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(57) ABSTRACT

A line scan cone beam CT imaging system irradiates an object
with an x-ray cone beam for multiple views. A projection data
set of the object is acquired at each view. Between views, the
cone beam and detector array are translated along parallel
lines in opposite directions. An image is generated by con-
verting the cone beam projection data set of the real object
into a parallel-beam projection data set corresponding to a
virtual object and using a total variation minimization image
reconstruction algorithm to reconstruct a virtual image of the
virtual object. The reconstruction algorithm includes the con-
straint that the Fourier transform of the reconstructed virtual
image matches the known Fourier coefficients in the set of
converted parallel-beam projections of the virtual object. The
reconstructed virtual image is then transformed into an image
of' the real object.
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1
ULTRA LOW RADIATION DOSE X-RAY CT
SCANNER

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with United States government
support awarded by the following agency: National Institute
of Health, Grant numbers: CA109992 and EB001683. The
United States Government has certain rights in this invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Background of the Invention

Breast cancer is the most common cancer among women
today. According to recent statistics, all women in the U.S.
have a baseline risk of developing breast cancer of approxi-
mately 11-12 percent over the course of their lifetime and
between 30-40 percent of women who develop breast cancer
die from it. At this time, there is no certain way to prevent
breast cancer. The best strategy is to detect breast cancer early
and treat it before the cancer metastasizes.

X-ray screening mammography has been the most effec-
tive method for early detection of breast cancer and clinical
studies have shown that it reduces mortality by 30 to 50
percent. However, about 30 percent of breast cancers are
missed in conventional X-ray screening mammography. One
of'the major reasons for these false-negative diagnoses is that
a cancerous mass is often obscured by overlapping breast
tissues, which are referred to as “structure noise”. The struc-
ture noise makes it difficult to perceive and characterize small
lesions. This is particularly true for radiologically dense
breasts. To compound matters, the superimposed normal
breast tissues may mimic a spiculated tumor in a mammo-
gram, which will cause a false-positive callback. Clinical
studies have also shown that about 20 percent of mammog-
raphy callbacks, even by experienced radiologists, are caused
by superimposed normal glandular tissues.

In x-ray screening mammography, the median size of
detectable cancers is about 11 mm, which contains about 10°
neoplastic cells in a primary tumor. However, the metastasis
may have occurred about 16 months before the tumor reaches
a detectable size in mammography. A reduction in the median
size of a detectable cancer from 11 mm to 3 mm canlead to an
18-month earlier detection of the breast cancer. Therefore, a
crucial step on the pathway of the eradication of breast cancer
is to develop an imaging modality to enable the early detec-
tion of breast cancer at the median size of 3 mm. For a much
greater percentage of women, this will allow clinicians to
detect and treat the breast cancer before it metastasizes.

In order to significantly improve the sensitivity and speci-
ficity of breast cancer detection, it is necessary to use an
imaging modality with three-dimensional imaging capability.
The known three-dimensional x-ray imaging modalities
include conventional computed tomography (CT) systems,
tomosynthesis imaging systems, and dedicated cone-beam
CT breastimaging systems. Despite the fact that conventional
x-ray CT has been found useful in detecting lesions and
implants in the breast, it is not a suitable technique for breast
cancer screening. This is primarily due to the fact that x-ray
photons have to penetrate through non-breast tissues in a
conventional CT scan, which leads to substantial dose ineffi-
ciency.

In order to achieve three-dimensional breast imaging using
the same or lower radiation dose as two-view mammography
(4mGy average glandular dose), dedicated tomosynthesis and
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cone-beam CT systems have been proposed and investigated
by several groups. The system design for most tomosynthesis
breast imaging systems is based on current x-ray mammog-
raphy. In these systems, the patient is standing, and the breast
is slightly compressed by two plastic plates. The x-ray detec-
tor is stationary and mounted under the breast while the x-ray
source rocks around the breast in an arc trajectory. In contrast,
the patients are in a prone position in dedicated breast cone-
beam CT systems. The breast is pendant, and the x-ray source
and detector rotate around the breast beneath the patient’s
chest.

Current research activities in cone-beam CT and tomosyn-
thesis breast imaging focus on removing structure noise to
improve cancer detection sensitivity and specificity. Between
these two modalities, tomosynthesis imaging provides better
in-plane spatial resolution (xy-resolution) but lower spatial
resolution in the third dimension (z-resolution); while cone-
beam CT may provide isotropic spatial resolution to better
delineate the tumor shape. However, due to the limitations of
the state of the art image reconstruction methods in limited
view angle tomosynthesis, significant image blurring
between different image planes still remains. Thus, a signifi-
cant amount of structure noise remains in the reconstructed
images. This results in inferior contrast resolution in tomo-
synthesis. In comparison, cone-beam CT offers superior con-
trast resolution which will potentially enable a clinician to
distinguish a cancerous mass form the surrounding glandular
breast tissue.

In conventional CT imaging systems, it is well known that
a single view of parallel beam x-ray projection data corre-
sponds to one radial line in Fourier space. If the number of
detector elements is N, then the number of view angles to
satisfy the Nyquist sampling requirement is N, =ztN,/2. This
dictates that the angular sampling must be finer than A8=m/
N, =2/N,,. Suppose N, to be 256 for a 256x256 image, then
the required number of projections is about 400 and the angu-
lar sampling distance should be smaller than AB=2/256=1/
128. This sampling rate should be satisfied by any two adja-
cent projections. If projection data is acquired from a limited
range of view angles, for example, [-60°, +60°], one third of
the Fourier space will not be filled by any Fourier data. More-
over, if only 30 projections are acquired, the angular sampling
rate is 7/45, which is nine times sparser than the Nyquist
sampling requirement of AG=1/128.

SUMMARY OF THE INVENTION

The present invention provides a line scan cone beam CT
imaging system that provides both high in-plane spatial reso-
Iution and excellent low contrast detectability, thereby com-
bining the advantages of tomosynthesis and conventional CT.
Such a system is extremely advantageous for imaging breasts.
In one embodiment, an x-ray cone beam irradiates an object
and a two dimensional x-ray detector array is used to acquire
multiple views of projection data at predefined view angles.
Between views, the cone beam is moved along a translational
axis ina plane at a constant perpendicular distance (z) form an
imaging plane (xy) in the object, and the detector array is
likewise moved in the opposite direction along a parallel
translational axis located on the opposite side of the object.

Another aspect of the present invention is an image recon-
struction method that enables an image to be produced from
a limited range of view angles acquired using the oppositely
directed translational motion of the x-ray source and detector.
In one embodiment, a projection data set is acquired form a
limited range of view angles, and within this limited range
Fourier space is vastly undersampled, thereby limiting the
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radiation exposure of the object being imaged. For example,
projection data from 10-30 views is obtained within a limited
view angle range of —60 degrees to +60 degrees. An image is
then generated by converting a cone beam projection data set
of a real object into a parallel-beam projection data set cor-
responding to a virtual object and using a novel image recon-
struction method. The image reconstruction method gener-
ates an initial image of the virtual object (initial reconstructed
virtual image) and calculates a metric which measures image
quality, such as total variation, wherein the values of pixels in
the reconstructed virtual image are updated using that calcu-
lated metric. The updated virtual image is then transformed
into Fourier space, and this Fourier space data is constrained
by replacing certain values with the measured Fourier coef-
ficients in the set of converted parallel-beam projections. The
constrained Fourier space data is transformed into a con-
strained reconstructed virtual image, and the image quality
metric is again calculated. The steps are repeated until the
constrained virtual image meets a preset quality as deter-
mined by the calculated metric. The constructed virtual image
can then be transformed into an image of the real object.

These particular objects and advantages may apply to only
some embodiments falling within the claims and thus do not
define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1isaschematic illustration of the line scan cone beam
CT imaging system for imaging a breast;

FIGS. 2(a)-2(c) are illustrations of different projection
views using the CT imaging system of FIG. 1;

FIG. 3 is a flow chart of a method for generating an image
of a real object according to the present invention;

FIGS. 4(a)-(b) are pictorial views illustrating a conversion
form a divergent-beam projection of'a real object to a parallel-
beam projection of a virtual object which forms part of the
method of FIG. 2;

FIG. 51s a Fourier space representation of the data acquired
with parallel-beam projections acquired in an angular range
of view angles ranging from +0 degrees to -0 degrees;

FIG. 6 is a flow chart illustrating the preferred method for
reconstructing the virtual image using total variation minimi-
zation which forms part of the method of FIG. 2; and

FIG. 7 is an illustration of locations of the x-ray source and
detector array which aids to the understanding of the conver-
sion of measured detector element values to those corre-
sponding to a virtual object.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1isaschematic illustration of the line scan cone beam
CT imaging system 10 for generating an image of'an object 11
such as a breast. CT imaging system 10 includes an x-ray
source 12, a detector array 14, and a motion controller 16 to
control the motion of the x-ray source 12 and the detector
array 14, with the motion controller 16 under the direction of
an acquisition and control computer 18. the acquisition and
control computer 18 also controls a high voltage generator 20
for activating the x-ray source 12 as desired and further con-
trols a data acquisition module 22. A geometric calibration
and data preprocessing module 23 and an image reconstruc-
tion module 24 are also included to provide processing capa-
bilities for the CT imaging system 10.

When used to image breasts, system 10 can be constructed
as a table top system so that during an imaging procedure,
similar to conventional x-ray mammography, a patient is
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standing and the breast is held by two plastic plates 26. Unlike
conventional x-ray mammography, because multiple two-
dimensional images of different slices can be produced by
this system, the breast does not need to be highly compressed
thereby eliminating much of the discomfort commonly asso-
ciated with conventional mammography.

Similar to a conventional CT imaging system, a scan of a
desired object such as a breast is performed using CT system
10 by acquiring projection view data at a plurality of view
angles and reconstructing an image using the complete pro-
jection data set. However, the CT system 10 performs a line
scan rather than a circular or spiral scan around the object.
Further, by limiting the number of views in a scan, the CT
system 10 exposes the object being imaged to low doses of
radiation.

In particular, the x-ray source 12 supplies x-rays in a cone
beam 28 to irradiate the object 11 being imaged. The x-ray
cone beam 28 passes through the object 11 and impinges upon
the detector array 14, which is preferably a flat panel, two-
dimensional array of detector elements. The intensity of the
transmitted radiation is dependent upon the detector array 14
produces a separate electrical signal that is a measurement of
the beam attenuation. The attenuation measurements from all
the detector elements are acquired separately to produce
intensity data corresponding to one projection view at a par-
ticular view angle.

To acquire sufficient data to reconstruct an image, multiple
projection views at different view angles are acquired. This is
achieved by translating the x-ray source 12 and the detector
array 14 along parallel axes in opposite directions in what is
referred to herein as a “line scan”. The x-ray source 12 moves
along a track 30 disposed along a first translational axis 29 in
one direction denoted by arrow 34, and the detector array 14
moves along a track 32 disposed along a second translational
axis 31 in the opposite direction denoted by arrow 36. The
translational axes 29 and 31 are parallel to each other and
disposed on opposite sides of the object 11 being imaged. The
translational axis 31 lies in the plane of the 2D detector array
14 and the path defined by the travel of the x-ray source 12 is
parallel to the plane of the detector array 14. In order to obtain
animage of the object in the x-y plane, the x-ray source 12 and
the detector array 14 travel distances proportional to their
respective distances from a system isocenter 304 as illustrated
in FIG. 2(a).

As shown in FIG. 2(a), when the x-ray source 12 is trans-
lated to its limit in one direction, the detector array 14 is
translated to its limit in the opposite direction. A cone beam
indicated by dashed lines 300 is directed toward the object 11
and the detector array 14. The isoray (center beam) indicated
by line 302 of the cone beam passes through a system iso-
center 304. System isocenter 304 is located at point (0, 0, 0) of
the x y z coordinate system illustrated. As the scan is con-
ducted, the x-ray source 12 and detector array 14 translate
along respective axes 29 and 31 to a centered position as
shown in FIG. 2(5), and then to the position shown in FIG.
2(c¢) in which they reach their opposite limits form those
illustrated in FIG. 2(a). At all positions, or view angles, dur-
ing this scan the isoray 302 is directed through the system
isocenter 304. As shown in FIG. 2(a), each acquired projec-
tion view is characterized by its view angle 6, which is the
angle between a vertical line passing through the system
isocenter 304 and the isoray 302.

The data acquisition module 22 is operable to sample ana-
log intensity data from the detector elements of detector 14
and convert the data to digital signals for subsequent process-
ing. Geometric calibration and data preprocessing is per-
formed on these digital signals using mode 23 to generate a
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projection data set of the object which includes data from
each of the acquired projection views. The image reconstruc-
tion module 24 operates on this acquired projection data set to
perform ahigh speed image reconstruction and other process-
ing according to the methods described herein to generate a
reconstructed image. The reconstructed image can then be
displayed on an image display device 40 and/or stored in a
mass storage device 42.

FIG. 3 illustrates the steps performed by the imaging sys-
tem 10 to produce an image of the object 11, which is referred
to herein as a “real object”. In particular, as indicated by
process block 100, the image system 10 acquires a projection
data set including data from multiple projection views of the
real object. Each view is obtained at a different view angle 0.
For example, the projection data set includes data obtained
from 10 to 30 views acquired over a view angle range -60 to
+60 degrees. This is below the Nyquist sampling require-
ment.

As indicated by process block 102, the cone beam projec-
tion data set of the real object is converted into a parallel beam
projection data set associated with a virtual object. This is
schematically illustrated in FIGS. 4(a) and 4(b) for a single
view. As shown in FIG. 4(a), the x-ray source 12 is located at
coordinates (x, y, D) of the xyz coordinate system for the
illustrated view angle 0, an data is acquired by detector 14.
Then, for each detector element, its corresponding data value
is converted into a corresponding parallel beam value associ-
ated with a virtual view angle 0, which is the same as view
angle 05, and denoted henceforth simply by 6. The conver-
sion uses a preweighting factor which is individually deter-
mined for each detector element of the detector array 14.

Specifically, referring to FIG. 7, for each view angle 6, a
ray labeled by its angle 0, is “converted” to a ray parallel to
the isoray 302, and in this conversion, each detector element
value is converted to a value equivalent to what would be
detected by such a parallel ray. In this conversion, a value
associated with the detector element of iso-ray 302 does not
change, but all the other detector elements associated with
other rays in the cone beam (or fan beam) are converted.

Thus, if a detector element located at coordinates (X, y,
(D-D)) (using the xyz coordinates system illustrated in FIG.
2(a) wherein (x, y, D) are the coordinates of the x-ray source
position and the system isocenter 304 is at (0, 0, 0)) and the
detector element detects a value denoted by P(6, 6,), then the
same detector element is associated with a value denoted
P(8,) for the virtual object according to the following:

Py(6o) = Equation 1
D costy Y x2+y2+D?
oo PO, 00) = P, 80)
1 cos Vo =57 + -y + D
where:
D Equation 2
cos = ———
A2 +yI+ D2
and
D, Equation 3
costy =

V=507 + (v - 32 + D}

In this manner, a complete parallel beam projection data set
is formed.

Referring back to FIG. 3, as indicated at process block 104,
the parallel beam projection data set associated with the vir-
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tual object is then transformed into Fourier space for each of
the plurality of projection views. This is easily accomplished
using the projection slice theorem. A set of known Fourier
coefficients in Fourier space are obtained. These known Fou-
rier coefficients are on a plurality of predetermined radial
lines in Fourier space (k-space), with each radial line corre-
sponding to one of the predetermined virtual view angles 6 of
the virtual projection data set.

As indicated at process block 106, an image of the virtual
object is then reconstructed from this Fourier space data
preferably using the method described in detail below with
reference to FIG. 6.

As indicated at process block 108, the reconstructed image
of'the virtual object is then transformed to an image of the real
object using a relationship between a virtual image point and
a real image point. A real point at location (X, y, z) can be
transformed into a virtual image point (X, y, z) using the
following equations:

D, Equation 4
Xy = X
D-z
_ D Equation 5
v D—z y
_ Dy Equation 6
Zy = Dz

Here D denotes the z coordinate of the x-ray source posi-
tion, and D denotes the distance form the x-ray source to the
detector along the z axis, using the coordinate system illus-
trated in FIG. 2(a), wherein the point (0,0,0) is at the system
isocenter 304. These equations define how a geometrical
shape of the real image object will be deformed into a virtual
object. For example, a circular image object will be converted
into an oval shaped virtual object. A square shaped image
object will be converted into a trapezoidal shaped image
virtual object.

The image function f(x, y, z) is transformed into a virtual
image function F (X,, y,, Z,) by the following:

D-z2 Equation 7
v, yve 2v) = (D—l) fx .2

1 Equation 8

D 2
3.9 = (57 ) A e 2

These two formulas give a nonsingular conversion between
the image values of the virtual object and the actual image
values of a real image object. An image of the real object can
thus be calculated and can be displayed and stored as
described above.

An important step in the above-described method is the
reconstruction of an image from the limited set of Fourier
space data acquired using the above-described CT system 10.
According to the well-known Nyquist sampling theorem,
10-30 projections do not enable reconstruction of a streak-
free image using well-known conventional reconstruction
methods such as a filtered backprojection reconstruction
techniques or a direct inverse Fourier transform reconstruc-
tion technique. When 10-30 projections are acquired over a
limited range of view angles 0 (e.g., —60 degrees to +60
degrees), there are two large regions in the Fourier space that
are not sampled, as illustrated in FIG. 5. In this case, besides
streak artifacts, severe image distortion artifacts are also typi-
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cally present in the reconstructed image using conventional
methods. However, reconstructing an image using the method
according to the present invention reduces the number and
extent of these artifacts.

Referring particularly to FIG. 6, a method for using total
variation minimization to reconstruct an image of the virtual
object using the parallel projection data set corresponding to
the virtual image will now be described in detail.

As indicated at process block 202, using the set of known
Fourier coefficients corresponding to the virtual object, an
initial reconstructed image (or seed image) is generated using
for example any one of the well-known conventional recon-
struction methods such as a filtered backprojection recon-
struction technique or an inverse Fourier transform recon-
struction technique. The initial reconstructed image includes
a plurality of pixels with a respective image value associated
with each pixel.

At process block 204, the initial reconstructed image is set
as a current reconstructed image.

As indicated at process block 206, the current recon-
structed image is then updated. This can be performed using
a total variation steepest descent calculation at each image
pixel. In particular, at each pixel, an image value variation is
calculated and the total variation (TV) of an image, defined as
a function of the image value variation at all the pixels, is
defined as follows:

TV = Equation 9

SN+ 1 m = flm )P+ (fmn+ 1) = flm, m)?

where the summation is conducted over all the image pixels
labeled by the indices (m, n), where f(m, n) is the correspond-
ing image pixel value at an image pixel (m, n). Total variation
is one example of a metric which measures the quality of an
image.

The pixels in the current reconstructed image can then be
updated using the defined total variation. In particular, the
gradient of the total variation (grad(TV)) is calculated at each
pixel of the current reconstructed image and the image value
of each pixel of the current reconstructed image is updated
using the gradient at that pixel to generate an updated recon-
structed image. This is a total variation steepest descent cal-
culation. For example, each pixel value f,(m, n) is updated to
produce a new pixel value f,, , (m, n) according to the follow-
ing equation:

ey 1 (m, n)=f, (m, n)-a, grad(TV)I (10)

where a is a step length. For simplicity, the step length o may
be set as a constant.

Each pixel value may be updated using the steps described
in the previous paragraph several times. In one embodiment,
these steps will be repeated L times, where L is a preset
constant such as 20.

As indicated at process block 210, a Fourier transform of
the updated reconstructed image is then performed to return
to Fourier space. The results of the Fourier transform are
regridded in Fourier space into radial lines which include the
predetermined radial lines at the predetermined view angles 0
to produce a set of updated Fourier coefficients.

As indicated at process block 212, those updated Fourier
coefficients in the set which are on the predetermined radial
lines are replaced with the corresponding known Fourier
coefficients to thus generate a set of constrained Fourier coet-
ficients.
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As indicated at process block 214, a conventional recon-
struction method such as a filtered backprojection reconstruc-
tion technique or an inverse Fourier transform reconstruction
technique is performed using the set of constrained Fourier
coefficients to generate a constrained reconstructed image of
the object. Other reconstruction methods such as methods
which perform fast Fourier transforms on a non-Cartesian
grid can also be utilized.

At indicated at process block 216, the total variation of the
constrained reconstructed image is calculated, using Equa-
tion 9 above.

At process block 218, it is determined whether the total
variation of the constrained reconstructed image is below a
predetermined value. In each pass, the total variation of the
constrained reconstructed image should be smaller than a
total variation of a prior reconstructed image, and once the
calculated total variation of the constrained reconstructed
image is below a predetermined value, this means that an
image quality is meets a predefined quality metric, i.e., the
image quality is satisfactory.

If the total variation is not below the predetermined value,
at process block 220, the constrained reconstructed image is
set as the current reconstructed image, and process blocks 206
to 216 are repeated until the total variation of the constrained
reconstructed image is below the predetermined value.

Once the total variation is below the predetermined value,
the process is complete, and the latest constrained recon-
structed image of the virtual object can then be transformed
into the real object, as described above.

It is specifically intended that the present invention not be
limited to the embodiments and illustrations contained
herein, but include modified forms of those embodiments
including portions of the embodiments and combinations of
elements of different embodiments as come within the scope
of' the following claims.

What is claimed is:

1. A line scan cone beam computed tomography (CT)
system for generating an image of an object, the system
comprising:

an x-ray source mounted for translational motion along a
first axis and being operable to emit x-rays in a cone
beam for irradiating the object at each of a plurality of
view angles;

a detector array mounted for translational motion along a
second axis and including a plurality of detector ele-
ments for measuring the intensity of the cone beam
radiation transmitted through the object at each of the
plurality of view angles;

a controller for controlling movement of both the x-ray
source and the detector array to successive view angles,
wherein movement of the x-ray source along the first
axis occurs in a direction opposite the movement of the
detector array along the second axis;

a data acquisition module that receives intensity measure-
ments from the detector array corresponding to each of
the plurality of view angles and produces digital signals
indicative of the intensity measurements;

a processor that receives the digital signals, generates a
cone beam projection data set of the object therefrom,
and reconstructs the image of the object using the cone
beam projection data set; and

wherein the processor operates to:

1) convert the cone beam projection data set of the object
into an equivalent parallel beam projection data set of
a virtual object;

ii) transform the parallel beam projection data set to a
corresponding set of known Fourier space data;
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iii) reconstruct an initial image of the virtual object from
the known Fourier space data set, the initial image
having a plurality of pixels with associated values;

iv) update the values of the pixels in the reconstructed
virtual image, using a defined metric which measures
the quality of the reconstructed image, in order to
produce an updated image;

v) transform the updated image to Fourier space to form
an updated image Fourier space data set;

vi) replace Fourier space data in the updated image
Fourier space data set with corresponding known
Fourier space data to form a constrained Fourier space
data set;

vii) reconstruct a constrained image of the virtual object
from the constrained Fourier space data set;

viil) repeat operations iv) through viii) until the con-
strained image of the virtual object meets a preset
quality as determined by calculating the defined met-
ric of the constrained reconstructed image; and

ix) transform the constrained reconstructed image of the
virtual object to an image of the object.

2. The system of claim 1, further including at least one of a
storage device for storing the reconstructed image of the
object and a display device for displaying the reconstructed
image of the object.

3. The system of claim 1, wherein movement of the x-ray
source and the detector array is controlled such that each
travels a distance proportional to a respective distance from a
system isocenter.

4. A method for reconstructing an image of an object from
a set of projection data acquired at a plurality of view angles
that do not meet the Nyquist sampling requirement, the steps
comprising:

a) transforming the set of projection data to a correspond-

ing set of known Fourier space data;

b) reconstructing an initial image from the known Fourier

space data set;

¢) defining a metric which measures the quality of the

reconstructed image;

d) updating the values of pixels in the reconstructed image

using the defined metric;

e) transforming the updated image to Fourier space to form

an updated image Fourier space data set;
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f) replacing some Fourier space data in the updated image
Fourier space data set with the corresponding known
Fourier space data to form a constrained Fourier space
data set;

g) reconstructing a constrained image of the object from
the constrained Fourier space data set; and

1) calculating the defined metric for the constrained recon-
structed image, and

j) repeating steps ¢) through 1) until the constrained image
of the object meets a preset quality as determined by a
metric calculated in step 1).

5. A method for producing an image of a real object, the

steps comprising:

a) acquiring x-ray cone beam projection view data of the
real object at each of a plurality of different view angles
using an x-ray source mounted for translational motion
along a first axis and a detector array mounted for trans-
lational motion along a second axis;

b) converting the cone beam projection data of the real
object into parallel beam projection data of a virtual
object at each view angle to form a parallel beam pro-
jection data set;

¢) transforming the parallel beam projection data set to a
corresponding set of known Fourier space data,

d) reconstructing an initial virtual image having respective
values corresponding to each of a plurality of pixels
from the known Fourier space data set;

e) defining a total variation of the reconstructed virtual
image;

f) calculated an updated value of each pixel in the recon-
structed virtual image using a gradient of the total varia-
tion at that pixel to produce an updated virtual image;

g) transforming the updated virtual image to Fourier space
to form an updated image Fourier space data set;

h) replacing a portion of the updated image Fourier space
data set with corresponding known Fourier space data to
form a constrained Fourier space data set;

1) reconstructing a constrained image of the virtual object
from the constrained Fourier space data set; and

j) repeating steps e) through 1) until a calculated total varia-
tion of the constrained image is below a predetermined
threshold, then transforming the constrained image of
the virtual object to an image of the real object using a
relationship between a virtual image point and a real
image point.



