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Abstract—Compared to conventional dental panoramic
radiograph, synthesizing panoramic radiograph directly
computed from dental cone-beam computed tomography
(CBCT) images provides high-resolution images with reduced
geometric distortion. Previous approaches required manual
operations or were based on CBCT images without metal
artifacts or missing teeth. In this paper, we introduced a fully-
automatic method that can be applied to CBCT scans under
severe conditions, which consist three main steps: bone and teeth
segmentation, mandible curve extraction, and panoramic
mapping. An adaptive method was first used for bone and teeth
segmentation. Then the internal mandible curve, which provides
a stable curve regardless of metal artifacts or missing teeth, was
extracted and utilized for panoramic mapping. Our synthesizing
method showed stable performance on various CBCT data sets.
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I. INTRODUCTION

As one of non-invasive dental diagnostic methods,
panoramic radiograph has played an important role in dental
practice. In spite of its limitations in image quality, panoramic
radiograph has been widely used as a supplement for diagnosis
of dentistry diseases [1] because of its low radiation dose

compared to medical CT and cone beam dental CT (CBCT) [2].

Also, panoramic radiograph provides preoperative dental
information of mandibular and maxillary regions that can be
used for human identification [3], planning of dental implants,
etc. Modern dental CBCT systems also provide synthesized
panoramic radiographs that are reconstructed from CBCT
images. Unlike the conventional panoramic radiographs,
synthesized panoramic radiographs are in relatively high
resolution and have reduced geometric distortion [4], so they
have gained more popularity.

Researchers have studied some methods of synthesizing
dental panoramic radiograph from CBCT data sets. Tohnak et
al. introduced a semi-automatic method that utilizes a
handcrafted binary mask for the detection of dental arches [3].
Bing et al. used maximum intensity projection (MIP) to
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Fig. 1. Pink and green objects were automatically obtained from binarized
CBCT slices that contained mandible and mandibular teeth. Blue and red lines
represent the estimated internal curve of mandible and its equidistant curve
with distance U =40mm .

automatically find dental arches on mandibular CBCT data sets
[4]. Recently, Luo et al. proposed a method to automatically
synthesize dental panoramic radiographs from various types of
dental CBCT data sets including closed-bite and open-bite
shaped ones [5]. However these approaches were based on the
data sets without artifacts or missing teeth. Thus under such
severe conditions, those approaches based on teeth detection
might fail. Especially, planning dental implants needs
preoperative structural information of maxillofacial regions.
Also, metal artifacts may occur when there are dental implants
or dental fillings. Metal artifacts tends to appear heavily in the
mandibular or maxilla teeth regions.

The mandible, a lower jawbone, is relatively dense and
thick. It has curvatures similar to dental arches. Thus we
propose to use the internal mandible curve to synthesize
panoramic radiographs with CBCT data sets under severe
conditions. Based on the internal mandible curve, we computed
an equidistant curve for panoramic mapping (Fig. 1). The rest
of the paper is organized as follows: methodology, an
introduction of our data sets, and synthesizing results.
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Fig. 2. (a) A false-color image of a slice of CBCT. Black, blue, green and red colored regions represent out-of-FOV, air, soft tissue and bone regions. There were
four different types of histograms of CBCT: (b) Out-of-FOV voxels appeared as a spike outside of the air peak at around -1000 HU and the soft tissue peak at
around 100 HU, (c) the spike appeared between two peaks, (d) two peaks were merged into a single peak, and (e) the out-of-FOV spike was merged with the air

peak.

II. METHODOLOGY

Our work was based on the CBCT data sets that follow the
Digital Imaging and Communications in Medicine (DICOM)
standard. A CBCT data set was composed of two-dimensional
CBCT slices with width I and height H that were in the
DICOM file format. DICOM file header provided information
on slice thickness d and pixel spacing (w and /) that define
the physical size of a voxel. The proposed method for
synthesizing panoramic radiograph from dental volumetric CT
images consists three main steps: bone and teeth segmentation,
extraction of the internal mandible curve, and panoramic

mapping.

A. Bone and Teeth Segmentation

Discriminating bones and teeth from other objects
including soft tissues or air regions is a prerequisite for
obtaining the internal mandible curve. In medical CT scans,
Hounsfield unit (HU) scale is widely used as a standard
measure of radiodensity. Applying a conventional threshold
method to HU is a simple way to find bones and teeth since
HU values of medical CT are accurate and clinically reliable.
However, bone density had a wide range of HU values due to
the following reasons. First, the cortical bone usually had
higher bone density values than cancellous bones. Also, the
bone density varies depending on sex, age, etc. Thus, exact
bone and teeth HU values may vary depending on patients.
Moreover, compared to medical CT, HU values measured in
CBCT scans may not translate to accurate radiodensity. Even
for an object with the same radiodensity, gray levels may
appear differently depending on their relative positions. Also,
dental CBCT manufacturers have their own systems for
interpreting raw gray values as HU. Consequently, although it
had been reported that HU of medical CT and gray values of
dental CBCT were highly correlated [7, 8], HU bone densities
values provided by CBCT systems can be erroneous and
unreliable [9].

To minimize the HU differences between CBCT data sets
from different patients and various CBCT scan systems, we
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Fig. 3. Images in the left, center and right column are original images, binary
images with a fixed bone HU value and output images of our adaptive method,
respectively. (a) Well-segmented, (b) under-segmented and (c) over-
segmented results with the fixed bone HU values whereas our method
produced more stable outputs.

used a histogram-based approach to find appropriate a bone
HU value adaptively for each CBCT scan. For our CBCT data
sets, we used a 256-bin histogram of HU values. It was
observed that CT histograms were classified into several
categories by the location of peaks and spikes. In Fig. 2, blue
curves shows four main categories of CT histograms: a spike
outside of two peaks, a spike between two peaks, a spike at the
tail of one peak, and a spike far from a peak. In our data sets,

IS&T Infernational Symposium on Electronic Imaging 2019
Computational Imaging XVII



Frequency

0.02 0.01 0

400

200

Slice index

100

(@)

(b

Frequency Frequency
0.01 0 0.02 0
400 400
1300 1300
x Z X
Q (9]
el el
£ £
{200 8 8
) »n »
100 100
0 0

©

Fig. 4. Light blue and orange curves are normalized frequencies of enamel voxels and their moving averaged results with the 5 mm window. (a) CBCT data sets
with the patient biting on bite block. Two peaks appeared clearly in both mandibular (red-dotted line) and maxilla (blue-dotted line) teeth regions. (b) The head
orientation made two peaks almost merged into one peak. (c) When the bite block was not used, a single peak usually appeared.

histograms usually had two peaks and one spike as shown in
Fig. 2(a). The two peaks near -1000 HU and 100 HU were
associated with the air and soft tissue regions, respectively.
Spikes appeared mainly because the voxels that lie outside of
the field of view (FOV) had almost the same gray level.
However, as can be seen in Fig. 2(b-c), HU values of out-of-
FOV voxels were sometimes equal to or higher than that of air
regions. In other words, spikes can appear anywhere on
histograms. Moreover, there existed various types of FOV such
as a circle-shaped FOV (Fig. 2(a-c)), a stitch of small FOVs
[10] or an arch-shaped FOV (Fig. 2(d)). Especially, air region
peaks were sometimes merged with spikes as shown in Fig.
2(c-d). To ignore the effects of out-of-FOV voxels on
histograms, we directly suppressed those spikes by applying a
moving median filter with a 5-bin window, since spikes usually
occupied 1 or 2 bins. As shown in red curves in Fig. 2, we
renormalized histograms after spikes were removed. Then the
soft tissue HU value (x,) was obtained by finding the center
of the soft tissue peak. The soft tissue radiodensity value is
usually at around 20-40 HU and that of bones is around 1000
HU [11]. So the bone HU value x, was calculated as,

X, =x +a 1)
where « is a constant that denotes the difference between the
soft tissue and bone HU values. Although HU bone densities
provided by CBCT systems may not be reliable, & =900 was
applicable for most of our data sets. However, there were some
data sets in low contrast that the HU differences between air
and soft tissue regions were relatively small compared to other
data sets. In this case, a should vary adaptively. Based on the
definition of the Hounsfield scale, which was based on -1000
HU for air and 0 HU for water, we used the HU differences
between the air and soft tissue regions for histogram
normalization. Let o, be the mean of standard deviations of

the histograms in normal conditions. We computed o, from

our CBCT data sets of which HU difference between air and
soft tissue regions was in normal ranges (1000-1100). Then we
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computed the standard deviation o of each histogram, and
calculated the bone HU value x, as follows:

x, =x, +a(o, /o). 2)
In other words, the difference between the soft tissue and bone
HU values was adjusted based on the contrast of each data set.
In this paper, we used o, =0.01. Fig. 3 shows some examples

when we used a fixed bone HU and adaptive bone HUs for
image binarization. Images in the middle column of Fig. 3(a-c)
show well segmented, under-segmented and over-segmented
examples when a fixed bone HU x, =1000 was used,

respectively. Applying our adaptive method on CBCT data sets
showed stable performances.

B. Extraction of Internal curve of Mandible

Compared to dental arches, the internal mandible curve has
a relatively stable shape even under harsh conditions such as
metal artifacts, so we tried to utilize the curve for synthesizing
panoramic radiograph. Bone and teeth segmentation results
may contain cervical vertebrae, mandible, and maxilla. Thus
the separation of mandible from other objects must be done
first.

To find the mandible position in a CBCT volume, we used
the mean physical distance between mandible and mandibular
teeth. It is reported that the human permanent teeth length is
approximately 22~28mm and the mean crown length is usually
around 10 mm [12, 13]. Thus the mandible location can be
estimated if we first locate the mandibular teeth in the direction
of the axial axis. Teeth usually contain enamel, which is the
visible part of the human tooth. Enamel has high HU values
(above 2000 HU [14]) in dental CBCT since it is the hardest
part of the human body. We binarized CBCT images with the
enamel HU value (x, =x, + (o, / o)) to find the mandibular

teeth where £ =2100, which is similar to (2). The light blue

curves in Fig. 4(a-c) show some examples of the frequencies of
enamel voxels, and the orange curves are their moving
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Fig. 5. (a) Maximum intensity projection of the mandibular part of CBCT. (b)
Binarized and morphologically closed image of (a). (c) Biggest connected
component of (b) remained. (d) An automatically selected slice that contains
mandible. (e) Binarized and morphologically closed image of (d). (f) Only
mandible part remained.

averaged curve with a 5 mm window for stable peak detection.
Usually, patients were asked to bite on a bite block before
taking CBCT scans. So mandibular and maxilla teeth were
relatively well separated as in Figs. 4(a-b). In this case, two
peaks usually appeared. When the bite block was not used,
only one peak appeared as shown in Fig. 4(c). We used 9mm
and 12mm as the mean physical distance between the mandible
and the middle of mandibular teeth for two and one peak cases,
respectively. Since the physical slice thickness is provided by
DICOM headers, the physical distance can be converted as the
slice index difference. Fig. 5(d) shows an automatically
estimated CBCT slice of the mandible.

However, further separation of mandible was required since
the CT slice may also contain unwanted objects such as a part
of the cervical vertebrae. To extract only the mandible body,
we used maximum intensity projection (MIP) of the
mandibular part of CBCT (Fig. 5(a)). After applying
binarization and morphological closing operation, we
performed connected component (CC) analysis to obtain the
biggest CC (Fig. 5(c)) of the binarized MIP. Then the CC
analysis result can also be applied to the binarized CBCT slice
of mandible (Fig. 5(e)). Fig. 5(f) shows the resulting CCs in
Fig. 5(e) that satisfied the following condition: CCs intersected
with the biggest CC at least 10% of their pixels.

C. Mapping

All the pixels at the bottom of each mandible CC were
selected as the candidate pixels for the internal mandible curve.
We first found a dominant pixel among the candidate pixels
and retain only one-third of candidates around the dominant
pixel. Quadratic polynomial curve fitting was then applied to
these pixels to estimate the internal mandible curve. The
obtained quadratic curve O was represented as a parametric

equation as follows:
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y=at’ +bt+c

where ¢ > 0. Then, an outer equidistant curve C, with distance
u >0 from the curve Q0 was then represented as,

¥tV e p)
s dt N (4)
y'zatz+bt-|—c—£@:at2+bt—i—c—Z

s dt K

where

SZK%) +(%j }=(2ax+b)z+l. 5)

Forward mapping based on the transform T':(¢,u) — (x,)"),
however, can cause some distortion. It is because the distance
between two points on the x' -coordinate that are
corresponding to (¢,u) and (¢#+1,u) may vary for an arbitrary
t.

To resolve this problem, we tried to find equidistant points
Py (2)=(x'(2),)'(2)) on the curve C, where ze€¥ and U is
an empirically defined value. Their corresponding points on
tu -coordinate are (¢,(z),U). Let ¢, =iz with an arbitrarily
small constant 7 and iell and the corresponding point of
(¢,,U) on the x'y’-coordinate is defined as p, ,, = (x/,, /) -
Also, let s, =31 7, where 7, =|p,,—p..,| is the
Euclidean distance between two points p,, and p,,, , . For
any small 7 that satisfies 0 <7, <1 for all 7, it is trivial that
vo <z and

<z+1 at the same time. Then the approximated

there exists N that satisfies both z—1<s
z=< SN+1,U
equidistant points p,(z) on the curve C, was obtained on the

x'y" -coordinate by using linear interpolation as follows:

Snau T2 Z 8y

pu(2)=py + Py . (6)
Snau ~Svu Snau TSN
Consequently,
S —Z z—S
t,(z2)=tN—"2 — 4 o(N+)—22 (D)

Syau T Snvu Syau “Snvu

When U is fixed, (4) was rewritten as,
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Fig. 6. (a) Blue and red lines are the obtained quadratic curves O and the outer equidistant curve C,, with distance U =40mm . The pink and green objects were

automatically obtained from the binarized CBCT slices that contained mandible and mandibular teeth. (b) Corresponding synthesized panoramic radiograph.

X =1,(z)+ 2 Q2aty (z)+b)
y ®)

V' =at,(z)’ +bt,(2) tet
s

Then, panoramic mapping was performed by the forward
transform 7)) : (z,u) — (x,»") . U should be large enough to
cover the entire teeth. Also, the approximation will be more
accurate when a smaller 7 value is used. In this paper, we set
U=40mm and 7=0.1. As a post-processing step, we the
normalized image so that HU values [-2500,7500] to [0,1]
and applied a logistic function to all pixels to emphasize teeth
voxels as follows:

y=1/(1+exp(-20(x—x,))) ©®)

where x and y are input and output intensity values,
respectively. Finally, synthesized panoramic radiographs were

obtained by averaging the panoramic mapping results in the
direction of u -axis.

III. DATA SETS AND RESULTS

The database comprises 102 CBCT data sets from different
CBCT manufacturers. All CBCT data sets were in the DICOM
format and rescale slope and rescale intercept values were
provided by DICOM, which were used for calculating HU
values from raw gray values. All voxels were rescaled to
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represent HU values before we applied the proposed method.
Parameters used in this paper were empirically selected with
five CBCT data sets and the others were not used.

Some results of the proposed synthesizing panoramic
radiograph method are shown in Fig. 6. All the examples
contained metal artifacts on teeth region. The CBCT data set of
patient #1 (Fig. 6(b)) did not contain the entire region of
mandible. Also, there were missing teeth for the patient #2 (Fig.
6(b)). As shown in Fig. 6(a), the internal curves of mandible
and the outer equidistant curves were accurately obtained since
the effect of metal artifacts were relatively small in the
mandibular regions.

IV. CONCLUSIONS

In this paper, we proposed a synthesizing panoramic
radiograph method that was based on the detection of the
internal mandible curve. The curve had a similar shape with
dental arch curves and could be obtained even under severe
conditions such as metal artifacts or missing teeth. The
proposed method comprises three main steps: bone and teeth
segmentation, extraction of the internal mandible curve, and
panoramic mapping. We proposed a stable method that
adaptively finds bone HU values on CBCT data sets acquired
from various CBCT systems. Also, a method for finding the
mandible location in the direction of the axial axis on CBCT
volume was also proposed. By using the internal mandible
curve and its outer equidistant curve, we successfully
synthesized dental panoramic radiograph on various CBCT
data sets.
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