hypothesis. The anterior wall of sella
turcica exhibited less deviation when compared to the entire cranial base for each patient
(Table 5.2; Figures 5.11-5.20).
Segmenting and superimposing CBCT volumes three times for each patient
determined intra-rater reliability. Mean surface differences for each subject were within
0.01 mm, with the exception of one. In addition, the majority of patients exhibited
differences of less than 1.00%, with the exception of three in regards to the areas
deviating by more than 0.5 mm. Therefore, the method employed in this study contained
high reliability when one operator completes the manual segmentation. While the
percentage of area deviating by 0.5 mm (1 voxel) seems somewhat large, one must
remember that these are growing patients. Many of the subjects may have started their
circumpubertal growth spurt or could have been entering it when the pre-scan was taken.
Thus, various surface changes would have occurred and were illustrated through the
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surface data and color maps. In addition, the segmentation accuracy may have been
lessened due to the introduction of human error throughout the study.
In hindsight, certain aspects of the study could have been improved. Evaluation of
the various image filters could have improved image quality. A de-noising filter was
employed for each patient in this study, but additional filters could have been used in
conjunction. This may have increased the quality of the images, but would have lead to
longer processing times and potential inefficiency. The manual placement of landmarks
included human error, leading to decreased accuracy in the registration process. A semiautomatic or automatic registration technique could have been employed in order to
reduce or completely eliminate the potential for human error. Lastly, a more efficient
segmentation procedure could have been used. During the study, each slice was manually
segmented and edited by the operator. However, there is an option that allows for every
fourth or fifth slice to be segmented and the slices in between to be extrapolated. This
may have cut down on some of the time segmenting and editing, allowing increased
efficiency.
The most rewarding part of this research was developing a method that could be
used as a stepping-stone for future three-dimensional superimposition protocols. This
study was successful in illustrating that the anterior wall of the hypophyseal fossa shows
fewer surface changes in growing patients compared to the entire cranial base. The
method was also reliable and reproducible, which bodes well for future studies. Using
this procedure with further improvements could provide additional knowledge and
stronger evidence for the use of three-dimensional superimposition techniques.
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Future studies will most likely require a standardized protocol allowing higher
resolution images that lack voids in the area of interest. This would provide a truer
anatomic representation of the region of study. The development and implementation of
fully automated segmentation techniques would be essential. Increasing efficiency and
minimizing human error would be necessary to increase the usefulness and practicality of
the methods. The superimposition method developed for this study can also be applied to
other regions of the craniofacial complex. Growth and aging studies can be completed to
evaluate changes in the maxilla and mandible. Additional validation studies should be
completed to evaluate inter-rater reliability and further improve the method.
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CHAPTER 7
CONCLUSIONS
The focus of this research was to develop a practical method of superimposition
of the anterior wall of sella turcica in growing individuals. The data in this report were
consistent and reliable among all patients despite difficulties in registration and
segmentation. Steps were created to produce a reliable method for creation and analysis
of CBCT data sets in future studies. The superimposition process remains time
consuming, but the results generated were high quality. The following objectives were
achieved:
1. Surface changes in the anterior wall of sella turcica were shown to be less than
those of the entire cranial base for all patients.
2. Registration and segmentation remains time-consuming and inefficient.
Development of elastic registration techniques and automated segmentation
methods can drastically improve the superimposition process in the AMIRA
software.
3. The method of superimposition developed here may assist future studies of
skeletal changes with accuracy.
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APPENDIX A
CASE WESTERN RESERVE UNIVERSITY “USE OF CBCT AND
PATIENT DATABASE AGREEMENT”
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APPENDIX B
TEMPLE UNIVERSITY INSTITUTIONAL REVIEW BOARD
APPROVAL
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APPENDIX C
COLOR MAPS CREATED FOR EVALUATION OF
SEGMENTATION RELIABILITY
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Three-dimensional cranial base models from second scan for segmentation reliability
of Subject 1.
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Three-dimensional cranial base models from third scan for segmentation reliability of
Subject 1.
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Three-dimensional cranial base models from second scan for segmentation reliability
of Subject 2.
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Three-dimensional cranial base models from third scan for segmentation reliability of
Subject 2.
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Three-dimensional cranial base models from second scan for segmentation reliability
of Subject 3.
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Three-dimensional cranial base models from third scan for segmentation reliability of
Subject 3.
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Three-dimensional cranial base models from second scan for segmentation reliability
of Subject 4.
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Three-dimensional cranial base models from third scan for segmentation reliability of
Subject 4.
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Three-dimensional cranial base models from second scan for segmentation reliability
of Subject 5.
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