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(57) ABSTRACT

Disclosed 1s a high-resolution 1image reconstruction method
using a focal underdetermined system solver (FOCUSS)
algorithm. The method comprises the steps of: outputting
data for an 1image of an object; downsampling the outputted
data; transforming the downsampled data into low-resolution
image frequency data; and reconstructing a high-resolution
image from the transformed low-resolution 1mage frequency

data by applying focal underdetermined system solver (FO-
CUSS) algorithm.

42 Claims, 2 Drawing Sheets

C

START

)

I T

OUTPUT DATA DOWNSAMPLED
FROM STILL/MOVING IMAGE

¢

TRANSFORM DOWNSAMPLED
DATA INTO LOW-RESOLUTION
INITIAL ESTIMATION DATA

——]

¥

RECONSTRUCT HIGH-RESOLUTION
IMAGE FROM LOW-RESOLUTION
ESTIMATION DATA BY APPLYING

FOCUSS A

Y

LGORITHM

END

D




U.S. Patent Jul. 1, 2014 Sheet 1 of 2 US RE44,981 E

Figure 1

START

OUTPUT DATA DOWNSAMPLED
FROM STILL/MOVING IMAGE

TRANSFORM DOWNSAMPLED
DATA INTO LOW-RESOLUTION

INITIAL ESTIMATION DATA

RECONSTRUCT HIGH-RESOLUTION
IMAGE FROM LOW-RESOLUTION
ESTIMATION DATA BY APPLYING

FOCUSS ALGORITHM

END



U.S. Patent Jul. 1,2014 Sheet 2 of 2

Figure 2

START

CALCULATE WEI
LOW-RESOLUTIO

GHT MATRIX FROM 331
N ESTIMATION DATA

CALCULATE IMAGE DATA FROM
WEIGHT MATRIX AND ESTIMATION DATA S32
SATISFYING PREDETERMINED CONDITION

533

IMAGE DATA
CONVERTED TO HIGH-RESOLUTION
IMAGE 7

NO

YES

US RE44,981 E

UPDATE WEIGHT MATRIX BY MEANS

S34 OF DIAGONAL COMPONENT OF
ESTIMATION DATA

335 RECALCULATE LOW-RESOLUTION
ESTIMATION DATA FOR OPTIMIZATION




US RE44,981 E

1

METHOD FOR SUPER-RESOLUTION
RECONSTRUCTION USING FOCAL
UNDERDETERMINED SYSTEM SOLVER
ALGORITHM

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims, under 35 U.S.C. §119(a),
the benefit of Korean Patent Application Nos. 10-2007-

0005906, filed Jan. 19, 2007 and 10-2007-0007568 filed Jan.
19 24, 2007, the entire contents of which are hereby incorpo-
rated by reference.

BACKGROUND OF THE INVENTION

1. Technical Field

The present imnvention relates a method for obtaining high
resolution images using a magnetic resonance imaging (MRI)
device. More particularly, the present invention relates to a
method for obtaining high resolution MRI 1images by using a

sparse reconstruction algorithm.
2. Background Art

In MRI, atomic nuclei are located 1n a strong magnetic field
s0 as to cause a precession ol the atomic nuclei. When a
high-frequency signal 1s applied to the atomic nucle1 which
are magnetized by a magnetic field generated by the preces-
s10n, the atomic nuclei are excited 1nto a high energy state. In
this state, when the high-frequency signal 1s removed, the
atomic nucler emit high-frequency signals. Then, the mag-
netic properties of the materials constituting human body are
measured from the emitted high-frequency signals, and the
materials are reconstructed, thereby making an 1image.

Particularly, dynamic MRI 1s a technology for obtaining a
moving 1mage by observing and measuring a temporally
changing process, such as cerebral blood tlow, heart beat, etc.

In general, when data 1s obtained 1n a radial shape within k
space, the phase encoding gradient 1s not used, so that the
echo time 1s short, photographing can be performed without
being restrained by breathing and blood flow movement, and
an aliasing artifact in data downsampled 1n a radial shape 1s
generated 1n a line shape, thereby causing relatively less
visual confusion.

However, since an output of radial data in k space requires
more data than 1n a Cartesian grid, scan time of the magnetic
resonance imaging increases, and a great amount of calcula-
tion 1s required to optimize the size of downsampled data,
thereby causing a system overload.

Also, when data 1s not obtained 1n a radial or spiral shape
but 1s obtained 1n the shape of a Cartesian grid, echo time
becomes longer due to the use of the phase encoding gradient,
so that the data becomes susceptible to movement of a mate-
rial object. In order to improve time resolution, 1t 1s necessary
to reduce the echo time by reducing the number of pieces of
obtained data. However, in this case also, there 1s a problem of
causing an aliasing artifact in which 1mages are overlapped
and displayed according to the Nyquist sampling limit theory.

The mnformation disclosed 1n this Background of the Inven-
tion section 1s only for enhancement of understanding of the
background of the invention and should not be taken as an
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2

acknowledgement or any form of suggestion that this infor-
mation forms the prior art that 1s already known to a person
skilled 1n the art.

SUMMARY OF THE INVENTION

Accordingly, the present invention has been made to solve
the above-mentioned problems of the prior art, and the
present invention provides a method of forming a high reso-
lution 1mage using a sparse reconstruction algorithm, the
focal underdetermined system solver (FOCUSS) algorithm.

In one aspect, the present invention provides a method for
forming a high-resolution image, the method comprising the
steps of: (a) outputting data for an 1mage of an object; (b)
downsampling the outputted data; (¢) transforming the down-
sampled data into low-resolution image {frequency data; and
(d) reconstructing a high-resolution 1mage from the trans-
formed low-resolution 1mage frequency data by applying
focal underdetermined system solver (FOCUSS) algorithm.
The 1image of an object can be a still image, a moving 1mage,
or both.

In a preferred embodiment, when the image 1s a still image,
the outputted data corresponds to projection data obtained by
amagnetic resonance imaging scheme, and the outputted data
corresponds to radial data, the step (¢) may be performed by
inverse Radon transformation.

In another preferred embodiment, when the 1image 1s a still
image and the outputted data corresponds to spiral data, the
step (¢) may be performed by 1nverse Fourier transformation.

In yet another preferred embodiment, when the image 1s a
moving 1image, the method may be performed 1n k-t space.
Preferably, in this embodiment, the step (b) may be performed
by obtaining all data 1n a frequency encoding direction during
a predetermined period in a time domain and random-pattern
data in a phase encoding direction according to each period.
Also preferably, the step (¢) may be performed by two-di-
mensional Fourier transformation.

In a further preferred embodiment, the step (d) may further
comprise the steps of: (1) calculating a weighting matrix from
the low-resolution 1mage Irequency data; (2) calculating
image data from the weighting matrix and the low-resolution
image frequency data satistying a predetermined condition;
and (3) when the image data 1s converged the high-resolution
image, performing inverse Fourier transformation along a
time axis to reconstruct the high-resolution image; or when
the 1mage data 1s not converged, updating the weighting
matrix by using a diagonal element of the image data and
repeating the step (2) with the updated weighting matrix until
the 1mage data 1s converged to the high-resolution 1image.

Preferably, in this embodiment, the low-resolution 1mage
frequency data satisfying a predetermined condition in the
step (2) may be calculated by Lagrangian transformation.

Preferably, in the above embodiment, when a Fourier trans-
form transformed by the Lagrangian transformation 1is
replaced by a Fourier transtform applied along a time axis and
Radon transformation, the FOCUSS algorithm may be
applied with respect to radial data in k or k-t space. The radial
data may correspond to downsampled data obtained at a
uniform angle.

Also preferably, when the Fourier transform transformed
by the Lagrangian transformation 1s replaced by a Fourier
transform applied along a time axis and Radon transforma-
tion, the FOCUSS algorithm may be applied with respect to
spiral data in k or k-t space. The spiral data may correspond to
downsampled data obtained at a uniform angle.

In yet a further preferred embodiment, the updating of
welghting matrix in the step (3) may be performed by apply-
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ing a power factor to absolute value of the diagonal element.
Preferable range of the power factor 1s 0.5 to 1.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of the
present invention will be more apparent from the following
detailed description taken 1n conjunction with the accompa-
nying drawings, 1n which:

FI1G. 1 1s a flowchart schematically 1llustrating a still/mov-
ing 1mage reconstruction method using the FOCUSS algo-
rithm according to the present invention; and

FIG. 2 1s a flowchart schematically illustrating the
FOCUSS algorithm according to the present invention.

(L]

DETAILED DESCRIPTION OF TH
EXEMPLARY EMBODIMENTS

Hereinafter, an exemplary embodiment of the present
invention will be described with reference to the accompany-
ing drawings. In the following description and drawings, the
same reference numerals are used to designate the same or
similar components, and so repetition of description of the
same or similar components will be omaitted.

FIG. 1 1s a flowchart schematically illustrating a high-
resolution i1mage reconstruction method using the focal
underdetermined system solver (FOCUSS) algorithm
according to an exemplary embodiment of the present mnven-
tion. As shown in FIG. 1, the high-resolution 1image recon-
struction method using the FOCUSS algorithm according to
an exemplary embodiment of the present invention starts with
a step of obtaining downsampled data.

The downsampled data 1s transformed into a low-resolu-
tion 1nitial estimation for sparse data. In this case, when the
sampled data corresponds to radial projection data, an inverse
Radon transformation 1s applied to transform the radial data
into a low-resolution mitial estimation, and when the output
data corresponds to random or spiral data, an inverse Fourier
transform 1s applied to transform the random or spiral data
into a low-resolution initial estimation.

Additionally, with respect to a moving 1image, a Fourier
transiorm 1s applied along the time axis, thereby obtaining an
initial estimation for sparser data.

Also, ahigh-resolution 1mage 1s reconstructed by applying
the FOCUSS algorithm to the low-resolution 1nitial estima-
tion, to which the inverse Radon transformation or inverse
Fourier transtorm has been applied, wherein image data 1s
calculated by multiplying the low-resolution initial estima-
tion by a weighting matrix of a predetermined condition.

In this step, when the 1mage data 1s converged to an opti-
mized high-resolution image, the procedure ends.

On the other hand, when the image data 1s not converged to
the optimized high-resolution 1mage, the weighting matrix 1s
updated with the diagonal values of a matrix which 1s
obtained by applying to the absolute value of the estimation
data matrix a power factor ranging from 0.5 to 1, the low-
resolution estimation data 1s recalculated to be optimized, and
the FOCUSS algorithm 1s repeatedly performed until the
estimation data 1s converged to the optimized high-resolution
image.

Data “v(k,t)” sampled as described above 1s transformed
into a sparse signal “p(y,1)” by the Fourier transform, which 1s
expressed as equation 1 below.

v(kD)=[p(y,He O dydf Equation 1

When 1t 1s assumed that the same data value 1s obtained
regardless of “t,” equation 1 corresponds to a magnetic reso-
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4

nance image signal acquisition equation for a still image. In
contrast, when different data values are obtained depending
on “t,” equation 1 corresponds to a magnetic resonance image
signal acquisition equation for a moving image.

Additionally, when an 1mage obtained by photographing a
periodically moving organ, such as a heart or brain blood
flow, 1s Fourier transformed, a resultant spectrum 1s obtained
in the form of Fourier series, so that a sparser signal for a
moving image can be obtained by equation 1.

In this case, the reason why the sparse characteristic 1s
important 1s that signals other than “0” of m(y,1) are not
scattered 1n a sparse distribution but are concentrated on a
position 1n order to apply a compressed sensing theory, and
that it 1s possible to achieve complete reconstruction of sparse
signals from much less samples than those required for the
Nyquist sampling limit.

According to the compressed sensing theory, optimization
1s required to obtain a solution having a sparse characteristic,
which 1n the case of the magnetic resonance imaging may be
expressed as shown 1n equation 2 below.

minimize |7t/

subject to ||v—Fm|,<€ Equation 2

Herein, “F” represents a transform for making sparse data,
and may be a Fourier transform or Radon transformation,
which 1s calculated for a solution having a sparse character-
1stic by using the FOCUSS algorithm. The FOCUSS algo-
rithm 1s used to obtain a solution of a sparse form for an
underdetermined linear equation having no determined solu-
tion.

v=Fp Fquation 3

When it 15 assumed that the F matrix has a size of KxN and
the value of “N” 1s much greater than the value of “K,”
equation 1 has a large number of solutions. In this case, when
a solution of equation 3 1s determined to minimize the norm of
“v,” energy shows a tendency to spread, so that the sampling
rate 1ncreases.

Therefore, in order to finally obtain a high-resolution
image by reconstructing sparse data with a reduced sampling
rate, an 1mage reconstruction method using the FOCUSS
algorithm according to an exemplary embodiment of the
present invention 1s applied, which 1s approached as an opti-
mization problem for solving equation 3 according to the
FOCUSS algorithm.

Herein, a relation among image data “p” to be recon-
structed, the weighting matrix “W,” and the optimized solu-
tion “q” for the weighting matrix “W” 1s defined by equation
4.

find p=Wq

min||q||> subject to |[v-FWq||,=€ Equation 4

In equation 4, “p” represents sparse data, “W” represents a
weighting matrix having only diagonal elements, and “q”
represents an optimized solution for the weighting matrix
Y

With respect to a still image, an 1in1tial substitution value of
the weighting matrix may be calculated through a pseudo
inverse matrix, 1n which when the sampled data corresponds
to radial projection data, an imverse Radon transformation 1s
applied to transform the radial data into a low-resolution
initial estimation, and when the output data corresponds to
random or spiral data, an inverse Fourier transform 1s applied
to transform the random or spiral data into a low-resolution

initial estimation.
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Also, with respect to a moving 1mage, the output data 1s
subjected to an 1nverse Fourier transform of “k” 1n k space,
and 1s then transformed into low-resolution i1mage data,
thereby being arranged 1n terms of time. When the resultant
data 1s subjected to a Founier transform in terms of time,
image frequency data in the frequency domain 1s obtained. In
order to concentrate the image frequency data around “0” 1n a
k domain, all data during one period 1n a frequency encoding
direction 1s obtained 1n a k_direction, and data having diftfer-
ent random patterns depending on periods 1n a phase encod-
ing direction 1s obtained 1n a k,, direction. Also, DC data
corresponding to a time frequency of “0” 1n a y-1 domain
calculated as above 1s set to be “0,” and 1initial data to be
substituted into the weighting matrix “W” 1s calculated (step
31).

Then, diagonal elements of 1nitial data calculated 1n step 31
are substituted mto an iitial weighting matrix “W,” and a
resultant weighting matrix 1s multiplied by low-resolution
image data “q” which 1s an optimal solution for a given
welghting matrix, thereby calculating 1image data “p™ (step
32).

Then, a step of checking whether or not the calculated
image data “p” 1s converged to the high-resolution 1mage 1s
performed (step 33). When the calculated image data “p” 1s
converged near the high-resolution image by one 1teration,
the procedure ends. In contrast, when the calculated image

e

data “p” 1s not converged to the high-resolution 1mage, the
welghting matrnix “W” 1s updated with diagonal elements of a
matrix which 1s obtained by raising the absolute value of the
calculated 1image data “p” to the power 01 0.5 (step 34), for
higher-resolution 1mage 1s obtained as the iteration perfor-
mance 1s repeated.

Herein, 1t 1s preferred that the exponent of the absolute
value of the calculated 1image data “p” has a value within a
range of 0.5 to 1.

Next, the low-resolution 1image data
be an optimal solution (step 35).

Then, when the calculated 1image data “p” 1s converged to
the high-resolution 1image, if the procedure 1s to obtain a still
image, the procedure ends after the calculated image has been
obtained, and 1f the procedure 1s to obtain a moving image, the
calculated 1mage 1s subjected to an inverse Fourier transform
along the time axis so that a time-based 1mage can be recon-
structed and then the procedure ends.

In this case, by using a Lagrangian parameter, equation 4

may be rewritten as equation 5.

Y b B

q” 1s recalculated to

C(q)=|v-FWq|*+Aqll>" Equation 5

When equation 5 1s solved, an optimal solution 1s calcu-
lated as shown 1n equation 6.

L0 =Wq Equation 6

— OFY (FOF" + AD) 'v (where ® = WWH)

The advantage of the FOCUSS algorithm according to the

present 1vention 1s to converge calculated image data to

high-resolution 1mage data “p” by updating a weighting,

matrix “W,” in which when steps 32 to 35 1in the FOCUSS
algorithm according to the present invention are repeated

L b B

(n—1) times, 1mage data “p” 1s expressed as follows.

s Pa (N]F Equation 7

Then, the weighting matrix “W” updated with the compo-

A - B

nents of the image data “p” 1s expressed as follows.

pn—l:[pn—l(l): pn—l(z): - -
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(ot (DIF 0 0 ) Equation &
0 [T E) . $
W, = . . .
.0 0 - P NI

When equation 6 1s applied to the weighting matrix “W”
updated as equation 8, a solution gradually having a sparse
characteristic 1s obtained.

Equation 4 may be expressed as follows.

min|[W ! p||5, subject to |lv—FWq||, <&, Equation 9

wherein when p = 0.5,

_ 2 _ _
W, oll; = o W, "W, % p

(on1 (D) 0 0
A 0 o1 N7 .. 0
= F : . .. : I
.0 0 e NI

N
~ ) o1 @l as n - oo
i=1

= llell;

This means that the solution obtained by the FOCUSS
algorithm becomes gradually equal to the optimal solution,
and that the solution obtained by the FOCUSS algorithm 1s
gradually converged to a high-resolution image which 1s an
optimized solution 1n terms of compressed sensing theory.

This 1s because it 1s said that compressed sensing theory can
successiully obtain a solution having a sparse characteristic.

The FOCUSS algorithm according to the present invention
can obtain an accurate result based on the compressed sensing
theory, by setting the exponent to be “0.5” and repeating steps
34 and 35 several times.

Meanwhile, with respect to such a result, parallel coils can
be used to apply the FOCUSS algorithm according to the
present invention, and equation 5 may be rewritten 1n terms of
multiple coils as follows.

Ciq) = |V =FW,qll5 + Allqll5 Equation 10

vV= [vi F= [F5
where :

VN, ] ESy,

pn=0,FFFEO,F + )V Equation 11

The solution of equation 10 1s calculated as equation 11, 1n
which even when multiple coils are used, a result approxi-
mating to a high-resolution 1mage can be obtained by setting
the exponent to be “0.5” and repeating the steps.

Based on this, the FOCUSS algorithm according to the
present mnvention 1s applied to each coil, and results as many
as coils yielding a result are obtained by means of the least
squares method, thereby obtaining a final result, which 1s
expressed as equation 12 below.
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N, vleng \
o= st 2ot
i—1 ] =l )

In addition, the FOCUSS algorithm according to the
present invention may be applied to various data, which can
be achieved through the Fourier transform of equation 5.

Meanwhile, referring to FIG. 1, random sampling of down-
sampled data corresponds to Gaussian random sampling, and
low-resolution image data “q” satisiying a predetermined
condition 1n step 32 1s calculated by means of the Lagrangian,
wherein when the Fourier transform of a predetermined con-
dition transformed by the Lagrangian 1s replaced by a Fourier
transform applied along a time axis and a Radon transforma-
tion, the FOCUSS algorithm can be applied to radial data.
Herein, the radial data must satisty a condition that the radial
data 1s downsampled at a uniform angle.

In addition, the low-resolution image data satistying a pre-
determined condition 1n step 32 1s calculated by means of the
Lagrangian, as described above, wherein when Fourier trans-
form of a predetermined condition transformed by the
Lagrangian 1s replaced by a Fourier transform applied along
a time axis and a Radon transformation, the FOCUSS can be
applied to spiral data. Herein, the spiral data must satisiy a
condition that the spiral data 1s downsampled at a uniform
angle.

As described above, the FOCUSS algorithm according to
the present mvention can reconstruct even radial data and
spiral data to a high-resolution 1mage.

The FOCUSS algorithm according to the present invention
can reconstruct an 1mage ifrom a very small amount of data,
thereby reducing the scan time period. This means that it 1s
possible to improve the time resolution, which 1s very impor-
tant for both still and moving images.

Because mimimum TR of MRI 1s limited, there are limita-
tions for temporal resolution 1 conventional MRI. Even
when a still image 1s obtained, 1t 1s impossible to completely
rule out movement caused during scanning of a living thing.
In addition, as scan time period becomes longer, an obtained
still image becomes more blurry due to movement, thereby
making 1t difficult to correctly reconstruct an image. More-
over, an 1image of a heart or cerebral blood flow 1s obtained for
the purpose of observing a change 1n the 1mage according to
time. Therefore, when the scan time period becomes longer,
time resolution between frames becomes worse, so that 1t 1s
impossible to correctly observe the movement of a targeted
thing.

The present invention provides a new algorithm which can
overcome the limitation of the conventional magnetic reso-
nance imaging (MRI), and the new algorithm 1s expected to
provide amore correct image and to help to examine a patient.

Although an exemplary embodiment of the present inven-
tion has been described for illustrative purposes, those skilled
in the art will appreciate that various modifications, additions
and substitutions are possible, without departing from the
scope and spirit of the invention as disclosed 1n the accom-
panying claims.

What 1s claimed 1s:
1. A method for forming a high-resolution 1mage of ar
object, the method comprising the steps of:
(a) using a medical device for:
(al) applying incident radiation to the object;
(al) receiving response radiation from the object; and

10

15

20

25

30

35

40

45

50

55

60

65

8

(a3) outputting data for an image of [an] ¢ie object from
the response radiation;

(b) downsampling the outputted data using the medical
device;

(¢) transforming the downsampled data into low-resolution
image frequency data using the medical device; [and]

(d) reconstructing [a], using the medical device, the high-
resolution 1mage from the transformed low-resolution
image Irequency data by applying a focal underdeter-
mined system solver (FOCUSS) algorithm, and

(e) displaying the high-resolution image using a display for
providing the high-resolution image for examining the
object.

2. The method as claimed in claim 1, wherein, when the
image 1s a still 1image, the outputted data corresponds to
projection data obtained by a magnetic resonance 1imaging
scheme, and the outputted data corresponds to radial data, the
step (¢) 1s performed by inverse Radon transformation.

3. The method as claimed in claim 1, wherein, when the
image 1s a still image and the outputted data corresponds to
spiral data, the step (c) 1s performed by 1inverse Fourier trans-
formation.

4. The method as claimed in claim 1, wherein, when the
image 1s a moving image, the method 1s performed 1n k-t
space.

5. The method as claimed 1n claim 4, wherein the step (b) 1s
performed by obtaining all data 1n a frequency encoding
direction during a predetermined period in a time domain and
random-pattern data in a phase encoding direction according
to each period.

6. The method as claimed 1n claim 4, wherein the step (¢) 1s
performed by two-dimensional Fourier transformation.

7. The method as claimed 1n claim 1, wherein the step (d)
turther comprise the steps of:

(1) calculating a weighting matrix from the low-resolution

image Irequency data;

(2) calculating 1mage data from the weighting matrix and
the low-resolution 1mage frequency data satisiying a
predetermined condition; and

(3) when the 1image data 1s converged the high-resolution
image, performing inverse Fourier transformation along,
a time axis to reconstruct the high-resolution 1image; or
when the 1mage data 1s not converged, updating the
welghting matrix by using a diagonal element of the
image data and repeating the step (2) with the updated
welghting matrix until the image data 1s converged to the
high-resolution 1mage.

8. The method as claimed 1n claim 7, wherein the low-
resolution 1mage frequency data satisiying a predetermined
condition 1n the step (2) 1s calculated by Lagrangian transior-
mation.

9. The method as claimed 1n claim 8, wherein when a
Fourier transform transtormed by the Lagrangian transforma-
tion 1s replaced by a Fourier transform applied along a time
axis and Radon transformation, the FOCUSS algorithm 1s
applied with respect to radial data 1n k or k-t space.

10. The method as claimed 1n claim 9, wherein the radial
data corresponds to downsampled data obtained at a uniform
angle.

11. The method as claimed 1n claim 8, wherein when a
Fourier transform transtformed by the Lagrangian transforma-
tion 1s replaced by a Fournier transform applied along a time
axis and Radon transformation, the FOCUSS algorithm 1s
applied with respect to spiral data in k or k-t space.

12. The method as claimed 1n claim 11, wherein the spiral
data corresponds to downsampled data obtained at a uniform
angle.
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13. The method as claimed in claim 7, wherein the updating
of weighting matrix in the step (3) 1s performed by applying
a power factor to absolute value of the diagonal element.

14. The method as claimed 1n claim 13, wherein the power
factor 1s in the range of 0.5 to 1.

15. A method for forming a high-resolution image of an
object, the method comprising the steps of:

(a) downsampling data representative of an image of the
object at a rate lower than Nyquist sampling rate, the
downsampled data being rveceived from the object after
applying incident vradiation to the object using a medical
device;

(D) transforming the downsampled data into low-resolu-
tion initial estimation data using the medical device
applying a transformation to the downsampled data,

(¢) reconstructing, using the medical device, the high-reso-
[ution image from the transformed low-resolution initial
estimation data by applving a focal undevdetermined
system solver (FOCUSS) algorithm; and

(d) displaying the high-resolution image using a display
Jor providing the high-vesolution image for examining
the object.

16. The method as claimed in claim 15, wherein, when the
image is a still image, the data vepresentative of the image
corresponds to projection data obtained by a magnetic reso-
nance imaging scheme, and the data vepresentative of the
image corrvesponds to vadial data, the step (b) is performed by
inverse Radon transformation.

17. The method as claimed in claim 15, wherein, when the
image is a still image and the data representative of the image
corvesponds to spival data, the step (b) is performed by
inverse Fourier transformation.

18. The method as claimed in claim 13, wherein, when the
image is a moving image, the method is performed in k-t space
or k space.

19. The method as claimed in claim 18, wherein the step (a)
is performed by obtaining all data in a frequency encoding
dirvection during a predetermined periodin a time domain and
sparse data in a phase encoding divection according to each
period.

20. The method as claimed in claim 18, wherein the step (b)
is performed by a two-dimensional Fourier transformation.

21. The method as claimed in claim 15, wherein the step (c)
further comprises the steps of: (1) calculating a weighting
matrix from the low-resolution initial estimation data; (2)
calculating image data from the weighting matrix and the
low-resolution initial estimation data satisfving a predeter-
mined condition; and (3) if the calculated image data of step
(2) is convergent into the high-resolution image, performing
an inverse Fourier transformation along a time axis to recon-
struct the high-resolution image; and if the calculated image
data is not convergent into the high-resolution image, updat-
ing the weighting matrix by using a diagonal element of the
initial estimation data and repeating the step (2) with the
updated weighting matrix until the calculated image data is
convergent into the high-resolution image, and performing an
inverse Fourier transformation along a time axis to recon-

struct the high-vesolution image.

22. The method as claimed in claim 21, wherein the low-
resolution initial estimation data satisfying a predetermined
condition in the step (2) is calculated by a Lagrangian trans-
formation.

23. The method as claimed in claim 22, wherein the
FOCUSS algorithm is applied with respect to radial or spival
data in k or k-t space.
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24. The method as claimed in claim 23, wherein the radial
or spirval data corresponds to the downsampled data obtained
at a uniform angle.

25. The method as claimed in claim 21, wherein the updat-
ing of weighting matvix in the step (3) is performed by apply-
ing a power factor to an absolute value of the diagonal
element of the initial estimation data.

26. The method as claimed in claim 25, wherein the power
factor is in the range of 0.5 to 1.

27. The method as claimed in claim 15, wherein for a still
image the step (c) further comprises the steps of: (1) calcu-
lating a weighting matvix from the low-resolution initial esti-
mation data; (2) calculating image data from the weighting
matrix and the low-resolution initial estimation data satisfy-
ing a predetermined condition; and (3) if the calculated
image data of step (2) is convergent into the high-vesolution
image, providing the calculated image data as the high-reso-
lution image; and if the calculated image data is not conver-
gent into the high-vesolution image, updating the weighting
matrix by using a diagonal element of the initial estimation
data and rvepeating the step (2) with the updated weighting
matrix until the calculated image data is convergent into the
high-resolution image.

28. The method as claimed in claim 15, wherein for a
moving image the step (c) further comprises the steps of: (1)
calculating a weighting matrix from the low-resolution initial
estimation data; (2) calculating image data from the weight-
ing matrix and the low-resolution initial estimation data sat-
isfving a predetermined condition; and (3) if the calculated
image data of step (2) is convergent into the high-resolution
image, performing an inverse Fourier transformation of the
calculated image data along a time axis to veconstruct the
high-resolution image; and if the calculated image data is not
convergent into the high-rvesolution image, updating the
weighting matrix by using a diagonal element of the initial
estimation data and vepeating the step (2) with the updated
weighting matvix until the calculated image data is conver-
gent into the high-resolution image.

29. A magnetic resonance imaging apparatus COmprising:

a medical device for downsampling data representative of
an image of the object at a rate lower than Nyqguist
sampling rate, the downsampled data being received
from the object after applying incident radiation to the
object using a medical device; transforming the down-
sampled data into low-resolution initial estimation data
by applving a transformation to the downsampled data;
and reconstructing a high-vesolution image from the
transformed low-resolution initial estimation data by
applying a focal underdetermined system solver (IFO-
CUSS) algorithm; and

a display for displayving the high-resolution image for pro-
viding the high-vesolution image for examining the
object.

30. A method for forming a high-resolution image of an

object, the method comprising the steps of:

(a) downsampling data representative of an image of the
object at a rate lower than Nyquist sampling rate, the
downsampled data being received from the object after
applying incident vadiation to the object using a medical
device;

(b) transforming the downsampled data into low-resolu-
tion initial estimation data using the medical device
applying a transformation to the downsampled data;

(c) reconstructing, using the medical device, the high-veso-
[ution image from the transformed low-resolution initial
estimation data by applying a sparse recovery algorithm
to the low-resolution initial estimation data, which algo-
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vithm multiplies the low-resolution initial estimation
data by a weighting factor; and

(d) displaving the high-resolution image using a display

Jor providing the high-vesolution image for examining
the object.

31. The method as claimed in claim 30, wherein the step (c)
further comprises the steps of: (1) calculating the weighting
matrix from the low-resolution initial estimation data; (2)
calculating image data from the weighting matrix and the
low-resolution initial estimation data satisfving a predeter-
mined condition; and (3) if the calculated image data of step
(2) is convergent into the high-resolution image, performing
an inverse Fourier transformation along a time axis to recon-
struct the high-resolution image; and if the calculated image
data is not convergent into the high-resolution image, updat-
ing the weighting matrix by using a diagonal element of the
initial estimation data and repeating the step (2) with the
updated weighting matvix until the calculated image data is
convergent into the high-resolution image, and performing an
inverse Fourier transformation along a time axis to rvecon-
struct the high-vesolution image.

32. A magnetic resonance imaging apparatus COmprising.

a medical device for downsampling data vepresentative of

the image of the object at a rate lower than Nyquist

sampling rate, the downsampled data being rveceived

from the object after applying incident radiation to the
object using a medical device; transforming the down-
sampled data into low-resolution initial estimation data
by applving a transformation to the downsampled data;
and reconstructing a high-resolution image from the
transformed low-resolution initial estimation data by
applying a sparse vecovery algorithm to the low-resolu-
tion initial estimation data, which algorithm multiplies
the low-resolution initial estimation data by a weighting
factor; and

a display for displaying the high-resolution image for pro-
viding the high-resolution image for examining the
object.

33. A method for processing dynamic image data obtained

from a magnetic vesonance imaging (MRI) apparatus, for
forming a high resolution moving image of at least a portion
of aliving subject, the method comprising the following steps.

(a) downsampling a set of data representative of an moving
image of the moving object from the response radiation
at a rate lower than Nyqguist sampling rate, the down-
sampled data being received from the object after apply-
ing incident vadiation to the object using a medical
device;

(D) transforming the downsampled data into low-resolu-
tion initial estimation data using the medical device
applying a transformation to the downsampled data;

(c) reconstructing, using the medical device, the high-reso-
[ution moving image from the transformed low-resolu-
tion initial estimation data by applying a sparse recov-
ery algorithm to the low-resolution initial estimation
data, which algorithm multiplies the low-resolution ini-
tial estimation data by a weighting factor; and

(d) displaving the high-resolution moving image using a
display for providing the high-vesolution moving image
for examining the moving object.

34. The method as claimed in claim 33, wherein the
dyvnamic image data is vepresentative of blood flow as the
moving object in the portion of a living subject imaged by the
MRI apparatus.
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35. The method as claimed in claim 33, wherein the
dyvnamic image data is vepresentative of a beating heart as the
moving object in the living subject imaged by the MRI appa-
ratus.

d 36. The method as claimed in claim 33, wherein the sparse
recovery algorithm comprises a focal undevdetermined sys-
tem solver (FOCUSS) algorithm.

37. A magnetic resonance imaging apparatus for perform-
ing a high resolution image reconstruction on data represen-
tative of an image of an object, the magnetic resonance imag-
Ing apparatus comprising:

a medical device for downsampling a set of the data vep-

resentative of the image of the object at a rate lower than

Nyquist sampling rate, the downsampled data being

10

15 received from the object after applving incident radia-
tion to the object using a medical device; transforming
the downsampled data into low-resolution initial esti-
mation data by applying a transformation to the down-

y sampled data; and rvecomnstructing a high-vesolution

image from the transformed low-resolution initial esti-
mation data by applyving a sparse vecovery algorithm to
the low-resolution initial estimation data, which algo-
vithm multiplies the low-resolution initial estimation
data by a weighting factor,; and

a display for displayving the high-resolution image for pro-
viding the high-vesolution image for examining the
object.

38. The magnetic resonance imaging apparatus of claim
37, wherein the sparse recovery algorithm comprises a focal
underdetermined system solver (FOCUSS) algorithm.

39. A parallel imaging method for processing magnetic
resonance imaging (MRI) data obtained by the use of multiple
coils of an MRI apparatus, for forming a high resolution
image of an object, the method comprising:

(a) down sampling a set of MRI data from each of a respec-
tive one of the multiple coils at a vate lower than Nyquist
sampling rate, the downsampled data being received
from the object after applyving incident radiation to the
object using a medical device, wherve each set of MRI
data is vepresentative of the object;

(b) transforming each of the down sampled data sets into
low-resolution initial estimation data sets using the
medical device applying a transformation to the
obtained data sets; and

(c) reconstructing, using the medical device, the high-reso-
[ution image from the transformed low-resolution initial
estimation data sets by applyving a sparse vecovery algo-
rithm to the low-resolution initial estimation data, which
algorithm multiplies the low-resolution initial estima-
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>0 tion data by a weighting factor; and
(d) displaying the high-resolution image using a display
Jor providing the high-resolution image for examining
the object.
s 40. The method as claimed in claim 39, wherein the sparse

recovery algorithm comprises a focal underdetermined sys-
tem solver (FOCUSS) algorithm.

4]. The method as claimed in claim 39, wherein the mul-
tiple coils are parallel coils.

42. The method as claimed in claim 15, wherein the trans-
U formation is selected from a Fourier transformation, an
inverse Fourier transformation, a Radon transformation, and
an inverse Radon transformation.
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