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HIGHLY CONSTRAINED IMAGE RECONSTRUCTION METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is based on U.S. Provisional Patent Application Serial No.
60/697,607 filed on July 8, 2005 and entitled “BACKPROJECTION
RECONSTRUCTION METHOD FOR UNDERSAMPLED TIME-RESOLVED MR
IMAGING” and on U.S. Provisional Patent Application Serial No. 60/719,445 filed on
September 22, 2005 and entitled " HIGHLY CONSTRAINED IMAGE
RECONSTRUCTION METHOD."

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under Grant Nos.
HL066488 and HL072260 awarded by the National Institute of Health. The United
States Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

[0003] The field of the invention is medical imaging and particularly, methods for
reconstructing images from acquired image data.

[0004] Magnetic resonance imaging (MRI) uses the nuclear magnetic resonance
(NMR) phenomenon to produce images. When a substance such as human tissue
is subjected to a uniform magnetic field (polarizing field Bg), the individual magnetic

moments of the spins in the tissue attempt to align with this polarizing field, but
precess about it in random order at their characteristic Larmor frequency. If the
substance, or tissue, is subjected to a magnetic field (excitation field B4) 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 magnetic
moment M. A signal is emitted by the excited spins, and after the excitation signal

B1 is terminated, this signal may be received and processed to form an image.

[0005] When utilizing these signals to produce images, magnetic field gradients
(Gx Gy and 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
particular 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
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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.

[0006] 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. Patent 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. 2A,
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 streaking by acquiring successive undersampled images with interleaved views
and sharing peripheral k-space data between successive image frames.

[0007] 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 transmitted 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 attenuation. The attenuation
measurements from all the detectors are acquired separately to produce what is
called the “transmission profile”.

[0008] 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.

[0009] 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
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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
coronary arteries or other vessels that require cardiac gating to suppress motion
artifacts.

[0010] There are two methods used to reconstruct images from an acquired set of
projection views as described, for example, in U.S. patent 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 transformation 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 Fourier transforming each projection
view. An image is reconstructed from these signal projections by filtering and
backprojecting them into the field of view (FOV). As is well known in the art, if the
acquired signal projections are insufficient in number to satisfy the Nyquist sampling
theorem, streak artifacts are produced in the reconstructed image.

[0011] The prevailing method for reconstructing an image from 2D x-ray CT datais
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 measurements acquired in the scan into
integers called “CT numbers” or “Hounsfield units”, which are used to control the
brightness of a corresponding pixel on a display.

[0012] 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 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:

Sn = (Px1)IN M
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where: S, is the signal value distributed to the n" pixel in a projection path
having N pixels.
[0013] 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 256 x 256 pixel 2D image and 203,000 projections are required for a 256 x 256
x 256 voxel 3D image.

SUMMARY OF THE INVENTION

[0014] The present invention is a new method for reconstructing medical images,
and particularly, an improved method for reconstructing an image from projection
views of the subject. A composite image is reconstructed 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. The invention may
be used in a number of different imaging modalities including magnetic resonance
imaging (MRI), x-ray computed tomography (CT), positron emission tomography
(PET), single photon emission computed tomography (SPECT) and digital
tomosynthesis (DTS).

[0015] A discovery of the present invention 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 distribution as a function of the known
signal contour at that pixel location. As a result, 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 backprojection path 8 having N pixels this highly
constrained backprojection may be expressed as follows:

Sn=(Pan)/iCn (2)

n=l1
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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

Cq, = signal value of an a priori composite image at the nth 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.

[0016] It should be noted that while the normalization can be performed on each
pixel separately after the backprojection, in many clinical applications 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 resuiting image is then multiplied by the composite image.
[0017] A 3D embodiment of the highly constrained backprojection 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 successive 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 contour 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
corresponding composite image voxel value. This product is then normalized 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

I(X,y,Z):"Z (P(I‘,e, ¢) * C(X: Y, z)(r,9,¢) /Pc (ra 6: ¢) l (23)
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where the sum (3) 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,¢) at the appropriate r,0, value for that plane. Pq(r,0,9) is the
corresponding projection profile value from the composite image, and C(X,y,z)0,¢ is
the composite image value at (r,0,¢).

[0018] Another discovery of the present invention is that there are a number of
clinical applications in which a priori information is acquired during a scan and a
composite image can be reconstructed and used to constrain the reconstruction of
undersampled or low dose image frames. As shown in Fig. 1, when a series of time-
resolved images 2 are acquired in a dynamic study, for example, each image frame
2 may be reconstructed using a very limited set of acquired views. However, each
such set of views is interleaved with the views acquired for other image frames 2,
and after a number of image frames have been acquired, a sufficient number of
different views are available to reconstruct a quality composite image 3 for use
according to the present invention. This is illustrated in Fig. 6, where dotted lines 30
indicate projection views acquired in one image frame, dashed lines 32 indicate
interleaved projection views acquired in a second image frame, and lines 34 indicate
interleaved projection views acquired in a third image frame. Whereas the sampling
density necessary to meet the Nyquist criteria may extend only a short radial
distance (r) for any one image frame, by combining the interleaved projection
profiles of all three image frames this distance is extended to the much larger radius
R. A composite image 3 formed by using all the interleaved 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 of the present invention. The
image frames 2 may also be acquired in a dynamic study in which the dosage (e.qg.,
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 resulting reconstructed image.

[0019] While the present invention is best understood as a highly constrained
backprojection of each projection view into the FOV 12, other less intuitive methods
are mathematically equivalent. For example, rather than multiplying backprojected
signal profile samples P by corresponding normalized composite image pixel values
C as set forth above in equation (2) and then summing the results for each

-6-
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backprojected profile, all of the signal profiles can be normalized and backprojected
(in an unfiltered and unconstrained manner) and summed to form an image data set.
This artifact ridden image is then multiplied by corresponding pixel values in the
composite image to form a constrained image. Normalization in this case requires
that projections P, of the composite image C be calculated at each projection profile
angle as shown in Fig. 7. That is, for every projection profile used to reconstruct this
particular image frame, a composite image projection P is calculated at the same
view angle. Then, as shown in Fig. 8, the projection profiles are normalized by
dividing each by the composite image projection values P located in the same ray
path. For example, the backprojected pixels located in ray path 36 are each divided
by a composite image projection value 38 that lies in the sanie ray path, and the
backprojected image pixels located in ray path 40 are divided by composite image
projection value 42 that lies in the same réy path.l In short, each backprojected
image pixel lies in the ray path with at least one composite image projection value in
each composite image projection P; and normalization is achieved by dividing by all
these values. |

[0020] In addition, the present invention may be practiced as a modification to a
Fast Fourier Transformation (FFT) image reconstruction process. For example, the
composite image may be produced by combining all the acquired projection views in
k-space, regridding the k-space samples to a Cartesian coordinate system, and then
performing an inverse 2D or 3D Fourier transformation. Each acquired frame image
view is normalized in Radon space, transformed to k-sbace, combined with the other
normalized k-space views and used to reconstruct an unconstrained frame image in
the same manner using a 2DFT or 3DFT." The uriconstrained frame image is then .
multiplied by the composite image. Normalization of each frame image view may
also be performed in k-space rather than Radon space although it is a more
complex operation. Whereas normalization in Radon space is a multiplication (1/Pg) -
operation, the samé step in k-space is a convolution operation.

[0021] A general object of the invention is to‘improve the reconstruction of medical
images by constraining the reconstruction process with a priori information regarding
the subject of the image. The improvement resulting from the present invention can
manifest itself in a number of ways, including reduction of scan time, reduction in
radiation dose and higher time resolution in time resolved studies.

[0022] Another object of the invention is to improve the signal-to-noise ratio (SNR)
of a highly undersampled image. It has been discovered that the higher SNR of a
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more highly sampled composite image is imparted to the highly under sampled
image when it is reconstructed according to the present invention.

[0023] 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 intérpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Fig. 1 is a pictorial view illustrating the application of the present invention to
medical imaging applications;

[0025] 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;
[0026] Fig. 2B is a graphic illustration of the manner in which k-space is sémpled _
during a typical projection reconstruction image acquisition using an MRI system;
[0027] Fig. 3 is a pictorial representation of a conventional backprojection step in
an image reconstruction process; : :

[0028] Fig. 4 is a pictorial representation of the: highly Constralned 2D
backprojection step according to the present invention;

[0029] Fig. 5 is a pictorial representation‘ of the highly constrained 3D
backprojection according to the present invention;

[0030] Fig. 6 is a graphic representation of interleaved projection views;

[0031] Fig. 7 is a pictorial representation of the formation of composite image
projections P¢ used in a normalized step; '
[0032] Fig. 8 is a pictorial representation of the normalization of a highly
constrained image using the projections P of Fig. 7;

[0033] Fig. 9 is a block diagram of a magnetic resonance imaging (MRI) system
used to practice the present invention;

[0034] Fig. 10 is a pulse sequence used in the MRI system ‘of Fig. 9 to practice one
embodiment of the invention; '

[0035] Fig. 11 is a pictorial representation of the k-space data sampled using the
pulse sequence of Fig. 10;

[0036] Fig. 12isa ﬂow chart of a preferred embodiment of the mventlon used in
the MRI system of Flg. 9 with the pulse sequence of Fig. 10;

[0037] Fig. 13 is a pictorial view of a CT séanner system;

. =8
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[0038] Fig. 14 is a block diagram of the CT scanner system of Fig. 13;
[0039] Fig. 15 is a block diagram of another embodiment of the invention using the .
CT scanner of Figs. 13 and 14; . '

[0040] Fig. 16 is a block diagram of yet another embodiment of the invention using
the CT scanner of Figs. 13 and 14; '

[0041] Fig. 17 is a block diagram of a positron emission tomography (PET)
scanner; '

[0042] Fig. 18 is a flow chart of yet another embodiment of the invention using the
PET scanner of Fig. 17;

[0043] Fig. 19 is a pictorial view of a C-arm x-ray system which employs the
present invention;

[0044] Fig. 20 is a block diagram of the C-arm x-ray system of Fig. 19;

[0045] Fig. 21 is a pictorial view of the x-ray source and detector in the C-arm x-ray
system of Fig. 19; . | ‘

[0046] Fig. 22 is a flow chart of another embodiment of the invention in a ‘
tomosynthesis scan performed by the system of Fig. 19;

[0047] Fig. 23 is a pictorial view of the tomosynthesis scan path used in the
method of Fig. 22; and

[0048] Fig. 24 is a flow chart of the image frame reconstruction method of the
present invention used in the tomosynthesié scan of Fig. 22. ‘

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0049] The present invention may be applied to many different medical imagihg
modalities and to many different clinical applications. A number of these clinical
applications of the invention are described below to illustrate the broad scope of the
present invention. .

[0050] Referring particularly to Fig. 9, a preférred embodiment of the invention is
employed in an MRI system. The MRI system includes a workstation 110 having a’
display 112 and a keyboard 114. The workstation 110 includes a processor 116
which is a commercially available programmable machine running a commercially
available operating system. The workstation 110 brovides the operator interface
which enables scan prescriptions to be entered into the MRI system.

[0051] 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

-9-
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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 commerc'ially available microprocessor
and a commercially available quad communication controller. The data acquisition
server 120 and data processing server 122 both employ the same commercially
available microprocessor and the data processing server 122 further includes one or
more array processors based on commercially available parallel vector processors.’
[0052] 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. _ '

[0053] 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. Gradient 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, Gy and G used for

position encoding NMR signals. The gradient coil assembly 128 forms part of a
magnet assembly 130 which includes a polarizing magnet 132 and a whole-body RF
coil 134. '

[0054] RF excitation waveforms are applied to the RF coil 134 by the RF system
126 to perform the prescribed magnetic resonance pulse sequenée. Responsive '
NMR signals detected by the RF coil 134 are received by the RF system 126,
amplified, demodulated, filtered and digitized under direction of commands 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 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.

[0055] The RF system 126 also includes one or more RF réceiver 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 duadratﬁre detector which detects and
digitizes the | and Q quadrature components of the received NMR signal. The

-10-
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magnitude of the réceived NMR signal may thus be determined at any sampled point
by the square root of the sum of the squares of the | and Q components: '

M=/ +Q?
and the phase of the received NMR signal may also be detefmined:

¢ =tan™ Q/L
[0056] 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 synchronize, or “gate”, the performance of the
scan with the subject’s respiration or heart beat.
[0057] 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. '
[0058] 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 components 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.
[0059] The digitized NMR signal samples produéed by the RF system 126 are
received by the data acquisition server 120.. The déta acquisition server 120
operates in response to description components downloaded from the workstat‘ion
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 aéquisition server 120 does little
more than pass the acquired NMR data to the data processor server 122. However,
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
produce such information and convey it to the pulse sequence server 118. .For

-11-
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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. '

[0060] 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 workstation 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. '

[0061] 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 assembly 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 éend the images via a network to
other facilities. '

[0062] prmdmemepmmmmemMMM@MonﬂmmmmnNMRdaaSmmmmd<
using a projection reconstruction, or radial, pulse sequence such as that shown in
Fig. 10. This is a fast gradient-recalled echo pulse sequence in which a selective,
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. 11. When
multiple 2D slices are acquired the gradient 202 is a slab select gradient followed by
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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.

[0063] Two in-plane readout gradients 214 and 216 are played out during the
acquisition of an NMR echo signal 218 to sam‘ple k-space in a 2D plane 204, 206 or
208 along a radial trajectory. 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 readout gradients is preceded by a prephasing gradient lobe 220 and 222 and
followed by a rewinder gradient lobe 224 and 226. ‘

[0064] It should be apparent to those skilled in the art that sampling trajectories
other than the preferred straight line trajectory 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-spéce
volume. Another variation which is equivalent to the straight line projection
reconstruction pulse sequence is to sample along a curved path rathér than a
straight line. Such pulse sequences are described, for example, in “Fast Three _
Dimensional Sodium Imaging”, MRM, 37:706-715, 1997 by F. E. Boada, et al. and in
“Rapid 3D PC-MRA Using Spiral Projection Iméging”, 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 thesé sampling methods and use of the term “pixel” herein is
intended to refer to a location in either a 2D or a 3D image.

[0065] 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 peréction views. |
[0066] The first embodiment of the image reconstruction method directs the MR
system to acquire two-dimensional projection views and reconstruct a series of
image frames that depict the subject over a period of time. Referring particularly to’
Fig. 12, a set of projection views are acquired from which an image frame is to be
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reconstructed as indicated at process bloqk 225. These projection views 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, this image frame can be acquired in a very short scan time, but
because k-sp'ace is highly undersampled, streak artifacts will- occur in any image
reconstructed using conventional methods.

[0067] The next step as indicated at process block 227 is to combine all of the
projection views that have been acquired from the subject of the examination and |
reconstruct a composite image. This will include projection views previously
acquired which are interleaved with the views for the current image frame and which
thus provides a more complete sampling of k-space. Referring to Fig. 6, for
example, the current image frame projection views may sample k-space as indicated
by dotted lines 30 and previously acquired image frame views may sample
interleaved k-space trajectories as indicated by dashed lines 32 and lines 34. The
composite image is reconstructed with all the views 30, 32 and 34 using a
conventional method because a sufficient number of views are available to avoid
image artifacts. In the preferred embodiment this reconstruction includes regridding
the combined acquired k-space projection data into Cartesian coordinates and then
performing an inverse two-dimensional Fourier transformation (2DFT) to produce the
composite image.

[0068] A loop is then entered as 228, in which each projection view in the current
image frame is backprojected according to the teaéhing’s of the present invenfion.
More specifically, the k-space projection view is first transformed to Radon space by
performing a one-dimensional, fast Fourier inverse transformation as indicated at
process block 229. The transformed projection is then backprojected as indicated ét
process block 231. This highly constrained backprojection is performed as
described above in equation (2) and shown'in Fig. 4 using the recently reconstructed -
composite image. This is a highly constrained _backprojectioh and normalization
step. As indicated at process block 233, the resulting backprojected values are
added to the image frame being reconstructed and a test is made at decision block.
235 to determine if all of the projection views have been backprojected for the
current image frame. If not, the next projection is processed as indicated at process
block 237, and when all the projection views for the current image frame have been
processed, the reconstructed image frame is displayed as indicated at process block
239. '
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[0069] Additional image frames are acquired and reconstructed as indicated at
process block 241. When the last image frame is completed as determined at
decision block 243, the scan stops and aII' the image frames are stored as indicated
at process block 245. As the scan is performed image frames are thus quickly
acquired and promptly reconstructed and displayed. The image frame data that is
acquired during the scan is combined with previously acquired data to producé the
composite image. Because the acquired views are interleaved, k-space is more
densely sampled as the scan progresses, and as.a result, the quality of the
composite image improves, or grows, as the scan progresses. The a priori
information embodied in this composite image is used to constrain and thereby
improve the quality of the reconstructed image frames.

[0070] The individual time frame projection, the correéponding projection through
the composite image, and the composite image itself contribute to the stochastic
noise in the reconstructed image frame. 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
backgrounds 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 of the SNR in the highly constrained backprojection reconstruction of the

present invention is given by:
SNRHYPR = SNRcomposite/[1 +Nf/Nv2+Npix/(NpNV2)]1/2 (3)

where SNRcomposite i the SNR in the composite image, Nt is the number of image
frames in the time series, N, is the number of object pixels in the projection, Npix is
the number of pixels in the projection (e.g., 256 for 2D or 256x256 for 3D), and Ny is .
the number of projections per image frame. If Np is on the order of 10 the SNR is
dominated by SNRcomposite- ' ,

[0071] The present invention is also particularly applicable to other medical
imaging modalities in which interleaved projection views of the subject are acquired.
One such imaging modality is x-ray computed tomography. With initial reference to
Figs. 13 and 14, a computed tomography (CT) imaging system 310 includes a
gantry 312 representative of a "third generation" CT scanner. Gantry 312 has an x-
ray source 313 that projects a fan beam or a cone beam of x-rays 314 toward a
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detector array 316 on the opposite side of the gantry. The detector afray 316 is
formed by a number of detector elements 318 which together sense the projected x- -
rays that pass through a medical patient 315. Each detector element 318 produces
an electrical signal that represents the intensity of an impinging x-ray beam-and
hence the attenuation of the beam as it passes through the patient. During a scan-
to acquire x-ray projection data, the gantry 312 and the components mounted
thereon rotate about a center of rotation 319 located within the patient 315.

[0072] The rotation of the gantry and the operation of the x-ray source 313 are
governed by a control mechanism 320 of the CT system. The control mechanism
320 includes an x-ray controller 322 that provides power and timing signals'to the x-
ray source 313 and a gantry motor controller 323 that controls the rotational speed '
and position of the gantry 312. A data acquisition system (DAS) 324 in the control
mechanism 320 samples analog data from detector elements 318 and converts the
data to digital signals for subsequent processing. An irﬁage reconstructor 325,
receives sampled and digitized x-ray data from the DAS 324 and performs high
speed image reconstruction according to the method of the present invention. The.
reconstructed image is applied as an input to a computer 326 which stores the
image in a mass storage device 329.

[0073] The computer 326 also receives cdmmands and scanning parameters from -
an operator via console 330 that has a keyboard. An associated display 332 allows
the operator to observe the reconstructed image and other data from the computer
326. The operator supplied commands and parameters are used by the computer
326 to provide control signals and information to the DAS 324, the x-ray controller
322 and the gantry motor controlier 323. In addition, computer 326 operates a table
motor controller 334 which controls a motorized table 336 to position the patie‘nt 315
in the gantry 312.

[0074] Like the MRI system, the CT system has-many different clinical apblications
in which either 2D or 3D sets of projection views are acquired and used to ‘
reconstruct one or more images of the patient. Whereas the projection views
acquired by the MRI system are comprised of k-space (or Fourier space) samples,
the projection views acquired by the CT system are corﬁpriséd of Radon space
samples. Image reconstruction using data achuired with a CT system necessarily
requires transformation from Radon space to real space.

[0075] Referring particularly to Fig. 15, a second embodiment of the invention
directs the CT system to acquire a series of 2D slice images. As indicated by
process block 250 a set of projection.views from which a 2D image frame can be
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reconstructed is acquired. This may be a highly undersampled acquisition in which'
the projection views are at equally spaced view angles that sample Radon space in
a uniform manner as illustrated in Fig. 2B. In this emquiment, the data acquisition
phase of the scan is completed prior to image reconstruction and the entire series of
image frames are thus acquired before this phase of the scan is completed.as.
determined at decision block 252. For example, a series of image frames may be .
acquired during a dynamic study in which a contrast agent flows into the region of
interest. As with the first embodiment described above, the projection views
acquired during this scan are interleaved as illustrated in Fig. 6 such that when they
are all combined, a composite data set is formed in which Radon space is highly
sampled even though each image frame data set undersamples Radon space.
[0076] As indicated at process block 254, a composite image is reconstructed from
the combined projection views acquired during the acquisition phase of the scan.
The sets of equally spaced projection views that form each image frame are
interleaved with each other such that the projectioh views from a combination of
image frames more fully samples Radon space and produces a higher quality
image. The composite image is reconstructed from these combined projecﬁoh views
using a conventional image reconstruction technique such as a filtered
backprojection. Whereas in the first embodiment described above, the composite
image grew in quality as additional, interleaved projection views were added to it
during the scan, in this second embodiment a single compos'ite image is
reconstructed in which substantially all the acquired views are used.

[0077] While the constrained backprojection method described above with respect
to Fig. 4 may be used to reconstruct each frame image, an equivalent method is
used in this second embodiment. The next step indicated by process block 256 is to
normalize one image frame. Normalization is performed by first calculating a set of
projection views from the composite image. More specifically, a projection view of
the composite image is calculated for each view angle used to form the image frame
as described above with respect to Fig. 7. Each of these composite image '
projection values P is then used to normalize the corresponding frame image
projection values P. That is, each frame image prbjection value P is divided by the
corresponding projection value P derived from the. composite image as discussed
above with respect to Fig. 8. o

[0078] The next step is to reconstruct an image from the normalized imagé frame
projections as indicated at process block 258. This is an unconstrained
backprojection as discussed above with reference. to Fig. 3 in which the ray sum
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attenuation value in each normalized projection is divided equally among the pixels
in the ray path 8. The unconstrained backprojected values for each normalized
projection view in the image frame are summed to form an unconstrained image
frame data set. The filtering normally associated with conventional backprojection
reconstruction is not employed during this step and because only a few projection
views are used, this unconstrained image frame data set will contain many streaks
and other image artifacts.

[0079] As indicated by process block 260, the next step is to multiply the
unconstrained backprojected image frame data set by the composite image to form
a constrained image. This is a pixel-by-pixel multiplication in which each pixel value
in the unconstrained image frame data set is multiplied by the value of the
corresponding pixel in the composite image. The resulting highly constrained image
frame is stored and may be displayed as indicated at process block 262.

[0080] Further image frames are reconstructed as indicated at process block 264
until all the data acquired during the data acquisition phase of the scan is used as
determined at decision block 266. The reconstruction phase. of the scan ends at this
point, although the reconstructed image frames may be further processed
depending on the particular clinical application. In this embodiment the composite
image is formed by all the views acquired during the scan to provide a substantial '
improvement in image frame SNR, but the image frames are not available in real
time. Also, the image frame is constrained in real image space rather than during
the Radon space-to-real image space backprojection process.

[0081] While it is preferable from an image SNR standpoint to form the composite
image using all the interleaved views acquired during the scan, there are instances
when it may be preferable to use less than all the acquired views. For example,
during a dynamic study the object being imaged may change substahtially during the
scan. To better captufe this change in the series of reconstructed image frames it is -
preferable to use views in the composite image that are acquired temporally around
the same time as the views used to reconstruct the image frame. In other words,
the views used to form the composite'image are écquired during a time window that
includes the image frame being reconstructed and a selected number of views
acquired both before and after the image frame views are acquired. The size of this
window is selected to provide the best tradeoff between better SNR on the one hand ‘
resulting from a wide window, and a more accurate depiction of temporal changes in
the object on the other hand resulting from a narrow window. This selection can be
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done after the scan is completed and different window sizes for the composité image
may be tried during the image reconstruction phase to find the optimal tradeoff.
[0082] Referring particularly to Fig. 16, another preferred embodiment of the
invention acquires a series of time resolved 3D image frames with the CT system. |
As indicated at process block 267, a series of 3D image frames are acquired during
a period of time by acquiring cone beam projection views at equally spaced and
interleaved view angles. Each set of image frame projéction'views is limited in
number in order to improve the time resolution of each image frame and the cone
beam projection views of successive image frames are interleaved with each other .
as in the embodiments discussed above. When the data acquisition phase of the
scan is completed, cone beam projection views from successive image frames are
combined and used to reconstruct a composite image as indicated at process block
268. This is a conventional cone beam image reconstruction using one of the well
known techniques based on the methods‘discllosed by L.A. Feldkamp, L.C.-Davis,
and J.W. Kress, “Practical Cone Beam Algorithm,” J. Opt. Soc. Am. A1, 612-619
(1984); G.Wang, T.H. Lin, P. Cheg, and D.M. Shinozaki, “A General Cone-Beam
Reconstruction Algorithm,” IEEE Trans. Med. Imaging 12, 486-496 (1993).

[0083] The image reconstruction according to the present invention is highly
constrained by the content of the composite image. This fact is used to advantage
in this embodiment where objects in the field of view are to be removed from the
final image. This is done by editing the composite image as indicated at process
block 269 to delete the unwanted subject matter. More specifically, the pixels
corresponding to the structure to be removed is identified in the composite image.
In one copy of the composite image, all pixels outside the identified region are set to
zero, and in a second copy of the composite image all pixels in the identified region
are set to zero. Using the first copy of the composite image which contains the
unwanted structures, projections are taken along each projection angle used during
the scan. These projection views of the unwanted structures are then subtracted
from the acquired projection data at the corresponding view angles to remove most
of the unwanted signal. The second copy of the composite image in which pixels
corresponding to unwanted structures are set {o zero is then used during the highly
constrained reconstruction-described below to suppress any remaining unwanted
signals. The editing can be done manually by deleting structures such as metal
objects or it may be done automatically by subtraéting a mask image from the
composite image. Such a mask image may. be, for example, an image of the éubject A
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before injection of a contrast agent in order to remove structures from the image
frames that are not affected by the contrast agent.

[0084] Referring still to Fig. 16, a loop is entered in which each of the acquired 3D
image fames is reconstructed according to the teachings of the present invention.
As indicated at process block 270, the first step is to normalize the acquired image '
frame projections. This is accomplished in exactly the same manner-as described
above for process block 256 in Fig. 16. That is, composite image projections are
calculated for each.image frame projection angle and the image frame projection
values P are then divided by their correspondihg composite image projection values
Pe. ‘ . .
[0085] Using the normalized image frame projections, the next step as indicated at
process block 272 is to produce a 3D k-space image frame data set using all the
cone beam projection views in one of the acquwed image frames. While there are a
number of ways to do this, the preferred method is that disclosed by Guang-Hong
Chen in U.S. Pat. Appln. Serial No. 10/861,579 filed on June 4, 2004 and entitled
“Fourier Space Tomographic Image Reco'nstructien Method” which is incorporated
herein by reference. The divergent, cone beam projection views are thus converted
to k-space samples on a three-dimensional Cartesian grid. ‘
[0086] As mdlcated at process block 274, the resulting image frame k-space data
set is transformed to real space by next performlng an inverse, three-dimensional
Fourier transformation (3DFT). This is a conventional transformation commonly
used in MRI systems and a 3D unconstrained image frame results. However,
because of the limited number of view angles employed in a single image frame, this
unconstrained image frame will contain artifacts and noise.

[0087] The artifact ridden, unconstrained image frame is constrained using the
composite image. In this particular embodime’ht, the unconstrained image frame is
first normalized as indicated by process block 274 and then constrained by
multiplying each pixel value therein by the corresponding pixel value in the
composite image as indicated by process block 276. This is repeated for each
acquired image frame‘as indicate by process block 278. When the last image frame -
is reconstructed as determined at decision block 280, the image frames are stored
and available for display as indicated at process block 282.

[0088] In the above-described embodiments the-a priori information used to
reconstruct the composite image results from the acquisition of a plurality of image
frames at interleaved projection views. There are other dlinical applications of the
present invention, however, in which a pI‘IOI’I mformat;on is available for a quahty
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composite image without acquiring additional proj'ection views. One of these is data
acquired with a positron emission tomography (PET) scanner.

[0089] Referring particularly to Fig. 17, the PET scanner system includes a gantry
410 which supports a detector ring assembly 411 about a central opening, or bore
412. A gantry controller 417 is mounted within-the gantry 410 and is responsive to
commands received from an operator work station 415 through a second serial
communication link 418 to operate the gantry.

[0090] The detector ring 411 is comprised of detector blocks 420. Each block 420
includes a set of scintillator crystal photomultiplier tubes. A set of acquisition circuits
425 are mounted within the gantry 410 to receive the signals from each of the
modules 420 in the detector ring 411. The acquisition circuits 425 determine the
event coordinates within each block of scintillator crystals and these coordinates
(x,z), along with the sum of the crystal block signals are digitized and sent through a
cable 426 to an event locater circuit 427 housed in a separate cabinet 428. Each
acquisition circuit 425 also produces an event detection pulse (EDP) which indicates
the exact moment the scintillation event took place. |

[0091] The event locator circuits 427 form part of a data acquisition processor 430
which periodically samples the signals prdduced by the acquisition circuits 425. The
processor 430 has a backplane bus structure 431 and an acquisition CPU 429 which
controls communications on this bus 431 and links the processor 430 to the local
area network 418. The event locator 427 is comprised of a set of separate circuit
boards which each connect to the cable 426 and receive signals from corresponding
acquisition circuits 425 in the gantry 410. . The event locator 427 synchronizes the
event with the operation of the processor 430 by detecting the event pulse (EDP) '
produced by an acquisition circuit 425, and converting it into an 8-bit time marker
which indicates when within the current sample period the scintillation event took
place. Also, this circuit 427 discards any detected events if the total energy of the
scintillation is outside the range of 511 keV+£20%. During each sample period, the
information regarding each valid event is assembled into a set of digital numbers
that indicate precisely when the event took place and the position of the scintillator
crystal which detected the event. This event data packet is conveyed toa
coincidence detector 432 which is also part of the data acquisition processor 430.
[0092] The coincidence detector 432 accepts.the event data packets from the
event locators 427 and determines if any two 6f them are in coincidence. Events
which cannot be paired are discarded, but coincident event pairs are located and
recorded as a coincidence data packet that is conveyed through a serial link 433 toa . -
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sorter 434. Each coincidence data packet includes a pair of digital numbers which
precisely identify the addresses of the two scintillator crystals that detected the
event. From these, the location and angle of the ray path that produced the
coincidence event can be determined.

[0093] The sorter 334 is a circuit which forms part of an image reconstruction
processor 340. The image reconstruction processor 440 is formed about a
backplane bus 441. An image CPU 442 controls the backplane bus 441 and it links
the processor 440 to the local area network 418. A memory module 443 also
connects to the backplane 441 and it stores the data used to reconstruct images as
will be described in more detail below. An array pfocessor 445 also connects to the
backplane 441 and it operates under the direction of the image CPU 442 to perform
the image reconstruction using the data in memory module 443. The resulting
image array 446 is stored in memory module 443 and is output by the imagé cPU A
442 to the operator work station 415.

[0094] The function of the sorter 434 is to receive the coincidence data packets
and generate from them memory addresses for the efficient storage of the
coincidence data. The set of all coincidence event rays that point in the same
direction (8) and pass through the scanner's field of view is a complete projection, or
"view". The distance (R) between a partiéular ray path in a projection view and the -
center of the field of view locates that ray within the view. As shown in Fig. 17, for
example, an event 460 occurs along a projection ray 462 which is located in a view
at the projection angle 8 and the distance R. The's'orter 434 counts all of the events
that occur on this pfojection ray (R,0) during the scan by sorting out the coincidence
data packets that indicate an event at the.two scintillator crystals lying on this
projection ray. During an emission scan, the coincidence counts are organized in -
memory 443 as a set of two-dimensional arrays, one for each axial image, and each
having as one of its dimensions the projection angle 6 and the other dimension the
distance R. This 8 by R map of the measured coincidence events is called a
histogram, or more commonly the sinogram array 448.

[0095] Coincidence events occur at random and.the sorter 434 quickly determines
the 0 and R values from the two scintillator crystal addresses in each coincidence
data packet and increments the count of the corresponding sinogram array element.
At the completion of the emission scan, the sinogram array 448 stores the total
number of annihilation events which occurred aldng each ray. The number of such
annihilation events indicates the number of positron electron annihilation events that
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occurred along the ray R, 6 during the emission scan and within a few minutes
hundreds of thousands of events are typicallyfecorded. These numbers are used to
reconstruct a tomographic image. ‘ ,
[0096] It can be appreciated that the quality of a PET .image will depend to a great
extent on the number of scintillation events that are allowed to accumulate in the
sinogram 448. The longer the scan continues, thelarger the number of detected
scintillation events and the higher the quality of the reconstructed image.

[0097] Referring particularly to Fig. 18, the pfesent invention is employed by the
PET scanner to perform a time-resolved emission scan. The emission scan begins
as indicated at process block 460 by injecting a radionuclide into the subject of the
examination. The radionuclides most often employed in diagnostic imaging are
fluorine-18 ("°F), carbon-11 (*'C), nitrogen-13 ("*N), and oxygen-15 (*°0). These are
employed as radioéctive tracers called "radiopharmaceuticals” by incorporating them
into substances, such as glucose or carbon dioxide. The radiopharmaceuticals are
injected in the patient and become involved in such processes as glucose '
metabolism, fatty acid metabolism and protein synthesis.

[0098] The subject is placed in the bore 412 of the PET scanner and scintillation
events are detected and counted as indicated at proceés block 462. As described
above, the scintillation events are detected, sorted and stored in sinogram 448 as
counts for each ray R in the projection views 8. Events are counted and
accumulated for a relatively short time interval as determined at decision block 464.
This time interval determines the time resolution of the emission scaﬁ and it may be,
for example, one-tenth the duration of a conventional emission scan. As indicated at -
process block 466, when the time interval expires the accumulated scintillation event
counts are saved as a time interval sinogram 468.

[0099] The emission scan continues and the accumulated sinogram count is saved
after each time interval until the end of the scan is detected at decision block 470.
End of scan may be a.preset time or a preset number of time intervals. In either
case, a plurality of time interval sinograms 468 will be produced during the emission
scan and the last sinogram 468 will store the total count for the entire emission scan.
[00100] The image reconstruction phase of the scan now begins, and durihg this
phase an image frame indicative of the uptake of the radiopharmaceutical at the en‘d
of each time interval is reconstructed. First, as indicated at process block 472, a
composite image is reconstructed. This is a conventional backprojection
reconstruction using the last sinogram 468 saved during the emission scan. This
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contains the accumulated scintillation events for the entire emission scan and the
image quality will be the best possible. '

[00101] A loopis then entered at 474 in which time resolved image frames are
reconstructed using this composite image. More specifically, as indicated at process
block 476 a highly constrained backprojection of each stored time interval sinogram
468 is performed. This highly constrained backprojection is performed as described
above in Eq. (2) and shown in Fig. 4 using the recently reconstructed composite
image. This is a highly constrained backprojection and normalization step in which
the accumulated scintillation count for each ray R in each view 0 of the time interval
sinogram 468 is projected back along its ray path and multiplied by the
corresponding pixel value in the composite image and divided by the sum of the
composite pixel values along the same ray path. The resulting backprojected values
for each ray path R, 6 are added to the image frame being reconstructed.

[00102] The image frame reconstruction process 476 is repeated until image frames
corresponding to each time interval sinogram 468 is produced as detected at
decision block 480. As a result, a-series of image frames are produced which
indicate the uptake of the radiopharmaceutical at each time interval during the
emission scan. By using the higher quality compdsite image in the highly
constrained backprojection reconstruction, the image quality of each image frame is
substantially improved over conventional images reconstructed using sinograms
having low annihilation event counts. ‘ | _
[0100] In this PET scanner embodiment the composite image is not formed
using additional interleaved views acquired during the scan, but rather, by combining
the data acquired at the same set of views during each of a plurality of time intervals -
during the scan. Composite image quality is improved in this embodiment by
increasing the SNR of each view rather than increasing the number of views as in
the prior embodiments described above. This same strategy can also be used in x-
ray CT, for example, to reduce patient x-ray exposure without reducing image
quality. In such an embodiment a series of image frames are acquired using the
same set of projection angles in each image frame. Ho’weve'r, the x-ray dose is
lowered to reduce the exposure for the patient. The frame image SNR is retained by
using the highly constrained reconstruction method of the present invention with a -
composite image produced by combining the low-dose attenuation measurements
made during each image frame acquisition.. Rather than adding coincidence event

counts as in the PET scanner embodiment, the "combination" in this x-ray
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embodiment is the average of all the corresponding attenuation measurements in
acquired frame images. v

[0101] This same image reconstruction strategy can be used in reconstructing
images acquired with single photon emission computed tomography (SPECT)
systems. As with PET scanners, SPECT systéms accumulate counts of detected
photons emitted from the subject along different fay paths. During a scan a gamma
camera is moved slowly to accumulate counts at different view angles. Using the
present invention a series of image frames may be acquired by moving the gamma
camera more quickly and repeatedly through the same series of view angles. A
lower count is accumulated at each view angle so as not to increase total scan ﬁme,
but the SNR of each reconstructed image frame is maintained using a composite
image that is formed by adding all the counts together for each view angle.

[0102] Referring particularly to Figs. 19 and 20, an embodimeﬁt of the
invention employed to reconstruct tomosynt:hesis images employs an x-ray system
that is designed spéciﬁcally for use in connection with interventional procedures. It
is characterized by a gantry having a C-arm 510 which carries an x-ray source
assembly 512 on one of its ends and an x-ray detector array assembly 514 at its
other end. The gantry enables the x-ray source 512 and detector 514 to be oriented
in different positions and angles around a patient disposed on a table 516, while
enabling a physician access to the patient. . .

[0103] The gantry includes an L-shaped pedestal 518 which has a horizontal
leg 520 that extends beneath the table 516 and a vertical leg 522 that extends
upward at the end of the horizontal leg 520 that is spaced from of the table 516. A
support arm 524 is rotatably fastened to the upper end of vertical leg 522 for rotation
about a horizontal pivot axis 526. The pivot axis 526 isAaIigned with the centerline of
the table 516 and the arm 524 extends radially.outward from the pivot axis 526 to
support a C-arm drive assémbly 527 on its outer end. The C-arm 510 is slidably
fastened to the drive assembly 527 and is coupled to a drive motor (not shown)
which slides the C-arm 510 to revolve it about a C-axis 528 as indicated by arrows
530. The pivot axis 526 and C-axis 28 intersect each other at an isocenter 536
located above the table 516 and they are pérpéndicular to each other. |
[0104] The x-ray source assembly 512 is mounted to one end of the C-érm '
510 and the detector array assembly 514 is mounfed to its other end. As will be
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discussed in more detail below, the x-ray source 512 emits a cone beam of. x-rays
which are directed at the detector array 514. Both assemblies 512 and 514 extend
radially inward to the pivot axis 526 such that the center ray of this cone beam
passes through the system isocenter 536. The center ray of the cone beam can
thus be rotated about the system isocenter around.either the pivot axis 526 or the C-
axis 528, or both during the acquisition of x-ray attenuation data from a subject
placed on the table 516. ' )

[0105] As shown in Fig. 21, the x-ray source assembly 512 contains an x-ray
source 532 which emits a cone beam 533 of x-rays when energized. The center ray
534 passes through the system isocenter 536 and impinges on a two-dimensional
flat panel digital defector 38 housed in the detector assembly 514. The detector 538
is a 2048 by 2048 element two-dimensional array of detector elements havfng a size
of 41 cm by 41 cm. Each element produces an electrical signal that represents the.
intensity of an impinging x-ray and hence the attenuation of the x-ray as it passes
through the patient. During a scan the x-ray source 532 and.detector array 538 are
rotated about the system isocenter 536 to acquire x-ray attenuation projection data
from different angles. The detector array is able to acquire 30 projections, or views,
per second and this is the limiting factor that determines how many views can be
acquired for a prescribed scan path and speed.

[0106] Referring particularly to Fig. 20, the rotation of the assemblies 512 and
514 and the operation of the x-ray source 32 are goverhed by a control mechanism
540 of the CT system. The control mechanism 540 includes an x-ray controller 542
that provides power and tirﬁing signals to the x-ray source 532. A data acquisition -
system (DAS) 544 in the control mechanism 540 samples data from detector
elements 538 and passes the data to an image reconstructor 545. The image
reconstructor 545, receives digitized x-ray data frorh the DAS 544 and perforrhs high
speed image reconstruction according to the methods of the present invention. The
reconstructed image is applied as an input to a computer 546 which stores the
image in a mass storage device 549 or processes the image further.

[0107] The control mechanism 540 also includes pivot motor controller 547
and a C-axis motor controller 548. In response to motion commands from the
computer 546 the motor controllers 547 and 548 provide power to motors in the x-

ray system that produce the rotations about respective pivot axis 526 and C-axis
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528. A program executed by the computer 546 generates motion commands to the
motor drives 547 and 548 to move the assemblies 512 and 514 in a prescribed scan
path. ‘

[0108] The computer 546 also receives commands and scanning parameters
from an operator via console 550 that has a keyboard and other manually operable
controls. An associated cathode ray tube display 552 allows the operator to observe
the reconstructed image and other data from the computer 546. The operator
supplied commands are used by the computer 546 under the direction of stored
programs to provide control signals and iﬁformation to the DAS 544, the x-ray
controller 542 and the motor controllers 547 and 548. In addition, computer 46
operates a table motor controller 554 which.controls the motorized table 516 to
position the patient with respect to the system isocénter 536.

[0109] The computer 546 stores prograrhs which enable it to perform a scan
in which physiological information can be extracted to indicate the perfusion of blood
into tissues. A first reference image is acquired prior to contrast injection using a
tomosynthesis method and then a series of tomosynthesis images are acquired at
one second intervals as the contrast agent flows into the region of interest. After
subtraction of the réference image, these tomosynthesis images are used to
calculate regional blood flow (rBF), regional blood volume (rBV) and regionél mean
transit time (rtMTT) and produce corresponding parametric images. |
[0110] Referring particularly to Fig. 22, when the scan is performed the gantry
is moved in a prescribed path to acquire a reference tomosynthesis data set as
indicated at process block 600. As shown in Fig'. 23, this scan path is performed by
simultaneously operating the pivot axis motor controller 547 and C-axis motor
controller 548 to move the x-ray source 532 in a circular or elliptical orbit below the
isocenter 536 and the detector 538 in a corresponding circular orbit above the
isocenter 536. The size of the circular orbit'is determined by a number of factors,
but the objective is to make the enclosed area of the péth as large as possible. The
constraining factor is that the gantry should move through the entire circular path to
acquire a single tomosynthesis data set at the frame rate needed to capture the
dynamic changes that occur during the inflow of contrast agent. In this embodiment

of the invention up to 10 tomosynthesis image data sets are acquired in this manner -
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and corresponding views are averaged to form the reference tomosyhthesis data
set. ' |

[0111] As indicated at process block 602, a reference tomosynthesis image is
reconstructed from the acquired reference data set. Each acquired view in the
reference data set is a radiograph acquired at a specific point on the circular scan
path. A 2D image is reconstructed by superimposing these radiograph views and
translating them with respect to each other. The location of the 2D image plane is
determined by the degree of translation and the 2D tomogram can thus be
selectively located above or below the system isocenter 536.

[0112] As indicated at process block 604, after acquisition of the reference
tomosynthesis image the subject is injected with a contrast agent and a loop is
entered in which a series of tomosynthesis data sets are acquired as the contrast
flows into the region of interest. The x-ray source 532 and detector array 538 are
continuously moved in the circular paths as shown in Fig. 23 and views are
continuously acquired as indicated at process block 606. At the completion of each
circular scan (approximately one secorid) the acquired views are saved as a
tomosynthesis data set as indicated at process block 608. This data tacquisition
continues long enough to capture the entire tissue contrast enhancement curve,
which can range from approximately 15 seconds to 60 seconds, depending on the
location and rate of the injection, the region of interest and the type of pathological
conditions present. The data acquisition phase is then complete as indicated at ‘
decision block 610, and each of the acquired tomosynthesis data sets are used to
reconstruct corresponding ihage frames as.indicated at process block 612. The
reconstruction of the tomosynthesis image frames according'to the present invention
is described in more detail below ‘ ‘

[0113] After each image frame is reconstructed the reference tomosynthesis
image is subtracted from it. The result is a series of difference tomosynthesis
images which depict the inflow of blood into the arteries and tissues in the region of
interest. This information is used to calculate a number of parameters which
measure the blood perfusion in the tissues. Uéually, the tomosynthesis images will
be reconstructed at more than one plane so that blood perfusion can be assessed at
different locations in the region of interest. Also, to make the parameter calculations

an arterial contrast enhancement curve is needed and this requires tomosynthesis
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images in a plane that contains the artery that supplies blood to the tissues of
interest. .

[0114] As indicated at process block 614, an image which depicts the regional .
mean transit time (rMTT) of blood flow into tissues is calculated by deconvolving
tissue contrast enhancement curves and the arterial contrast enhance curve. Both

curves are obtained from the set, or sets, 'of tomo‘synthesis images. As indicated at

process block 616, a regional blood flow volume (rBV) image is then calculated. The .-

volume of flowing blood in a capillary network is calculated by the ratio of two areas
under the tissue enhancement curve énd arterial enhancement curve. And finally, a
regional blood flow (rBF) image is calculated at process block 618. The blood flow
information is derived from the rBV and rMTT information using the central volume .
principle. A

[0115] Referring particularly to Fig. 24, the feconstruction of the
tomosynthesis image frames is performed by constraining the reconstruction with a
composite image. The first step, therefore, is to produce the composite image as
indicated at process block 622. This is done by combining the correspondihg .
radiograph views in the respective tomosynthesis data sets to produce a composite
tomosynthesis data set. More specifically, corresponding values (i.e., same
radiograph view angle and x,y location theréin) in the tomosynthesis data sets are
averaged to produce the composite tomosynthesis data set. A tomosynthesis
reconstruction algorithm is then used to produce one or more composite image
slices from this composite tomosynthesis data set. A number of standard methods
may be used for this step such as that disclosed in U.S. Pat. No. 4,903,204.

[0116] A loop is then entered in which an image frame is reconstructed from
each acquired tomoesynthesis data set. First, one view in the data set is normalized
as indicated at process block 624. This is accomplished by dividing each value
therein by the corresponding projection value in the same view of the composite
tomosynthesis data set. The normalized values in the radiograph view are then
backprojected as indicated at process block 626. :This is an unconstrained
backprojection which uses the same algorithm used to produce the composite
image. As indicated by process block 630, the resulting values are added to the

image frame being reconstructed.
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[0117] This process repeats for each view in the acquired tomosynthesis' data
set as indicated at block 631 until all views in the current image frame havea been
processed as determined at decision block 632. The resulting slice image(s) is then
constrained as indicated at process block 633 by multiplying each pixél value therein
by the corresponding pixel value in the composite image. The process is then
repeated for each image frame as indicated at process block 634 until all the
tomosynthesis data sets have been processed to.produce corresponding image
frames as determined at decision block 636.

[0118] There are many variations possible from the particular embodiments
described above. For example, the multiplication by the composite image in Radon
space or real space can also be equivalently performed in k-épace. Similarly, the
normalization step performed in Radon space in ﬁhe above-described embodiments
can also be equivalently performed in k-sbace. Also, it is possible to use the present
invention to improve the quality of existing images. In a PET scan, for example,
there is usually complete sampling and the issue ié noise. The fully sampled image
can be reprojected and the resulting projectiohs may be used in a highly constrained
backprojection according to the present invention to reconstruct images with a
higher SNR. ' i

[0119] The present invention is particularly applicable to clinical applications in
which the clinically important structures are not acbompanied by substantial
background structures. Such "sparse” images enable a nearly exact image
reconstruction to be performed because the backprojected signals are focused on
the target structures rather than being disbursed to background structures. ‘Such
sparsity is enhanced in the above-described CEMVRA clinical applications by
subtracting out non-vasculature structure with a mask image prior to image
reconstruction. ltis cdntemplated that the pfesent invention may be successfully
applied to other clinical applications where considerable background structures are
present by subtracting similar image data prior to image reconstruction to form a
sparse data set, and then adding it back after image reconstruction.

[0120] In the preferred MRI embodiments of the invention radial k-space
projection views are acquired and these are Fourier transformed to Radon space for .
image reconstruction according to the present invention. Other k-space sampling

trajectories may also be used. One variation is to acquire a partial NMR echo signal
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which samples along a trajectory that does not exténd 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 Dimensional Sodium Imaging”, MRM, 37:706-715, 1997 by F. E. Boada, et al.
and in “Rapid 3D PC-MRA Using Spiral Projection 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. Regardless of the sampling trajectory used, the k-space sample pbints can
be regridded to form a set of radial projections that can be processed according to

the teachings of the present invention.
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CLAIMS

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 projection views of the
subject positioned in the FOV;

b) producing a composite image with acquired projection views which
indicates a value at each composite image pixel of the subject positioned in the
FOV; and

c) reconstructing an image of the subject by;

c)i)  backprojecting projection views into the FOV and weighting the
value backprojected into each image pixel by the composite image; and

c)iiy summing the backprojected values for each image pixel.

2. The method as recited in claim 1 in which each image pixel

backprojected value S, is calculated in step c)i) as
N
. =(@xC)/Y.C,
n=!

where: P = the projection view value being backprojected;
Cn = corresponding pixel value in the composite image;
Sy, = the value of the n™ pixel along the backprojection path; and

N = total number of pixels along the backprojection path.

3. The method as recited in claim 1 in which step b) includes editing the
composite image to remove an object therein and to thereby substantially minimize

the appearance of that object in the reconstructed image.

4. The method as recited in claim 1 in which the weighting in step c)i)
includes normalizing each projection view using a corresponding projection view
from the composite image and multiplying the backprojected value by the value of

the corresponding pixel in the composite image.
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5. The method as recited in claim 1 in which the FOV is three-
dimensional, a three-dimensional image is produced, and the image Iy,

reconstructed in step c) is:

15,,2)=)_ (P(r,0,$) * C(X, Y2504y / P, (1,0, )
where the summation (X.) is over all projection views used to reconstruct the image;
Iixy.z is the image value at pixel location X,y,z; Py, ) is the back projected value from
the projection view at view angle 0, ¢; Ciy.z is the composite image value at the
pixel location x,y,z ; and P(r,0,$) is the projection profile value from the composite

image at the view angle 0, ¢.

6. The method as recited in claim 4 in which the composite image is

produced using substantially all the projection views acquired in step a).

7. The method as recited in claim 4 in which each set of interleaved
projection views is acquired at a time during a scan in which all the projection views
are acquired, and step b) includes:

producing a composite image for reconstructing an image from a set of
interleaved projection views using the set of interleaved projection views and
projection views acquired at times close to the time at which the set of interleaved

projection views are acquired.

8. The method as recited in claim 1 in which the projection views are
acquired in step a) by accumulating counts over a period of time, the projection
views used in step b) to produce the composite image include counts accumulated
over substantially the entire period of time, and the projection views used in step ¢)
to reconstruct an image include counts accumulated over a portion of said period of

time.

9. The method as recited in claim 8 in which the medical imaging system
is a PET scanner and the counts represent the number of detected positron electron

annihilation events.
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10.  The method as recited in claim 8 in which the medical imaging system

is @ SPECT scanner and the counts represent the number of detected photons.

11. The method as recited in claim 1 in which the projection views acquired
in step a) are radiograph views repeatedly acquired at a set of view angles and the
composite image is produced in step b) by averaging the radiograph views acquired
at the same view angle and reconstructing the composite image from the resulting

set of averaged radiograph views.

12. The method as recited in claim 11 in which the composite image is

reconstructed using a tomosynthesis reconstruction.

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

d) acquiring with the medical imaging system additional views of the
subject positioned in the FOV;

e) reconstructing a mask image from the additional views; and

f) subtracting the mask image from the composite image prior to

performing step c).
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14. 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) reconstructing a composite image from views acquired in step a) which
contains a value at each composite image pixel that is indicative of the subject at
that pixel location in the FOV; and

c) reconstructing an image of the subject by:

c)i) producing an image data set from views acquired in step a);

c)ii) producing a constrained image of the subject in the FOV by
multiplying values in the image data set at each image pixel location by the
corresponding pixel value in the composite image; and

c)iiiy producing the image of the subject by normalizing the

constrained image.

15. The method as recited in claim 14 in which the image data set is
formed from views acquired in step a) that depict the subject in the FOV from a set
of projection angles and the constrained image is normalized in step c)iii) by:

calculating a projection of the composite image at each of the projection
angles; and

dividing each pixel value in the constrained image by a value in each of the

composite image projections.

16.  The method as recited in claim 14 in which the views acquired in step
a) are projection views acquired at interleaved projection angles, the image data set
produced in step c)i) includes producing the image data set from a set of said
projection views, and the constrained image is normalized in step c)iii) by:

calculating a projection of the composite image at each projection angle of
the set of said projection views; and

dividing each pixel value in the constrained image by a value in each of the

composite image projections.
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17.  The method as recited in claim 14 in which the image data set
produced in step c)i) includes:
selecting a set of views acquired in step a); and

transforming the selected views from acquisition space to real space.

18.  The method as recited in claim 17 in which acquisition space is k-

space and the transformation is an inverse Fourier transformation.

19.  The method as recited in claim 18 in which the selected views are
projection views and the transformation includes transforming the projection views to

k-space.

20.  The method as recited in claim 17 in which acquisition space is Radon

space and the transformation is a backprojection of each view.
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21.  The method as recited in claim 14 in which the composite image is
reconstructed from substantially all the views acquired in step a); and the image data
set is produced in step c) from substantially less than all the views acquired in step

a).

22.  The method as recited in claim 14 which includes:
d) producing additional images of the subject by repeating step c) using

different ones of the views acquired in step a).

23. The method as recited in claim 22 in which the views acquired in step

a) are projection views acquired at different view angles.

24.  The method as recited in claim 14 in which the views acquired in step
a) are acquired over a period of time during which changes occur in the subject; step
c)i) includes selecting a set of views acquired during a time interval during the
performance of step a); and step b) includes selecting a set of views acquired during

a window of time that includes said time interval and is longer than said time interval.

25.  The method as recited in claim 14 in which the medical imaging
system is a magnetic resonance imaging system and each view samples a line in k-

space.

26.  The method as recited in claim 14 in which the medical imaging

system is an x-ray CT system and each view is a projection in Radon space.

27.  The method as recited in claim 14 in which the medical imaging

system is an x-ray scanner and each view is a radiograph.
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28. A method for producing an image of a subject positioned in a field of
view (FOV) of an imaging system, the steps comprising:

a) acquiring with the imaging system a plurality of views of the subject
positioned in the FOV;

b) reconstructing a composite image from views acquired in step a) to
provide a priori knowledge of the subject to be imaged; and

c) reconstructing an image of the subject with a selected set of views
acquired in step a), wherein the a priori knowledge of the subject in the composite

image is used in the image reconstruction to improve the quality of the image.

29.  The method as recited in claim 28 in which step c) includes:
c)i)  backprojecting a selected view into the FOV; and
c)ii) weighting the value backprojected into each FOV image pixel based on

the a priori knowledge of the subject at the image pixel.

30. The method as recited in claim 29 in which step c)ii) includes:
multiplying each backprojected image pixel value by a value in the composite
image; and

normalizing the product of said multiplication.

31.  The method as recited in claim 29 in which step c) includes Fourier

transforming each selected view prior to backprojection in step c)i).

32.  The method as recited in claim 28 in which step c) includes:
c)i) transforming the selected set of views to a real space image; and
c)ii)  weighting the values of the real space image pixels based on the a

priori knowledge of the subject at each image pixel.

33.  The method as recited in claim 32 in which the transformation in step

c)i) is an inverse Fourier transformation.
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34. 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) reconstructing a composite image from views acquired in step a) which
contains a value at each composite image pixel that is indicative of the subject at
that pixel location in the FOV; and |

c) reconstructing an image of the subject by:

c)i)  producing an image data set from views acquired in step a);

c)i) normalizing the image data set by dividing values therein by
values derived from the composite image;

c)iii) transforming the normalized image data set to form an
unconstrained image; and

c)iv) multiplying values in the unconstrained image by corresponding

values in the composite image.

35.  The method as recited in claim 34 in which the values used in step c)ii)
are derived from the composite image by calculating a projection of the composite

image for each view in the image data set.

36. The method as recited in claim 34 in which the views acquired in step
a) are projection views acquired at interleaved projection angles, the image data set
produced in step c)i) includes producing the image data set from a set of said
projection views, and the image data set is normalized in step c)ii) by:

calculating a projection of the composite image at each projection angle of
the set of said projection views; and

dividing each value in the image data set by a value in each of the composite

image projections.

37.  The method as recited in claim 34 in which the composite image is
reconstructed from substantially all the views acquired in step a); and the image data
set is produced in step c) from substantially less than all the views acquired in step

a).
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38.  The method as recited in claim 34 which includes:
d) producing additional images of the subject by repeating step c) using

different ones of the views acquired in step a).

39.  The method as recited in claim 34 in which the views acquired in step
a) are acquired over a period of time during which changes occur in the subject; step
c)i) includes selecting a set of views acquired during a time interval during the
performance of step a); and step b) includes selecting a set of views acquired during

a window of time that includes said time interval and is longer than said time interval.

40. The method as recited in claim 34 in which the transformation in step

c)iii) is a Fourier transformation.

41. The method as recited in claim 34 in which the transformation in step
c)iii) includes:

Fourier transforming each normalized image data set view; and

reconstructing the unconstrained image from the Fourier transformed image
data set views by performing one of either a two-dimensional or a three-dimensional

inverse Fourier transformation thereon.

42.  The method as recited in claim 34 in which step b) includes editing the

composite image to remove selected structures.

43.  The method as recited in claim 42 which includes reconstructing a
mask image from selected views acquired in step a) and the editing of the composite

image includes subtracting the mask image.
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