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Abstract. A novel three-dimensional dental X-ray imaging method is in  tro-
duced. It is based on hybrid data collected with a digital den tal panoramic
device. Such a device uses a special geometric movement of the X-ray source
and detector around the head of a patient to produce a so-call ed panoramic
image, where all teeth are in sharp focus and details at a dist ance from the
dental arc are blurred. In this study, a digital panoramic de vice is repro-
grammed to collect two-dimensional projection radiograph s. Two complemen-
tary types of data may then be measured from a region of intere st: projec-
tion data with a limited angle of view, and a panoramic image. Tikhonov
regularization is applied to these data in order to produce t hree-dimensional
reconstructions. The algorithm is tested with simulated da ta and real-world in
vitro measurements from a dry mandible. According to the numerica | results,
reconstructions from limited-angle projection data alone  do provide the dentist
with three-dimensional information useful for dental impl  ant planning. Fur-
thermore, adding panoramic data to the process improves the reconstruction
precision in the direction of the dental arc. The presented i maging modality
can be seen as a cost-e ective and space-saving alternative to a traditional
full-angle computerized tomography scanner.
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1. Introduction

Dentists often need precise three-dimensional informatio about dental tissue for
diagnosis and treatment. This is the case, for example, in decting bone loss
between teeth, in determining the spatial relationship between the roots of a wisdom
tooth and close-by nerves, and in the main application conglered in this work,
dental implant planning. Dental implants are arti cial tee th attached as follows:
an oral surgeon drills a hole in the bone, a base is screwed mtthe hole, and
the implant is attached to the base. The crucial task in dentd implant planning is
deciding the direction and depth of drilling: the hole must be deep enough to ensure
rm attachment of the implant, but shallow enough for not har ming any nerves.

How, then, can a dentist acquire such three-dimensional irdrmation? Every
dental clinic has at least two dierent X-ray devices: chair-side intraoral X-ray
device for taking two-dimensional projection images (orradiographg of a few teeth
at a time, and a panoramic device for taking apanoramic image showing all dental
structures simultaneously. Panoramic images are producedsing a special geometric
movement of the X-ray source and detector around the head of gatient so that all
teeth are in sharp focus and details at a distance from the deal arc are blurred, see
[21, 30, 33] and Figure 1. However, intraoral radiographs ath panoramic images are
two-dimensional and do not always contain enough informatbn due to overlapping
of features.

Three-dimensional X-ray imaging tools for implant planning include (i) full-angle
tomography with a cone beam computed tomographycbct ) device designed for
dental applications and (ii) limited-angle tomography using a panoramic device re-
programmed to collect projection data as shown by the blue es in Figure 2. In
this paper we study and extend option (ii), whose benet over (i) is lower radia-
tion dose and the possibility of using cost-e ective standad equipment. On the
negative side, there is a big mathematical di erence betwee (i) and (ii). Namely,
reconstruction from the comprehensive full-angle data preided by the cbct device
is only mildly ill-posed and results in high resolution [19] while reconstruction from
the sparse limited-angle data provided by a panoramic devie is a severely ill-posed
inverse problem typically leading to reconstructions with elongation artifacts along
projection directions; see [5, 26] and the references theare

However, the goal of (ii) is not perfect recovery of the threedimensional struc-
ture of the tissue, but instead a reconstruction good enougtor implant planning.
Indeed, limited-angle tomographic imaging using a panorant device is realized
commercially in the vt product of PaloDEx Group. The vt device has been shown
to yield clinically useful three-dimensional information [3, 15].

The aim of this paper is to introduce and analyze an extensiorof (ii). In addition
to the scanned projection images, it is possible to use the peramic device to take
a standard panoramic image of the patient. We call the colletion of the projection
images and the panoramic image theéhybrid data set The directions of the X-rays
measured during the formation of the panoramic image are roghly perpendicular
to the directions of the scanned projection radiographs, se Figure 2. Consequently,
the hybrid data set is not so limited in view angle but rather represents a kind
of sparse full-angle data. Thus, combining panoramic and prjection data in the
reconstruction process should yield improved three-dimesional information since
more of the tissue boundaries are stably represented in the easurement [9, 22].
However, due to the narrow size of the detector area, the prdlem is an example
of local tomography [9, 16, 24]. See [12, 13, 14, 15, 17, 20,,2%, 31] for related
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local tomographic reconstructions from sparse data. Alsosince our added data is
not a projection image but a panoramic image whose structurés dependent on the
speci ¢ movement of the X-ray source, the problem has a avorof results on X-ray
source moving on curves, see [10].

We compare three-dimensional reconstructions computed &m the limited-angle
projection data set to reconstructions obtained using the lybrid data set; the asso-
ciated inverse problems are solved using Tikhonov regulazation with a smoothness
penalty [7, 29]. We consider two data sets collected from ain silico computer-based
phantom and anin vitro dry mandible. The results suggest that a three-dimensional
reconstruction from limited-angle projection data provides useful information for
implant planning. Furthermore, incorporating panoramic data in the reconstruc-
tion process increases accuracy in the direction of the deat arc.

Tikhonov regularization is not the only possible solution methodology for the in-
verse problem considered here. For example, level set mettle are another promis-
ing class of approaches, see [1, 6, 12, 18, 23, 28, 32].

Our results compensate for the shortcomings of hardware by amputerized in-
version methods: an a ordable software upgrade to an existig digital panoramic
device enables three-dimensional imaging even if a dentaligic is not able to invest
in a cbct device because of economical restrictions or lack of spac&keasonable
cost of the proposed technology is especially important formproving healthcare in
developing countries.

The use of data collected analogously to a panoramic dentahiaging device may
prove useful also outside the eld of medical imaging. Potetial application areas
include wide-angle synthetic aperture radar imaging [4] ad non-destructive testing
[34].

This text is organized as follows. Section 2 introduces the sed materials and
inversion methods. In Section 3, we describe the obtained oonstructions. Finally,
the signi cance of our ndings is discussed in Section 4.

2. Materials and methods

2.1. Structure of projection data. The projection data sets used in this work
consist of eleven radiographs taken with a limited angle of iew of 21 degrees;
see Figure 2 for an illustration of the projection geometry. In the case of real-
world data, the two-dimensional projection radiographs are measured by moving
the panoramic device so that the narrowcharge-coupled devic€ccd ) sensor collects
the transmitted X-rays.

We use the following linear measurement model for projectio data:

(2) mi = A1X;

where the vectorx represents unknown voxel values of the attenuation in the tssue,
vector m; contains all pixel values in the measured set of digital radbgraphs, and
the matrix A; comes from the well-known (discrete) pencil beam model for Xay
attenuation.

Let us be a bit more precise. A single projection image is obtaed by placing
a (pointlike) X-ray source on one side of the object of interst R3. The
resulting radiation passes through the object and is detead on the other side. The
attenuation coecient x : ! [0;1 ) gives the relative intensity loss of an X-ray
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travelling for a small distance dsat s2 , i.e.,

dl—l = x(s)ds:

Thus, we have the relation
Z

(2 x(s)ds=log I logl;;
L
where L; 2 RY is the line segment between the source and th¢th pixel of the
detector, |; is the measured intensity at that pixel, and " is the intensity of an
X-ray leaving the source. Notice that I" can be obtained via calibration. After
post-processing, the data in a projection image can thus benterpreted as integrals
of the attenuation coe cient over a certain set of lines. We gather these data in a
real vector myq, i.e.,
z
(3) (m1); = x(s)ds:
L

By dividing into voxels, the attenuation coe cient can be a pproximated by a

piecewise constant function

X
(4) X Xk k;

k

wherex, and | are the constant attenuation value and the characteristic finction
of the kth voxel, respectively. According to (3), the measurement & the jth pixel

source

detector

Figure 1. The generation of a panoramic image. As the device
rotates, the ccd detector is operated so that the two X-rays (thin
red lines) passing through a detail (red square) on the sharpayer
(thick black curve) are recorded at the (approximately) same place
on the panoramic image (although hitting di erent points on the
detector itself). Intuitively, one can think that the ~Im' is moved
by the width of the detector between the recordings of the defcted
X-rays.
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of the detector can thus be approximated by

X
(my); (A1)jk Xk;
K

where (A1) denotes the length of the intersection ofL; with the kth voxel. This

gives the needed discrete and linear measurement model fone position of the X-

ray source; the whole linear system in (1) is obtained by gatkring the measurement
vectors and system matrices corresponding to di erent souce positions on top of
each other. For more information on the pencil beam model andts discretization,

we refer to [13, 19, 26].

2.2. Structure of panoramic data. The formation of a panoramic image is il-
lustrated in Figure 1. As the X-ray device rotates around the patient's head, the
ccd detector is operated so that a sharp layer of image detail isecorded (that is,
there is blurring of details that do not lie in the sharp layer). To be more precise,
the idea is to record the X-rays travelling through a certain detail in the sharp
layer at the same pixel of the panoramic image (see Figure 1)This works exactly
only in the linear approximation of the measurement becauséhe speed with which
the ~Im' (cf. Figure 1) needs to be moved depends on the parttular point of the
sharp layer. However, as the detector is relatively narrow & few millimeters), it is
a good approximation to interpret a pixel value in the (post-processed) panoramic
image as a sum of integrals of the absorption over multiple hes that pass through a
particular point of the sharp layer. As a consequence, the paoramic image can be
considered as the restriction of a suitable (un Iltered) limited angle back-projection

Figure 2. We collect two kinds of data. Projection data con-

sists of a small number (less than a dozen) projections with idec-

tions roughly as shown by the blue (approximately vertical) lines.

Panoramic data consists of the part of a panoramic image that
shows the region of interest. The geometry of panoramic mease-

ment is illustrated by the red (approximately horizontal) | ines.
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reconstruction to the sharp layer. This approach is used in 8ction 3.1, where our
method is tested with simulated data.

We may also approximate the panoramic image formation procss by discretizing
the movement of the X-ray device: Assume that the device make a divergent beam
projection at some point in time, rotates to a new position ard moves the * Im'
accordingly, makes another projection, and so on. This way lte panoramic image
can be considered as a sum of overlappingrtual X-ray projections, the formation
of which can be handled by the discrete measurement model imbduced in Section
2.1. This approximation is used in Section 3.2, where we coider real-world data
obtained from a dry jaw specimen.

In all considered cases, we end up with the following linear masurement model
for panoramic data:

my; = AyX:

As in Section 2.1, the vectorx represents unknown voxel values of the attenuation
in the tissue and vectorm, contains all pixel values in the used part of the (post-
processed) panoramic image. When real-world data is conséded, the matrix A,

accounts for modifying the discrete pencil beam model of Séion 2.1 to cover the

above described discrete approximation of panoramic imagig (see Section 3.2); in
the case of the computer-based phantomA, is obtained by considering suitable
backprojection operators (see Section 3.1).

2.3. Combining the two types of data. The projection data (described in Sec-
tion 2.1) and the panoramic data (described in Section 2.2) annot be measured
without detaching the patient from the imaging device between the two procedures.
How can one calibrate the directions of the various X-rays sahat the two data
sets are related to the same coordinate system? The traditioal clinical approach
is to let the patient bite on a horseshoe-shaped plastic pla covered with a thick
layer of special soft material. The material becomes solidn a short time, and the
exact form of the patient's teeth is recorded. Both imaging £quences (projective
and panoramic) are initiated by xing the plastic plate (wit h tooth indentations) in
the correct position within the panoramic X-ray device. The patient then bites the
hardened \tooth relief" and holds still during the recordin g of the X-ray data. The
directions of the X-rays can afterwards be calibrated from he projection images of
ducials, i.e., small steel balls attached to the plastic tooth relief.

2.4. Test phantom and specimen. The computer-based phantom used in our
experiments is illustrated in the top left image of Figure 3: It is a transversal slice
of a full-angle tomographic reconstruction of a mandible anl consists of 150 150
pixels that represent the absorption level of the phantom. We examine the simulated
phantom to be able to compare our reconstructions with a know ground truth. For
simplicity, we restrict our attention to two-dimensional t omography: In the case
of the simulated phantom, this is enough to demonstrate cru@l features of our
approach.

We also perform experiments with anin vitro dry mandible. This three-dimensional
computation gives a more realistic understanding about thesuggested hybrid data
imaging modality.

2.5. Regularized reconstruction method. All our experiment settings lead to
the measurement model

(5) m= Ax + ";
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where m is a vector containing the measured pixel values and the veadr x is com-
posed of the unknown voxel values of the absorption. In the cse of reconstruction
from projection data only, we take A = A; and m = my in (5). On the other hand,
when studying the combination of projection and panoramic cata, we choose

and m =

The vector " represents random measurement error resulting from the disretization,
the photon counting process and the electronic noise in the etector.

Let us brie y analyze the structure of the noise. Since the ste of the detector is
relatively small and the number of photons emitted by the souce is very high, it is
reasonable to assume that the number of photons leaving theasirce in the direction
of any particular pixel is = , where > 0 is the ‘intensity' of a single photon (cf.
Section 2.1). For simplicity, we set = 1. Assume that some of the photons hitting
the j th pixel of the detector are detected and the others are not. 8ch measurement
is corrupted by (at least) two types of noise: First, the detector is a photon counter,
implying that the attenuated signal at each pixel is a stochastic counting process.
Second, the photon count of each pixel is ampli ed, which cases electronic noise.

It is reasonable to assume that the ampli cation noise is mutiplicative. Bearing
in mind that the relation of the quantity m and the measured intensity involves
a logarithm, see (2-3), a well-grounded model for the electmic noise inm is thus
additive.

On the other hand, a feasible model for the counting processsito assume that
the photon count of the jth pixel, n;, is independent ofn;, | 6 j, and has the
conditional probability density

p(n;jx) = Ppoisson (Nj; )
= i nj j
n;j 1 ’
where x is the discrete attenuation from (4). The expectation value ; is given by
X
i = or‘exp Ajk Xk

k

where ¢ > 0 is the probability that a single photon hitting the detecto r is actually
detected, andI™ is the given initial intensity of an X-ray. Since in X-ray ima ging a
relatively large number of photons is usually detected at eah pixel, the probability
density of

(6) M; =log " loglj =log I logn;

can be approximated with a Gaussian probability distribution. Based on [2], the
best Gaussian approximation is analyzed in detail in Appendk A of [26]. Here,
we just recall the results obtained there. In what follows, we abuse the notation
and denote byM; the random variable that obeys this \best" Gaussian probability
distribution.
The expectation of M; is given by
X

(7) i = Ajkxx log o:
K

Since ( can either be considered known, or alternatively it should ke included also
in the calibrated value of the initial intensity, i.e., I"in (6) should actually read
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ol, we may in the following neglect the term log o in (7). The variance of M;
depends on the number of photons observed at thgth pixel. However, in practice
the photon counts are typically of the same level of magnitue at all pixels, and we
may thus approximate the corresponding variances by a singl positive constant 2.
By modeling the additive ampli cation noise caused by the ekctronics by Gaussian
white noise with variance s?, via slight abuse of notation we see that the (random)
measurement vectorM = ( M;) is normally distributed:

M N(;D?);
where the vector =( ;) is composed of the expectation values (7) | without the
term log o included |and D = 2| is a diagonal matrix with 2= 2+ g2,

Let us treat the discrete attenuation x as a realization of a random variable
having the Gaussian distribution

(8) x N@©); = L&

where > 0, and L is a discrete approximation of the Laplacian with Dirichlet
boundary condition, obtained by using the standard ve-point mask in dimension
two and the seven-point mask in dimension three. Because thactual measurement
m can be considered as a realization of the random variablEl , nding the maximum
a posterior estimate [8] for the attenuation values of the vaels is thus equivalent
to minimizing the Tikhonov functional [29]

9) kAx mk3+ KLxk3;

where = 2% 2 and k k. denotes the Euclidean norm. In all our experiments,
the reconstructions are computed by minimizing (9) with the conjugate gradient
method [11]. Finally, it should be mentioned that no actual datistical techniques
are used when choosing the regularization parameter> 0 for (9).

3. Results

3.1. Reconstruction of simulated phantom. The projection data correspond-
ing to the computer-based phantom consists of 11 simulated grallel beam projec-
tions with a limited angle of view of 21 degrees with respect to the tangent of
the sharp layer depicted by the dashed line in the top left imae of Figure 3. Each
simulated projection consists of 200 parallel line integrés. Notice that the forma-
tion of the parallel beam projections can be handled with thediscrete pencil beam
model of Section 2.1 under the assumption that the source isokcated in nitely far
from the object of interest.

The panoramic data corresponds to a limited angle of view of 5 degrees with
respect to the normal of the sharp layer; this kind of openingangle is encountered
in standard panoramic X-ray devices. The data is simulated ly taking 20 parallel
beam projections (approximately along the normal of the shap layer), computing
the corresponding (un ltered) limited angle backprojectionimage, and nally taking
its restriction to the sharp layer. The panoramic radiograph is composed of 150 real
numbers.

To avoid an obvious inverse crime, the reconstructions are@mputed on a sparser
140 140 grid. We simulate measurement noise by contaminating bt of our data
sets with white noise of zero mean and standard deviation of 02 times the maxi-
mum element of the data set in question.

In this section, A; 2 R"* N (n; =2200=11 200,N =19600 =140 140)is the
matrix that sends a vectorized 140 140 image onto the corresponding projection
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values (cf. Section 2.1). On the other hand, multiplication of a vectorized image by
A, 2 R"2 N 'n, =140, produces the panoramic data. The matrixA; is constructed
by taking the parallel beam projection matrix corresponding to the 20 directions
almost parallel to the normal of the sharp layer, multiplying it from the left by
its transpose, which gives the corresponding limited anglédackprojection operator,
and nally deleting all rows that do not correspond to the 140 pixels in the sharp
layer.

The rst part of the data, mj; 2 R":, contains the noisy simulated projection
values. The other part, m, 2 R"2, is obtained by taking the noisy vector containing
the 150 simulated panoramic data values and interpolating i onto a sparser grid.
The discrete approximation of the Laplacian appearing in (9 is constructed by
using the standard ve point mask.

In our computations, we used the value = 0:01 for the regularization parameter.
The resulting reconstructions are illustrated in Figure 3, where the top left image

7
=

| W |

Figure 3. The reconstructions of the simulated phantom. Top
left: the phantom. Top right: the reconstruction using both pro-
jection and panoramic data. Bottom left: the reconstruction using
only projection data. Bottom right: the phantom (thick soli d line),
the top right reconstruction (dashed thick line), and the bottom left
reconstruction (thin solid line) plotted along the sharp layer.
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shows the original phantom, the top right image is the reconsruction obtained
from both projection and panoramic data, and the bottom left image illustrates the
reconstruction computed using the same parameter values liwnly the projection
data.

3.2. Reconstruction from  in vitro data. For the dry jaw specimen, the projec-
tion data consists of 11 divergent beam projections with a linited angle of view of

21 degrees with respect to the left mandible. Two of the projetions are shown in
Figure 4.

The corresponding panoramic data set is illustrated in the ight-hand image
of Figure 5. It is constructed by taking a complete panoramicprojection of the
mandible (the left-hand image of Figure 5), and then restriding attention to the part
that provides information on the region of interest (roi ). By using our knowledge
of the alignment of the panoramic X-ray device during the meaurement process,
the data image is interpreted as a sum of 100 virtual overlappg and thin divergent
beam projections taken at uniform time intervals; each pixé is typically treated as
if it was obtained by summing ten pencil beam projections reorded at di erent
positions of the measurement device. Because the angular epd of the panoramic
device varies in time, the pixel values must be scaled in ordeto take into account
the changes in the number of overlapping virtual projectiors. This explains the
vertical stripes in the right-hand image of Figure 5.

When computing the reconstructions, the two data sets are d@pned using the
small metal pellets ( ducials) that are visible in Figures 4 and 5. Furthermore, the
attenuation levels, i.e., the brightness, of the two data sés are matched by looking
at certain well identi able details in the corresponding X-ray images. Since this
manual process cannot be considered totally reliable, the mmatch between the
two data sets is bound to cause some artifacts in the reconsaictions. If our method
is to be used in commercial panoramic X-ray devices, this ste of alignment and
ne-tuning of the pixel values must be automated to obtain shorter processing times
and more reliable reconstructions.

To arrive at a computational model, the surroundings of the left mandible are
divided into 230 150 200 cubic voxels with edge length @mm. Here, the longest
dimension corresponds approximately to the normal of the cmnal plane, and the
shortest one to the normal of the sagittal plane. Each of the Even divergent beam
projection images consists of 675 800 square pixels with edge length @96mm.

Figure 4. Two in vitro projection images of the mandible.
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Figure 5. The panoramic images of thein vitro mandible. Left:
The whole image with the region of interest highlighted. Right:
The region of interest scaled so that it can be interpreted asa sum
of multiple virtual projections.

The panoramic data set shown in the right-hand image of Figue 5 is composed of
700 450 pixels of this same size.

In this section, A; 2 R"t N (n; =5940000 =11 675 800,N = 6900000 =
230 150 200) is the matrix that sends a vectorized 230150 200 voxel volume onto
the corresponding eleven projection images (see Section1). The second matrix
A, can be written as

) S

A= AY);

j=1
whereA(z') 2 R" N n,=315000= 700 450, is the projection matrix correspond-
ing to the jth (discrete) position of the X-ray device during the measuement of
the panoramic data (see Sections 2.1 and 2.2). Because theudee illuminates only
about one tenth of the panoramic image shown in the right-ham image of Figure 5
at one time, most rows of eachA(z‘) are empty; since each pixel of the panoramic
image can be treated as a sum of about ten virtual pencil beam ijections, any
particular row of A, is nonempty in about ten A(z”.

The rst part of the data, m; 2 R", contains the eleven vectorized projection
images, and the second partm, 2 R"2, is the vectorized panoramic image. The
discrete approximation of the Laplacian appearing in (9) isconstructed by using the
standard seven point mask. Take note that the measurement m@ix A is sparse but
so huge that it cannot be loaded into the memory in one part. Hace, the compu-
tations were conducted in a matrix free way, i.e., the needednatrix multiplications
were computed one row at a time.

In our computations, we used the value = 0:2 for the regularization param-
eter; this value was chosen by trial and error with the help ofexpert knowledge
about typical structure of a mandible. The need for a relatively large regularization
parameter is explained by the modelling errors caused my thananual alignment
and attenuation level matching of the two data sets (see Se@n 3.2). However,
the quality of the reconstruction is not very sensitive to the parameter choice: All
reconstructions for 2 [0:1;0:5] are qualitatively similar.
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Figure 6. The reconstructions of thein vitro mandible. The left
column illustrates the reconstruction from both data sets, and the
right column the one from the projection data only. Top: a coronal
slice. Middle: a transversal slice. Bottom: a sagittal slie. The
dashed lines mark the locations of the other two slices.
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The resulting three-dimensional reconstructions are presnted in Figure 6, which
illustrates a 128 128 128 subvolume around theroi . The left column corresponds
to the reconstruction computed using both data sets, wherea the right column
illustrates the reconstruction obtained from the projection data only. The rst row
of Figure 6 depicts a (approximately) coronal slice, the seand row a transversal
slice, and the third row a sagittal slice. In each image, the dshed lines mark the
locations of the other two slices.

4. Discussion

In the experiment with the simulated phantom, the inclusion of panoramic data
in the reconstruction process makes it possible to obtain iformation on the loca-
tions of the teeth along the mandible. Although the actual shapes of the teeth are
not reconstructed properly, the gaps between the teeth are pproximately at the
right places. This observation is con rmed by the bottom right image of Figure 3,
where the absorption distribution of the original phantom and of the two recon-
structions are plotted along the sharp layer: The top right reconstruction oscillates
in the same rhythm as the original phantom, whereas the bottan left reconstruction
does not seem to resemble the original phantom in the directin of the mandible.
Furthermore, the discrepancy in the Euclidean norm betweerthe true phantom and
the reconstruction in the top right image of Figure 3 is about 9% smaller than the
one between the true phantom and the reconstruction in the bétom left image.

With regard to the reconstructions of the in vitro mandible, the incorporation
of panoramic data into the reconstruction process providesnce again information
on the details along the mandible (Figure 6): In the coronal $ice, the gap be-
tween the two molar teeth is visible only in the left-hand reconstruction. Similarly,
the transversal slice contains information on the locatiors of the teeth only if the
panoramic data is utilized. Finally, in the left-hand sagittal slice even small de-
tails of the molar teeth are visible, whereas the right-handslice contains no such
details. As in the case of the simulated phantom, the shapesfahe molar teeth are
not reconstructed exactly, but the locations of the teeth can be inferred from the
left-hand slices of Figure 6. At the same time, it should be emhasized that the
incorporation of the panoramic data does not seem to resultn loss of any useful
information. The ducials used for aligning the measuremen geometries cause ar-
tifacts in both reconstructions visualized in Figure 6. However, this phenomenon
is about the same in both columns of Figure 6, and thus it does ot a ect the
conclusion on the usefulness of hybrid data.

We conclude that crucial anatomical features can be seen inhree-dimensional
reconstructions from mere projection data. What is more, een the locations of
such features along the dental arc become visible if panoraim data is included in
the reconstruction process. This suggests that there is a sbng possibility that
a digital panoramic device can perform as the sole tool of anniplantologist for
three-dimensional X-ray imaging.
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