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METHOD AND SYSTEM FOR
CONTROLLING IMAGE RECONSTRUCTION

BACKGROUND OF THE INVENTION

This invention relates generally to imaging systems, and
more particularly, to controlling image reconstruction in
imaging systems.

Imaging systems typically acquire scan data using a scan-
ning operation and then reconstruct the image using the
acquired scan data. Further, imaging systems perform image
reconstruction using various methods, such as, for example,
statistical methods. One such statistical method for image
reconstruction includes the selection of a cost function n(x).
The method further may include the application of a suitable
iterative algorithm to determine a minimizer X of the cost
function n(x). The minimizer X is a reconstructed image and
may be defined by the following equation:

f=arg min n(x),

M

where X is an image and is represented mathematically as
X=(X,, Xa, . . . X3,) and M is the number of unknown pixel
values (or voxel values in 3D).

Image reconstruction involves recovering an unknown
function {(r) from the acquired scan data, where r denotes
spatial position in 2D or 3D coordinates. Typically, a dis-
cretized version of f{(r) is reconstructed. Often f(r) is repre-
sented using a finite-series expansion as follows:

M 2)
Fy = xibi ),

J=1

where b (r) denotes spatial basis functions and each x, denotes
an unknown coefficient. More generally, the function and
bases can depend on time as well:

M (3
Foan = xibir,

J=1

Therefore, determining f(r) simplifies to determining the
coefficients, x. The spatial basis functions, b(r), may be
selected to be, for example, rectangular functions, in which
case, the coefficients x are called pixel or voxel values. Here-
inafter, the term pixel values refers to any such set of coeffi-
cients, X, regardless of the choice of basis functions, b.

The cost function 1(x) may be defined to include the fol-
lowing two terms:

NE)=LE)+R() Q)

The first term L(x) is typically referred to as the ‘data fit’
term, and is a measure of how well the image x fits the
acquired scan data according to the physics, geometry, and
statistics of the acquired scan data. The second term R(X) is
typically referred to as the ‘regularization term’ or ‘roughness
penalty’. R(x) controls noise, and without R(x), the minimum
value X becomes noticeably noisy.

Known methods typically use a regularization term that is
a quadratic function of the differences between neighboring
pixel values. The quadratic regularization term may cause
blurring of edges, and loss of details (e.g., lower resolution) in
the reconstructed image X as a result of the value of the
quadratic function rising rapidly. This blurring or loss of
detail results from the large differences between neighboring
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pixel values. For example, there are large differences in pixel
values for neighboring pixels that cross the boundaries
between different anatomical regions and it is desirable to
preserve the edges and other fine details in such a case, as well
as reduce noise in the smoother image regions.

Known methods also may use another regularization term
as follows:

®

M
R =B > W —x)

J=1 keNj

where W is a potential function and is non-quadratic. Regu-
larization terms of this form are referred to as edge-preserving
regularization terms. Potential function W may be computed,
for example, using a Huber function or a hyperbola function
as follows:

©

Y =~/ (1 + (/)2

The edge preserving potential functions rise less rapidly
than the quadratic function, and hence better image quality is
provided when compared to a regularization term having a
quadratic function. The user selectable regularization param-
eter d also controls the image contrast above which edges are
preserved. However, these known methods use a single value
of'd throughout the image, which can reduce image resolution
and increase image noise, thereby reducing image quality.

BRIEF DESCRIPTION OF THE INVENTION

In an exemplary embodiment, a method for controlling
image reconstruction in an imaging system is provided. The
method includes receiving scan data from an imaging system
and determining regularization parameters for each of a plu-
rality of portions of an image for use in reconstructing the
image based on the received scan data. The regularization
parameters vary for the plurality of portions of the image.

In another exemplary embodiment, an imaging system is
provided. The imaging system includes a data acquisition
portion and a processing portion. The data acquisition portion
is configured to acquire scan data and the processing portion
is configured to determine regularization parameters for each
of a plurality of portions of an image for reconstructing the
image based on the acquired scan data. The regularization
parameters vary for the plurality of portions of the image.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a medical imaging system in
accordance with an exemplary embodiment of the invention.

FIG. 2 is a flowchart of a method for controlling image
reconstruction in a medical imaging system in accordance
with an exemplary embodiment of the invention.

FIG. 3 is a flowchart of a method for determining regular-
ization parameters in accordance with an exemplary embodi-
ment of the invention.

FIG. 4 is a flowchart of a method for determining regular-
ization parameters in accordance with another exemplary
embodiment of the invention.

FIG. 5 is a flowchart of a method for determining regular-
ization parameters in accordance with another exemplary
embodiment of the invention.
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FIG. 6 is a flowchart of a method for determining regular-
ization parameters in accordance with another exemplary
embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Various embodiments of the invention provide methods
and systems for controlling image reconstruction. For
example, the various embodiments may be used in medical
imaging systems or non-destructive industrial imaging sys-
tems (e.g., luggage scanner). The medical imaging system
may be any type including, for example, a computed tomog-
raphy (CT) scanner, a positron emission tomography (PET)
scanner, and a magnetic resonance imaging (MRI) scanner,
among others. The various embodiments control image
reconstruction to, for example, reduce noise, blurring of
edges, and loss of details in images.

FIG. 1 is a block diagram of a medical imaging system 100
in accordance with an exemplary embodiment of the inven-
tion and in connection with which the various methods
described herein may be implemented. In an exemplary
embodiment of the invention, medical imaging system 100
may be an X-ray CT scanner. Medical imaging system 100
generally includes a data acquisition portion 102 and a pro-
cessing portion 104. Data acquisition portion 102 acquires
scan data, for example, by scanning a patient as is known.
Acquired scan data is then provided to processing portion
104. Processing portion 104 processes the scan data to gen-
erate a final image for display. Processing portion 104 is
configured to perform various embodiments of the methods
discussed hereinafter and may include, as is known, the pro-
cessing typically performed to acquire and reconstruct an
image. Specifically, and as described in more detail herein,
processing portion 104 is configured to determine regulariza-
tion parameters for each of a plurality of portions of an image
for use in reconstructing the image based on the acquired scan
data. In the various embodiments, the regularization param-
eters vary for the plurality of portions of the image. The
regularization parameters are represented by a difference
value, for example, by delta (). Each 8 is computed, for
example, based on at least one of a scan protocol, noise
prediction, preliminary reconstruction and user input. Vari-
ous methods of determining 8 are described in detail in con-
nection with FIGS. 3-5.

More particularly, data acquisition portion 102 includes a
scanner 106, for example, a CT scanner or a MRI scanner as
is known. Processing portion 104 includes a processor, such
as, for example, a computer 108. Computer 108 is coupled to
a display unit 110. In an exemplary embodiment of the inven-
tion, computer 108 performs the various embodiments
described herein to determine (e.g., calculate) the regulariza-
tion parameters. Display unit 110 is configured to display
generated images to users. In an exemplary embodiment of
the invention, users may provide inputs or feedback to pro-
cessing portion 104 based on the images displayed by display
unit 110, which may control further operations or processing.
It should be noted that the data acquisition portion 102 and
processing portion 104 may include other components as
desired or needed, for example, based on the application or
type of scanning system. For example, one or more control-
lers may be provided to control the movement of the scanner
106 or a part thereof (e.g., a detector portion) in any known
manner.

FIG. 2 is a flowchart of a method 200 for controlling image
reconstruction in a medical imaging system in accordance
with an exemplary embodiment of the invention. Specifically,
at 202, scan data is received from a scan (e.g., CT, PET or
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MRI scan) using medical imaging system 100. At 204, an
edge preserving regularization method is selected. In an
exemplary embodiment of the invention, this selection
includes using a form of the edge preserving regularization
equation and method as follows:

M

M
R(x) :ﬁz Z Wi (o — x )

=1 keN;

where ‘l‘jk(t):wjk\/(1+(t/6jk)2 ®)

W, is a potential function, B is a selectable global parameter,
N, is a set of indices of elements adjacent to or within a
predetermined distance of the jth pixel (e.g., adjacent pixels)
of an image, also referred to as neighbors or neighboring
elements, and M is the number of unknown pixel values (or
voxel values in 3D). The neighbors may be horizontal neigh-
bors, vertical neighbors, diagonal neighbors, or pairs of pixels
that are not immediately adjacent to each other. Neighboring
pixels can be extended to three dimensions and dynamic
imaging.

Potential function W, may be different for every pair of
neighboring pixels of an image. In an exemplary embodi-
ment, the same form of potential function ¥ is used for every
pair of pixels. However, a different value of 8,, may be used
for every pair of pixels. The weight w ; also may be different
for different pairs of pixels.

In another embodiment of the invention, a form of W, as
follows is used:

®

i
Wi (1) = wi |

where the exponent p, is space varying.
In yet another embodiment of the invention, a form of the
edge preserving regularization method as follows is used:

R = B Wi([Cx]) (10)
k

where the matrix C contains coefficients that are used for
forming desired linear combinations.

The regularization method as shown in Equation (10) uses
linear combinations of sets of pixels. For example, if the kth
row of C has a single ‘1°, a single ‘~1°, and the rest of the
elements are zero, then [Cx], is equal to x,—x;. It should be
noted that other edge preserving regularization methods may
be used as desired or needed, and as are known.

At 206, regularization parameters for each of a plurality of
portions of an image are determined for reconstructing the
image based on the received scan data. In an embodiment of
the invention, the regularization parameters are determined
for each of a plurality of pixels in an image to be recon-
structed, wherein the regularization parameters, €.g., 8, dif-
fer for at least two of the pixels. In another embodiment of the
invention, the regularization parameters are determined for
each of a plurality of groups of pixels in an image to be
reconstructed, wherein the regularization parameters differ
for atleast two of the groups of pixels. In still another embodi-
ment of the invention, the regularization parameters are deter-
mined based on scan data received from adjacent portions of
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the image (e.g., two different adjacent portions of the image
or neighboring image slices in a 3D imaging study).

The regularization parameters are varying in at least one of
space and time. Exemplary methods of determining the regu-
larization parameters are explained in more detail in connec-
tion with FIGS. 3-5.

At208, acost functionm(x) is formed as is known. The cost
function n(x) includes two terms as follows:

NE)=LE)+R() an

The first term, L.(x), is referred to as the ‘data fit’ term. L.(x) is
a measure of how well the image x fits the measured data
according to the physics, geometry, and statistics of the mea-
sured data. The second term, R(x), is referred to as ‘regular-
ization term’ or ‘roughness penalty’.

In an exemplary embodiment of the invention, L(x) is
computed using a negative likelihood corresponding to a
statistical model for the measurements of the geometry and
physics of the scan subject. In another exemplary embodi-
ment of the invention, [.(x) is computed using a squared error
function. Other methods may be implemented as desired or
needed.

At 210, the cost function 1(x) is minimized using a known
iterative process or algorithm. The minimum value of the cost
function defines the reconstructed image. The regularization
parameter used in the cost function is varying in at least one of
space and time. The image reconstruction may be a two-
dimensional, three-dimensional, or four-dimensional image
reconstruction, or higher, if other dimensions such as cardiac
or respiratory phase are considered.

FIG. 3 is a flowchart of a method 300 for determining
regularization parameters in accordance with an embodiment
of the invention. Method 300 determines regularization
parameters by using predictions oflocal image noise standard
deviations.

At302, scan data and calibration informationis acquired as
is known. For example, in an X-ray CT imaging system, the
scan data may include sinogram data or projection data, and
the calibration data may include factors such as X-ray source
intensity fluctuations from a reference channel. As another
example, in MRI, scan data may include k-space data and
calibration data may include a measured field map. At 304,
variance estimates are determined for each pixel as is known.
At 306, regularization parameters are determined based on
the variance estimates. An approximate covariance of a
reconstructed image X, as shown in Equation (1), is defined by
the following equation:

Covi} ~ V2] CorlV i [V2n(x)] " (12)

where Vn is the gradient of the cost function as shown in
Equation (11), and V?r| is the Hessian of the cost function as
shown in Equation (11). The above equation is used to com-
pute diagonal elements of the covariance matrix. The diago-
nal elements of the covariance matrix are variance estimates
sz for each pixel. The parameter d ; is selected such that 8, is
small when o, and o, are small, and 8, is large when o, and o,
are large. In an exemplary embodiment of the invention, the
following form of 8, is used:

O =34f0 0% a3

In an exemplary embodiment of the invention, the terms
shown in Equation (12) are computed by using local Fourier
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6

approximations and/or Fast Fourier Transforms. The Hessian
term as shown in Equation (12) is of the following form:

V2 = A’ diagivi}A, (14)

where ‘A’ denotes the “system matrix” of the imaging system,
for example, the lengths of intersections between each ray
and each pixel in CT, or the Fourier-like “encoding matrix” in
MRI. In the above equation, v, is determined based on mea-
surement statistics. For example, in X-ray CT imaging sys-
tems, these factors may include sinogram data. The term
Cov{Vn} in Equation (12) is of the same form as in BEquation
(14), but with different v, values.

Using local Fourier approximations and Fast Fourier
Transforms, the variance of the jth pixel value can be approxi-
mated using the following equation:

wi (@)/10l
ol —————— el
o whie)/lel + Rip, ¢)I

where p and ¢ are variables in polar coordinates. w/(¢) is an
angular-dependent weighting function that depends on the v;s
associated with, for example, the X-rays in a CT system that
intersect the jth pixel. Specifically, w/(¢) is associated with
Cov{Vn}, wJ/(¢)is associated with the Hessian, and R(p,$) is
the local frequency response of the regularization term. The
above variance approximation accounts for the differing sta-
tistics of all the rays that traverse the jth pixel.

The local Fourier approximation may be used to determine
W, factors. The local frequency response of the recon-
structed image X is approximately equal to L(p,$), where
L(p,¢) is defined by the following equation:

(15)
dpdg,

wi@)/1l (16

Lip, p)= —————
wi(@) /el + Rio, ¢)

By adjusting w, R(p,¢) can be changed, and thereby the
local frequency response, L(p,¢), can be matched to a desired
shape.

FIG. 4 is a flowchart of another method 400 for determin-
ing regularization parameters in accordance with an embodi-
ment of the invention. At 402, scan data and calibration infor-
mation is acquired as is known and as described herein. At
404, a preliminary image reconstruction is performed, for
example, by a conventional filtered backprojection (FBP)
method or by a simple iterative method. At 406, image pro-
cessing as is known is performed. Image processing includes,
for example, image segmentation and edge detection. At 408,
regularization parameters are determined based on the results
of' image processing. For example, the regularization param-
eters may be selected to preserve edges at locations where the
presence of an edge is detected or to preserve the boundaries
between regions identified by a segmentation method.

FIG. 5 is a flowchart of another method 500 for determin-
ing regularization parameters in accordance with an embodi-
ment of the invention. At 502, a user specifies a scan protocol,
for example, a brain scan or a cardiac scan via a user input on
a scanner. At 504 scan data and calibration information are
acquired, as is known, according to the user specified scan
protocol. At 506, regularization parameters are determined
according to the scan protocol. For example, in brain scans it
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may be desirable to preserve very subtle differences in pixel
values, so the regularization parameters may be set to smaller
values.

FIG. 6 is a flowchart of another method 600 for determin-
ing regularization parameters in accordance with an embodi-
ment of the invention. At 602, iterative reconstruction, as is
known, is performed to form an image. At 604, an image is
displayed, for example, on a display. At 606, the user is
queried about desired or required modification to the image.
If the user desires or requires some modifications to the
image, then at 608, regularization parameters are determined
according to the user inputs. For example, if the user wants
more edge detail in a certain image region, the user could
identify that region using, for example, an interactive graphi-
cal system, and then the regularization parameters in that
specific region could be set to smaller values. If the user does
not want any modification in the image, the image is dis-
played as a final image.

Various embodiments of the invention provide methods
that control noise in iteratively reconstructed images, for
example, medical images. The various embodiments also
reduce or avoid loss of spatial resolution and blurring of edges
that accompany the process of noise control. Moreover, the
various embodiments may result in reduced patient dose as
better image quality is provided with the use of the same
amount of image data as is used in conventional imaging
systems.

A technical effect of various embodiments is to control
noise in iteratively reconstructed medical images. Another
technical effect of various embodiments of the invention is to
reduce or avoid loss of spatial resolution and blurring of edges
in iteratively reconstructed medical images. Still another
technical effect of various embodiments of the invention is to
reduce patient dose in medical imaging.

The various embodiments or components, for example,
processing portion 104, may be implemented as part of a
computer system, which may be separate from or integrated
with an imaging system. The computer system may include a
computer, an input device, a display unit and an interface, for
example, for accessing the Internet. The computer may
include a microprocessor. The microprocessor may be con-
nected to a communication bus. The computer may also
include a memory. The memory may include Random Access
Memory (RAM) and Read Only Memory (ROM). The com-
puter system further may include a storage device, which may
be a hard disk drive or a removable storage drive such as a
floppy disk drive, optical disk drive, and the like. The storage
device may also be other similar means for loading computer
programs or other instructions into the computer system.

As used herein, the term “computer” may include any
processor-based or microprocessor-based system including
systems using microcontrollers, reduced instruction set cir-
cuits (RISC), application specific integrated circuits (ASICs),
logic circuits, and any other circuit or processor capable of
executing the functions described herein. The above
examples are exemplary only, and are thus not intended to
limit in any way the definition and/or meaning of the term
“computer”.

The computer system executes a set of instructions that are
stored in one or more storage elements, in order to process
input data. The storage elements may also store data or other
information as desired or needed. The storage element may be
in the form of an information source or a physical memory
element within the processing machine.

The set of instructions may include various commands that
instruct the computer as a processing machine to perform
specific operations such as the processes of the various
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embodiments of the invention. The set of instructions may be
in the form of a software program. The software may be in
various forms such as system software or application soft-
ware. Further, the software may be in the form of a collection
of separate programs, a program module within a larger pro-
gram or a portion of a program module. The software also
may include modular programming in the form of object-
oriented programming. The processing of input data by the
processing machine may be in response to user commands, or
in response to results of previous processing, or in response to
a request made by another processing machine.

As used herein, the terms “software” and “firmware” are
interchangeable, and include any computer program stored in
memory for execution by a computer, including RAM
memory, ROM memory, EPROM memory, EEPROM
memory, and non-volatile RAM (NVRAM) memory. The
above memory types are exemplary only, and are thus not
limiting as to the types of memory usable for storage of a
computer program.

While the invention has been described in terms of various
specific embodiments, those skilled in the art will recognize
that the invention can be practiced with modification within
the spirit and scope of the claims.

What is claimed is:

1. A method for controlling image reconstruction in an
imaging system, said method comprising:

receiving scan data; and

determining, based on the received scan data, at least one of

regularization parameters and potential functions for a
plurality of portions of an image to be reconstructed,
wherein the at least one of regularization parameters and
potential functions vary for the plurality of portions of
the image to be reconstructed;

wherein the at least one of regularization parameters and

potential functions is determined from the received scan
data prior to any image reconstruction of the received
scan data being performed.

2. A method in accordance with claim 1 wherein the imag-
ing system is one of a medical imaging system and a non-
destructive industrial imaging system.

3. A method in accordance with claim 2 wherein the medi-
cal imaging system is at least one of a computed tomography
system, a positron emission tomography system, a single
photon emission computed tomography system, an x-ray
tomosynthesis system, and a magnetic resonance imaging
system.

4. A method in accordance with claim 1 further comprising
determining the at least one of regularization parameters and
potential functions based on scan data corresponding to adja-
cent portions of the image.

5. A method in accordance with claim 1 further comprising
determining the at least one of regularization parameters and
potential functions based on scan data corresponding to
neighboring image slices.

6. A method in accordance with claim 1 wherein the at least
one of regularization parameters and potential functions
include difference values, said method further comprising
determining the difference values for an edge preserving
regularization method for minimizing an image cost function
for an iterative image reconstruction process.

7. A method in accordance with claim 6 wherein the poten-
tial functions include at least one of regularization parameters
that control an overall strength of each of the plurality of
portions and regularization parameters that control a degree
of edge-preservation of each of the plurality of portions.

8. A method in accordance with claim 1 wherein the scan
data includes scan data indicative of a plurality of images to
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be combined to generate a final image, said method further
comprising determining the at least one of regularization
parameters and potential functions for each image of the
plurality of images, the at least one of regularization param-
eters and potential functions being different for at least two
images of the plurality of images.

9. A method in accordance with claim 1 wherein the at least
one of regularization parameters and potential functions vary
in at least one of space and time.

10. A method in accordance with claim 1 wherein deter-
mining the at least one of regularization parameters and
potential functions comprises:

predicting noise variance values for each of a plurality of

pixels by applying a Fast Fourier Transform to the
received scan data; and

determining the at least one of regularization parameters

and potential functions from the noise variance values of
each of the plurality of pixels.

11. A method in accordance with claim 10 wherein the
noise variance values for each of the plurality of pixels are
further based on calibration data, the calibration data com-
prising one of x-ray source intensity fluctuations from a ref-
erence channel and a measured magnetic resonance (MR)
field map.

12. A method in accordance with claim 10 wherein the
regularization parameters are described by:

O =3+jTj0% ,

wherein sz and o,” are variance estimates a respective
pixel.
13. A method in accordance with claim 10 wherein the
variance of each of the plurality of pixels is described by:

wl(@®)/lol
lold pd
ffl%(lﬁ)/lPHR(P,lﬁ)lz

wherein p and ¢ are variables in polar coordinates, w/(¢) is
an angular-dependent weighting function that depends
on the received scan data that intersect the jth pixel, and
R(p,d) is a local frequency response of a regularization
term.

14. A method in accordance with claim 1 further compris-
ing determining the at least one of regularization parameters
and potential functions for filtering an image during post-
processing.

15. A method in accordance with claim 1 wherein deter-
mining at least one of regularization parameters and potential
functions for a plurality of portions of an image for recon-
structing the image is performed iteratively for at least one of
the plurality of portions of the image based on feedback.

16. A method in accordance with claim 15 wherein the
feedback includes a user input.

17. A method in accordance with claim 1 wherein, when
potential functions are determined based on the received scan
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data, the method further comprises determining a different so

potential function for every pair of neighboring portions of
the image.

10

18. A method in accordance with claim 1 wherein the scan
data from which the at least one of regularization parameters
and potential functions is determined comprises one of sino-
gram data, projection data, or k-space data.

19. A method for controlling image reconstruction in an
imaging system, said method comprising:

receiving scan data;

selecting an edge preserving regularization method;

determining, based on the received scan data, at least one of

regularization parameters and potential functions for a
plurality of portions of an image to be reconstructed,
wherein the at least one of regularization parameters and
potential functions vary for the plurality of portions of
the image;

inputting the determined at least one of regularization

parameters and potential functions into the edge pre-
serving regularization equation to determine a regularl-
ization term;

forming a cost function based on a data fit term and the

regularlization term;

minimizing the cost function using an iterative algorithm;

and

subsequently reconstructing the image based on the

received scan data and a minimized value of the cost
function.

20. An imaging system comprising:

a data acquisition portion for acquiring scan data; and

aprocessing portion configured to determine, based on the

acquired scan data, at least one of regularization param-
eters and potential functions for a plurality of portions of
an image to be reconstructed, wherein the at least one of
regularization parameters and potential functions vary
for the plurality of portions of the image;

wherein the at least one of regularization parameters and

potential functions is determined from the acquired scan
data absent any image reconstruction of the acquired
scan data being performed by the processing portion.

21. A method for controlling image reconstruction in an
imaging system, said method comprising:

receiving scan data; and

determining, with user input and based on the received scan

data, at least one of regularization parameters and poten-
tial functions for a plurality of portions of an image to be
reconstructed, wherein the at least one of regularization
parameters and potential functions vary for the plurality
of portions of the image;

wherein the user input comprises a scan protocol for a

specified anatomical region; and

wherein the at least one of regularization parameters and

potential functions is determined from the user input and
the received scan data prior to any image reconstruction
of the acquired scan data being performed by the pro-
cessing portion.

22. A method in accordance with claim 21 wherein said
determining at least one of regularization parameters and
potential functions comprises determining the at least one of
regularization parameters and potential functions using scan
data from other temporal information.
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