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BACKPROJECTION RECONSTRUCTION 
METHOD FOR CT IMAGING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
priori knowledge of the subject and the assumption is made 
that the x-ray attenuation in the FOY 102 is homogeneous and 
that the ray sum should be distributed equally in each pixel 
through which the ray path passes. For example, a ray path 

5 108 is illustrated in FIG. 5 for a single ray sum 104 in one 
transmission profile 100 and it passes through N pixels in the 
FOY 102. The attenuation value (P) of this ray sum 104 is 
divided up equally between these N pixels: 

This application is based on U.S. Provisional Patent Appli
cation Ser. No. 60/697,607 filed on Jul. 8, 2005 and entitled 
"BACKPROJECTION RECONSTRUCTION METHOD 
FOR UNDERSAMPLED TIME-RESOLVED MR IMAG- 10 

(1) 

ING", U.S. Provisional Pat.Appln. Ser. No. 60/716,865 filed 
on Sep. 14, 2005 and entitled "Backprojection Reconstruc
tion Method For CT Imaging"; and U.S. Provisional Patent 
Application Ser. No. 60/739,554 filed on Nov. 23, 2005 and 
entitled "Backprojection Reconstruction Method For Low 
Dose CT Imaging". 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with government support under 
Grant No. HL072260 awarded by the National Institute of 
Health. The United States Government has certain rights in 
this invention. 

BACKGROUND OF THE INVENTION 

The present invention relates to computed tomography, and 
more particularly, to a method and apparatus for reconstruct
ing an image from projection data acquired using a computed 
tomography ("CT") system. 

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

where: µn is the attenuation value distributed to the nth pixel 
in a ray path having N pixels. 

Clearly, the assumption that attenuation in the FOY 102 is 
homogeneous is not correct. However, as is well known in the 

15 art, if certain corrections are made to each transmission pro
file 100 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 

20 image reconstruction, anywhere from 400 to 1000 views are 
typically required to adequately suppress image artifacts in a 
2DCTimage. 

There are a number of clinical applications where the time 
required to acquire a large number of views is not available. In 

25 time-resolved angiography, for example, a series of images 
are acquired as contrast agent flows into the region of interest. 
Each image is acquired as rapidly as possible to obtain a series 
of snapshots that depicts the in flow of contrast. This appli
cation is particularly challenging when imaging coronary 

30 arteries or other vessels that require cardiac gating to suppress 
motion artifacts. 

In Computer Rotation Angiography (CRA), a computed 
rotational angiography system such as that described by Fah
rig, Lownie and Holdsworth (Use of a C-Arm system to gen-

35 erate True 3D Computed Tomography Rotational Angio
grams; Preliminary in vitro and In vivo Results. R. Fahrig, S. 
Lownie, and D W Holdsworth, AJNR 18:1507-154, Septem
ber 1997) is employed to acquire a series of three dimensional 
images during the uptake of a contrast agent. Because it is 

40 desirable to acquire the three-dimensional data sets obtained 
using this apparatus as quickly as possible in order to provide 
a high time resolution during the dynamic study, only 120 
projection angles, or views, are acquired for each image. This 
is significantly less than that demanded by the Nyquist sam-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 50 

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. The prevailing method for 
reconstructing an image from 2D data is referred to in the art 

45 piing theorem. Therefore, the angiogram reconstructed from 
a single data set contains streak artifacts. These streak arti
facts preclude the use of this CRA method for intravenous 
angiography because of the reduced vasculature contrast pro-
vided by this contrast injection method. 

Another issue with x-ray CT is the x-ray dose to which the 
subject is exposed during the scan. To obtain a higher reso
lution and artifact free image it is necessary to obtain many 
views at a high enough x-ray beam intensity to reconstruct an 
image at the desired signal-to-noise ratio (SNR). The dose 

as the filtered backprojection technique. This image recon
struction process converts the attenuation measurements 
acquired during a scan into integers called "CT numbers" or 
"Hounsfield units", which are used to control the brightness 

55 level may be reduced by decreasing the beam strength or 
reducing the number of acquired views, but either step also 
reduces the SNR of the reconstructed image. 

of a corresponding pixel on a display. 
The filtered backprojection image reconstruction method 60 

is the most common technique used to reconstruct CT images 
from acquired transmission profiles. As shown in FIG. 5 each 
acquired x-ray transmission profile 100 is backprojected onto 
the field of view (FOY) 102 by projecting each ray sum 104 in 
the profile 100 through the FOY 102 along the same ray path 65 

that produced the ray sum 104 as indicated by arrows 106. In 
projecting each ray sum 104 in the FOY 102 we have no a 

SUMMARY OF THE INVENTION 

The present invention is a new method for reconstructing 
CT images, and particularly, an improved backprojection 
method. A composite image is acquired and reconstructed to 
provide a priori knowledge of the subject being imaged. This 
composite image is used during the backprojection of 
acquired images to weight the distribution of the back pro
jected attenuation data. As a result, quality CT images can be 



US 7,545,901 B2 
3 

reconstructed using fewer projection views of the subject, or 
using projection views acquired with a lower x-ray dose. 

A discovery of the present invention is that good quality CT 
images can be produced with far fewer attenuation profiles if 
a priori knowledge of the x-ray attenuation contour in the 5 

FOY 102 is used in the backprojection process instead of the 
assumed homogeneous attenuation contour. Referring to 
FIG. 6, for example, the attenuation contour in the FOY 102 
may be known to include structures such as blood vessels 110 
and 112. That being the case, when the backprojection ray 10 

path 108 passes through these structures a more accurate 
distribution of the ray sum 104 in each ray path pixel is 
achieved by weighting the distribution as a function of the 
known attenuation contour at that pixel location. As a result, 
a majority of the ray sum 104 will be distributed in the 15 

example of FIG. 6 at the ray path pixels that intersect the 
structures 110 and 112. For a backprojection ray path 108 
having N pixels this may be expressed as follows: 

4 
8,cp) at the appropriate r,8,cpvalue for that plane. P c(r,8,cp) is the 
corresponding ray sum attenuation value from the composite 
image, and C(x,y,z)cr.e.<1>) is the composite image value at 
(r,8,cp ). 

Another discovery of the present invention is that there are 
a number of clinical CT applications in which a priori infor
mation is available and a composite image can be recon
structed and used to enhance the reconstruction of images. 
When a series of time-resolved images are acquired in a 
dynamic study, each image frame may be reconstructed using 
a very limited set of acquired views in order to increase the 
time resolution of the study. To employ the highly constrained 
backprojection reconstruction method of the present inven
tion, each such set of image frame views is interleaved with 
the views acquired for other image frames. After a number of 
image frames have been acquired, a sufficient number of 
different, interleaved views are available to reconstruct a 
quality composite image. 

Another objective of the present invention is to enable an 

(2) 
20 image to be acquired with a lower x-ray dose without signifi

cant loss of image SNR. By using a high SNR composite 
image in the highly constrained backprojection method of the 
present invention, the SNR of an image frame reconstructed 
from a lower dose set of projection views is significantly 

where: P=the ray sum attenuation value; and 
Cn =attenuation value of an a priori composite image at 

the nth pixel along the backprojection ray path. 

25 increased; For example, in a perfusion study in which contrast 
agent flowing into tissues is repeatedly imaged, a high SNR 
composite image may be acquired and a series of low dose 
image frames may be acquired during the study. By using the 

The numerator in equation (2) weights each pixel using the 
corresponding attenuation value in the composite image and 

30 
the denominator normalizes the value so that all back-
projected ray sums are given equal weight by the process. 

It should be noted that while the normalization can be 
performed on each pixel separately after the backprojection, 

high SNR composite image to reconstruct each image frame, 
the SNR of each image frame is substantially increased. 

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 

35 of illustration a preferred embodiment of the invention. Such 
embodiment does not necessarily represent the full scope of 
the invention, however, and reference is made therefore to the 
claims and herein for interpreting the scope of the invention. 

in many clinical applications it is far easier to normalize the 
ray sum attenuation value P before the backprojection. In this 
case, the ray sum P is normalized by dividing by the corre
sponding value Pc in a projection through the composite 
image at the same view angle. The normalized ray sum PIP c 

for each view angle is backprojected and summed to form an 
40 

unconstrained image, and the resulting unconstrained image 
is then multiplied by the composite image. 

A 3D embodiment of the highly constrained backprojec
tion is shown pictorially in FIG. 14 for a single 3D projection 
view characterized by the view angles 8 and cp. This projection 45 
view is back projected along axis 116 and spread into a Radon 
plane 121 at a distance r along the back projection axis 116. 
Instead of a filtered back projection in which projection signal 
values are filtered and uniformly distributed into the succes
sive Radon planes, along axis 116, the projection signal val-

50 
ues are distributed in the Radon plane 121 using the informa
tion in the composite image. The composite image in the 
example of FIG. 14 contains vessels 118 and 120. The 
weighted attenuation value is deposited at image location x, y, 
z in the Radon plane 121 based on the value at the correspond-

55 
ing location x, y, z in the composite image. This is a simple 
multiplication of the backprojected ray sum value P by the 
corresponding composite image pixel value. This product is 
then normalized by dividing the product by the ray sum 
attenuation value from the corresponding image space pro-

60 
jection view of the composite image. The formula for the 3D 
reconstruction is 

(2a) 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of a first type of CT apparatus 
which can be used to practice the present invention; 

FIG. 2 is a block diagram of CT control system which can 
be used to control the CT apparatus of FIG. 1; 

FIG. 3 is a perspective view of a second type of CT appa
ratus that can be used to practice the present invention; 

FIG. 4 is a graphic illustration of the interleaved acquisition 
of projection views in successive image frames; 

FIG. 5 is a pictorial representation of a conventional back
projection image reconstruction method; 

FIG. 6 is a pictorial representation of the highly con
strained backprojection image reconstruction method 
according to the present invention; 

FIG. 7 is a pictorial representation of a third type of CT 
apparatus which can be used to practice the present invention; 

FIG. 8 is a flow cart of one preferred method for practicing 
the present invention; 

FIG. 9 is a flow chart of the frame image reconstruction 
method which forms part of the method of FIG. 8; 

FIG. 10 is a pictorial representation of the method used to 
provide an up-to-date composite image; I(x,y,z)~L(P(r,0,<j> )* C(x,y,z)(r,s,,i,(P c(r,0,<j>)) 

where the sum (L) 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 ray sum value P(r, 

FIG. 11 is a flow chart of another preferred method for 
65 practicing the present invention; 

FIG. 12 is a flow chart of yet another preferred method for 
practicing the present invention; 
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FIGS. 13A and 13B are pictorial representations of another 
CT apparatus that can be used to practice the present inven
tion; 

6 
lution of each acquired image frame is limited by the time 
required to rotate the gantry through a substantial angle. This 
is necessary when an under-sampled data set is acquired in 
order for the acquired projection views to be evenly spaced FIG. 14 is a pictorial representation of a 3D backprojection 

image reconstruction according to the present invention; 
FIG. 15 is a pictorial representation of a composite image 

reprojection step used to practice one method for practicing 
the present invention; and 

FIG. 16 is a flow chart of another method for practicing the 
present invention with the CT apparatus of FIG. 13. 

5 and span the full angular range. It has been found that when 
the acquired projection views in an under sampled data set are 
evenly spaced, the point spread function is very good and 
artifacts only start to occur at some distance from the center of 
the FOY. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

10 To achieve very high time resolution during a dynamic 
study it is necessary to acquire each set of equally spaced 
projection views in a very short time frame. This is accom
plished with the CT system shown in FIG. 7. Rather than 
moving a single x-ray source around an FOY 100, a set of 

15 separate x-ray sources 102 are disposed evenly around the 
FOY 100. A stationary 2D detector ring 104 is also disposed 
around the FOY 100 and sectors thereof receive and measure 
one projection view produced by an x-ray source 102 on the 

With initial reference to FIGS. 1 and 2, a computed tomog
raphy (CT) imaging system 10 includes a gantry 12 represen
tative of a "third generation" CT scanner. Gantry 12 has an 
x-ray source 13 that projects a fan beam or a cone beam of 
x-rays 14 toward a detector array 16 on the opposite side of 
the gantry. The detector array 16 is formed by a number of 20 

detector elements 18 which together sense the projected 
x-rays that pass through a medical patient 15. Each detector 
element 18 produces an electrical signal that represents the 
intensity of an impinging x-ray beam and hence the attenua
tion of the beam as it passes through the patient. During a scan 25 

to acquire x-ray projection data, the gantry 12 and the com
ponents mounted thereon rotate about a center of rotation 19 
located within the patient 15. 

The rotation of the gantry and the operation of the x-ray 
source 13 are governed by a control mechanism 20 of the CT 30 

system. The control mechanism 20 includes an x-ray control-
ler 22 that provides power and timing signals to the x-ray 
source 13 and a gantry motor controller 23 that controls the 
rotational speed and position of the gantry 12. A data acqui
sition system (DAS) 24 in the control mechanism 20 samples 35 

analog data from detector elements 18 and converts the data to 
digital signals for subsequent processing. An image recon
structor 25, receives sampled and digitized x-ray data from 
the DAS 24 and performs high speed image reconstruction 
according to the method of the present invention. The recon- 40 

structed image is applied as an input to a computer 26 which 
stores the image in a mass storage device 29. 

The computer 26 also receives commands and scanning 
parameters from an operator via console 30 that has a key
board. An associated cathode ray tube display 32 allows the 45 

operator to observe the reconstructed image and other data 
from the computer 26. The operator supplied commands and 
parameters are used by the computer 26 to provide control 
signals and information to the DAS 24, the x-ray controller 22 
and the gantry motor controller 23. In addition, computer 26 50 

operates a table motor controller 34 which controls a motor
ized table 36 to position the patient 15 in the gantry 12. 

Referring to FIG. 3, a second embodiment of a CT scanner 
which may employ the present invention comprises a C-arm 
40 to which the two-dimensional detector 44 and X-ray 55 

source 42 are mounted. Here, again the patient 42 is posi
tioned on a table 46. The C-arm 40 is rotationally mounted to 
a base 45, and data for the generation of three-dimensional 
images is obtained by rotating the X-ray source 42 and detec-
tor 44 around a defined axis 47. CT scarmers of the type 60 

shown in FIG. 3 are particularly useful in angiography, as 
described in Use of a C-Arm system to generate True 3D 
Computed Tomography Rotational Angiograms; Preliminary 

opposite side of the FOY 100 as indicated by dashed lines 106 
for one source 102. Systems such as the Mayo Clinic 
Dynamic Spatial Reconstruction described by Robb, R. A., E. 
A. Hoffman, L. J. Sinak, L. D. Harris and E. L. Ritman: 
"High-Speed Three-Dimensional X-ray Computed Tomogra
phy: The Dynamic Spatial Reconstructor" Proceedings of the 
IEEE 71: 308-319 (march) 1983, may be used for this pur
pose. 

One image frame is acquired with this CT system by ener-
gizing each x-ray source 102 in sequence for 0.5 msec and 
reading the attenuation profile from the detector 104. A com
plete image frame requires only 8 msec to acquire and then 
the ring of x-ray sources 102 is rotated a small angle to 
acquire the next frame of interleaved projection profiles. 

Scarmers such as those described above may be employed 
to produce time resolved angiograms during a contrast 
enhanced dynamic study of the subject. Initial rotations are 
performed to acquire a pre-injection mask which can be used 
to remove the effects of bones and artifacts from successively 
acquired images. After the pre-injection mask data is 
obtained, a contrast agent, preferably iodine, is injected. The 
iodine can be injected through typical arterial injection, but is 
preferably introduced intravenously, thereby reducing the 
invasiveness and discomfort of the procedure for the patient. 
Next, a time series of computed tomographic angiography 
(CTA) images are obtained to image the selected region of 
interest in the body. Rather than precisely timing the arrival of 
contrast into the vasculature being imaged, the strategy of a 
CTA dynamic study is to acquire a series of image frames 
during administration of the contrast agent. The physician is 
then able to select which image in the series best depicts the 
vasculature of interest. In addition to image quality and reso
lution, an important criteria in a CTA dynamic study is the 
rate at which images can be acquired. This is referred to as 
time resolution, and studies with higher time resolution 
increase the probability that an image with peak contrast in 
the vasculature of interest will be acquired. 

The temporal resolution is increased by reducing the num
ber of projections acquired for each image frame in the CTA 
dynamic study. If the projections acquired for each image 
frame are interleaved with the projections acquired for other 
image frames, a good quality composite image can be recon
structed by combining projections. Referring to FIG. 4 for 
example, if M projections are required to fully sample a 
k-space volume having a radius R, these M projections may 
be divided into sets of interleaved, equally spaced projection in vitro and In vivo Results. R. Fahrig, S. Lownie, and D W 

Holdsworth, AJNR 18: 1507-154, September 1997. 
In the above described CT system a single x-ray source is 

revolved around the subject during a scan and the time reso-

65 views and each set used to acquire an image frame. The 
sampling trajectories of the first set of projection views may 
be indicated, for example, by dotted lines 230, the second set 
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is indicated by dashed lines 232, the third set by lines 234 and 
so on for as many image data sets as required until M inter
leaved projections are acquired. The M acquired projections 
fully sample k-space to the radius Rand are used to recon
struct a quality composite image. This composite image is 5 

then used to reconstruct time resolved image frames from the 
respective sets of interleaved projection views using the 
highly constrained backprojection method of the present 
invention. 

8 
into the vasculature of interest or the user may select one or 
more of the image frames that exhibit the best diagnostic 
information. 

Successive image frames may also be combined to 
improve image SNR and when 3D image frames are pro
duced, 2D MIP projection images are usually produced from 
them. 

In the embodiment described above the composite image is 
formed using sets of interleaved projections acquired during 

The same procedure may also be used when the objective is 
to lower the x-ray dose. Each image frame is acquired with 
fewer projection views and hence with a lower x-ray dose. 
The loss in image SNR that would otherwise occur is avoided 
by the highly constrained backprojection which conveys SNR 
from the high SNR composite image. 

10 the dynamic phase of the scan. All of the sets of acquired 
projections may be used in forming the composite image, and 
when the dynamic phase of the scan extends over a longer 
period of time, this may include one or more sets of projec
tions acquired at the same projection angles. In such case the 

Referring particularly to FIG. 8, an embodiment of the 
present invention is shown in which a series of time resolved 
image frames are acquired when a selected physiological 
event is occurring in the subject. In this case the physiological 
event is the phase of the subject's cardiac cycle that is indi
cated by a cardiac gating signal produced by an ECG monitor. 
First, as indicated at process block 300 a mask image is 
acquired prior to contrast injection. Time is not a critical 
factor at this point in the procedure and a complete, fully 
sampled, acquisition is performed at a selected cardiac phase 
following receipt of a cardiac gating signal. 

15 corresponding values in repeated projection views are aver
aged to improve SNR. 

On the other hand, there are also clinical applications 
where less than all the acquired sets of interleaved projections 
are used to reconstruct the composite image. For example, 

20 when a contrast agent is employed the subject looks consid
erably different at different times during the dynamic study. 
To reflect this change in the subject, more than one composite 
image may be reconstructed using less than all of the sets of 
acquired projections so that the composite image is kept 

25 up-to-date with the changing subject. This variation of the 
CTA scan is illustrated in FIG. 10 where the blocks 245-252 

After the mask image is acquired the contrast agent is 
injected as indicated at process block 302. A loop is then 
entered in which a series of frame images are acquired as the 
contrast agent flows into the region of interest. One cardiac 30 

gated image frame is acquired as indicted at process block 
304 at the same cardiac phase as the mask image. With the 
multi-source system of FIG. 7, for example, the complete 
image frame may be acquired in a single 8 msec acquisition 
and then the sources 102 are rotated to another, interleaved 35 

position as indicated at process block 306. When the last 
image frame has been acquired as indicated at decision block 
308, the acquisition phase of the procedure is completed and 
image reconstruction begins. 

Prior to reconstructing the temporally resolved image 40 

frames a high resolution composite image is reconstructed as 
indicated at process block 310. This is a conventional filtered 
backprojection reconstruction using the interleaved projec
tions in all of the acquired image frames. Since the image 
frames are acquired at interleaved view angles, collectively 45 

they provide a complete sampling ofk-space and an artifact
free composite image can be produced using a conventional 
image reconstruction method. Since the composite image is 
to be used to reconstruct each image frame, the composite 
image is "edited" by subtracting the pre-contrast mask image 50 

from it to remove stationary tissues as indicated at process 
block 312. In addition, to provide a sparse data set for the 
highly constrained image reconstruction procedure to follow, 
the individual projection views in each acquired image frame 
has the corresponding projection view from the mask image 55 

subtracted from it. 

indicate successive image frame acquisitions that occur dur
ing the dynamic study. If the next image frame to be recon
structed is indicated by block 249, an updated composite 
image may be formed by combining the n=3 previously 
acquired image frames with the current image frame. More 
specifically, the interleaved k-space projection views for then 
previous image frames and the current image frame are com
bined as indicated at process block 252 and an updated com
posite image is reconstructed from just these sets of projec
tions as indicated at process block 254. During the subsequent 
highly constrained backprojection of image frame 249, the 
updated composite image is employed as indicated at process 
block 212. 

Referring still to FIG. 10, the updated composite image is 
thus formed by a window of n previously acquired image 
frames and the current image frame, which most accurately 
reflect the current state of the subject being examined. When 
changes occur relatively slowly in the subject, n can be 
increased to include more previously acquired image frames. 
This improves the quality of the resulting updated composite 
image. On the other hand, when changes in the subject occur 
quickly, n may be reduced to as few as n=l image frames in 
order to properly reflect the true state of the subject being 
imaged. There is thus a trade-off between high SNR on the 
one hand and more accurate depiction of dynamic changes on 
the other hand that results from the selection of n. 

If the frame images are reconstructed after the dynamic 
scan is completed, the window of acquired image frames used 
to update the composite image may extend to include image 
frames acquired after the current image frame. For example, 
the image frame being reconstructed may be centered in the 
window with a substantially equal number of other image 
frames acquired before and after the current image frame. Or, 

The series of time resolved image frames are then recon
structed and displayed. A loop is entered in which the limited 
set of views that comprise an image frame are backprojected 
using the highly constrained backprojection method of the 
present invention as indicated at process block 314. As will be 
described in more detail below with reference to FIG. 9, each 
image frame is processed as indicated at 316 until the last 
image frame is reconstructed as determined at decision block 
318. The reconstructed image frames may then be displayed 
as indicated at process block 3 20. The user may play the entire 
image frame sequence to observe the inflow of contrast agent 

60 the current image frame may be acquired at the beginning of 
the window. In this post-processing of the acquired image 
frames a number of different image frames can be recon
structed in which both the window size and the positioning of 
the window relative to the current image frame may be varied 

65 to achieve the best results. 
There are also clinical applications where the composite 

image may be reconstructed from projections that are 



US 7,545,901 B2 
9 

acquired prior to the dynamic acquisition phase of the scan. 
This is illustrated in FIG. 11 where a high resolution and high 
SNR composite image is acquired at the beginning of the 
procedure as indicated at process block 260 and reconstructed 
using a conventional filtered backprojection method as indi
cated at process block 262. A loop is then entered in which 
image frames are acquired and displayed as rapidly as pos
sible. 

10 
different clinical applications. The invention is particularly 
advantageous where image frames must be produced quickly, 
with minimum projection data. In some applications the com
posite image may be acquired separately with high resolution 

5 and SNR, whereas in other applications the composite image 
may be formed from projections acquired during the time 
critical, dynamic phase of the scan. 

A clinical application in which x-ray dose can be a signifi
cant issue is perfusion imaging. In this clinical procedure a 

10 mask image is acquired and then a contrast agent is adminis
tered to the subject. As the contrast agent flows into the tissues 
of interest (e.g., tissues in the region of a tumor or arterial 
blockage) a series of images are acquired from which param
eters related to tissue health can be calculated. In a typical 

An image frame is acquired as indicated at process block 
264 with a minimal number of projection views as described 
above. As indicated at process block 266, these projections 
are aligned, or registered with the composite image to mea
sure translational and rotational motion of the subject. This 
motion information is used to move the composite image such 
that it is aligned with the current position of the subject and 
then the image frame is reconstructed using the registered 
composite image in the highly constrained backprojection 
method as indicated at process block 268. The frame image 
may be displayed as indicated at process block 270 and the 
system branches at decision block 272 to acquire the next 20 

frame image as indicated at process block 274. It can be 
appreciated that if the CT system of FIG. 7 which acquires a 
frame image in 8 msecs is employed to practice this embodi
ment of the invention, frame images can be produced at a rate 

15 scan using conventional image reconstruction methods, 400 
projection views may be acquired for the mask image and 
each of the 20 to 50 image frames acquired as the contrast 
flows into the tissues. This is a significant x-ray exposure and 
is considered excessive for many pediatric applications. 

A perfusion study according to the present invention using 
either of the systems disclosed in FIG. 1 or 3 is depicted in 
FIG. 12. Initial rotations are performed to acquire a pre
injection mask as indicated at process block 400. This mask 
image is acquired at full x-ray dose. After the pre-injection 

of up to 125 frames per second depending on the compute 
power used to provide near real time images of the subject. 

25 mask data is obtained, a contrast agent is administered as 
indicated at process block 402. The contrast agent can be 
injected through typical arterial injection, but is preferably 
introduced intravenously, thereby reducing the invasiveness 

Referring particularly to FIG. 9, the image frames are 
reconstructed in all of the above-described embodiments 
using the highly constrained backprojection method of the 
present invention. While there are a number of different ways 30 

to reconstruct an image frame using the present invention, in 
the preferred embodiment normalization is performed before 
the weighted backprojection. As indicated at process block 
326 and illustrated in FIG. 15, for every attenuation profile P 

and discomfort of the procedure for the patient. 
As indicated at process block 404 a series of image frames 

are then acquired at a low dose. In the first preferred embodi
ment this is achieved by rotating the gantry and acquiring a 
reduced number of projection views during the revolution. 
For example, whereas 400 projection views might be 

in the current image frame a corresponding composite image 
attenuation profile Pc is calculated at the same view angle. 
This reprojection of the composite image is a Radon trans
formation such as that disclosed in "Computed Tomography 
Principles, Design, Artifacts, and Recent Advances," Jiang 
Hsieh SPIE Press, 2003, Chapter 3. 

A loop is then entered in which each image frame attenu
ation profile is normalized at process block 328, back
projected at process block 330 and summed with an uncon
strained image frame at process block 332. More specifically, 
an image frame attenuation profile is normalized by dividing 
each attenuation ray sum P by the corresponding attenuation 
ray sum Pc in the composite image reprojection at the same 
view angle. This normalized attenuation profile is then back
projected in the customary manner, but without any filtering. 
The resulting unconstrained image values are summed with 
those back projected from the other attenuation profiles for 
the current image frame. 

When the last attenuation profile has been processed for the 
current image frame as determined at decision block 334, the 
reconstructed unconstrained image frame is constrained 
using the composite image as indicated at process block 338. 
This is a conventional matrix multiplication in which pixels in 
the unconstrained image frame are multiplied by the value of 
corresponding pixels in the composite image. In contrast to 
prior image reconstruction methods, far fewer projections are 
needed when the reconstruction method of the present inven
tion is used, and thus, an image frame can be produced very 
quickly. Image artifacts due to undersampling are suppressed 
and the higher SNR of the composite image is conveyed to the 
reconstructed image frame. 

It should be apparent that the present invention can be used 
with many different types ofx-ray CT systems and in many 

35 acquired during a normal scan, only 40 projection views are 
acquired during this low-dose acquisition. As determined at 
decision block 408, this is repeated as indicated at process 
block 306 until all of the desired image frames are acquired. 
However, whereas 40 views may be acquired for each image 

40 frame, they are different views. More specifically, the projec
tion views acquired for each image frame are equally spaced 
and interleaved with the projection views acquired for the 
other image frames. 

Each image frame in this embodiment is comprised of a 
45 reduced number of projection views ( e.g., 40 views). As a 

result, the x-ray dose which the subject receives is only one
tenth the x-ray dose that would be received if a fully sampled 
image ( e.g., 400 views) were acquired for each image frame. 

In a second approach to the problem each image frame is 
50 acquired as a full set of 400projection views. However, in this 

approach a lower x-ray dose is delivered to the subject by 
reducing the intensity of the x-ray beam produced by the 
x-ray source. This is usually achieved by reducing the x-ray 
tube current. Of course, by reducing the x-ray beam strength 

55 in this marmer one would expect the SNR of the resulting 
reconstructed image to be reduced by a corresponding 
amount. By performing a highly constrained backprojection 
as described below, however, the lost SNR is recaptured. 

After the image frames are acquired using either of the 
60 above-described low dose methods, the acquired mask pro

jection views are subtracted as indicated at process block 410. 
This is a subtraction from attenuation values in each acquired 
image frame projection view of corresponding attenuation 
values in the mask image projection acquired at the same view 

65 angle. The resulting image frame projection views indicate 
the difference in x-ray attenuation caused by perfusion of the 
contrast agent into the tissues being examined. 
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Prior to reconstructing the perfusion images a high resolu
tion composite image is reconstructed as indicated at process 
block 412. This is a conventional filtered backprojection 
reconstruction using the difference projection views from all 

12 
detectors, but may also be ionization type or CZT detectors 
that are capable of at least a thirty frame per second readout 
rate. In the preferred embodiment the detector array extends 
along the z-axis 125 cm and it contains 2048 detector ele-

5 ments along the z-axis and 1024 elements in the gantry rota
tion direction. 

of the acquired image frames. Since the image frames are 
acquired at interleaved view angles in the first embodiment, 
collectively they provide a complete sampling of Radon 
space and an artifact-free, high SNR composite image can be 
produced with a standard reconstruction method. In the sec
ond approach described above the corresponding low-dose 10 

views acquired for each image frame are averaged to provide 

Opposite the detector array 516 is the x-ray source 513, 
which in this preferred embodiment is comprised of an elec
tron gun 540 and an anode assembly 542. As shown best in 
FIG. 13B, the anode assembly is comprised of a cylindrical 
anode 544 made of a high-Z material such as tungsten which 
is mounted for rotation by a motor 546. For coronary appli
cations the anode 544 has a length of30 cm and it is aligned 

a higher SNR composite image than would otherwise be 
produced from one complete set oflow dose views. 

The series of time resolved perfusion image frames are 
then reconstructed and displayed. A loop is entered in which 15 

the limited set of difference views that comprise an image 
frame are backproj ected using the highly constrained method 
described above and shown in FIG. 9 as indicated at process 
block 414. Each perfusion image frame is reconstructed as 
indicated at 416 until the last perfusion image frame is recon- 20 

structed as determined at decision block 418. The recon-

substantially parallel to the z-axis 519 that extends through 
the center of the gantry. 

Mounted adjacent the rotating anode 544 is a stationary, 
pre-patient collimator 548. The collimator 548 is constructed 
of a metal which shields x-rays and includes downward 
extending, wedge-shaped lobes 550 that are spaced equidis
tantly along the length of the anode 544. Anode segments are 

structed perfusion image frames may then be displayed as 
indicated at process block 420 or further processed to provide 
images indicative of tissue health. 

By using the highly constrained image reconstruction 
method of the present invention the high SNR of the compos
ite image is conveyed to each reconstructed image frame. 
Each image frame may thus be acquired with significantly 
lower x-ray dose to the patient. In this particular embodiment 
the total x-ray dose is reduced to almost one-tenth that of prior 
perfusion imaging methods. 

Spiral computed tomography (CT) is a relatively new 
approach to CT that allows continuous data collection while 

exposed between the lobes 550 and when an electron beam 
strikes one of the anode segments, a cone beam ofx-rays 552 
is produced and extends between the adjacent collimator 

25 lobes 550 and into a cylindrical FOY 554. The electron beam 
can be moved quickly to strike any of the exposed anode 
segments, and the cone beam 552 can thus be moved elec
tronically along the z-axis to different locations. The anode 
assembly 542 is also rotated around the FOY 554 as the gantry 

30 rotates. The cone beam 552 which it produces can thus inter
sect the FOY 554 at any view angle. As shown in FIG. 13B, if 
the central ray of the cone beam 552 is represented by dashed 
line 556 and the intersection of this central ray with the 
cylindrical ROI surface is a scan point 558, a scan of the FOY a subject is advanced through the CT gantry. An x-ray source 

and detector are revolved around the subject as views are 
acquired at successive view angles and the subject is slowly 
moved axially through the gantry. This provides an uninter
rupted volume ofx-ray attenuation data. From this data, mul
tiple contiguous or overlapping slices of arbitrary thickness 
can be reconstructed or a 3D image of a volume can be 40 

reconstructed. With spiral CT angiography (CTA), vascular 
structures can be selectively visualized by choosing an appro
priate delay after IV injection of a contrast material. This 
gives excellent visualization of vessel lumina, stenoses, and 
lesions. The acquired data can then be displayed using 3D 
visualization techniques ( e.g., volume-rendering, maximum 
intensity projection (MIP), and shaded surface display) to 
give an image of the vasculature. In contrast to conventional 
angiography, CTA is three-dimensional, thus giving the 
viewer more freedom to see the vasculature from different 
viewpoints. 

35 554 can be defined by the path of the scan point 558. In other 
words, a scan pattern of the FOY 554 is defined by movement 
of the scan point 558 circumferentially around the cylindrical 
FOY 554 as indicated by arrows 560 and its movement along 
the axial, z-axis as indicated by arrows 562. 

Referring again to FIG. 13A, the anode assembly 542 and 
the electron gun 540 are enclosed in an airtight housing (not 
shown) that is evacuated. The electron gun 540 is positioned 
such that an electron beam 564 from the gun 540 strikes the 
anode assembly 542 to produce an x-ray cone beam directed 

45 toward the FOY 554. The electron gun 540 includes an elec
tron source (not shown), for example, a heated filament, to 
produce electrons that are formed into an electron beam 564 
and drawn toward the anode assembly 542 by an accelerating 
voltage maintained between the anode assembly 542 and the 

50 electron gun 540. Electrostatic plates or magnetic yokes (not 
shown) within the electron gun 540 deflect the electron beam 
564 and enable it to be electronically steered to any location 
along the length of the anode assembly 542. The electron 
beam 564 can thus be quickly steered to impact any one of the 

One problem with spiral CTA is that the timing of table 
movement must be matched with the movement of the con
trast bolus through the vasculature of interest. This "bolus 
chase" problem becomes more difficult when some vessels 
are "late filling" and the peak contrast enhancement is diffi
cult to achieve. 

A solution to this problem is to employ the present inven
tion on a CT system which has multiplex-ray sources distrib
uted along the axis of subject motion (z-axis) such that the 
entire 3D volume of interest can be continuously scanned 
during the in-flow of contrast agent. A CT system which 
provides this capability is illustrated in FIGS. 13A and 13B. 

Referring particularly to FIG. 13A, the detector array 516 
is a two-dimensional array of detector elements 518 arranged 
in rows and colunms facing the x-ray source 513. The detector 
elements 518 may be conventional scintillation type x-ray 

55 anode segments disposed along its z-axis extent. This deflec
tion provides almost instantaneous z-axis movement of the 
x-ray cone beam focal point and the only limitation on the rate 
at which the cone beam focal point is moved to different 
anode segments along the z-axis is the need to dwell long 

60 enough at any one segment to enable sufficient x-rays to be 
produced for the detector elements 518 that are used. Detector 
elements used in currently available CT scanners can acquire 
separate attenuation measurements at a rate of thirty per sec
ond, but it is anticipated that his measurement rate will 

65 increase substantially in the coming years. A 912266 element 
detector array that reads 900 frames per second is described, 
for example, by Saito et al, "Large Area 2D Detector For 3D 
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CT 4DCT" Medical Imaging 2001: Physics of Medical Imag
ing, Proceedings of the SPIE Vol. 4320 (2001). 

While a single electron gun 540 is used in the preferred 
embodiment, it should be apparent to those skilled in the art 
that separate electron guns may be used for each z-axis anode 5 

segment in the anode assembly 542. Rather than steering a 
single electron beam to scan along the z-axis, in this alterna
tive embodiment the separate electron beams are switched on 

14 
sparse data set, the projection views in the acquired mask are 
subtracted from the corresponding projection views in the 
acquired image frames. 

The image frame reconstruction is performed next. As 
indicated at process block 584, one image frame for one 
region is reconstructed using the highly constrained recon
struction method described above and shown in FIG. 9. This 
is a three-dimensional constrained backprojection of the lim
ited number of views acquired by one x-ray source during an an off as prescribed to move the x-ray cone beam focal point 

along the z-axis. 10 image frame acquisition using the corresponding region com
posite image. Although the number of focal spot positions 
used to form each time frame is small, this is compensated by 
the large number of ray paths emanating from each focal spot 

Referring still to FIG. 13A, to shield the detector array 516 
from external radiation and to thereby reduce the total x-ray 
dose needed to provide the desired SNR, a collimator 570 is 
disposed between the FOY 554 and the detector array 516. 
The collimator grid 570 is comprised of a set of spaced metal 15 

walls that extend along the z-axis and are aligned with the 
boundaries between adjacent detector elements 518. These 
walls absorb radiation that enters from external sources and 
blocks this radiation from striking the detector elements 518. 
The objective is to admit x-rays from the x-ray source 513 20 

while blocking random radiation. In addition to reducing the 
required x-ray dose for an image of prescribed SNR, the 
reduced x-ray exposure means that the cone beam can be 
scanned along the z-axis at a higher rate. 

position. For reconstruction of a 3D volume of sparse angio
graphic or perfusion data good results can be obtained with 
about 300 focal spot positions. R. Boutchko, G. H. Chen, C. 
A. Mistratta, J. Hsieh, S. K. Patch, and R. Senzig, Z-Scan: 
"Feasibility Study of an Ultra-Fast Volume CT Scanner", 
Fully 3D meeting, St. Malo, May 2003 

To apply the present invention to a CTA scan using the 25 

multi-source scanner of FIGS. 13A and 13B the FOY 554 is 

The image frame for each region is reconstructed as indi
cated at process block 586, and when the last region has been 
processed as determined at decision block 588, the next 
image frame is reconstructed as indicated at process block 
590. The three-dimensional region image frames may be 
merged to form one image frame of the entire FOY 554. When 
the last image frame is reconstructed as determined at deci-

divided into regions. There is one region for each cone beam 
x-ray source disposed along the z-axis 519. As will be 
described below, a separate composite image is reconstructed 
for each region and the image frames are reconstructed using 
these composite images on a region-by-region basis. 

Referring particularly to FIG. 16, the first step in a CTA 
scan using the structure of FIGS. 13A and B is to acquire a 
mask image as indicated at process block 570. This is a 
complete scan of the FOY 554 comprised of 300 or more 
views acquired by each x-ray source. A 3D mask image is 
reconstructed for each region using a conventional cone beam 
reconstruction method such as that described in chapter 3 in 
the above book by Jiang Hsieh. 

The contrast agent is then administered as indicated at 
process block 572 and a loop is entered in which a series of 
image frames is acquired as the contrast agent flows through 
the vasculature in the FOY 554. More specifically, the gantry 
is revolved and an image frame is acquired as indicated at 
process block 574 for each x-ray source position. This is a 
highly undersampled acquisition with 30 equally spaced view 
angles acquired for each x-ray cone beam x-ray source over a 
gantry range of 180 degrees. Because each source is ener
gized at a slightly different time, the acquired cone beam data 
for each x-ray source is kept separate even though the detector 
array 516 is a single assembly. Additional image frames are 
acquired as indicated at process block 576 until the scan is 
completed as determined at decision block 578. However, 
each additional image frame is acquired at different view 
angles which are interleaved with the view angles of the other 
acquired image frames. As a result, at the completion of the 
scan each cone beam x-ray source has acquired a fully 
sampled cone beam data set for its respective region. 

sion block 592, the merged image frames are stored and 
displayed as indicated at process block 594. 

There are other clinical applications to which the present 
30 invention may also be applied. For example, the determina

tion of coronary flow reserve involves the acquisition of two 
series of image frames, one before administration of a vasodi
lating substance such as dipyridamole and the other immedi
ately after administration of the vasodilator. The first time 

35 series of cardiac images is acquired after acquisition of a 
mask image and the injection of a contrast agent. These car
diac image frames are acquired at a reduced dose during the 
first pass of the contrast flow through the heart. The vasodi
lator is administered and a second series of low dose cardiac 

40 image frames is acquired after injection of a contrast agent. A 
composite image is reconstructed from the first series of 
interleaved cardiac image frames and it is used to reconstruct 
each cardiac image frame in the first series according to the 
highly constrained backprojection method of the present 

45 invention. A second composite image is then reconstructed 
from the low dose cardiac image frames in the second series. 
This second composite image is used to reconstruct each 
cardiac image frame in the second series according to the 
highly constrained backprojection method of the present 

50 invention. Parametric images reflecting mean transit time 
(MTT) and vascular blood volume are calculated from each 
series of reconstructed coronary image frames and these are 
combined to provide parametric images of blood flow both 
before and after administration of the vasodilator. The ratio of 

55 the blood flow before and after vasodilation is an indication of 

As indicated at process block 580 a composite image for 60 

each region is reconstructed using all the views acquired 
during the scan. Because each region is fully sampled as 
described above, a conventional cone beam image recon
struction method is used as with the mask image reconstruc
tion discussed above. As indicated at process block 582, the 65 

region mask images are then subtracted from the correspond
ing region composite image. In addition, to provide a more 

coronary flow reserve at each image pixel and the associated 
vascular bed. As with the perfusion examination described 
above, this flow reserve image can be acquired at nearly 
one-tenth of the x-ray dose normally required to produce a 
clinically acceptable image. 

What is claimed is: 
1. A method for producing an image of a subject positioned 

in the field of view (FOY) of a computed tomography (CT) 
system, the steps comprising: 

a) acquiring with the CT system a set of projection views of 
the subject positioned in the FOY; 
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b) producing a composite image with the CT system which 
indicates an attenuation value at each composite image 
pixel of the subject positioned in the FOY; and 

c) reconstructing an image of the subject by: 
c )i) backprojecting each projection view in the set into 5 

the FOY and weighting the value backprojected into 
each image pixel by the attenuation value of the cor
responding pixel in the composite image; and 

c)ii) summing the backprojected values for each image 
pixel to produce the image. 10 

2. The method as recited in claim 1 in which each image 
pixel backprojected value µn is calculated in step c )i) as 

15 

16 
where the summation (L) is over all projection views in the 
acquired set; 

Icx.y.z) is the image value at FOY pixel location x,y,z; P (r.e.<1>) 

is the back projected value from the view acquired at a 
view angle 8, cp; C(x,y.z) is the composite image value at 
the pixel location x,y,z; and P c(r,8,cp) is the profile value 
projected from the composite image at the view angle 8, 
cp. 

12. The method as recited in claim 1 which includes: 
d) acquiring a mask image that depicts at each of its image 

pixels the subject positioned in the FOY prior to the 
administration of a contrast agent; 

e) administering a contrast agent to the subject prior to 
performing steps a) and b ); and 

f) subtracting the mask image from the composite image 
prior to performing step c). 

where: P=the projection view value being backprojected; 
Cn =corresponding pixel attenuation value in the com

posite image; 

13. The method as recited in claim 12 in which both the 
mask image and the composite image are acquired as sets of 
projection views and step f) is performed by subtracting pro-

20 jection views in the mask image set from corresponding pro
jection views in the composite image set. 

µn =the attenuation value of the nth pixel along the back
projection path; and 

N=total number of pixels along the backprojection path. 
25 

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 reduce the appearance of 
that object in the reconstructed image. 

4. The method as recited in claim 1 in which the weighting 
30 

step c )i) includes normalizing each projection view using a 
corresponding projection view from the composite image and 
multiplying the backprojected value by the corresponding 
pixel in the composite image. 

5. The method as recited in claim 1 which further includes: 35 
d) repeating steps a) and c) to reconstruct a series ofimages 

that depict the subject during an examination; and 
e) periodically updating the composite image during the 

reconstruction of the series of images to depict therein 
changes that occur in the subject during the examination. 40 

6. The method as recited in claim 5 in which the updating 
of the composite image includes reconstructing the compos
ite image using projection views acquired in step a). 

7. The method as recited in claim 1 in Which the composite 
image is produced by acquiring data with the CT system in 45 

response to a gating signal indicative of a selected physiologi-
cal event in the subject, and step a) is performed in response 
to a gating signal indicative of the selected physiological 
event. 

8. The method as recited in claim 7 in which the selected 50 

physiological event is cardiac phase of the subject's heart. 
9. The method as recited in claim 1 in which steps a) and c) 

are repeated to acquire a plurality of sets of projection views 
and reconstruct a corresponding plurality of images in which 
each set of projection views acquired in step a) are interleaved 55 

with the projection views in other sets of acquired projection 
views and the composite image is produced by combining 
sets of interleaved projection views acquired in step a). 

10. The method as recited in claim 1 which includes detect
ing the location of the subject when performing step a) and 60 

registering the composite image with the detected subject 
location. 

11. The method as recited in claim 1 in which the FOY is 
three-dimensional, a three-dimensional image is produced, 

65 
and the image I(x,y.z) reconstructed in step c) is: 

I(x,y,z)~L(P(r,0,<j> )* C(x,y,z)(r,s,,i,(P c(r,0,<j>)) 

14. The method as recited in claim 12 in which step f) is 
performed by subtracting pixels in the mask image from 
corresponding pixels in the composite image. 

15. The method as recited in claim 1 which includes: 
d) acquiring a mask image as a set of projection views; 
e) administering a contrast agent to the subject prior to 

performing steps a) and b ); and 
f) subtracting from each projection view in the set a corre

sponding projection view acquired in step d) before 
performing step c ). 

16. The method as recited in claim 15 which includes: 
g) subtracting the mask image from the composite image 

prior to performing step c). 
17. The method as recited in claim 1 which further 

includes: 
d) repeating steps a) and c) to reconstruct a series of image 

frames that depict the subject during an examination; 
and 

e) registering the composite image with each set of image 
frame projection views prior to performing step c ). 

18. The method as recited in claim 1 which includes: 
d) reprojecting the composite image at view angles used to 

perform step a); and 
in which the weighting in step c)i) includes normalizing 

each projection view by dividing values therein by cor
responding values in the projection view of the compos
ite image at the same view angle. 

19. A method for producing an image of a subject posi
tioned in the field of view (FOY) of a computed tomography 
(CT) system, the steps comprising: 

a) acquiring with the CT system a set of projection views of 
the subject positioned in the FOY; 

b) repeating step a) to acquire additional sets of projection 
views, wherein the sets of acquired projection views are 
interleaved with each other; 

c) reconstructing a composite image from acquired projec
tion views which indicates an attenuation value at each 
composite image pixel of the subject positioned in the 
FOY; and 

d) reconstructing a frame image of the subject by: 
d)i) normalizing each projection view in one of said sets 

of projection views; 
d)ii) backprojecting each normalized projection view 

into the FOY; 
d)iii) summing the backproj ected pixel values for the set 

of projection views; and 
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d)iv) multiplying the summed pixel values by the corre
sponding pixel value in the composite image. 

20. The method as recited in claim 19 in which steps c) and 
d) are repeated to produce additional frame images, wherein 
the acquired projection views used to reconstruct the com- 5 

po site image in step c) are updated to reflect changes occur
ring over time in the subject. 

18 
acquired image frames, and the composite image is recon
structed in step b) by using substantially all the interleaved 
projection views. 

26. The method as recited in claim 24 in which each image 
frame is comprised of projection views acquired with an x-ray 
beam intensity that is substantially less than the x-ray beam 
intensity used to acquired an image frame of comparable 
quality and the composite image is reconstructed in step b) by 
averaging substantially all the projection views acquired at 

21. The method as recited in claim 19 which includes 
acquiring and reconstructing a mask image of the subject; 
injecting a contrast agent into the subject prior to performing 
step a); and subtracting the mask image from the composite 
image produced in step c). 

10 the same view angle. 

22. A method for producing an image of a subject posi
tioned in the field of view (FOY) of a computed tomography 
(CT) system having a plurality of x-ray sources disposed 15 

along an axis of rotation, the steps comprising: 

27. A method for acquiring perfusion images of tissues 
positioned in the field of view (FOY) of a computed tomog
raphy (CT) system, the steps comprising: 

a) acquiring a fully sampled, mask image of the tissues 
with the CT system; 

b) administering a contrast agent; 
a) acquiring a plurality of image frames with each x-ray 

source, each image frame including a set of projection 
views of the subject and the projection views in each set 
being interleaved with the projection views in the other 20 

c) acquiring a series oflow dose image frames of the tissues 
with the CT system; 

d) subtracting mask image projection views acquired in 
step a) from image frame projection views acquired in 
step c) to produce difference image frame projection sets; 

b) reconstructing a region composite image for each x-ray 
source from interleaved projection views in a plurality of 
said sets of projection views; 

views; 

c) reconstructing an image frame for one region using the 25 

projection views corresponding to that region and the 
composite image for that region which includes: 

e) combining difference image frame projection views 
from a plurality of said image frames and reconstructing 
a composite image therefrom; and 

f) reconstructing perfusion images by: 
f)i) backprojecting each difference image frame projection 

c )i) normalizing each projection view corresponding to 
that region; 

c)ii) backprojection each normalized projection view 30 

into the region of the FOY; 

view from an acquired image frame into the FOY and 
weighting the value backprojected into each image pixel 
by the value of a corresponding pixel in the composite 
image; and 

c )iii) summing backprojected values produced in step 
c )ii) at each pixel in the region; and 

f)ii) summing the backprojected values for each image 
pixel. 

c)iv) weighting the backprojected values with corre-
35 

sponding pixel values in the composite image for the 
28. The method as recited in claim 27 in which each image 

pixel backprojected valueµ,, is calculated in step f)i) as 
region: 

d) repeating step c) to reconstruct additional region image 
frames; and 

e) combining the region image frames to produce the image 40 
frame. 

23. The method as recited in claim 22 in which includes: 
acquiring a mask image for each region; 
administering a contrast agent to the subject prior to per

forming step a); and 
step b) includes subtracting from each region composite 

image the corresponding region mask image. 
24. A method for producing a plurality of image frames of 

a subject in the field of view (FOY) of a computed tomogra
phy (CT) system the steps comprising: 

a) acquiring a plurality of image frames, each image frame 
including a set of projection views of the subject; 

b) reconstructing a composite image by combining the 
projection views from the acquired image frames; and 

c) reconstructing each image frame by 
c )i) normalizing each image frame projection view 

using information derived from the composite image; 
c )ii) backprojecting each normalized projection view; 
c)iii) summing the backprojected values; and 
c )iv) weighting the backprojected values with the values in 

the composite image at corresponding locations in the 
FOY. 

25. The method as recited in claim 24 in which each image 
frame is comprised of projection views that under sample 
Radon space, the projection views in each acquired image 
frame are interleaved with the projection views in other 

45 

where: P=the projection view value being backprojected; 
Cn =corresponding pixel attenuation value in the com

posite image; 
µn =the attenuation value of the nth pixel along the back

projection path; and 
N=total number of pixels along the backprojection path. 

29. The method as recited in claim 27 in which the weight-
50 ing in step f)i) includes normalizing each image frame differ

ence projection view using a corresponding projection view 
from the composite image and multiplying the backprojected 
value by the corresponding pixel in the composite image. 

30. The method as recited in claim 27 in which step c) is 
55 performed by acquiring each image frame as an under

sampled set of projection views which are interleaved with 
the projection views acquired for the other image frames. 

31. The method as recited in claim 30 which in step e) is 
performed by combining into a data set image frame differ-

60 ence projection views acquired at different view angles and 
reconstructing the composite image using the combined data 
set. 

32. The method as recited in claim 30 in which step e) is 
performed by averaging image frame difference projection 

65 views acquired at the same view angles and reconstructing the 
composite image using the averaged image frame difference 
projection views. 
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33. The method as recited in claim 27 in which step c) is 
performed by acquiring each image frame with an x-ray beam 
intensity that is substantially less than the x-ray beam inten
sity used to acquired an image frame of comparable quality. 

34. A method for producing an image of a subject posi- 5 

tioned in the field of view (FOY) of a computed tomography 
(CT) system, the steps comprising: 

a) acquiring with a CT system a composite image of the 
subject; 10 

b) acquiring with the CT system a set of projection views of 
the subject; 

c) measuring the motion of the subject with respect to the 
composite image using projection views acquired in step 
b); 

20 
d) registering the composite image with the current subject 

position using the motion measured in step c ); and 
e) reconstructing a frame image of the subject by: 

e)i) backprojecting each projection view in the set into 
the FOY and weighting the value backprojected into 
each image pixel by the value of a corresponding pixel 
in the registered composite image; and 

e)ii) summing the backprojected values for each image 
pixel to produce the frame image. 

35. The method as recited in claim 34 in which the weight
ing step e )i) includes normalizing each projection view using 
a corresponding projection view of the registered composite 
image and multiplying the backprojected value by the corre
sponding pixel in the registered composite image. 

* * * * * 
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