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1
LOCALIZED AND HIGHLY CONSTRAINED
IMAGE RECONSTRUCTION METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based on U.S. Provisional Patent Appli-
cation Ser. No. 60/901,728 filed on Feb. 19, 2007 and entitled
“LOCALIZED AND HIGHLY CONSTRAINED IMAGE
RECONSTRUCTION METHOD.”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
Grant No. HL.72260 awarded by the National Institute of
Health. The United States Government has certain rights in
this invention.

BACKGROUND OF THE INVENTION

The field of the invention is medical imaging and particu-
larly, methods for reconstructing images from acquired image
data.

Magnetic resonance imaging (MRI) uses the nuclear mag-
netic resonance (NMR) phenomenon to produce images.
When a substance such as human tissue is subjected to a
uniform magnetic field (polarizing field B,), the individual
magnetic moments of the spins in the tissue attempt to align
with this polarizing field, but process about it in random order
at their characteristic Larmor frequency. If the substance, or
tissue, is subjected to a magnetic field (excitation field B))
which is in the x-y plane and which is near the Larmor
frequency, the net aligned moment, M, may be rotated, or
“tipped”, into the x-y plane to produce a net transverse mag-
netic moment M,. A signal is emitted by the excited spins, and
after the excitation signal B, is terminated, this signal may be
received and processed to form an image.

When utilizing these signals to produce images, magnetic
field gradients (G, Gyand G,) are employed. Typically, the
region to be imaged is scanned by a sequence of measurement
cycles in which these gradients vary according to the particu-
lar localization method being used. Each measurement is
referred to in the art as a “view” and the number of views
determines the quality of the image. The resulting set of
received NMR signals, or views, or k-space samples, are
digitized and processed to reconstruct the image using one of
many well known reconstruction techniques. The total scan
time is determined in part by the length of each measurement
cycle, or “pulse sequence”, and in part by the number of
measurement cycles, or views, that are acquired for an image.
There are many clinical applications where total scan time for
an image of prescribed resolution and SNR is a premium, and
as a result, many improvements have been made with this
objective in mind.

Projection reconstruction methods have been known since
the inception of magnetic resonance imaging and this method
is again being used as disclosed in U.S. Pat. No. 6,487,435.
Rather than sampling k-space in a rectilinear, or Cartesian,
scan pattern as is done in Fourier imaging and shown in FIG.
2 A, projection reconstruction methods sample k-space with a
series of views that sample radial lines extending outward
from the center of k-space as shown in FIG. 2B. The number
of views needed to sample k-space determines the length of
the scan and if an insufficient number of views are acquired,
streak artifacts are produced in the reconstructed image. The
technique disclosed in U.S. Pat. No. 6,487,435 reduces such
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2

streaking by acquiring successive undersampled images with
interleaved views and sharing peripheral k-space data
between successive image frames.

In a computed tomography (“CT”) system, an X-ray source
projects a fan-shaped beam which is collimated to lie within
an X-Y plane of a Cartesian coordinate system, termed the
“image plane.” The x-ray beam passes through the object
being imaged, such as a medical patient, and impinges upon
an array of radiation detectors. The intensity of the transmit-
ted radiation is dependent upon the attenuation of the x-ray
beam by the object and each detector produces a separate
electrical signal that is a measurement of the beam attenua-
tion. The attenuation measurements from all the detectors are
acquired separately to produce what is called the “transmis-
sion profile”.

The source and detector array in a conventional CT system
are rotated on a gantry within the imaging plane and around
the object so that the angle at which the x-ray beam intersects
the object constantly changes. The transmission profile from
the detector array at a given angle is referred to as a “view”
and a “scan” of the object comprises a set of views made at
different angular orientations during one revolution of the
x-ray source and detector. In a 2D scan, data is processed to
construct an image that corresponds to a two dimensional
slice taken through the object.

As with MRI, there are a number of clinical applications
for x-ray CT where scan time is at a premium. In time-
resolved angiography, for example, a series of image frames
are acquired as contrast agent flows into the region of interest.
Each image is acquired as rapidly as possible to obtain a
snapshot that depicts the inflow of contrast. This clinical
application is particularly challenging when imaging coro-
nary arteries or other vessels that require cardiac gating to
suppress motion artifacts.

There are two methods used to reconstruct images from an
acquired set of projection views as described, for example, in
U.S. Pat. No. 6,710,686. In MRI the most common method is
to regrid the k-space samples from their locations on the
radial sampling trajectories to a Cartesian grid. The image is
then reconstructed by performing a 2D or 3D Fourier trans-
formation of the regridded k-space samples. The second
method for reconstructing an MR image is to transform the
radial k-space projection views to Radon space by first Fou-
rier transforming each projection view. An image is recon-
structed from these signal projections by filtering and back-
projecting them into the field of view (FOV). As is well
known in the art, if the acquired signal projections are insuf-
ficient in number to satisty the Nyquist sampling theorem,
streak artifacts are produced in the reconstructed image.

The prevailing method for reconstructing an image from
2D x-ray CT data is referred to in the art as the filtered
backprojection technique. This backprojection process is
essentially the same as that used in MR image reconstruction
discussed above and it converts the attenuation signal mea-
surements acquired in the scan into integers called “CT num-
bers” or “Hounsfield units”, which are used to control the
brightness of a corresponding pixel on a display.

The standard backprojection method used in both the MRI
and x-ray CT is graphically illustrated in FIG. 3. Each
acquired signal projection profile 10 is backprojected onto the
field of view 12 by projecting each signal sample 14 in the
profile 10 through the FOV 12 along the projection path as
indicted by arrows 16. In backprojecting each signal sample
14 into the FOV 12 no a priori knowledge of the subject being
imaged is used and the assumption is made that the signals in
the FOV 12 are homogeneous and that the signal sample 14
should be distributed equally in each pixel through which the
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projection path passes. For example, a projection path 8 is
illustrated in FIG. 3 for a single signal sample 14 in one signal
projection profile 10 as it passes through N pixels in the FOV
12. The signal value (P) of this signal sample 14 is divided up
equally between these N pixels:

S, =(Px1)/N M

where: S,, is the signal value distributed to the n pixel in a
projection path having N pixels.

Clearly, the assumption that the backprojected signal in the
FOV 12 is homogeneous is not correct. However, as is well
known in the art, if certain corrections are made to each signal
profile 10 and a sufficient number of profiles are acquired at a
corresponding number of projection angles, the errors caused
by this faulty assumption are minimized and image artifacts
are suppressed. In a typical, filtered backprojection method of
image reconstruction, 400 projections are required for a 256x
256 pixel 2D image and 203,000 projections are required for
a256x256x256 voxel 3D image.

Recently a new image reconstruction method known in the
art as “HYPR” and described in co-pending U.S. patent appli-
cation Ser. No. 11/482,372, filed on Jul. 7, 2006 and entitled
“Highly Constrained Image Reconstruction Method” was
disclosed and is incorporated by reference into this applica-
tion. With the HYPR method a composite image is recon-
structed from acquired data to provide a priori knowledge of
the subject being imaged. This composite image is then used
to highly constrain the image reconstruction process. HYPR
may be used in a number of different imaging modalities
including magnetic resonance imaging (MRI), x-ray com-
puted tomography (CT), positron emission tomography
(PET), single photon emission computed tomography
(SPECT) and digital tomosynthesis (DTS).

As shown in FIG. 1, for example, when a series of time-
resolved images 2 are acquired in a dynamic study, each
image frame 2 may be reconstructed using a very limited set
of'acquired views. However, each such set of views is inter-
leaved with the views acquired for other image frames 2, and
after a number of image frames have been acquired, a suffi-
cient number of different views are available to reconstruct a
quality composite image 3 for use according to the HYPR
method. A composite image 3 formed by using all the inter-
leaved projections is thus much higher quality, and this higher
quality is conveyed to the image frame by using the highly
constrained image reconstruction method 4. The image
frames 2 may also be acquired in a dynamic study in which
the dosage (e.g., x-ray) or exposure time (e.g., PET or
SPECT) is reduced for each image frame. In this case the
composite image is formed by accumulating or averaging
measurements from the series of acquired image frames. The
highly constrained reconstruction 4 of each image frame 2
conveys the higher SNR of this composite image to the result-
ing reconstructed image.

A discovery of the HYPR method is that good quality
images can be produced with far fewer projection signal
profiles if a priori knowledge of the signal contour in the FOV
12 is used in the reconstruction process. Referring to FIG. 4,
for example, the signal contour in the FOV 12 may be known
to include structures such as blood vessels 18 and 20. That
being the case, when the backprojection path 8 passes through
these structures a more accurate distribution of the signal
sample 14 in each pixel is achieved by weighting the distri-
bution as a function of the known signal contour at that pixel
location. As aresult, a majority of the signal sample 14 will be
distributed in the example of FIG. 4 at the backprojection
pixels that intersect the structures 18 and 20. For a back-
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projection path 8 having N pixels this highly constrained
backprojection may be expressed as follows:

@

5, = (chn)/ZN] c,
n=1

where: S, =the backprojected signal magnitude at a pixel n
in an image frame being reconstructed;

P=the signal sample value in the projection profile being
backprojected; and

C,=signal value of an a priori composite image at the n”
pixel along the backprojection path. The composite image is
reconstructed from data acquired during the scan, and may
include that used to reconstruct the image frame as well as
other acquired image data that depicts the structure in the field
of view.

The numerator in equation (2) weights each pixel using the
corresponding signal value in the composite image and the
denominator normalizes the value so that all backprojected
signal samples reflect the projection sums for the image frame
and are not multiplied by the sum of the composite image.

While the normalization can be performed on each pixel
separately after the backprojection, in many clinical applica-
tions it is far easier to normalize the projection P before the
backprojection. In this case, the projection P is normalized by
dividing by the corresponding value P in a projection through
the composite image at the same view angle. The normalized
projection P/P, is then backprojected and the resulting image
is then multiplied by the composite image.

A 3D embodiment of the highly constrained backprojec-
tion is shown pictorially in FIG. 5 for a single 3D projection
view characterized by the view angles 6 and ¢. This projection
view is back projected along axis 16 and spread into a Radon
plane 21 at a distance r along the back projection axis 16.
Instead of a filtered back projection in which projection signal
values are filtered and uniformly distributed into the succes-
sive Radon planes, along axis 16, the projection signal values
are distributed in the Radon plane 21 using the information in
the composite image. The composite image in the example of
FIG. 5 contains vessels 18 and 20. The weighted signal con-
tour value is deposited at image location X, y, z in the Radon
plane 21 based on the intensity at the corresponding location
X, y, Z in the composite image. This is a simple multiplication
of'the backprojected signal profile value P by the correspond-
ing composite image voxel value. This product is then nor-
malized by dividing the product by the projection profile
value from the corresponding image space projection profile
formed from the composite image. The formula for the 3D
reconstruction is

Ixy2)=2(P00.0)* Cx,7) 0,4/ P(1,0.9))

where the sum (2) is over all projections in the image frame
being reconstructed and the X, y, z values in a particular Radon
plane are calculated using the projection profile value P(r,0,4)
at the appropriate r,0,¢ value for that plane. P_(r,0,¢) is the
corresponding projection profile value from the composite
image, and C(X,y,7), o 4, is the composite image value at (1,0,

(22)

The HYPR method works well under certain circum-
stances. First, HYPR works best with “sparse” data sets in
which the subject of interest in the field of view occupies a
small fraction of the image space. In the limit of extremely
sparse images or images with complete spatio-temporal cor-
relation the HYPR reconstruction method provides nearly
exact reconstruction. As the sparsity and spatio-temporal cor-
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relation deteriorate the accuracy of the HYPR reconstruction
decreases and local signals can be altered due to the influence
of signals elsewhere in the field of view that have different
temporal behavior.

SUMMARY OF THE INVENTION

The present invention is a new method for producing medi-
cal images, and particularly, an improved method for produc-
ing an image using the HYPR reconstruction method. An
initial frame derived from limited data is used to produce a
normalized weighting image that is multiplied by a high
quality composite image to produce a higher quality image
frame. The normalized weighting image is produced by blur-
ring the initial image frame with a filter and dividing the
blurred image frame with a similarly blurred version of the
composite image. Where the initial image frame is limited
due to undersampling, the version of the composite image
used to produce the normalized weighting image is “limited”
to the same undersampled views embodied in the initial
image frame.

A general object of the invention is to improve the quality
of'an image frame produced with limited data. The data may
be limited in the sense that an image frame having a low
signal-to-noise ratio (“SNR”) is produced and/or it is limited
in the sense that it is produced from views that undersample
acquisition space (e.g., k-space or Radon space). In either
case the higher quality of the composite image is imbued in
the image frame by the present invention.

Another general object of the invention is to improve the
performance of the HYPR reconstruction method when non-
sparse data sets are acquired. To reduce the influence of
distant signals in the field of view (FOV) of an image being
reconstructed with the HYPR method, the field of view can be
divided into smaller segments which are separately recon-
structed. Only those portions of the projection views that
forward project through the smaller segment being recon-
structed are used in the HYPR reconstruction of that segment.
The reconstructed smaller image segments are then combined
to provide a reconstructed image of the entire FOV. This is
shown pictorially in FIG. 19 where projections P1, P2 ... P,
are backprojected over a limited segment S(x,y) of the entire
FOV 5. As the size of each segment S(x,y) decreases and the
number of segments increases, this “localized” HYPR recon-
struction can be viewed as segmentation into small regions
surrounding each image pixel I(x,y). The value for the inten-
sity I(x,y) is obtained by summing all the backprojected val-
ues P1,,,, through Pn,,,, within the segment S(x,y):

I(x,y)=sum(P1,,—Pny,,)=sum(nearest neighbors)=I(x,
y)xlocal kernel.

The intensity at each pixel I(x,y) becomes the sum of the
nearest neighbors of pixel x,y, which is a convolution of I(x,y)
with a uniform limited kernel. This is equivalent to a low pass
filtered version of the reconstructed image frame. More spe-
cifically, a low pass filtered version of the image frame is
normalized by dividing it by a low pass filtered version of the
composite image and the resulting normalized weighting
image is then multiplied by the full resolution composite
image. The low pass filtering operations can be performed in
Radon space or k-space, or they can be performed in image
space. This localized HYPR reconstruction uses signals
within a local volume, or segment, surrounding each pixel
and cross-talk from signals produced elsewhere in the field of
view is eliminated.

Another object of the invention is to avoid the need for
Radon transformations or back projection operations. The
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localized HYPR reconstruction can be carried out with a
series of low pass filtering operations, a division operation
and a multiplication operation. These operations can be car-
ried out in acquisition space (e.g., Radon space or k-space) or
image space.

Yet another object of the invention is to provide a HYPR
reconstruction method that can be used with data acquired by
many different imaging modalities and with many different
sampling patterns. The method can be used to reconstruct
images from data acquired by an MRI system, an x-ray CT
system, a PET scanner or a SPECT scanner. When used in an
MRI system the k-space data can be acquired using any
sampling trajectory. The method can also be used to enhance
radiographic images.

The foregoing and other objects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying drawings
which form a part hereof, and in which there is shown by way
of'illustration a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
the invention, however, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a pictorial view illustrating the application of the
present invention to medical imaging applications;

FIG. 2A is a graphic illustration of the manner in which
k-space is sampled during a typical Fourier, or spin-warp,
image acquisition using an MRI system;

FIG. 2B is a graphic illustration of the manner in which
k-space is sampled during a typical projection reconstruction
image acquisition using an MRI system;

FIG. 3 is a pictorial representation of a conventional back-
projection step in an image reconstruction process;

FIG. 4 is a pictorial representation of the highly con-
strained 2D backprojection step according to the present
invention;

FIG. 5 is a pictorial representation of the highly con-
strained 3D backprojection according to the present inven-
tion;

FIG. 6 is a block diagram of a magnetic resonance imaging
(MRI) system used to practice the present invention;

FIG. 7 is a pulse sequence used in the MRI system of FIG.
6 to practice one embodiment of the invention;

FIG. 8 is a pictorial representation of the k-space data
sampled using the pulse sequence of FIG. 7;

FIG. 9 is a flow chart of a preferred embodiment of the
invention used in the MRI system of FIG. 6 with the pulse
sequence of FIG. 7;

FIG. 10 is a flow chart of one preferred method for recon-
structing a HYPR image frame that forms part of the method
of F1IG. 9;

FIG. 11 is a flow chart of another preferred method for
reconstructing a HYPR image frame;

FIG. 12 is a pulse sequence used in the MRI system of FI1G.
6 to practice another embodiment of the invention;

FIG. 13 is a flow chart of a preferred embodiment of the
invention used in the MRI system of FIG. 6;

FIG. 14 is a flow chart of the highly constrained image
reconstruction method used in the method of FIG. 13;

FIG. 15 is a pictorial representation of the process depicted
in FIG. 13;

FIG. 16 is a flow chart of another preferred embodiment of
the invention;

FIG. 17 is a flow chart of the alternative method for use in
the procedure of FIG. 16; and
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FIG. 18 is a flow chart of another alternative method foruse
in the procedure of FIG. 16.

FIG. 19 is a pictorial representation of the HYPR recon-
struction of a segment of the field of view which forms part of
the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention may be applied to many different
medical imaging modalities and to many different clinical
applications. While the preferred embodiment described
below employs an MRI system that acquires projection views
of the subject being imaged, other imaging modalities may
also employ this invention and sampling trajectories other
than radial projection views may be acquired.

Referring particularly to FIG. 6, a preferred embodiment of
the invention is employed in an MRI system. The MRI system
includes a workstation 110 having a display 112 and a key-
board 114. The workstation 110 includes a processor 116
which is a commercially available programmable machine
running a commercially available operating system. The
workstation 110 provides the operator interface which
enables scan prescriptions to be entered into the MRI system.

The workstation 110 is coupled to four servers: a pulse
sequence server 118; a data acquisition server 120; a data
processing server 122, and a data store server 23. In the
preferred embodiment the data store server 123 is performed
by the workstation processor 116 and associated disc drive
interface circuitry. The remaining three servers 118, 120 and
122 are performed by separate processors mounted in a single
enclosure and interconnected using a 64-bit backplane bus.
The pulse sequence server 118 employs a commercially
available microprocessor and a commercially available quad
communication controller. The data acquisition server 120
and data processing server 122 both employ the same com-
mercially available microprocessor and the data processing
server 122 further includes one or more array processors
based on commercially available parallel vector processors.

The workstation 110 and each processor for the servers 18,
20 and 22 are connected to a serial communications network.
This serial network conveys data that is downloaded to the
servers 118, 120 and 122 from the workstation 110 and it
conveys tag data that is communicated between the servers
and between the workstation and the servers. In addition, a
high speed data link is provided between the data processing
server 122 and the workstation 110 in order to convey image
data to the data store server 123.

The pulse sequence server 118 functions in response to
program elements downloaded from the workstation 110 to
operate a gradient system 124 and an RF system 126. Gradi-
ent waveforms necessary to perform the prescribed scan are
produced and applied to the gradient system 124 which
excites gradient coils in an assembly 128 to produce the
magnetic field gradients Gy, G and G, used for position
encoding NMR signals. The gradient coil assembly 128
forms part of a magnet assembly 130 which includes a polar-
izing magnet 132 and a whole-body RF coil 134.

RF excitation waveforms are applied to the RF coil 134 by
the RF system 126 to perform the prescribed magnetic reso-
nance pulse sequence. Responsive NMR signals detected by
the RF coil 134 are received by the RF system 126, amplified,
demodulated, filtered and digitized under direction of com-
mands produced by the pulse sequence server 118. The RF
system 126 includes an RF transmitter for producing a wide
variety of RF pulses used in MR pulse sequences. The RF
transmitter is responsive to the scan prescription and direction
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from the pulse sequence server 118 to produce RF pulses of
the desired frequency, phase and pulse amplitude waveform.
The generated RF pulses may be applied to the whole body
RF coil 134 or to one or more local coils or coil arrays.

The RF system 126 also includes one or more RF receiver
channels. Each RF receiver channel includes an RF amplifier
that amplifies the NMR signal received by the coil to which it
is connected and a quadrature detector which detects and
digitizes the I and Q quadrature components of the received
NMR signal. The magnitude of the received NMR signal may
thus be determined at any sampled point by the square root of
the sum of the squares of the I and Q components:

MV

and the phase of the received NMR signal may also be deter-
mined:

¢=tan"'Q/L.

The pulse sequence server 118 also optionally receives
patient data from a physiological acquisition controller 136.
The controller 136 receives signals from a number of different
sensors connected to the patient, such as ECG signals from
electrodes or respiratory signals from a bellows. Such signals
are typically used by the pulse sequence server 118 to syn-
chronize, or “gate”, the performance of the scan with the
subject’s respiration or heart beat.

The pulse sequence server 118 also connects to a scan room
interface circuit 138 which receives signals from various
sensors associated with the condition of the patient and the
magnet system. It is also through the scan room interface
circuit 138 that a patient positioning system 140 receives
commands to move the patient to desired positions during the
scan.

It should be apparent that the pulse sequence server 118
performs real-time control of MRI system elements during a
scan. As a result, it is necessary that its hardware elements be
operated with program instructions that are executed in a
timely manner by run-time programs. The description com-
ponents for a scan prescription are downloaded from the
workstation 110 in the form of objects. The pulse sequence
server 118 contains programs which receive these objects and
converts them to objects that are employed by the run-time
programs.

The digitized NMR signal samples produced by the RF
system 126 are received by the data acquisition server 120.
The data acquisition server 120 operates in response to
description components downloaded from the workstation
110 to receive the real-time NMR data and provide buffer
storage such that no data is lost by data overrun. In some scans
the data acquisition server 120 does little more than pass the
acquired NMR data to the data processor server 122. How-
ever, in scans which require information derived from
acquired NMR data to control the further performance of the
scan, the data acquisition server 120 is programmed to pro-
duce such information and convey it to the pulse sequence
server 118. For example, during prescans NMR data is
acquired and used to calibrate the pulse sequence performed
by the pulse sequence server 118. Also, navigator signals may
be acquired during a scan and used to adjust RF or gradient
system operating parameters or to control the view order in
which k-space is sampled. And, the data acquisition server
120 may be employed to process NMR signals used to detect
the arrival of contrast agent in an MRA scan. In all these
examples the data acquisition server 120 acquires NMR data
and processes it in real-time to produce information which is
used to control the scan.
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The data processing server 122 receives NMR data from
the data acquisition server 120 and processes it in accordance
with description components downloaded from the worksta-
tion 110. Such processing may include, for example: Fourier
transformation of raw k-space NMR data to produce two or
three-dimensional images; the application of filters to a
reconstructed image; the performance of a backprojection
image reconstruction of acquired NMR data; the calculation
of functional MR images; the calculation of motion or flow
images, etc. As will be described in more detail below, the
present invention is implemented by the MRI system in
response to a program executed by the data processing server
122.

Images reconstructed by the data processing server 122 are
conveyed back to the workstation 110 where they are stored.
Real-time images are stored in a data base memory cache (not
shown) from which they may be output to operator display
112 or a display 142 which is located near the magnet assem-
bly 130 for use by attending physicians. Batch mode images
or selected real time images are stored in a host database on
disc storage 144. When such images have been reconstructed
and transferred to storage, the data processing server 122
notifies the data store server 123 on the workstation 110. The
workstation 110 may be used by an operator to archive the
images, produce films, or send the images via a network to
other facilities.

To practice the preferred embodiment of the invention
NMR data is acquired using a projection reconstruction, or
radial, pulse sequence such as that shown in FIG. 7. This is a
fast gradient-recalled echo pulse sequence in which a selec-
tive, asymmetrically truncated sinc rf excitation pulse 200 is
produced in the presence of a slice-select gradient 202. This
pulse sequence may be used to acquire a single 2D slice by
sampling in a single k-space circular plane, or it may be used
to sample a plurality of circular k-space planes as shown at
204, 206 and 208 in FIG. 8. When multiple 2D slices are
acquired the gradient 202 is a slab select gradient followed by
a phase encoding gradient lobe 210 and a rewinder gradient
lobe 212 of opposite polarity. This axial, phase encoding
gradient 210 is stepped through values during the scan to
sample from each of the 2D k-space planes 204, 206 and 208.

Two in-plane readout gradients 214 and 216 are played out
during the acquisition of an NMR echo signal 218 to sample
k-space in a 2D plane 204, 206 or 208 along a radial trajec-
tory. These in-plane gradients 214 and 216 are perpendicular
to the axial gradient and they are perpendicular to each other.
During a scan they are stepped through a series of values to
rotate the view angle of the radial sampling trajectory as will
be described in more detail below. Each of the in-plane read-
out gradients is preceded by a prephasing gradient lobe 220
and 222 and followed by a rewinder gradient lobe 224 and
226.

To practice another preferred embodiment of the invention
a pulse sequence is used which acquires data as 3D radial
projections as shown in FIG. 12. The sequence is imple-
mented on the above described MRI system equipped with a
high-performance gradient subsystem (40 mT/m maximum
amplitude and 150 T/m/sec maximum slew rate). Either full-
echo or partial-echo readouts can be performed during a data
acquisition window 199. If partial echo is chosen, the bottom
half of k-space (k,<0) is only partially acquired. Because of
the large FOV in all directions, a non-selective radio-fre-
quency (RF) pulse 209 can be used to produce transverse
magnetization throughout the image FOV.

A gradient-recalled NMR echo signal 203 is produced by
spins in the excited FOV and acquired in the presence of three
readout gradients 201, 211 and 207. Since a slab-select gra-
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dient is not required, the readout gradient waveforms G, G,
and G, have a similar form. This symmetry is interrupted only
by the need to spoil the sequence, which is accomplished by
playing a dephasing gradient lobe 205. The G,, G, and G,
readout gradients 201 and 211 are rewound by respective
gradient pulses 213 and 215 to achieve steady state.

The readout gradient waveforms G,, G, and G, are modu-
lated during the scan to sample radial trajectories at different
angles. The angular spacing is chosen such that a uniform
distribution of k-space sample points occurs at the peripheral
boundary (k,,,,) of the sampled k-space sphere. Although
several methods of calculating the distribution are known, a
method which evenly distributes the projections by sampling
the spherical surface with a spiral trajectory, with the condi-
tions of constant path velocity and surface area coverage is
used. This solution also has the benefit of generating a con-
tinuous sample path, which reduces gradient switching and
eddy currents. For N total projections, the equations for the
gradient amplitude as a function of projection number n are:

_2n-1 (5)

‘TN
Gy =cos(V2Nx sin’lGZ(n))\/ 1-G,(n? ©
@)

G, =cos(V2Nrn sin’lGZ(n))\/ 1-G,(n)?.

The readout gradient amplitudes for the n” pulse sequence
in this series is given by equations (5), (6) and (7). While ncan
be indexed from 1 to N in monotonic order during the scan, it
can be appreciated that other orders are possible. As will be
described below, the present invention enables the spherical
k-space to be sampled with far fewer projection views, which
results in a shorter scan time.

It should be apparent to those skilled in the art that sam-
pling trajectories other than the preferred straight line trajec-
tory extending from one point on the k-space peripheral
boundary, through the center of k-space to an opposite point
on the k-space peripheral boundary may also be used. As
mentioned above, one variation is to acquire a partial NMR
echo signal 203 which samples along a trajectory that does
not extend across the entire extent of the sampled k-space
volume. Another variation which is equivalent to the straight
line projection reconstruction pulse sequence is to sample
along a curved path rather than a straight line. Such pulse
sequences are described, for example, in “Fast Three Dimen-
sional Sodium Imaging”, MRM, 37:706-715, 1997 by F. E.
Boada, et al. and in “Rapid 3D PC-MRA Using Spiral Pro-
jection Imaging”, Proc. Intl. Soc. Magn. Reson. Med. 13
(2005) by K. V. Koladia et al and “Spiral Projection Imaging:
a new fast 3D trajectory”, Proc. Intl. Soc. Mag. Reson. Med.
13 (2005) by J. G. Pipe and Koladia. It should also be apparent
that the present invention may be employed with 3D as well as
2D versions of these sampling methods and use of the term
“pixel” herein is intended to refer to a location in either a 2D
or a 3D image.

The MRI system described above can be used in a wide
variety of clinical applications to acquire either 2D or 3D sets
of projection views that may be used to reconstruct one or
more images. The image reconstruction method of the present
invention is particularly useful in scans where one or more
image frames are reconstructed using less than all the
acquired projection views. In this application image artifacts
that would ordinarily be produced due to undersampling are
either eliminated or suppressed.
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The first embodiment of the image reconstruction method
directs the MRI system to acquire two-dimensional projec-
tion views and reconstruct a series of image frames that depict
the subject over a period of time. Referring particularly to
FIG. 9, sets of projection views are acquired from which a
series of image frames are to be reconstructed as indicated at
process block 225. The projection views in each set are few in
number (e.g., 10 views) and evenly distributed to sample
k-space as uniformly as possible as illustrated in FIG. 2.
Because of the low number of projection views that are
acquired, each image frame can be acquired in a very short
scan time, but because k-space is highly undersampled, streak
artifacts will occur in any image reconstructed using conven-
tional methods.

The next step as indicated at process block 227 is to com-
bine projection views that have been acquired from the sub-
ject of the examination and reconstruct a composite image.
This will typically include projection views acquired in a time
window surrounding acquisition of the current image frame
and which are interleaved with the views for the current image
frame. The composite image projections are much larger in
number than the image frame data set and the composite
image data set provides a more complete sampling of k-space.
As a result, the reconstructed composite image has a higher
signal-to-noise ratio (SNR) and streak artifacts are sup-
pressed. In the preferred embodiment this reconstruction
includes regridding the combined k-space projection data
into Cartesian coordinates and then performing an inverse
two-dimensional Fourier transformation (2 DFT) to produce
the composite image.

As indicated at process block 229, the next step is to recon-
struct a HYPR image frame in accordance with the localized
method of the present invention. There are a number of dif-
ferent ways to accomplish this, which will be described in
detail below with reference to FIGS. 10 and 11.

After the HYPR image frame has been reconstructed, a test
is made at decision block 243 to determine if additional image
frames are to be produced. If so, the system loops back
through process block 241 to reconstruct another composite
image as indicated at process block 277. In a dynamic study
of a subject, for example, a series of image frames are
acquired and reconstructed to depict how the subject changes
over a period of time. The projection views acquired during
the study are interleaved with each other so that they sample
different parts of k-space and a composite image is formed by
combining projection views that were acquired in a time
window centered on the image frame being HYPR recon-
structed. The width of this temporal window is set to include
enough projection views to adequately sample k-space such
that streak artifacts are suppressed and a high SNR is retained,
but not to include so many projection views that the temporal
resolution of the image frame is unduly reduced.

As indicated at process block 245, when the last image
frame has been reconstructed as determined at decision block
243, the reconstructed image frames are stored. The stored
image frames may be displayed one at a time or played out in
sequence to show how the subject changes during the
dynamic study.

It can be demonstrated that the SNR of each reconstructed
image frame is dominated by the SNR of the composite
image. SNR is calculated as the ratio of object signal level to
the noise standard deviation within the object and CNR is
calculated as the difference between the object and back-
grounds signal levels divided by the standard deviation of the
background noise. The overall SNR and CNR are limited by
a combination of the stochastic noise and the noise due to the
streak artifacts. It can be shown that the stochastic component
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of the SNR in the highly constrained backprojection recon-
struction of the present invention is given by:

SNRerpr=SNR composiee | 1+N/N 24Ny (NN 2] V2 3

where SNR..,,.,,.s 15 the SNR in the composite image, N, is
the number of image frames in the time series, N, is the
number of object pixels in the projection, N, is the number
of pixels in the projection (e.g., 256 for 2D or 256x256 for
3D), and N,, is the number of projections per image frame. If
N,, is on the order of 10 the SNR of the reconstructed HYPR
image frame is dominated by SNR ..., os:e-

The composite image may be acquired and reconstructed
in a number of different ways depending on the clinical appli-
cation. In the above embodiment of the invention the initial
composite image is reconstructed from interleaved views
acquired within a time window centered about the acquisition
time of the image frame being reconstructed. This is particu-
larly applicable to situations in which there is subject motion
or substantial changes in the subject during the dynamic
study. As indicated at process block 247 in FIG. 9, in other
clinical applications the initial composite image may also be
acquired during a separate scan that is not time constrained
and in which k-space is fully sampled. This enables a high
resolution, high SNR anatomical image of the subject to be
acquired and used as the composite image.

Referring particularly to FIG. 10, the first step in recon-
structing a HYPR image frame is to reproject a composite
data set C, from the composite image for the current image
frame, as indicated at process block 250. The current image
frame is comprised of a few projection views acquired at
selected view angles, and the reprojected composite data set
C, is produced by reprojecting the composite image at these
same view angles.

The next step as indicated at process block 252 is to blur the
composite data set C,. This is accomplished by Fourier trans-
forming each projection view in the data set C, and then
multiplying the resulting k-space projection by a Fourier
transformed filter kernel described in more detail below.

As indicated at process block 254, a composite image C, is
then reconstructed from the blurred data set C,. This is a
conventional image reconstruction such as regridding the
radial k-space data to Cartesian coordinates followed by an
inverse Fourier transformation. The resulting limited com-
posite image C, will contain streak artifacts due to under
sampling, however, these streak artifacts will be substantially
the same as in the image frame to follow since the same view
angles are contained in each.

As indicated by process block 256 the k-space projection
views for the current image frame are also blurred with a
Fourier transformed filter kernel. This is accomplished by
multiplying each k-space projection view using the same
filter described above for the composite data set C,. A blurred
current image frame T is then reconstructed using the filtered
k-space data set as indicated at process block 258. As with the
blurred composite image C,, this is a standard image recon-
struction and streaks will result from the undersampling.

As indicated at process block 260, a normalized weighting
image T,, is produced next by dividing the current blurred
image frame T by the current blurred composite image C,.
This is a straight forward pixel-by-pixel division except pix-
els in the filtered composite image C, which are zero are first
set to a small value. Phase information is preserved by sepa-
rately performing this division operation on the real and
imaginary components of the complex pixel value. As indi-
cated at process block 262, the HYPR image frame T, is then
produced by multiplying the complete composite image C by
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the normalized weighting image T,,. This is a straight forward
pixel-by-pixel multiplication of corresponding pixels in the
two images.

In this embodiment of the invention the normalized
weighting image is “blurred” in k-space by the multiplication
operations. In the second embodiment now to be described,
this blurring is done in image space by a filtering operation. In
either case the high SNR composite image is modified by the
normalized weighting image T, to depict the subject at the
time during the scan in which the current image frame data
was acquired. The high SNR of the composite image is
retained along with the time dependent information for the
current image frame.

Referring particularly to FIG. 11, in a second embodiment
of the invention the “blurring” is performed in image space
rather than k-space as described above. The first step in the
second embodiment of the invention is to regenerate the com-
posite data set C, for the current image frame as indicated at
process block 270. This is the same step as described above at
process block 250. As indicated at process block 272, a “lim-
ited” composite image is then reconstructed from the com-
posite data set C, using a conventional image reconstruction
method.

As indicated at process block 274, this limited composite
image C, is then blurred by filtering. More specifically, the
blurring is a convolution process in image space and the
limited composite image C, is convolved with a filter kernel
described in more detail below.

Asindicated at process block 276, an image frame is recon-
structed next from the limited projection views acquired for
the current time point during the scan. This is a conventional
image reconstruction, and as a result, streaks due to under-
sampling will appear in the resulting image frame T and it will
have a relatively low SNR. The image frame is blurred by
filtering it as indicated at process block 278. The filtering is
performed in image space by the same convolution process
described above for the limited composite image C, using the
same filter kernel.

As indicated at process block 279, a normalized weighting
image T, is produced next by dividing the filtered image
frame T by the filtered composite image C,. This is a conven-
tional division of each pixel value in the filtered image frame
T by the corresponding pixel value in the filtered composite
image C,. This normalized weighting image T, is then mul-
tiplied by the complete composite image C, as indicated at
process block 280, to produce the final HYPR image frame
Ty

In the first two embodiments described above a filter kernel
or its Fourier transformation is used to blur images in image
space or k-space. In the preferred embodiments a 7x7 square
filter kernel is used in image space to blur two-dimensional
images and its Fourier transformed sinc function is used to
blur k-space image data. When reconstructing a 3D image a
cubical 9x9x9 filter kernel or a spherical kernel with equal
weighting throughout the kernel is used in image space and its
Fourier transform is used to blur in k-space. The kernel size
should be selected so that when the blurring is done the kernel
does not include much information from outside the subject
of interest (for example, a blood vessel). The kernel size
should be on the order of the dimension of the objects being
examined or somewhat smaller but its exact shape is not
crucial. Gaussian or other smooth kernels may also be used
and the resulting function being performed is a low pass
filtering.

In the first two embodiments the filtering is performed
separately on the limited composite data or image C, and on
the current image frame data or image. It is also possible to
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first perform the division operation in k-space or image space
and then perform the blurring function on the result in either
k-space (multiplication) or image space (convolution). Any
streaks that occur after the divisional operation are blurred
when this embodiment is employed.

In the above embodiments of the invention a blurring, or
filtering, operation is performed on the k-space data or image
space data. An equivalent, but less desirable method for
achieving the same result is to divide the image space field of
view into smaller segments and separately reconstruct each
smaller segment using the HYPR method. The segments are
then combined to form the complete reconstructed image. As
indicated above, this method is equivalent to the blurring
methods described above because the result is theoretically
the same if the segment size is reduced to one pixel. A pre-
ferred embodiment of this equivalent “segmented” HYPR
method will now be described.

Referring particularly to FIG. 13, either of the above pulse
sequences may be used to acquire a series of image frames as
indicated at process block 325. For example, these image
frames may be acquired as part of a CEMRA dynamic study
in which the series of image frames is acquired from vascu-
lature as a bolus of contrast agent enters the field of view.
Each image frame is highly undersampled in order to increase
the temporal resolution of the study and the projection views
acquired for each undersampled image frame are interleaved
with the projection views acquired for the other image
frames.

As shown at process block 327, the next step is to recon-
struct a high quality composite image for use in the highly
constrained reconstruction process. In this embodiment the
composite image is produced by combining all the inter-
leaved projection views from the acquired image frames into
a single, highly sampled k-space data set, and performing a
conventional image reconstruction using the combined
k-space data set. The conventional reconstruction may be a
Fourier transformation of each projection view followed by a
filtered backprojection, or it may be a regridding of the
k-space samples in the combined k-space data set into Carte-
sian coordinates followed by three-dimensional Fourier
transformation. In the alternative, a separate composite image
may be acquired and reconstructed.

Referring still to FI1G. 13, aloop is entered next in which an
image frame is reconstructed. A single image frame may be
reconstructed, but typically the image frame reconstruction
loop is repeated many times to reconstruct all image frames
acquired during the dynamic study.

The first step in this loop as indicated at process block 329
is to reconstruct an image using the acquired highly under-
sampled image frame. This is a conventional image recon-
struction, and since the acquired image frame is highly under-
sampled, the resulting image may contain many streaks and
other artifacts that limit its diagnostic value. The next step as
indicated at process block 331 is to segment this conventional
image frame. As illustrated in FIG. 15, segmentation in this
invention means dividing up the 3D FOV 300 into smaller 3D
volumes, or segments 302.

After the conventional image frame is segmented a loop is
entered in which each smaller segment 302 is reprojected into
Radon space. As indicated at process block 333 all the pixels
in the 3D FOV 300 are set to zero except those in the segment
302 being reprojected. The segment is then reprojected in a
conventional manner to form a set of projection views indi-
cated at data block 304 in FIG. 15. It is preferable to reproject
along as many different view angles as is practical from a
processing time standpoint. This reprojection process contin-
ues until all the separate segments 302 of the image frame
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have been reprojected as indicated at decision block 335 to
produce corresponding projection view data blocks 304.

A loop is then entered in which each of the reprojected
segment data sets 304 are reconstructed into final image seg-
ments 306 using a highly constrained image reconstruction
method (HYPR) as indicated at process block 337 and shown
pictorially in FIG. 15. This is the method described in the
above-cited copending U.S. application Ser. No. 11/482,372
which will be described in more detail below with respect to
FIG. 14. The important point to note is that in this case the
image frame segment projection data set 304 is very sparse
because all of the signal to be reprojected is from only one
small segment 302 of the acquired FOV. When the last image
frame segment 302 has been backprojected as indicated at
decision block 339, all of the smaller reconstructed final
segment images 306 are combined to form a single 3D image
frame 308 as indicated at process block 341 and shown pic-
torially in FIG. 15. This is nothing more than placing each
final segment image 306 in its proper location in the 3D FOV
308.

Each image frame acquired during the study may be recon-
structed in this manner. The process terminates as indicated at
decision block 343 when the last image frame has been recon-
structed.

A possible variation of the above method is to separately
store each final image segment 306 for each reconstructed
image frame. This enables selected segments 306 to be dis-
played separately in situations where the diagnosis focuses on
a small portion of the image frame FOV 308. This is particu-
larly useful, for example, when MIP images are produced and
other vessels may overlap and obscure vessels of particular
interest in one image segment 306.

Referring particularly to FIG. 14, the highly constrained
reconstruction of each image frame segment 306 in the above
method is described above with respect to equation (2) and
shown pictorially in FIG. 4. More particularly, image frame
segment 304 projection P is normalized as indicated at pro-
cess block 231. Each projection P is normalized by dividing it
by the projection P, in the composite image at the same view
angle. The normalized projection P/P,, is then backprojected
into the FOV. This is a standard backprojection, but with no
filtering.

As indicated at process block 233 the resulting back-
projected values are added to the image frame segment 306
being reconstructed and a test is made at decision block 235 to
determine if all the projection views for the current image
frame segment 304 have been backprojected. If not, the next
projection view in the current image frame segment 304 is
backprojected as indicated at process block 237.

When all the projection views have been backprojected and
summed for an image frame segment 304, the summed image
frame segment is multiplied by the composite image as indi-
cated at process block 239 to form the final image frame
segment 306. This is a matrix multiplication in which the
pixel value in the image frame segment is multiplied by the
value of the corresponding pixel in the composite image. It
should be apparent that other methods for performing this
highly constrained image frame segment reconstruction may
be used as described in co-pending U.S. patent application
Ser.No. 11/482,372, filed on Jul. 7, 2006 and entitled “Highly
Constrained Image Reconstruction Method”, which is incor-
porated herein by reference.

While the invention has been described in the context of a
2D or 3D mage reconstruction of k-space projection views
acquired with an MRI system, it should be apparent to those
skilled in the art that the invention is applicable as well to
other medical imaging systems that acquire Radon space data
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suchas x-ray CT, PET and SPECT imaging systems. Also, the
invention is not limited to k-space data acquired as radial
projections, but is also applicable to other k-space sampling
trajectories. For example, images acquired using interleaved
spiral trajectories or Cartesian trajectories can be regridded
and subjected to the same operations described above.

All of the above-described embodiments of the invention
can fairly be characterized as image reconstruction methods
in which a limited set of views of a subject are acquired with
a medical imaging system and an image is produced from
these views. The present invention is not limited to image
reconstruction, but can also be applied to improve the quality
of existing images. More specifically, the higher SNR of an
available composite image may be imbued to an available,
lower quality image frame by employing the highly con-
strained image processing of the present invention. The image
frames may have already been acquired and reconstructed
and the available higher quality composite image may be
produced by combining the image frames, or by acquiring a
higher quality image with the same imaging system, or by
acquiring a higher quality image with a different imaging
system of the same or different modality.

Referring particularly to FIGS. 1 and 16, the highly con-
strained image processing is performed on a series of image
frames 2. As each image frame 2 is acquired as indicated at
process block 400, it is stored and a copy is used to update a
composite image 3 as indicated at process block 402. The
composite image 3 is an accumulation of the current image
frame 2 with a preselected number of other acquired image
frames 2. The accumulation is the matrix addition of corre-
sponding pixels in the 2D image frames 2 divided by the
number of image frames contributing to the accumulation.
The result is a composite image 3 that has an increased SNR
that is directly proportional to the preselected number of
accumulated image frames 2. For example, if 36 2D image
frames 2 are accumulated, the SNR will be 6 times the SNR of
a single 2D image frame 2. The number of image frames 2
used to form the composite image will depend on the particu-
lar clinical procedure being performed.

As indicated generally at 404, the next step is to produce a
normalized weighting image using the current 2D image
frame 2 and the updated composite image 3. There are a
number of different ways to perform this step and the pre-
ferred method is shown in FIG. 16. More specifically, the
updated composite image 3 is “blurred” by filtering as indi-
cated at process block 406. The filtering is a convolution
process in which the updated 2D composite image array 3 is
convolved with a filter kernel as described above. The kernel
size should be selected so that when the blurring is done the
kernel does not include much information from outside the
subject of interest (for example a blood vessel). If the filter
kernel is much larger than the subject of interest, the magni-
tude of the signal therein may be averaged, but its shape is not
changed. On the other hand, if the filter kernel is smaller than
the subject of interest, its shape, or profile, may be blurred.

Referring still to FIG. 16, the current 2D image frame 2 is
also blurred or filtered in the same manner as indicated at
process block 408. That is, the 2D image frame array 2 is
convolved with the filter kernel to perform a low pass filtering
function. As indicated at process block 410, the normalized
weighting image (T;;) is then produced by dividing pixel
values in the filtered current image frame (T) by the corre-
sponding pixel values in the filtered composite image (C,).

As indicated at process block 412, a highly constrained
(HYPR) image frame 4 is then produced. This image frame 4
is produced by multiplying the updated composite image
array 3 by the normalized weighting image array (T;). Thisis
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a multiplication of corresponding pixel values in the two
images. The resulting 2D HYPR image 4 is then output to a
display as indicated at process block 414 and the system loops
back to acquire and process the next 2D image frame 2. When
the procedure is completed, as determined at decision block
416, the program ends.

As indicated above, there are a number of alternative meth-
ods for producing the normalized weighting image (W ;). Two
of'these methods are illustrated in FIGS. 17 and 18. Referring
particularly to FIG. 17, the first alternative method includes a
first step indicated at process block 418 of dividing the
acquired 2D image frame array 2 by the updated composite
image 3. This is a division of every pixel value in the acquired
image frame array 2 by the corresponding pixel value in the
updated composite image array 3. The resulting 2D divided
image frame is then blurred or filtered as indicated at process
block 420 to produce the normalized weighting image (T;).
This filtering operation is the same convolution process dis-
cussed above with respect to process blocks 406 and 408.

Another alternative method for producing the normalized
weighting image (T;) is illustrated in FIG. 18. This method
transforms the acquired 2D image frame 2 to Radon space by
taking projection views of the image from different view
angles as indicated at process block 422. As indicated at
process block 424, the updated composite image 3 is also
transformed to Radon space by calculating projection views
at the same set of view angles used to transform the 2D image
frame 2. As indicated at process block 426 the image frame
projection views P are then normalized by dividing them by
the composite image projection views P . This is a division of
corresponding elements in the projections P and P at the
same view angle. The normalized weighting image (T}, is
then produced at process block 428 by back projecting the
normalized projections (P/P ) in a conventional manner. This
is not a filtered backprojection, but a straight forward back-
projection.

The invention claimed is:

1. A method for producing an image of a subject positioned
in a field of view (FOV) of a medical imaging system, the
steps comprising:

a) acquiring with the medical imaging system a plurality of

views of the subject positioned in the FOV;

b) producing an image frame data set from selected views

acquired in step a);

¢) producing a composite image from views acquired in

step a) wherein the views combined to produce the com-

posite image includes the views in the image frame data
set and additional acquired views;

d) reconstructing a normalized weighting image of the

subject, which comprises:

d)i) producing a limited composite data set from the
composite image which contains views correspond-
ing to the selected views in the image frame data set;

d)ii) blurring the image frame data set with a filter func-
tion;

d)iii) blurring the limited composite data set with a filter
function;

d)iv) calculating the normalized weighting image by
dividing the blurred image frame data set by the
blurred limited composite data set; and

e) producing a highly constrained image of the subject in

the FOV by multiplying pixel values in the normalized

weighting image by the corresponding pixel values in
the composite image.
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2. The method as recited in claim 1 in which the views
acquired in step a) are projection views acquired at inter-
leaved projection angles, the image frame data set produced
in step b) includes producing the image data set from a
selected set of said projection views, and the limited compos-
ite data set produced in d)i) is formed by reprojecting the
composite image produced in step ¢) at the projection angles
corresponding to the selected set of projection views.

3. The method as recited in claim 1 which includes:

f) producing additional images of the subject by repeating

step d) using different ones of the views acquired in step
a).

4. The method as recited in claim 1 in which the blurring
operations in steps d)ii) and d)iii) are performed by multiply-
ing the data sets by a transformed filter kernel.

5. The method as recited in claim 1 in which the views
acquired in step a) are acquired over a period of time during
which changes occur in the subject; step b) includes selecting
a set of views acquired during a time interval in the perfor-
mance of step a); and step ¢) includes selecting a set of views
acquired during a window of time that includes said time
interval and is longer than said time interval.

6. The method as recited in claim 1 in which the medical
imaging system is a magnetic resonance imaging system and
each view samples a line in k-space.

7. The method as recited in claim 1 in which step d)iv) is
performed by reconstructing a filtered image frame from the
filtered image frame data set, reconstructing a filtered limited
composite image from the filtered limited composite data set,
and then dividing pixel values in the filtered image frame by
corresponding pixel values in the filtered limited composite
image.

8. The method as recited in claim 1 in which step d)iv) is
performed by dividing the blurred image frame data set by the
blurred limited composite data set and transforming the result
to image space.

9. The method as recited in claim 1 in which the blurring
operations in steps d)ii and d)iii) are performed by transform-
ing the data sets to image space and convolving the trans-
formed data sets with a filter kernel.

10. A method for producing an image of a subject, the steps
comprising:

a) acquiring with a medical imaging system a composite

image of the subject having a relatively high quality;

b) acquiring with one of the medical imaging system and

another medical imaging system an image frame having
a relatively low quality; and;
¢) producing a higher quality image frame by:
¢)i) producing a normalized weighting image using the
image frame and the composite image; and
¢)ii) multiplying the normalized weighting image by the
composite image.

11. The method as recited in claim 10 in which step c)i)
includes blurring the image frame and the composite image
and dividing the blurred image frame by the blurred compos-
ite image.

12. The method as recited in claim 11 in which the blurring
is performed by convolving each image with a filter kernel.

13. A highly constrained reconstruction of an acquired
image frame data set the steps comprising:

reconstructing a conventional image frame from the

acquired image frame data set;

separating the conventional image frame into a plurality of

segments;

reprojecting each image frame segment to form a corre-

sponding plurality of segment projection view data
sets; and
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reconstructing final image frame segments using the cor- 15. The method as recited in claim 13 in which a final
responding segment projection view data sets in a back- image segment is selectively displayed.
projection process that is highly constrained by a com- 16. The method as recited in claim 13 in which the com-
posite image containing a priori information about the posite image is reconstructed using the acquired image frame

subject being imaged.
14. The method as recited in claim 13 in which the final
image frame segments are combined to form a final image
frame. k% & %

5 data set combined with other acquired image data.
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