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A Method to Compare Relative CBCT Density in the Mandible

Abstract
by

HEATHER M. I. HORTON

Title: A Method to Compare Relative CBCT Density in the

Mandible

Objective: The goal of this study was to develop a method
for measuring and comparing relative densities of various
regions of the mandible in growing (i.e. subadult)

patients.

Materials and Metheds: Density was measured on twenty-
five CBCT pre-treatment images in the following four
areas: head of the condyle, posterior border of the ramus
near gonion, inferior border of the ramus near gonion,
and near gnathion. The first three areas were normalized
by dividing them by the density value found near gnathion

and multiplying by 100. The density was measured in



Hounsfield Units (HU). Each measurement was repeated

three times.

Results: Reliability was excellent for all measures

(adjusted R* 2 0.96). The condyle was consistently the

least dense measure ranging from -181 to -1(-47 to O
normalized to gnathion) and gnathion showesd the highest
density (range 329 to 647). Density wvalues for the
posterior border ranged from -56 to 229 (-17 to 35
normalized) and for the inferior border from 2 te 309 (0

to 4B normalized).

Conclusions: It is possible to measure relative density
at the head of the condyle, at the posterior border of
the mandible near gonion, at the inferior border of the
mandible near gonion, and near gnathion in CBCT images.
The normalized density measures suggest that variations
in rescrption and deposition patterns vary among
individuals. These variations might be used by clinicians
to predict mandibular growth potential for individual

patients.
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LITERATURE REVIEW

Understanding growth of the cranicfacial complex is
an ongoing, oft-studied endeavor. Dr. Allan Brodie, 1946,
described the importance of understanding facial growth
more than 60 years ago, and astutely paid heed to
individual variation not as abnormal, but rather as a
necessity for the creation of unique individuals and
therefore to be expected. Individuals are not harmonious
in their variation, rather one individual can have plus
and minus values for wvarious features. Dr. Brodie
believed at that time there was a good starting
foundation of the knowledge of facial growth, but there
was still a need for a greater understanding of where and

how much growth there will be.

Specific to mandibular growth, investigators have
studied the patterns, evaluatsed when and how fast it
grows, and have developed prediction methods based dozens
of different factors. Ricketts’ growth prediction method
employs a system of evaluating cephalometric tracing

points and then adding certain amounts of growth at each



of those points {Ricketts, 1972). The amount of
predicted growth at the various points is determined in
relation to the other cephalometric points and
constructed distances, as well by as applying other
knowledge of growth and development. For example, the
change in length from sella fto basion should be about
three fourths of the change from sella to nasion. Once
this is completed for all the points, a cephalometric
growth prediction tracing can be constructed. The
process is rather cumbersome, therefore the process was

later computerized and made commercially available.

A study in suppori of Rickett’s analysis was
completed by Kocadereli and Telli (1999). They took a
sample of 40 Turkish children (20 boys, 20 girls) and
took cephalometric headfilms at about age 9 and again at
about age 16. The initial radiographs were used to
predict, among other things, the amount of mandibular
growth to occur. They found that there was fairly good
correlation between the predicted and actual amount of
mandibular growth and that the Rickett’s analysis is a

good teool to utilize when treatment planning.
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Lysle Johnston, 1975, presented an alternative
prediction method that was greatly simplified and
utilized mean change expansion to predict mandibular
growth. He created a series of grids that a practitioner
could lay out over a cephalometric radiograph and then,
depending on the age of the patient when the radiograph
was taken, a certain amount of growth was added according
to the grids, at specific points, and then the
cephalometric prediction could be fully traced. Jchnston
made no claim that this method of prediction was
exceptionally accurate, buif rather that it was as
accurate as any other potential prediction method
avalillable. Johnston and Greenberg, 1975, tested the
Rickett’s analysis against Johnston’s mean change
expansion grid analysis and did not find enough
difference to warrant the use of Rickett’s method. They
found that Rickett’s methed was not (overall) superior to
Johnston’s, only finding it superior to a jejune

prediction of no occurrence of growth.

Another method of mandibular growth prediction is
Fishman’s system of Skeletal Maturation Assessment (SMA)

(Fishman, 1981). This method uses hand wrist radicgraphs,
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evaluating six different bone areas: three on the third
finger, one on the fifth finger, one on the thumb, and
one in the wrist. Using those six sites there are four
skeletal maturity indicators: 1. the epiphysis eqgualing
the width of the diaphysis, 2. the appearance of the
adductor sesamoid of the thumb, 3. the capping of the
epiphysis, and 4. the fusion of the epiphysis. These, in
combination, make 11 skeletal maturation indicators
(SMI}. Reaching each of these milestones indicates a
certain maturational age, which is more indicative of
maturation than chronologic age. In Fishman’s original
study on SMA, hundreds of patient’s radiographs were
examined, with many conclusions reached. These
conclusions related most closely to mandibular growth
were that mandibular growth rate relates directly with
skeletal maturation, maximum mandibular growth rate
occurs later that statural height, the mandible had less
total growth compared to the maxilla until the final SMA
stage, where it then caught up, and the highest
mandibular growth rates are found in boys. Twenty six
vears after Fishman’s original paper on SMA, he,
Turchetta and Sutelny, 2007, compared his method to both

the Johnston grid analysis and the Ricketts analysis. 1In



the study 50 untreated subjects were used that had
longitudinal lateral cephalometric headfilms and hand
wrist films at ages of approximately 9, 13, and 20 years.
Each method was used at age 9 years to predict age 13 and
20, and again were used at age 13 to predict age 20.
Angular and linear measurements weres predicted, as well
as what the author called positional prediction
envelopes, which were determined by making a prediction
tracing using all of the angular and linear predictions
and then overlaying that tracing over what actually
occurred. Using paired t-tests they found that there was
no significant. . difference between the actual and
predicted values for nearly all angular and linear
measurements when using the Fishman method, whereas using
the Ricketts or Johnston method many less values showed a
no difference between the actual and predicted (although
the Johnston method was better that Ricketts). Overall
the authors concluded that the Fishman SMA methed was the

best predictor cf both short and long term growth.

Sato et al, 2001, designed a new method of
mandibular growth prediction named CASMAS (computer-aided

skeletal maturity assessment system) that utilized the



third middle phalanx and radius {based on Tanner et al,
1975) and automated the process using a computer
algorithm. The authors’ goal was to create a method that
is as accurate as the TW2 method without being as
technique sensitive and time consuming. The TWZ2 method
they refer to is a method described by Tanner et al that
predicts skeletal height based off of hand wrist
radiographs. Twenty-two female patients formed their
standards, and then a second, similar set of 22 female
patients was used to test the standards. They tested it
by using four different techniques that all used bone
age, substituting in either the bone age calculated by
the TWZ methoed cr by their CASMAS method. The four
technigues are the cssification events method, growth
potential method, growth percentage method, multiple
regression method, and growth chart method. The
ossification events method calculates mandibular growth
peotential at each stage of ossification according to bone
age, until the final stage of growth and adds the
predicted growth potential to the present mandibular
length to predict the final length. The growth potential
method uses the formula growth potential = ax (bone age)

+ b where a=ceoefficient and b=constant. The growth
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percentage method correlates the relative length of the
mandible with bone age and uses the formula final length
= [(present length)/% of final length)]*100. The multiple
regression method uses the formula y = axy + bxp + cx3 + d
where y is the final length, x; is the present length, x;
is the chronologic age, %3 is the bone age, and a-d are
constants determined by chronologic age group. The
growth chart method, a growth curve was determined via
chronologic age and bone age, and the final mandibular
length was predicted from the curve. The study found
that the growth potential and growth percentage methods
were the best predictors, with the TW2Z technique slightly

edging out the CASMAS system.

The “big three” analyses—Rickett’s, Johnston, and
Fishman, all display some levels of success with regards
to mandibular growth prediction. Inherently, however,
the pattern of that mandibular growth is not mapped, as
the mandible itself does not play a role in formulating
the prediction. And different mandibles certainly grow
different ways. Arne Bjork’s hallmark research on growth
patterns of the mandible show that there is great

individual wvariation in how the mandible grows and



develops over time (Bjork, 1963). His study of mandibular
growth over time was very precise, as he was able to
place hundreds of metallic implants (specifically
hardened tantalum) in the mandibles of growing children
to study the location and magnitude of growth over time.
He found that there are three general types of grower:
type A—extreme vertical growers, type B—the average
grower, and type C—extreme sagittal growers. Type A, or
vertical growers, exhibit the following characteristics:
the gonial angle decreases, resorption at the angulus,
the greatest possibility for apposition under the
symphysis, and the teeth tend to erupt more vertically
and lingually. Type C, or sagittal growers, exhibit the
following characteristics: the gonial angle increases,
the greatest possibility for less resorption and even the
possibility of apposition at the angulus, less likely to
see apposition under the symphysis, and the teeth erupt
more forwardly. Type B is the mean of all growers and
this type of grower exhibits growth patterns less extreme
than the other two types. Comparing an extreme vertical
grower to an extreme sagittal grower certainly
demonstrates the amazing variability of growth location

in the mandible (which certainly could not be predicted
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by observing a cervical vertebrate or hand wrist
radiograph). Ideally a growth prediction method would
accurately predict growth magnitude, growth location, and

growth direction.

Cervical vertebral maturation as a tool to evaluate
mandibular growth has been studied extensively. Baccetti,
Franchi, and McNamara, 2002, most recently developed a
Cervical Vertebral Maturation (CVM} method with five
stages that are categorized by evaluating CZ, C3, and C4.
Their original CVM method included 6 stages of cervical
vertebral maturations determined by evaluating five
cervical vertebrae, (Franchi et zal, 2000). Within those
five stages, stage I1 indicates that the peak mandibular
growth will occur within the next year, and if stage III
is recorded, that peak growth has occurred within the
last year. Using the CVM metheod, Gu and McNamara, 2007,
found absolute growth occurred most between stages III
and IV, with much less occurring between stages IV and V.
Importantly, they also found no visible deposition
occurred at the landmark pogonion, and only very little
occurred inferiorly to it during adolescent growth.

While this line of research is very helpful in

17



determining when the most growth will occur and when the
peak in growth velocity will occur, it does not
specifically relate to predicting the total amount of
mandibular growth that is left or where that growth will
occur. Chen et al, 2004, developed a technique using the
CVM method te predict mandibular growth and compared it
to both the growth percentage and growth potential method
and found that their method was more accurate and may be
a useful tool in mandibular growth prediction using a
single cephalometric radiograph. This would be
advantageous as it would not regquire an additional
radiograph and exposure that using a hand wrist f£ilm
dees. But similarly to the Fishman methed, nothing
inherent to the mandible is used in this prediction
method so no insight as to the specific location or

pattern of mandibular growth can be assumed.

Anatomy specific to the mandible has been studied to
determine its predictive capacity with relation to
mandibular growth. Kolodziej et al, 2002, studied the
correlation between antegonial notch depth and facial
growth. They used 40 untreated patients (20 male, 20

female) from the Iowa Facial Growth Study with lateral
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cephalograms taken at ages 8.5, 12, and >17 years. The
antegonial notch depth was defined as the distance
between the greatest point of convexity on the inferior
border of the mandible to the line connecting inferior
gonion to the anterior convexity point. The depth was
found and then correlated to future horizontal and
vertical growth. While there were a few statistically
significant negative relationships between antegonial
notch depth and mandibular growth, the authors deemed
that none were clinically significant enough to be used

in typical treatment planning.

Very little work has been done on mandibular growth
in three dimensions, especially with regards to three
dimensional imaging and mandibular growth. Karup et al,
2005, studied the changes that occur during mandibular
growth using medical CT images taken over time on a group
of patients with Apert’s syndrome, especially with
regards to whether or not the symphysis menti and the
mandibular canals are actually stable structures to use
when superimposing serial radiographs. Interestingly they
found that those two structures are stable when looking

strictly from a lateral view {as has been done with
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lateral cephalograms in the past) but that the mandibular

canals, in fact, relocate laterally as the patient grows.

Histologically, Hans and Enlow, 1995, determined
there is difference in composition of bone in areas of
deposition versus rescrpticon in the mandible. Various
patterns of bone depositicon and resorption lead to
different patterns of growth, and they separated these
patterns into three general grcoups: type A~classic
pattern, with upward and backward growth of the mandible,
type B—vertical, with a decrease in the gonial angle and
an increase in the vertical growth at the head of the
condyle, and type C—rotational, with a forward rotation
cf the mandible. The varying locations of mandibular
growth are crucial to remember when evaluating other
methods of mandibular growth prediction that do not
directly inveclve the mandible, as they would have no way
of predicting a specific growth pattern. If there is a
histological difference between areas of deposition and
resorption, it is possible that there wcould also be a
difference between areas of greater or lesser amounts of
depesition, which may differ not only in histological

compesition, but density as well. New areas of bone are



less dense that areas of fully formed bone, as osteoid is
less dense than bone at the initial stage of
calecification, which is less dense than bone at the final
stage of calcification (Bonucci et al, 1970). It
certainly would be beneficial if there was, as
histological examination of the mandible requires either
a dry skull or a bone biopsy, whereas density calculation
may reguire only an interpretation of a three dimensiocnal

radiograph.

Since the discovery of x radiation in 1895 by
Wilhelm Conrad Roentgen, there has been an interest in
using radiographs to measure bene density. One early
technigue was to incorporate a step wedge in the field of
exposure to provide a reference to both assess the
quality of the radiograph and to estimate bone density.
The step wedge is typically made from aluminum and is
small enough to fit on a radiographic film without
overlapping onto the structure being imaged. The aluminum
has steps which increase in thickness (and therefore
radiopacity) which can be used as a guide to estimate the
density of the structure being imaged (Bloxom et al,

1986) . The major problem with this method was that the



density was estimated based off of the step wedge, so
very siight variances in density were difficult %o
discern.

Another plain radiograph technique is radiographic
absorpitometry, which uses a phantom that has a
calibration wedge built in that can be used to estimate
bone density when placed in the field of view when taking
a radiograph (Cutler et al, 2005). A drawback of this
method was that it is typically only useful on peripheral
bones, and there is still some degree of estimation with
the calibration wedge {(Gulam et zal, 2000)}.

Dual-energy X-ray Abscorpitometry (DXA) is a precise
method of estimating bone density, and is the gold
standard for diagnosing osteoporosis (Nelson et al,
1981). A special radiographic machine, called a
densitometer, uses two x-ray beams of different energy
levels and determines the density of the bone based off
of the absorption of those beams by the bone being
irradiated. While it is very precise, it only measures
areal bone density, meaning that the information if
derived from a two dimensional radiograph, so it can only

report information about an area, not a volume.



Quantitative Computed Tomography (QCT) has been used
to determine bone density using a spiral CT and has the
advantage of three dimensional, and therefore volumetric,
information {(Khcoo et al, 2009). This method is effective
and can be compared to DXA when necessary, and also has
the advantage of being able to remove the soft tissues
from the image before the density measurement is taken so
it does not distort the wvalues. Magnetic Resonance
Imaging (MRI) has alsc been used to estimate bone density
by using a standardized phantom made from various
hydroxyapatite concentrations in water, and the
measurements correlated to those found using QCT (Ho et
al, 2012;}.

When using a spiral CT image for evaluating density,
Hounsfield units are the unit of density used. The
Hounsfield scale is a way of describing radiodensity

(Brooks, 1977). The feormula for deriving Heounsfield units

0 = nx—pwater

is HU = 100 where p, 1s the average linear

nwater
attenuation coefficient of the substance in gquestion and
Hwater 18 the linear attenuation coefficient of water.
Spiral CT images acguire information about the

radicodensity of various tissues and report the density in
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Hounsfield units. In spiral CT images, absolute
Hounsfield unit values for various types of tissues are
calculated using the above formula and are standard
across machines and across images. Bates et al, 2006,
found in vitro that the stiffness and strength of bone in
the craniofacial complex both correlate to radiodensity
found using a spiral CT image.

The use of spiral CT in orthodontics has been
limited due to high radiation doses and lack of precise
spatial resolution. In contrast, cone beam Computed
Tomography (CBCT) images are gaining increasing
acceptance in orthodontics as a method to capture three
dimensional information about the morphology of growing
patients. Because CBCT is a true three dimensional
reconstruction, the image also contains information about
the density of tissue. However, density values from a
CBCT are not absolute and may not be able to be compared
across machines or amongst different images dus to
different reconstruction algorithms and because the grey
level are arbitrarily set and different amongst brands of

CBCT machines (De Vos et al, 2009 and Mah et al, 2010).
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STATEMENT OF THESIS

The geoal of this study is to develop a method of
measuring density in the mandiblie on CBCT images that
aliows for the compariscon of those values both within one
image and amongst images. The areas to be measured are
the head of the condyle, the posterior border of the
mandible near gonion, the inferior border of the mandible

near gonion, and near gnathion.

If these areas are able to be measured reliably, the
density values may be able to be used to predict growth

potential in patients.
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THE ANGLE CRTHODONTIST

MANGSCRIPT DERAFT

Title: A Method to Compare Reiative CBCT Density in the
Mandible

Objective: The goal of this study was to develop a method
for measuring and comparing relative densities of various
regions of the mandible in growing (i.e. subadult)
patients.

Materials and Methods: Density was measured on twenty-
five CBCT pre-treatment images in the following four
areas: head of the condyle, postericr border of the ramus
near gonion, inferior border of the ramus near gonion,
and near gnathion. The first three areas were normalized
by dividing them by the density value found near gnathion
and multiplying by 100. The density was measured in
Hounsfield Units (HU). Each measuremeni was repeated
three times.

Results: Reliability was excellent for all measures
(adjusted R® 2 0.96). The condyle was consistently the
least dense measure (range -181 to -1, -47 to (0 once
normalized to gnathion) and gnathion showed the highest
density (range 329 to 647). Density values for the
posterior border ranged from -56 to 229 (-17 to 35
normalized) and for the inferior border from 2 to 309 (0
to 48 normalized).

Conclusions: It is possible to measure relative density
at the head of the condyle, at the posteriocr bhorder of

the mandible near gonion, at the inferior border of the
mandible near gonion, and near gnathion in CBCT images.



The normalized density measures suggest that variations
in resorption and deposition patterns vary among
individuals. These variations might be used by clinicians
to predict mandibular growth potential for individual
patients.
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INTRODUCTION

Since the discovery of x radiation in 1895 by
Wilhelm Conrad Roentgen’, there has been an interest in
using radiographs to measure bone density. One early
technique was to incorporate a step wedge in the field of
exposure to provide a reference to hoth assess the
guality of the radiograph and fto estimate bone

2345 The major problem with this method was that

density.
the density was estimated based off of the step wedge, so
very slight variances in density were difficult to
discern. Ancother plain radiograph technique is
radiographic absorpiteometry, which uses a phantom that
has a calibration wedge built in that can be used to
estimate bone density when placed in the field of view
when taking a radiograph.® A drawback of this method was
that it is typically only useful on peripheral bones, and
there is still some degree of estimation with the
calibration wedge.’ Dual-energy X-ray Absorpitometry

(DXA) is a precise method of estimating bone density, and

is the gold standard for diagnosing osteoporosis.®® While

it is very precise, it only measures areal bone density,

Ll
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meaning that the information if derived from a two
dimensional radiograph, so it can only report information
about an area, not a veolume. More recently, Quantitative
Computed Tomography (QCT) has been used to determine bone
density using a spiral CT and has the advantage of three
dimensional and therefore volumetric information.'" This
mathod is effective and can be compared to DXA when
necessary, and also has the advantage of being able to
remove the soft tissues from the image before the density
measurement is taken so it does not distort the values.
Magnetic Resonance Imaging (MRI) has also been used to
estimate bone density by using a standardized phantom
made from various hydroxyapatite concentrations in water,
and the measurements correlated to those found using
QCT_M

When using a spiral CT image for evaluating density,
Hounsfield units are the unit of density used. The
Hounsfield scale is a way of describing radiodensity.*?

The formula for deriving Hounsfield units is HU = 1000 *

X—pwater . . '
M- where M. is the average linear attenuation

nwater

coefficient of the substance in guestion and Hyater 15 the



iinear attenuation coefficient of water. Spiral CT images
acquire information about the radicdensity of various
tissues and report the density in Hounsfield units. In
spiral CT images, absolute Hounsfield unit values for
various types of tissues are calculated using the above
formula and are standard across machines and across
images.

The use of spiral CT in orthodontics has been
limited due to high radiation doses and lack of precise
spatial resclution. In contrast, cone beam Computed
Tomography (CBCT) images are gaining increasing
acceptance in orthodontics as a method to capture three
dimensional information about the morphology of growing
patients. Because CBCT is a true three dimensional
reconstruction, the image also contains information about
the density of tissue. However, density values from a
CBCT are not absclute and may not be able to be compared
across machines or amongsi different images due to
different reconstruction algorithms and because the grey
level are arbitrarily set and different amongst brands of
CBCT machines. 314

Enlow has mapped the areas of deposition and

resorption of the human mandible using histologic



techiniques.®® And, it is well known that areas of new
bone deposition are less dense that areas of fully formed
bone, as osteoid is less dense than bone at the initial
stage of calcification, which is less dense than bone at

18 Consequently, the

the final stage of calcification.
comparison of bone densisty on a CBCT, even if they could
not be converted to the same scale as spiral CT images,
might be clinically useful. Therefore, the gcal of this
study was to develop a method for measuring and comparing

relative densities of various regions of the mandible in

growing (i.e. subadult) patients.
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MATERIALS AND METHODS

This study was approved by the IRB Becard at Case
Western Reserve University. Pre- and post- treatment CBCT
images were reviewed from patients previously treated at
the Case Western Reserve University Graduate Crthodontic
Clinic. The patient image sets were selected from all
patients that have been treated in the clinic that had
CBCT images taken and also met the following criteria:
female, between the ages 11 years, 6 months and 12 years,
5 months at the time the CBCT image was taken, no
craniofacial syndromes, and no metallic fillings or
jewelry visible in the field of view on the CBCT image.
From zll the patients treated at the clinic, twenty-five
patient images met all criteria and were included in the
study. CBCT images were acguired using the Hitachi CB
MercuRay using the following settings: Z2mA, 120 kvp, 12
inch field of view, 512 slices, slice thickness of
0.377mm, resoluticon 1024x1024 pixels, 12 bits per pixel,
4096 gray scale. The Dicom files obtained from the CBCT
scans were reconstructed and density measurements were

made using commercially available imaging software
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(Dolphin Imaging and Management Solutions, Chatsworth,

California).

Hounsfield value calculations

Hounsfield values were calculated on all CBCT
images. Four areas of the mandible were selected to
calculate the Hounsfield values: right side head of the
condyle, right side posterior border of the ramus near
gonion, right side inferior border of the mandible near
gonion, and near gnathion. The measurements were repeated
three times for each of the sites on each image. Figure
1{(a-d) shows the four areas, and figures 2(a-d), 3{a-d),
4 (a~d) and 5(a-c) show the siteps for isolating the
Hounsfield values at each of the sites.

To calculate each measurement, the CBCT image was
first turned to the right lateral view. Then the
translucency bar was slid to the left to more easily
visualize the borders of the sight being evaluated. Then
the Seg bar was slid as far to the left as necessary to
fully see the mandibular border in the area being
evaluated. Figure 6 shows how sliding the bars affects
the visualization of the images (sliding the translucency

and seg bars does not change the calculated values, only



how they are visualized on screen'’). The steps for
calculating the values at each specific site are as

follows:

Head of the condyle

Select the middle size circle cutting tool and
orient the circle to a distance equal to three quarters
of the diameter of the circle inferior to the most
superlior point on the head of the condyle (Figure 2a).
The circle should also be centered antero-posteriorly in
the condyle. Cut the circle, then use the inverse
function so the circular slice is all that remains on the
screen (Figure 2b). Rotate that remaining slice to the
posterior view. Using the free-hand cutting tool, cut out
and remove all structures surrounding the right side
mandibular condyle section (Figure 2c}. Click calculate

Hounsfield value (Figure 2d).

Posterior border of the ramus near gonicn

Select the middle size circle cutting tool and
orient the circle so the posterior edge of the circle is
touching the most convex portion of the ramus near gonion

(Figure 3a). Cut the circle, then use the inverse



function so the circular slice is all that remains on the
screen (Figure 3b). Rotate that remaining slice to the
posterior view. Using the free-hand cutting tcol, cut out
and remove all structures surrounding the right side
mandibular section (Figure3c). Click calculate the

Hounsfield wvalue (Figure 3d).

Inferior border of the ramus near gonion

Select the middle size circle cutting tool and
orient the circle so the inferior edge of the circle is
touching the most convex portion of the inferior border
of the mandible near the angle of the mandible (Figure
da) . Cut the circle, then use the inverse function so the
circular slice is all that remains on the screen (Figure
4b) . Rotate that remaining slice to the posterior view
(Figure 4c). Using the free-hand cutting tool, cut out
and remove all structures surrounding the right side
mandibular section. Click calculate the Hounsfield wvalue

(Figure 4d).

Near gnathion
Select the middle size circle cutting tool and

orient the circle so the edge of the circle is touching



gnathion and the rest of the circle is within the borders
of the mandible (Figure 5a). Cut the circle, then use the
inverse function so the circular slice is ail that
remains on the screen (Figure 5b). Click calculate the

Hounsfield value {Figure 5c).

Statistics

All Hounsfield value measurements were repeated
three times. Adjusted R? correlations were calculated for
the three trials to determine repeatability®®. The three
estimates of density were averaged for the subsequent
analyses. Means and standard deviations were also
calculated. ANOVA and paired t-tests were done to
determine if the densities values of each site were

different.

Normalization of density estimate

In an effort to improve the comparability of HU
density measurements within each CBCT image, the values
for the condyle as well as those for the posterior and
inferior border were normalized using the density value
at gnathion. This area was chosed because it is

biclogically stable and always had the highest density
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value when compared to the other three areas in a given

18

image. ~ The formulas used to normalize the values were

head of condyle posterior border of mandible

gnathion

* 100, + 100, and

gnathion

inferior border of mandible
gnathion

*100.
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RESULTS

The mean age was 12 years 1 month (SD 3 months).
Averages, standard deviations, and reliability
correlation statistics for the raw (not normalized) data
are presented in Table 1. Correlations were above 96% for
the head of the condyle Hounsfield wvalues, above 99% for
the posterior border of the mandible near gonion, above
99% at the inferior border of the mandible near gonion,
and right at 99% for the area near gnathion. All raw, not
normalized HU values for the head of the condyle,
posterior border of the mandible near gonion, inferior
border of the mandible near gonion, and area near

gnathion are presented in table 2. The HU values for each

site were statistically different from each other (P=

0.0001). Normalized values for the head of the condyle,
posterior border of the mandible near gonion, and
inferior border of the mandible near gonion are presented
in tabkle 3.

The head of the condyle HU values were always the

least dense of the measurements, the posterior border of
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the mandible the second least dense, the inferior border
of the mandible near gonion the second most dense, and
the area near gnathion values the most dense. The range
was —181 to -1 (-47 to 0 once normalized to gnathion) for
the condyle, -56 to 229 (-17 to 35 normalized) for the
posterior border, 2 to 309 (0 to 48 normalized) for the

inferior border, and 329 to 647 for gnathion.



DISCUSSION

Measuring the density of the mandible in the
selected areas proved to be very reliabkle, with
correlations above 0.96 across all measurements. The very
high correlation coefficient across all measurements is
due to the straightforward prccess of the measurement
technigque and the ease of use of the scoftware. While the
values recorded are not absolute values like those
calculated from spiral CT images, they are able to be
reliably measured. And by normalizing the values to the
area near gnathion that has little or no remodeling
during the adolescent stage of development'®, the values
can be compared specifically to CBCT images that were
captured using the same settings and reconstruction
algorithms. Over time the algorithms used to reconstruct
the 3D CBCT images may improve to more closely replicate
spiral CT images and Hounsfield values®, which will be
beneficial, but as they change, new images and values
derived from those images may not be able to be compared
to older images and/or values previcusly recorded using

older algorithms.
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While the normalized values for the head of the
condyle, posterior border of the mandible, and inferior
border of the mandible always ranked from least to most
dense, respectively, they were certainly not the same
across each image, nor did they always relate similarly.
The range of the head of the condyle normalized values
was —-47 to 0, the range of the posterior border of the
mandible normalized values was -17 to 35, and the rangs
of the inferior border of the mandible normalized values
was 0 to 48. In addition, the range in the difference
between the head of the condyle and posterior border of
the mandible was 20 to 52, 33 to 65 between the head of
the condyle and the infericr border of the mandible, and
6 to 25 between the inferior border of the mandible and
the posterior border of the mandible. These numbers
clearly show that there are a wide variety of patterns
within and amongst these patients, just as there are
varying patterns of growth.

There are many applications for measuring density in
the craniofacial region. Beyond the increased visual
information a three dimensional image provides,
determining variations in density in the area of

pathologic lesions may help the borders of the disease to
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be more clearly identified, and the amcunt of tissue to
be resected in more serious cases could be more
accurately determined. Spiral CT images are already used
as a tool for helping to identify lesions, and if CT
images were able to be used in the same capacity, the
amount of radiation the patient would need to be exposed
to would be greatly decreased. Asymmetric growth cases
could also potentially benefit from knowledge of the
density in areas of abnormal growth, as it may shed light
on how similar/dissimilar the pathologic site 1s to its
corresponding structure on the opposite side. Another,
novel, way to potentially use density data would be to
compare the density values in areas of active deposition
to the amount of future growth the patient had in that
area. As mentioned earlier, Hans and Enlow determined
that the histological composition of areas of deposition
and resorption vary, so it is possible that those areas
would also have different density values than areas that
have completed growth®®. If this is the case, it would be
ancther way to evaluate the growth of a patient, both in
terms of whether or not they have future growth remaining

and, if so, the magnitude of that remaining growth.
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The findings of this study are consistent with
present understanding of the remcdelling patterns of the
mandible. The condylar head consistently showed the least
dense bone and the symphysis the highest density. Density
of the posterior and inferior border were more variable.
It is hypothesized that newly formed bone or bone
undergoing active deposition will have a lower density
than bony areas undergoing resorbtion or static bony
areas. Therefore, the variations shown in this study
indicate that it may be pcssible to map the depository
and resorbtive areas of the mandible to help clinicians
understand the growth potential of their patients. The
next steps in this line of research are to increase
sample size to include male subjects, to check bilateral
symmetry of these density measures (in normal and
asymmetric cases), and to determine the longitudinal
changes in density in these critical areas, both in this

sample and others.
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CONCLUSIONS

-It is possible to measure relative density at the head
of the condyle, at the posterior border of the mandible
near gonion, at the inferior border of the mandible near

gonicn, and near gnathion in CBCT images.

-The normalized density measures suggest that variations
in resorption and deposition patterns vary among

individuals.

~These variations might be used by clinicians to predict

mandibular growth potential for individual patients.
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Mean % 5td Dev Correlation
Head of Condyle -99+43 0.97
Posterior Border Near Gonion 77 +68 0.99
Inferior Border Near Gonion 143+ 66 0.95
Near Gnathion 493+ 97 0.99

Table 1. Averages and standard deviations for the raw
Hounsfield wvalues for all four areas measured, as well as
the correlations between each of the three times the
values were measursd.
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Posterior | Inferior
Pt. # Condyle Border Border | Gnathion
i -142 57 124 474
2 -95 32 157 508
3 -46 188 235 834
4 -93 50 160 617
5 -101 121 217 496
6 -38 126 222 646
7 -155 -56 2 329
8 -76 111 182 528
9 -60 109 162 459
10 -110 2259 309 647
11 -47 131 174 625
12 -1 83 148 410
13 -157 -24 55 445
14 -50 78 115 446
15 -119 50 75 434
16 -51 98 153 613
17 -120 40 81 410
18 -142 77 137 489
15 -139 14 74 350
20 -108 150 191 615
21 -109 g5 139 478
22 -121 76 169 461
23 -181 4 57 398
24 -132 39 117 479
25 -81 43 112 435
Table 2. Raw data——all original, not normalized HU
values. The trials 1, 2, and 3 were averaged for each
site.
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Head of Posterior Inferior
Patient # | Condyle Border Border
1 -30 12 26
2 -39 6 31
3 -9 35 44
4 -15 8 26
5 -20 24 a4
6 -6 18 34
7 -47 -17 0
8 -14 21 34
9 -13 24 35
10 -17 35 48
11 -8 21 28
12 0 20 36
13 -35 -5 12
14 -11 i8 26
15 -27 12 17
16 -8 16 25
17 -29 10 20
13 -29 16 28
19 -40 4 21
20 -18 24 31
21 -23 20 29
22 -26 16 37
23 -46 i 14
24 -28 3 24
25 -18 10 26

Table 3. Normalized values

posterior border of the mandible near gonion,
border of the mandible near gonion.

(see text for details) for each
pre-treatment CBCT image for the head of the condyle,
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Figure 1 (a-d). Screenshots of the areas to take the
circular cut (shown as a blue circle) for the head of the
condyle (a), posterior border of the mandible near gonion
(b), inferior border of the mandible near gonion (c), and
near gnathion (d).



Figure 2 (a~d). Screenshots of the steps to measure the
Hounsfield units for the head of the condyle.
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Figure 3 {(a-d). Screenshots of the steps to measure the
Hounsfield units for the postericr border cf the mandible

near gonion.
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Figure 4 (a-d). Screenshots of the steps to measure the
Heounsfield units for the inferior border of the mandible
near gonion.
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Figure 5 (a-~c). Screenshots of the steps to measure the
Hounsfield units for the area near gnathiocn.



Figure 6 (a-c}. Screenshots demonstrating how the
visualization differs when changing the density and Seg
bars.
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APPENDIX 2

Further investigation—Comparing HU wvalues to linear

growth frem condylion to gnathion, condylion to gonion,
and gonion to gnathion.

In addition to the above manuscript, additional data
was collected on the given sample. It is hypothesized
that the less dense an area of the mandible is (i.e.
smaller Hounsfield value), the further away it is from
completing growth, and therefore the larger the total

increase in length will be in that area.

Linear measurements were made or: both the pre- and
post- treatment images, with the difference between the
measurements being taken to determine the increase in
length between time points. A right side only lateral
cephalometric image was constructed from each Dicom file,
and the points were placed and measurements taken on that
image. The following points were used: condylion,
gonicn, and gnathion. The linear measurements calculated
were from condylion to gonion, gonion to gnathion, and
condylion to gnathion. The change in length {i.e. growth)

data, alcng with the normalized HU data, is presented in
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Table I. Preliminary review of the data revealed no
statistical correlation between the Hounsfield values and
the increases in length of the mandible, but there were
some patterns worthy of examining. Large normalized
measurements should have elicited very small gains in
linear measurement, with very small normalized
measurements correlating to large linear gains. The two
patients with the largest Hounsfield values for the
inferior border of the ramus both showed zero growth from
condylion to gonion, but the patient with the third
largest Hounsfield wvalue at the inferior border showed
5.3mm increase in length from condylion to gonion, which
was cne of the largest gains. The fourth smallest
Hounsfield value for the head of the condyle showed the
largest gain from condylion to gnathion, and the smallest
Hounsfield wvalue in that area showed the seventh largest

gain. There are more examples like these throughout the
data—some promising results but many contradictions as
wall. This may be because while the method of calculating
the density in these areas is very reliable, comparing

those values to linear measurement gains may not be the

most appropriate application. Bone grows appositionally
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in all directions, not just in the anterior-posterior
direction. A lower Hounsfield value in one of the
measured areas may be more indicative of medio-lateral
growth. Some values may have appeared more in line with
the coriginal hypothesis than others perhaps because in
the individuals where the low values did not correlate
with extensive linear growth, they may have actually been
experiencing more than average gains in lateral growth in
that area rather than anterior-posterior growth. Growth
in other planes has historically been less studied with
regards to growth, as the lateral cephalometric
radiograph was one of the main tocls which held no
information of other dimensions. Krarup et al measured
growth changes over time with CBCT images and found that
there are significant changes in other planes of space
other than just antero-posterior, therefore measuring
volumetric changes may be more appropriate than linear®.
In addition, it would be worthwhile to measure and
evaluate the Heounsfield wvalues in serial images to see
how they change over time and how they correlate to
growth. By deing so it may be found that there are

certain times where density values are more or less



indicative of what will happen with regards to growth in

1. Krarup S, Darvann TR, Larsen O, Marsh JL, Kreiborg
S. Three-dimensional analysis of mandibular growth
and tooth eruption. J Anat. 2005;207:669-682.
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Table I.

as well as the change

APPENDIX 3

(in mm)

Neormalized values for each initial CBCT image,

from the pre- to post-

treatment images for each linear measurement.

Head of | Posterior | Inferior | A Condylion | A Gonionto A Condylion
Patient | Condyle Border Border to Gonion Gnathion o Gnathion
# {mm) (mm) {mm)
1 -30 12 26 3.1 2.8 5.2
2 -39 6 31 8.1 2.4 8.8
3 -9 35 44 0.0 4.0 2.9
4 -15 8 26 0.2 42 0.9
5 -20 24 a4 53 24 6.5
6 -6 19 34 31 6.7 8.1
7 -47 -17 0 4.5 55 58
8 -14 21 34 4.8 2.5 54
9 -13 24 35 16 1.7 2.7
10 -17 35 48 0.0 2.1 i1
11 -8 21 28 1.6 4.7 4.0
12 0 20 36 3.3 3.7 5.3
13 -35 -5 12 2.8 3.7 53
14 -11 18 26 1.6 1.8 34
15 -27 12 17 0.6 4.0 3.4
16 -8 16 25 2.8 3.2 3.8
17 -29 10 20 0.7 3.1 4.3
18 -29 16 28 2.8 15 3.1
15 -40 4 21 1.2 2.4 33
20 -18 24 31 3.8 4.9 6.4
21 -23 20 29 4.9 4.7 7.0
22 -26 16 37 6.6 2.9 7.8
23 -46 1 14 1.1 1.1 0.4
24 -28 8 24 0.6 2.3 3.7
25 -19 10 26 2.8 3.0 4.1
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