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METHOD OF RECONSTRUCTING
TOMOGRAPHIC IMAGES

FIELD OF INVENTION

THIS INVENTION relates particularly to a method of
reconsiructing tomographic images which can be used, for
example, in radiological applications,

BACKGROUND TO INVENTION

The tomographic reconstruction of an object’s density
distribution [rom its projections which are images of the
object taken from different directions, is of particular interest
in the medical field and other felds including electron
microscopy, astronomy, geology and non-destructive test-
ing.

In many instances it is impossible to acquire usable
projeclion measurements over a full 360° angular range.
Furthermore, in medical applications, the exposure of
patients to X-ray radiation should be minimised. It is also
lime-consuming, expensive and may require a large amount
of resources to acquire a complete data set. In the case of
electron microseopy, the density distribution may be such
that X-rays will be attenuated in certain angular ranges,
thereby resulting in a poor signal to noise ratio for those
projections,

The abovementioned problems encourage the use of
tomographic image reconstruction technigues which make
use of incomplete projection data, such as limited angle
temography.

In limited angle tomography, the angular range of avail-
able projections is restricied. The required number of pro-
jections and the minimum angular range for performing a
reconsiruction will depend on the complexity of the image
o be reconstructed. A number of problems have been
identified with existing limited angle tomography recon-
struction techniques. Existing technigues make use of itera-
tive methods wherein prior knowledge is applied in the same
way to each pixel (image element) without regard to its
location in the image. The prior knowledge is typically in the
form of space invariant information such as prior knowledge
of the possible density levels or piece-wise smoothness that
regions of the obhject can assume.

The problem with this approach wherein the prior knowl-
edge is applied to each pixel in the same way, is that it forces
certain pixels to assume valucs that are incorrect in the final
reconstruction. This leads o poor quality reconstructions
having an unaccepiably high visibility of distortions par-
ticularly in the case of severely limited angular ranges of
measured projections, Existing technigues also do not leach
how 1o recover unmeasured edge information when the
angular range of measurcd projections is increasingly
reduced.

It is an object of the present invention to ameliorate many
of the problems associaled with existing limited angle
tomographic reconstruction technigues.

Any reference hereinafier to “limited angle tomography™
musi be interpreted to mean the reconstruction of tomo-
graphic images wherein the angular range of available
projections is restricted.

Any reference hereinafter to “prior knowledge™ must be
interpreted to mean space invariant information on at least
one of a group consisting of possible density levels and
piece-wise smoothness that regions of an object for which a
tomographic image is to be reconstructed, can assume,
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2
SUMMARY OF INVENTION

According to a first aspect of the invention there is
provided a method of reconstructing a tomographic image of
an object from incomplete projection data using a limited
angle omography lechnique, the method including the steps
of:
using the projection data 1o obtain a first reconstruction of
the image;
creating an intermediate image in which each pixel repre-
sents the probability that a corresponding pixel of the first
reconstruction of the image resembles the corresponding
pixel of a final reconstruction of the image;

based on the intermediate image, identifying regions in the
first reconstruction of the image that resemble their final
reconstruction;

applying prior knowledge only to said regions in the first
reconstruction of the image that resemble their final
reconstruction, o obtain a second reconstruction of the
image which is more accurate than the first reconstruc-
tom;

applying the projection data to projections of the second
reconstruction of the image by constraining the projec-
tions of the second recomstruction of the image to the
projection data, to obtain a third reconstruction of the
image which is more accurate than the second reconstruc-
tion; and

iteratively creating intermediate images, identifying regions
in the third reconstruction of the image and subsequent
reconstructions of the image, that resemble their final
reconstruction and applying the prior knowledge and the
projection data in the same way to the third reconsiruction
of the image and subsequent reconstructions thereof until
a final reconstruction is achicved.
The method may include iteratively applying the projec-
tion data to projections of reconstructions of the image by
constraining the projections to the projection data using an
iterative update equation method wherein the resultant error
obtained between calculaled projections of each reconstruc-
tion and the projection data is repeatedly back-projected
onto the reconstructions so that the ermor decreases in
subsequent reconstructions of the image.
The method may include applying the prior knowledge to
reconstructions of the image by thresholding preselected
pixels to the closest intensity value,
According to a second aspect of the invention there is
provided a computer program product for reconstructing a
tomographic image of an ohject from incomplele projection
data using a limited angle tomography technique, the com-
puter program product including program instructions for:
using the projection data to obtain a first reconstruction of
the image;
creating an intermediate image in which each pixel repre-
sents the probability that a corresponding pixel of the first
reconstruction of the image resembles the comesponding
pixel of a final reconstruction of the image;

based on the intermediate image, identifying regions in the
first reconstruction of the image that resemble their final
reconstruction;

applying prior knowledge only io said regions in the first
reconstruction of the image that resemble their final
reconstruction, (o obtain a second reconstruction of the
image which is more accurate than the first reconstruc-
lion;

applying the projection data to projections of the second
reconstruction of the image by constraining the projec-
tions of the second reconstruction of the image to the
projection data, to obtain a third reconstruction of the
image which is more accurate than the second reconstruc-
tion; and
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iteratively creating intermediate images, identifying regions
in the third reconstruction of the image and subsequent
reconstructions of the image, that resemble their final
reconstruction and applying the prior knowledge and the
projection data in the same way to the third reconstruction
of the image and subsequent reconstructions thercofl until
a final reconstruction is achieved.
The computer program product may include program
instructions for ileratively applying the projection data to
projections of reconstructions of the image by constraining
the projections to the projection dala using an ilerative
update equation method wherein the resultant error obtained
between calculated projections of each reconstruction and
the projection data is repeatedly back-projected onto the
reconstructions so that the error decreases in subsequent
reconstructions of the image.
The computer program product may include program
instructions for applyving the prior knowledge to reconstruc-
tions of the image by thresholding preselected pixels to the
closest intensity value.
According to a third aspect of the invention there is
provided processing means having software executable
thereon for reconstructing a tomographic image of an object
from incomplete projection data using a limited angle
wmography technique, the software being configured to:
use the projection data to obtain a first reconstruction of the
image;
create an intermediate image in which cach pixel represents
the probability that a cormesponding pixel of the first
reconstruction of the image resembles the corresponding
pixel of a final reconstruction of the image;

based on the intermediate image, identify regions in the first
reconstruction of the image that resemble their final
reconstruction;

apply prior knowledge only lo said regions in the first
reconstruction of the image that resemble their final
reconstruction, to oblain a second reconstruction of the
image which is more accuraie than the first reconstroc-
tion;

apply the projection data to projections of the second
reconstruction of the image by constraining the projec-
tions of the second reconstruction of the image o the
projection data, to obtain a third reconstruction of the
image which is more accurate than the second reconstruc-
tiom; and

iteratively create intermediate images, identify regions in the
third reconstruction of the image and subsequent recon-
structions of the image, that resemble their final recon-
struction and apply the prior knowledge and the projec-
tion data in the same way to the third reconstruction of the
image and subsequent reconstructions thereof until a final
reconstruction is achieved,

The sofltware executable thereon may be configured o
iteratively apply the projection data to projections of recon-
structions of the image by constraining the projections to the
projection data using an iterative update equation method
reconstruction and the projection data is repeatedly back-
projected onto the reconstructions so that the error decreases
in subsequent reconstructions of the image.

The software may be configured 1o apply the prior knowl-
edge 1o reconstructions of the image by thresholding prese-
lected pixels to the closest intensity value.

BRIEF DESCRIPTION OF THE DEAWINGS
Further features of the invention are described hereinafter
by way of a non-limiting example of the invention, with
reference to and as illustrated in the accompanying diagram-
matic drawings. In the drawings:
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FIG. 1 shows a 64x64 pixel binary phantom image that is
L be reconstructed in accordance with the invention;

FIG. 2 shows graphically the three fan beam projections
of the binary phantom image of FIG. 1, that are 1o be used
to reconstruct the phantom image;

FIG, 3 shows the projection gpeometry by which the
projections are formed from the phantom;

FIG. 4 shows an imitial reconsiruction of the phaniom
image;

FIG. 5 shows a schematic histogram representation of the
initial reconstruction illustrated in FIG. 4;

FIG. 6 shows an unceriainty image that is created using a
Gaussian Blurring Kemnel for thresholding non-outliers in
reconstructed images of the phantom;

FIG. 7 shows a schematic scattered diagram on an
uncertainty-intensity plane for reconstructions of the phan-
tom image;

FIG. 8 shows a thresholded image of FIG. &;

FIG. 9 shows the thresholded image of FIG. 6, also
illustrating true outliers; and

FIG. 10 shows a table illustrating how a region of
non-outliers successively changes in reconstructed images
of the phantom until a final reconstruction is achieved; and

FIG. 11 shows a schematic flow diagram illustrating, in
broad outline, the method of reconstructing a tomographic
image, in accordance with the invention,

DETAILED DESCRIPTION OF THE DRAWINGS

With reference (o the drawings, the example illustrates the
reconsiruction of a 6464 pixel binary phantom imape
shown in FIG, 1 using three fan beam projections (raysums)
taken at 00, 30 and 60 degrees. The three projections of the
binary phantom image are shown in FIG. 2. The projection
geometry by which the projections are formed from the
phantom image, is illustrated in FIG. 3 of the drawings.

In this example, the projection vectors shown in FIG. 2
are collectively referred to as the projection data The
phantom has two possible density levels which are reflected
in the boundary phantom image of FIG. 1 by pixels that arc
gither black or white (but not grey). The two density levels
are termed the “prior knowledge™,

In order to reconstruct a tomographic image of the
phantom, a first estimate of the phantom, Fix,y) is deter-
mined using the projection data only. This is achieved
by—constraining the projections to the projection data using
an iterative update eguation method. In this method, the
crmmor between the calculated projections of the phantom
estimate and the data are repeatedly back-projected onto the
phantom estimate so that the error between the projection
data and the calculated projections of the phantom estimate
decreases. The starting point of the phantom estimate is a
blank image. The resultant estimate of the phantom is shown
in FIG. 4.

Thereafter, regions in the first phantom estimate image
that can be predicted with an acceplable degree of certainly
in a final reconsiruction of the image, are identified. In other
waords, those regions in the first phantom estimaie image that
will resemble a final reconstruction of the image, are iden-
tified. FIG, 5 shows a schematic histogram representation of
the phantom estimate in FIG. 4 Pixels that should be black
according to FIG. 1 form the left hand distribution and pixels
that should be white form the rnight hand distrbution,
Clearly, in the phantom image of FIG. 4, there are pixels thai
should be black (F(x,y)=0) that are very light (F(x,¥) close

—
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1o 1), Likewise, there are pixels that should be white that are
very dark, However, the majority of the pixels that should be
white are light and the majority of the pixels that should be
black are dark, as is illustrated by the bumps in the histogram
intensity at Intensity I=0 and I=1. This means, for example,
that an arbitrary pixel (x,¥) with an intensity Fix.y) close 1o
I=0 has a high probability that it should be black in FIG. 1
but it is also possible that it could be white. It is incorrect o
assume that a pixel with an intensity very close to I=0 should
be black simply because it is more likely to be black than
white based solely on its intensity value.

More particularly, those pixels in FIG. 4 which are
“outliers” and those which are not, are identified. As such,
a determination is made for which pixels it is true to assume
that, simply because the intensities are close to 0 that they
should actually be black. Similarly, those pixels are deter-
mined with intensities close to 1 where it is true that they
should be white. Such pixels referred to as “outliers” are
those pixcls with intensities close to 0 but which should
actually be white according to the binary phantom image as
illustrated in FIG. 1 (and also those pixels with inlensities
close to 1 which should be hlack).

All pixels with I=I_,.». arc outliers. Pixels with intensi-
tes close o I, have the largest possibility of being
outliers rather than being non-outliers. Similarly, pixels with
intensities close o 0 or 1 have a very low probability of
being outliers.

The method attempts to determine regions in estimate
image reconstructions that contain only non-outliers. The
complement of these regions containg outliers and also
forms regions. In other words, it is assumed that high
concentrations of outlier pixels are spatially close together in
the estimate image.

The regions in the estimate image reconstruction that
contain only non-outliers is determined in the following
MMANNET.

1. an intermediate image u(x,y) is created using a formula

which is caleulated from the phantom estimate image
Fix,y):

ulry=Fxy) if D<Fx,y}L5
else wiz,vi=1-Flxy) if 0.5<=Fx,y)<]
elae iz v)=0 for all other values of Fix,y)

Pixels with intensities close to 0.5 will have high values
of u(x,y) and pixels with intensitics close to 0 or 1 will
have low values. Thus u(x,y) represents the probability
that a pixel is an outlier hased on the value of its
intensity only, However, since we assume that outliers
are close to each other (form clusters) in the space
domain (x.y) and we do not mind a few non-outliers to
be classified as outliers, we can blur u(x,y) using
Gaussian blurming kemnel (o oblain an unceriainty image
Uix,y), which is shown in FIG. 5 of the drawings. IT
outliers are close to each other in the space domain, it
does noi matier that u{x,y) is blurred.
2. The regions containing only non-outliers is determined
by thresholding the uncertainty image U(x,y). Pixels
with a low uncertainty have a high probability of being
non-putliers and pixels with high uncentainty have a
high probability of being outliers. Thus, it is necessary
to determine a threshold for U (x,y) wherein we are
able to predict with an acceptable level of cenainty that
all pixels below the threshold are non-outliers. FIG. 7
of the drawings, shows a schematic of a scatter diagram
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where the pixels of the phantom estimate Fix,y) are
plotted on an intensity-uncertainty plane. The threshold
level is determined by a safely lolerance margin speci-
fied by y and is read off on the uncertainty axis. Pixels
below Uthresh are non-outliers, while pixels above the
threshold are outliers (with some non-outliers thal may
be regarded as outliers). The safety margin y ensures
thal outliers are nol mistaken for non-outliers.

FIG. 8 shows the result of thresholding the uncertainty
image U(x,y) as shown in FIG. 6, by dividing the image into
regions of outliers and non-outliers. In FIG. 9, the regions in
the image which can be predicted with an acceptable level
of certainty (i.e. those regions exclusively containing non-
outlier pixels) are indicated by black pixels. The regions in
the image which cannot be predicted with an acceplable
level of certainty (i.c. those regions containing outliers and
non-outliers) are indicated by the while and grey pixels.
More particularly, those regions exclusively containing out-
liers are indicated by white pixels in this image and those
regions containing both outliers and non-outliers are indi-
cated by grey pixels,

Thereafier, the prior knowledge is applied exclusively to
the non-outlier regions. As such, the non-outlier pixels of the
phantom estimate are thresh-holded to be either black or
white. The outlier pixels are left alone. Prior knowledge is
thus not enforced on outlier pixels. In this manner, a second
reconstruction of the phantom cstimate image is oblained
which is more accurate that the original phantom estimate
image oblained using projection data only.

The projection data is again thereafier applied to the
phantom estimate image to obtain a third reconstruction of
the phantom estimate image. This is necessary because when
the prior knowledge constraint was applicd partially, i.c.
only (o the non-outliers, in the previous step, the projections
of the phantom estimate would have changed and need o be
corrected (i.e. improved) again by an ilerative process. With
the third reconstruction of the phantom estimate image, one
is better able to distinguish between outliers and non-outliers
thereby allowing further improvement of the third recon-
struction. In the third reconstruction, the region exclusively
containing non-outliers will have grown, ie. more pixels
will have been classified as non-outliers. The regions of
non-outliers and outliers are then again delermined and the
prior knowledge applied o the non-outlier regions only, to
obtain a fourth reconstruction of the image. This process is
repeated until there are no more outliers and the entire image
consists of non-outliers.

FIG. 10 shows a table illustrating how the regions of
non-outliers successfully change during this ileration and in
the end contain the whole image.

By identifying non-outlier and outlier regions in recon-
structed tomographic images and applying prior knowledge
to the non-outlier pixels only, a more accurate final recon-
struction is obtained. It will be appreciated that any attemnpt
to apply prior knowledge to outlier pixels will result in poor
reconstructions.

The invention cxtends to a compuler program product for
reconstructing a lomographic image of an object from
incomplete projection data using a limited angle tomography
techmique, the computer program product including program
instructions for:
using the projection data to obtain a first reconstruction of

the image (see block 1 of FIG. 11);
identifying regions in the first reconstruction that can be

predicted with an acceptable degree of certainty in a final

reconsiruction of the image (see block 2 of FIG. 11);
applying prior knowledge only to said regions of acceptable

certainty in the first reconstruction of the image, to obtain
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a second reconstruction of the image which is more
accurale than the first reconstruction (see block 3 of FIG.
11},

applying the projection dala o projections of the second
reconstruction of the image, by constraining the projec-
tions to the projection data to obtain a third reconstruction
of the image which is more accurate than the second
reconstruction (see block 4 of FIG. 11); and

iteratively identilying regions in the third reconstruction of
the image that can be predicted with an acceptable degree
of certainty in a final reconstruction of the image and
applying the prior knowledge and the projection data in
the same way Lo the third reconstruction of the image and
subseguent reconstructions thereof until a final recon-
struction is achieved (see block 5 of FIG. 11). As such, the
program instructions are operable to implement the
method of reconstructing a tomographic image, as
described hereinabove.

The invention also extends Lo processing means having
software execulable thereon for reconstructing a tomo-
graphic image of an ohject from incomplete projection data
using a limited angle tomography technigue, the software
being configured to:
use the projection data to obtain a firsl reconstruction of the

image (see block 1 of FIG. 11);
identify regions in the first reconstruction that can be pre-

dicted with an acceptable degree of certainty in a final

reconstruction of the image (see block 2 of FIG. 11);
apply prior knowledge only to said regions of acceplable

certainty in the first reconstruction of the image, 1o obtain

a second reconstruction of the image which is more

accurate than the first reconstruction (see block 3 of FIG.

11);
apply the projection data to projections of the second

reconstruction of the image, by constraining the projec-

tion to the projection data to obtain a third reconstruction
of the image which is more accurate than the second
reconstruction (see block 4 of FIG. 11); and

iteratively identify regions in the third reconstruction of the
image that can be predicted with an accepiable degree of
certainty in a final reconstruction of the image and apply
the prior knowledge and the projection data in the same
way to the third reconstruction of the image and subse-
guent reconstructions thereof until a final reconstruction is
achieved (see block 5 of FIG. 11). The software is

operable to implement the method of reconstructing a

topographic image, as described hereinabove,

What is claimed is:

1. A methed of reconstructing a tomographic image of an
object from incomplete projection data using a limited angle
lomography lechnique, the method including the steps of:

using the projection data to obtain a first reconstruction of

the image;
creating an intermediate image in which each pixel rep-
resenls the probability that a corresponding pixel of the
first reconstruction of the image resembles the corme-
sponding pixel of a final reconstruction of the image;

based on the intermediate image, identifying regions in
the first reconstruction of the image that resemble their
final reconstrucltion,

applying prior knowledge only to said regions in the first

reconstruction of the image that resemble their final
reconstruction, 1o obtain a second reconstruction of the
image which is more accurate than the first reconstruc-
tiomn;

applying the projection data to projections of the sccond

reconstruction of the image by constraining the projec-
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tions of the second reconstruction of the image to the
projection data, to obtain a third reconstruction of the
image which is more accurate than the second recon-
struction; and

iteratively creating intermediale images, identifying

regions in the third reconstruction of the image and
subsequent reconstructions of the image, that resemble
their final reconstruction and applying the prior knowl-
edge and the projection data in the same way Lo the
third reconstruction of the image and subsequent recon-
structions thercof until a final reconstruction is
achicved.

2. A method as claimed in claim 1, which includes
ileralively applying the projection data to projections of
reconstructions of the image by constraining the projections
to the projection data using an iterative update equation
method wherein the resultant error obtained between calcu-
lated projections of each reconstruction and the projection
data is repeatedly back-projected onto the reconstructions so
that the error decreases in subsequent reconstructions of the
image.

3, A method as claimed in claim 1 or claim 2, wherein the
prior knowledge is applied to reconstructions of the image
by thresholding preselected pixels to the closest intensity
value.

4. A computer program product for reconstrucling a
tomographic image of an object from incomplele projection
data using a limited angle tomography techmigque, the com-
puter program product including program instructions for:

using the projection data to obtain a first reconstruction of

the image;
creating an intermediate image in which each pixel rep-
resents the probability that a corresponding pixel of the
first reconstruction of the image resembles the corre-
sponding pixel of a final reconstruction of the image;

based on the intermediate image, identifying regions in
the first reconstruction of the image that resemble their
final reconstruction;

applying prior knowledge only to said regions in the first

reconstruction of the image that resemble their final
reconstruction, to obtain a second reconstruction of the
image which is more accurate than the first reconsirue-
tion;

applying the projection data to projections of the second

reconstruction of the image by constraining the projec-
tions of the second reconstruction of the image to the
projection data, to obtain a third reconstruction of the
image which is more accurate than the second recon-
struction; and

ileratively creating intermediate images, identifying

regions in the third reconstruction of the image and
subsequent reconstructions of the image, that resemble
their final reconstruction and applying the prior knowl-
edge and the projection data in the same way Lo the
third reconstruction of the image and subseguent recon-
structions thereol until a final reconstruction is
achieved.

5. A computer program product as claimed in claim 4,
which includes program instructions for iteratively applying
the projection data to projections of reconstructions of the
image by constraining the projections to the projection data
using an iterative update eguation method wherein the
resultant error obtained between calculated projections of
cach reconstruction and the projection data is repeatedly
back-projected onto the reconstructions so that the error
decreases in subsequent reconstructions of the image.
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6. A computer program product as claimed in claim 4 or
claim 5, which includes program instructions for applying
the prior knowledge to reconstructions of the image, thresh-
olding preselected pixels to the closest inlensity value,

7. Processing means having soflware executable thereon
for reconstructing a tomographic image of an obhject from
incomplete projection data using a limited angle tomography
technique, the software being configured to:

use the projection data to obtain a first reconstruction of

the image;
creale an intermediate image in which each pixel repre-
scnits the probability that a corresponding pixel of the
first reconstruction of the image resembles the corre-
sponding pixel of a final reconstruction of the image;

hased on the intermediate image, identify regions in the
first reconstruction of the image that resemble their
final reconstruction;

apply prior knowledge only to said regions in the first

reconstruction of the image that resemble their final
reconstruction, to obtain a second reconstruction of the
image which is more accuraie than the first reconstruc-
tion;

apply the projection data to projections of the second

reconstruction of the image by consiraining the projec-

5
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lions of the second reconstruction of the image o the
projection data, to obtain a third reconstruction of the
image which is more accurate than the second recon-
struction; and

iteratively create intermediate images, identify regions in

the third reconstruction of the image and subseguent
reconstructions of the image, that resemble their final
reconstruction and apply the prior knowledge and the
projection data in the same way (o the third reconstruc-
tion of the image and subsequent reconstructions
thereof until a final reconstruction is achieved.

8. Processing means as claimed in claim 7, wherein the
sollware execulable thereon is configured to iteratively
apply the projection daia to projections of reconstructions of
the image by constraining the projections to the projection
data using an iterative update equation method reconstrue-
tion and the projection data is repeatedly back-projected
onto the reconstructions so that the error decreases in
subsequent reconstructions of the image.

9. Processing means as claimed in claim 7 or claim §,
wherein the soltware is configured to apply the prior knowl-
edge 10 reconstructions of the image by thresholding prese-
lected pixels to the closest intensity value.

* & * * *




