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[57] ABSTRACT 

A method of reconstructing an image in a medical imaging 
system comprises the steps of detecting transverse rays and 
oblique rays using a limited range of projection angles. The 
limited range of projection angles is achieved by either 
limiting the range of rotation of the detectors at each position 
along the z axis, or by causing the detectors to trace a 
continuous-motion helical path along the z axis. Data is then 
rebinned to create a stack of partially-complete sinograms 
corresponding to individual transverse slice images corre­
sponding to, in the aggregate, a three-dimensional image. 
Because of the limited projection angles, each sinogram 
represents an incomplete data set. The rebinning includes, 
for each oblique ray, identifying among the sinograms the 
images intersected by the ray, and, applying to each of the 
sinograms associated with the images intersected by the ray 
an increment that is representative of the ray. A two­
dimensional iterative reconstruction algorithm is applied to 
each partial sinogram in order to reconstruct a three­
dimensional image slice-by-slice, followed or preceded by 
axially filtering to reduce blurring in the z direction. 

30 Claims, 12 Drawing Sheets 
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IMAGE GENERATION FROM LIMITED 
PROJECTIONS IN POSITRON EMISSION 

TOMOGRAPHY USING MULTI-SLICE 
REBINNING 

2 
used to detect transverse rays and oblique rays. The detected 
rays are then converted to a collection of data representative 
of the detected rays. The data is then rebinned to create a 
stack of two-dimensional data sets corresponding to indi-

FIELD OF THE INVENTION 

The present invention pertains to the field of medical 
imaging. More particularly, the present invention relates to 
image reconstruction in positron emission tomography 
(PEf) using limited projections. 

5 vidual transverse slice images, wherein the slice images 
signify in the aggregate a three-dimensional image. Detec­
tion of the rays is performed such that, for each data set, the 
data included in that data set represents less than all of the 
possible projection angles for the slice image to which that 

BACKGROUND OF THE INVENTION 

In medical imaging techniques known as emission com­
puted tomography, images of an object are created based on 

10 data set corresponds. A two-dimensional iterative recon­
struction algorithm is applied to each of the data sets in order 
to reconstruct a three-dimensional image, slice-by-slice, 
from the data sets. Further, axially filtering is performed 
upon the rebinned data. 

In an embodiment of the present invention, the step of 
rebinning the data comprises the steps of, for each oblique 
ray, identifying among the transverse data sets the images 
intersected by the ray, and, applying to each of the data sets 
associated with the images intersected by the ray an incre-

the detection of gamma rays emitted from the object. In 15 

positron emission tomography (PEf), positron-electron 
annihilations within the object to be imaged cause gamma 
rays to be emitted in pairs of two gamma rays directed 180 
degrees apart. The paths formed by each pair of gamma rays 
represents a line which is sometimes referred to as a "line of 
coincidence". The specific locations of structures within the 
object can be determined by calculating the positions of 
these Jines of coincidence. 

20 ment that is representative of the ray. 

Two significant design concerns relating to PEI' systems 
are the cost of the imaging equipment and the time required 
to collect raw data. One solution to minimizing the time 
required to reconstruct image data is to surround the patient 
with large, stationary detectors that subtend all projection 
angles simultaneously in the transverse plane (the plane 
perpendicular to the longitudinal axis, or z axis, of the field 
of view). However, large detectors can be quite costly. 
Another solution is to detect emissions in only a portion of 

Use of limited projection angles is implemented by, in one 
embodiment, performing a first scan pass such that the 
detectors are not rotated around the z axis. In another 
embodiment, the use of limited projection angles is imple-

25 mented by performing the first scan pass such that the 
detectors trace a helical path along the z axis. 

Other features of the present invention will be apparent 
from the accompanying drawings and from the detailed 

30 description which follows. 

the projection angles at a time by using smaller detectors that 
are rotated around the z axis. This approach reduces equip­
ment cost but increases the time required to collect the data. 35 

Hence, it is desirable to have a technique which reduces the 
time required to collect data without increasing equipment 
cost. 

Additional concerns with existing PEf systems include 
the accuracy of the method for reconstructing images from 40 

raw data and the computation time required to perform such 
reconstruction. In PEf imaging, lines of coincidence are not 
limited to planes which are perpendicular to the z axis of the 
field of view (i.e., transverse planes); in fact, most such lines 
of coincidence are oblique with respect to the transverse 45 

planes. Hence, image reconstruction methods in PEI' sys­
tems should be designed to accommodate this three­
dimensional nature of the emitted gamma rays. Several 
methods have been used to reconstruct such 3-D data, 
including both iterative and non-iterative approaches. The so 
"single-slice rebinning" approach, for example, assigns each 
coincidence line to a particular two-dimensional "sino­
gram". Single-slice rebinning, however, has the disadvan­
tage of having to use certain geometric approximations. 
Certain "fully 3-D" reconstruction methods avoid geometric 55 

approximations, but are computationally intensive and 
require substantial processing time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example 
and not limitation in the figures of the accompanying 
drawings, in which like references indicate similar elements 
and in which: 

F1G. 1 is a block diagram of an imaging system using the 
image reconstruction techniques of the present invention. 

F1G. 2 is a block diagram illustrating the sequences of 
steps involved in data acquisition and image reconstruction 
in accordance with the invention. 

F1G. 2a is a partial block diagram, illustrating an alter­
native sequence of steps of image reconstruction in accor­
dance with the invention. 

F1G. 3 is a schematic diagram illustrating the transverse 
geometry of a known technique for reorganizing 
("rebinning") raw coincidence data in PEf. 

FIG. 4 is an illustration of a sinogram for a point source 
located as depicted in FIG. 3. 

F1G. 5 is a schematic diagram illustrating the transverse 
geometry of the new technique for reorganizing raw coin­
cidence data in PEI'. 

F1G. 6 is a schematic diagram illustrating the axial 
geometry of the technique shown in FIG. 5. 

F1G. 7 depicts sinograms demonstrating the properties of 
various techniques for reorganizing raw data, specifically 
the known technique involving single-slice rebinning, and 
the present invention involving multi-slice rebinning. 

F1G. 8 graphically depicts spread functions in the axial (z) 
direction, derived in accordance with the invention. 

Hence, what is needed is an image reconstruction tech­
nique for a PEI' system which has the accuracy of a fully 
3-D approach while reducing computation time. Further, it 60 

is desirable that such a technique also reduce the time 
required to collect raw data without increasing equipment 
cost. 

FIG. 9 graphically depicts data. for the axial (z) profile 
through a point source, using the present invention and other 

65 image reconstruction techniques. SUMMARY OF THE INVENTION 

A method is provided of reconstructing an image in a 
medical imaging system. Detectors are provided which are 

FIG. 10 illustrates an arrangement for performing PEf 
imaging using limited projections. 
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FIG. 11 is a flowchart describing a method of performing 
multi-slice rebinning and axial filtering using limited pro­
jections. 

4 
are sensed, at step 32. The x coordinates (x1,x2 ) are then 
converted, at step 34, to other convenient data sets, such as, 
for example, sinogram coordinates (r, 0). The z coordinates 
(z1,z2) representing the end points are correlated and FIG. 12 is a flowchart describing a method of collecting 

data from limited projections using a spiral scan. 
FIG. 13A illustrates a technique for data collection in PEf 

imaging including a spiral scan. 
FIG. 13B illustrates a technique for collecting orthogonal 

sets of data in PEf imaging using a spiral scan. 

5 converted, at step 36, to starting and ending slices traversed 
by the ray. Next, the data sets (here, sinograms) are 
incremented, at step 38, using the multi-slice rebinning 
technique described elsewhere in this specification, for the 
slices traversed by the ray. 

FIG. 14 is a flowchart illustrating an iterative image space 
reconstruction method. 

10 After completion of data acquisition as above, image 

FIG. 15 is a flowchart illustrating an iterative projection 
space reconstruction method. 

reconstruction is performed. In the preferred embodiment, 
the sinograms are transferred. at step 40, to the host com­
puter 30; reconstruction is then performed during one of two 
alternatives sequences. In one alternative, depicted in FIG. 

DEfAILED DESCRIPTION 

Methods and apparatus are described for image genera­
tion from limited projections for positron emission tomog­
raphy (PEf) using multi-slice rebinning. In the following 
description, for purposes of explanation, numerous specific 
details are set forth in order to provide a thorough under­
standing of the present invention. It will be evident, 
however, to one skilled in the art that the present invention 
may be practiced without these specific details. In other 
instances, well-known structures and devices are shown in 
block diagram form in order to avoid unnecessarily obscur­
ing the present invention. 

15 2 and referred to for convenience as "image filtering", 
preliminary images are reconstructed from the set of 
sinograms, at step 42, and axial filtering (step 44) is there­
after performed to yield a final image, at step 46. In the other 
alternative approach, depicted in FIG. 2a, axial filtering is 

20 performed on the set of sinograms, at step 48, prior to 
reconstruction of a set of images. This approach may be 
referred to as "sinogram filtering". A set of images may then 
be reconstructed, as at step 50, to yield final image 46'. 
Specific methods of reconstruction are discussed in greater 

25 detail below. 

FIG. 1 shows a simplified block diagram depicting data 
acquisition and processing in an imaging system using the 
present invention. The imaging system 10 includes a gantry 30 
12, which houses a hexagonal array of detectors described in 
greater detail below. The gantry 12 has a central opening 14 
in which a subject to the imaged may be positioned. Asso­
ciated with the gantry 12 may be electronic circuitry 16, 
typically consisting of preamplifiers and summing 35 
amplifiers, which receive and initially condition raw analog 
coincidence data provided by the detectors. The output of 
the circuitry 16 associated with the gantry 12 is supplied to 
digitizers and integrators 18 of types familiar to those skilled 
in the art, and the resulting signal is in turn applied to a board 4(J 

20, whose circuitry serves to calculate the position of the 
positron source and reorganize the data into desired data 
sets, such as sinograms. A board 22 receives the output of the 
position calculation board 20, and serves to remove distor­
tion in accordance with known algorithms. The resulting 45 
data is applied to a board 24 at which is performed the 
multi~slice rebinning operation described in detail below. 
The preamplifiers and summing amplifiers 16 also supply 
discriminators and coincidence circuits 26, which select 
those gamma-rays found in coincidence and which are 50 
therefore attributed to annihilation events, and a master 
controller 28, which controls the processing of the coinci­
dence system. In a currently preferred embodiment of the 
invention, the digitizers and integrators 18, position calcu­
lator board 20, distortion removal board 22, multi-slice 55 
rebinning board 24, discriminators and coincidence circuits 
26 and master controller 28 are all physically associated 
with an electronics rack, not shown. 

Associated with a host computer 30 are a central process-
ing unit (CPU) and memory. An array processor and image 60 
display station are also associated with the host computer 30. 

A common method for compressing coincidence data in 
an imaging is to reorganize, or "rebin", the data .into a stack 
of arrays of projection data, or sinograms, with projection 
data matrices corresponding to parallel slices through the 
object. 

FIGS. 3 and 4 illustrate known techniques for creating 
sinograms depicting point sources in two-dimensional 
space. A point source "P" in FIG. 3 is located within the field 
of view encompassed by the hexagonal array of detectors 
52-62. The coincidence line "L", which for the purpose of 
this illustration lies in a plane perpendicular to the longitu-
dinal axis (z) of the field of view, and therefore within a 
single "slice" of the volume under study, encounters detec­
tors 54 and 62. Computing from the positions of the end 
points d1 ,d2 of the coincidence line "L" relative to the 
detectors 62 and 54, a coincidence line through the point 
source "P" may be determined. The radius "r" of the point 
P from the center (the z axis) of the field of view may 
likewise be determined. Also, a reference angle 0 may be 
determined for P relative to a horizontal or other datum line. 
Plotting the reference angle 0 relative to the distance from 
the center (r), as shown in FIG. 4, yields a sinogram as 
depicted in FIG. 4, a function of r and 0 (the conventional 
indices for two-dimensional sinograms). Thus, for a recon­
structed slice at index l(z) on the longitudinal axis (z) within 
the field of view of the scanner, there is a corresponding 
sinogram, which may be denoted "sino (r,8,I(z))", that may 
be input to the reconstruction algorithm. 

Referring now to FIGS. 5 and 6, ( d1 ,z1) and ( dz,z2) are the 
detector coordinates resulting from coincident detection of a 
collinear pair of gamma rays. The coincidence line "L/' 
from (d1,z1) to (d2,zz) is projected onto the transverse (x,y) 
plane z==O, where the parameters (r,0) of the projected line 
and of the point "M" half-way along the projected line are 
determined. For the half-way point M on the projected line, 
one can determine the z-coordinate on line L2 that projects 
to this point. Referring to FIG. 6, this z coordinate is denoted 
by Z, and it will be seen that Z=(z1+z2)f2. l(Z) denotes the 
index of the slice containing Z, and the increment for a 

FIG. 2 provides a flowchart for data acquisition and image 
reconstruction in accordance with the invention. The steps 
and operations depicted in FIG. 2 are described in greater 
detail below. 

Referring now to FIG. 2, in the data acquisition aspect of 
the process, the coordinates x1 ,z1 x2, z2 for the ends of a ray 

65 location in the sinogram may be denoted by incr. Then for 
each coincidence line one can determine r, 0 and Z as 
described above and add incr to sino (r,0,I(z)). 
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In the above described steps, the increment is applied to 
only a single sinogram for each coincidence line. In such a 
case, which may be referred to as "single slice rebinning", 
the increment (incr) would be set at 1. In multi-slice 
rebinning, however, in accordance with the present 
invention, the following additional steps are taken: instead 
of considering only the point "M" half-way along the 
projected line L2, one determines as well the z coordinates 
at which the coincidence line L2 enters and leaves the 
volume to be imaged. Referring again to FJG. 6, the 
z-coordinates on the coincidence line 12 are designated 
"zlo" and "zhi". The distance across the hexagon between 
the two detectors, i.e., the length of the line from the detector 
coordinates (d1,0) to (di,0), is denoted by t. R will be seen 
that 

zlo=Z-(s/2)1z2-z11/t 

and 

where "s" (seen in FIGS. 5 and 6) is set equal to the diameter 
of the transverse field of view. 

The sinograms sino(r,0,i) for each slice i between l(zlo) 
and I(zhi) are incremented. For a given coincidence line, the 
same increment is given to all slices in this range, but the 
increment is different for different coincidence lines, 
depending on the number of sinograms to be incremented. In 
this regard, the increment is made inversely proportional to 
the number of sinograms incremented, i.e., 

incr 
maxincr 

l(zhi) -l(zlo) + 1 

In the presently preferred embodiment of the invention, 
sinograms and increments are represented by integers, and 
the maximum increment is set at 64. After all coincidence 
lines have been rebinned, a normalization factor is applied 
so that the total number of counts in the stack of sinograms 
is equal to the number of events rebinned. 

The properties of the two methods of rebinning, single­
slice and multi-slice, are demonstrated in FIG. 7. This figure 
shows the sinograms resulting from the rebinning of simu­
lated coincidence data (with slice thickness 2 mm) for an 
activity distribution consisting of two small (6 mm diameter) 
spherical sources, one centered at (0,0,0) and the other at 
(100,0,Q) mm. 

The top row of sinogram frames shows a range of slices 
in the stack of sinograms resulting from single-slice 
rebinning, where the slice containing the centers of both 
sources (i.e., the slice Z=O) is at the right-hand end of the 
row. It is apparent from the sinograms that slice-by-slice 
reconstruction will produce an accurate image of the source 
at (0,0,0) , but will produce a distorted image of the source 
at (100,0,0). For the off-center image of the source, the 
sinograms are non-uniform in angle (the vertical direction in 
FIG. 7), because the counts for some angles have been 
assigned to slices that do not contain the source. Recon­
struction from non-uniform sinograms such as these will 
lead to distorted images. For a typical point source, the 
amount of the blurring in the x, y, and z directions depends 
strongly on the position of the source. 

6 
ning (the above-discussed top row) the sinograms are much 
more uniform in angle, but it will be seen that there is strong 
blurring in the z direction which, as will be explained, may 
be corrected by axial filtering in accordance with the present 

5 invention. The bottom row of sinogram frames in FJG. 7 
illustrates the effect of multi-slice rebinning and axial 
filtering, in accordance with this invention. 

Referring again to FJG. 7, it will be noticed that for 
multi-slice rebinning without filtering, the reconstructed 

10 image of a point source is reasonably localized in the x and 
y directions, but is spread out in the z direction. The image 
is localized in x and y because the rebinned sinograms for 
each z are reasonably uniform over the full range of angles 
0. The spread in the z direction is largest for a point source 

15 in the central slice of the axial field of view because· the 
range of slopes of detected coincidence lines is largest for 
such a point. The extent of the spread in the z direction 
decreases steadily as the point is moved in the z direction 
toward the edge of the axial field of view, until the spread 

20 becomes zero at the edge of the axial field of view, where no 
oblique lines are detected. This relationship is evident in 
FIG. 8, which graphically depicts spread functions (derived 
as described below) for seven points on the z axis in an 
exemplary scanner. The points are distributed from Z=O 

25 (axial position 64 in FIG. 8) to Z=60 mm (axial position 124 
in FJG. 8). Axial position 64 represents the center in the axial 
(z) direction of the field of view. 

That the extent of the blurring in the z direction is strongly 
dependent on the z coordinates of the point source prevents 

30 use of the most efficient deconvolution methods for deblur­
ring in the z direction of sinograms or reconstructed images. 
The problem can be overcome, however, using more general 
methods. A more fundamental problem is the dependence of 
the blurring on x' and y', which arises because a line at a 

35 certain r,0, and slope (where slope=(z2-z1)/t) through a point 
in a plane Z=z' far from the z axis does not increment the 
same set of slices as does a line having the same r,0 and 
slope through (0,0,z'), i.e., through another point that is in 
the same plane but is on the z axis. This problem can be 

40 overcome by general deblurring methods operating in image 
space, as described below. It is, however, a fundamental 
problem for methods that operate in sinogram space 
because, in the process or rebinning, coincidence lines 
through many different transverse points (x',y') are accumu-

45 lated in the same location (r,0) in the sinogram. For this 
reason, the process for correction of the sinogram has to 
assume that the blurring function is the same for the different 
points (x', y'). 

As has been noted, rebinning of coincidence data 
50 produces, in effect, a stack of sinograms, each of which may 

be reconstructed independently by a 2D reconstruction algo­
rithm to produce a stack of slice images. In the aggregate, 
these may be called for convenience a preliminary image. As 
indicated above, multi-slice rebinning of oblique coinci-

55 dence lines leads to blurring in the z direction in the 
sinograms, and consequently in the 3D reconstructed vol-
ume. 

In accordance with the invention, axial filtering, presently 
preferred techniques for which will now be described, 

60 addresses and eliminates unacceptable blurring in the recon­
structed volume. 

(a) Image Filtering 

Referring again to FIG. 7, the middle row of sinogram 65 

frames in FJG. 6 shows the corresponding slices resulting 
from multi-slice rebinning. Compared to single-slice rebin-

The term "object space" and coordinates (x',y',z') may be 
used to refer to the 3D space containing an unknown activity 
distribution, denoted by f. The term "image space" and 
coordinates (x,y,x) may be used to refer to the 3D space 
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containing the reconstructed estimate of the activity 
distribution, denoted by f, and the preliminary image, 
denoted by g. It may be assumed that the detection process 

8 
by setting t<0 >=g. The (k+l)'th iteration of the algorithm 
(k~O) is given by 

.ik+l)_.ik) [-g_, -] ·-
Ji -Ji (HJ.kl), , 1-l, •• • ,N 

is linear, so that there is a linear relationship between the 
coincidence data and the function f . Since multi-slice rebin- s 
ning and slice-by-slice reconstruction are linear operations, 
the preliminary image g can be expressed in terms of the 
activity distribution f by 

In practice, the algorithm may be run for only a few 
iterations, stopping well short of numerical convergence. By 
changing the number of iterations, different compromises 

10 between deblurring of the preliminary image and amplifi­
cation of the noise can be achieved. g(x,J;z)=Jfft{x;y',z')h(x,J;z,x',y\z')dx'dy'dz' 

where h is the point-response function. More specifically, 
h(x,y,z,x',y',z') is the reconstructed value at the (x,y,z) in the 
preliminary image due to an isolated point source at (x' ,y' ,z'). 
The discrete form of the above equation can be expressed as 

Since no elements of the system matrix H are negative, 
the multiplicative nature of the correction ensures that no 
elements f(k+l ) can be negative, if the elements of the data 

15 vector g are also nonnegative. In order obtain this desirable 
property, one can use as the vector g the preliminary image 
with any negative values set to zero. 

g=Hf 

where g and f are Nxl vectors and H is an NxN matrix. 
In the case of three dimensional blurring, N is the total 

number of elements in the volume image. However, in the 
illustrated case of significant blurring only in the z direction, 

20 

N is the number of slices, and there is a separate system of 
equations for each point (x,y) in the transverse plane. Since 25 

the computational requirements for the filtering operation 

(b) Sinogram Filtering 

It has been explained that a point source at (x',y',z') gives 
a blurring in the z direction of the stack of sinograms that 
depends strongly on z' and only weakly on x' and y'. If it is 
assumed that the point-spread function depends only on z', 
and not on x' and y', then the preliminary image may be 
expressed in terms of the activity distribution as 

g(x,J;z)=[f (x,y,z')h'(z.z')dz' 

are much less than the case of 3D blurring, and since, as 
discussed above, the blurring due to multi-slice rebinning is 
mostly in the z direction, it is practicable to concentrate on 
the case of blurring only in the z direction. 30 where h3(z,z') is the reconstructed value at (x,y,z) in the 

preliminary image due to a point source at (x,y,z'). The 
image-space blurring represented by the above equation can 
be expressed by an equivalent blurring in the stack of 

Each element h of the matrix H can be found for a 
particular scanner geometry by simulating the multi-slice 
rebinning procedure for a point source at the corresponding 
position on a grid in object space. It will be apparent that 
since g and H are known, there is a system of linear 35 

equations for each column of the image volume (each x and 
y) from which we want to obtain f (an estimate of the activity 
distribution f) whose elements correspond to the N slices in 
the column. 

Methods for solving the systems of linear equations that 40 

arise in the formulation of deblurring problems are discussed 
in many books (e.g., P. A. Jansson, Deconvolution with 
Applications in Spectroscopy. Orlando, Fla.: Academic Pres, 
'1984; S. Twomey, Introduction to the Mathematics of Inver­
sion in Remote Sensing and Indirect Measurements. Amster- 45 

dam: Elsevier, 1977) and survey papers ( e.g., B. R. Frieden, 
"Image Enhancement and Restoration," Chapter 5 in. Pic­
ture Processing and Digital Filtering, T. S. Huang, Ed. 
Berlin: Springer-Verlag, 1979, pp. 177-248). The classical 
linear methods for these problems produce a solution vector 50 

f which is a compromise between satisfying the equations 
and satisfying some smoothness conditions. These linear 
methods have the advantage that the relevant matrix inverse 
may be precomputed and stored, and then used as a filter for 
different sets of data Non-linear methods for deblurring are 55 

iterative in nature, and generally require more computation 
than linear methods, but they have the advantage that 
positivity constraints may be imposed on the elements of the 
solution vector f. 

In the practice of this invention, it is preferred that an 60 

iterative deblurring procedure which is known as Gold's 
ratio method, P.A. Jansson, supra, or Chahine's relaxation 
method, W. P. Chu, "convergence of Chahine's Nonlinear 
Relaxation Inversion method Used for Limb Viewing 
Remote Sensing," Appl. Opt., vol. 24, pp. 445-447, be used. 65 

The estimate of resulting from the kth iteration of this 
procedure is denoted by p:kl, and the procedure is initialized 

sinograms, with coordinates (r,0,z). One can convert from 
image space to sinogram space by taking projections (slice­
by-slice) of both sides of the above equation. The sinogram-
space result is 

z(r,0,z)=fp'(r,0,z')h'(z,z')dz 

It will be noted that p', p and q are analogous to f , f, and 
g in the previously described case of image filtering. Dis­
cretizing the above equation for the case of N slices yields 

where q and p' are Nx l vectors (for each rand 0) and H3 is 
an NxN matrix. The elements h3 of the matrix H3 can be 
found for a specific scanner geometry by simulating the 
multi-slice rebinning procedure for a point source at N 
different z-positions. Since q and H3 are known, we now 
have a system of linear equations for each r and 0 from 
which we can estimate the unknown p'(r,0,z) for each slice. 

One can obtain an estimate of p' using the same iterative 
method described above for image filtering, that is 

where, as before, the equation should be interpreted as 
producing the i'th component of p<k+l) from the i'th com­
ponents of the vectors p(k), q, and (H3p<k>) , and the proce­
dure is initialized by setting p(O)=q. Since no elements of the 
data vector q or the system matrix H3 are negative, the 
multiplicative nature of the correction ensures that no ele­
ments of p<k+1) can be negative. The technique therefore has 
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the desirable property that it automatically generates solu­
tions that are physically meaningful, with no negative counts 
in the deblurred sinograms. 

Specific implementations of axial filtering using sinogram 
filtering and image filtering will now be described. The 5 

numerical values quoted in the description are for the 
geometry of the UGM PENN-PEI' scanner (6 detectors, 865 
mm effective detector separation, 128 mm effective axial 
field of view) with typical choices for the rebinning and 
reconstruction parameters (e.g. 2 mm slice thickness, 6.5 10 

degrees axial acceptance angle, 256 mm diameter recon­
struction field of view, 2 mm pixel size). 

For sinogram filtering, we generate h3(z,z') for 33 values 
of z' spaced 2 mm apart (i.e. the slice thickness) from z'=O 
( central transverse slice of scanner to z'=64 mm ( slice at end 15 

of axial field of view). The number of samples of z depends 
on the acceptance angle and on the position z' in the axial 
field of view. For an acceptance angle of 6.5 degrees, the 
total width of the spread function is 15 slices at z'=O; 
decreasing to zero width at z'=64 mm. The values of the 20 

spread function for each z' are generated by multi-slice 
rebinning of simulated data, as follows. 

A simulated point source is placed at (0,0,z') and 10,000 
lines through the point source and in the y-z plane are 
simulated. The lines are uniformly distributed in the angular 25 

range specified (i.e. defined) by the acceptance angle (e.g. 
±6.5 degrees around the plane 7;=z'). Each simulated line that 
intersects a pair of detectors is rebinned, and the accumu­
lated total for each slice in sinogram space is stored in 
memory as the spread function for this value of z'. The 30 

simulated point is then moved along the z axis through a 
distance equal to the slice thickness, and the multi-slice 
rebinning process is repeated to generate the next spread 
function. 

After a table of spread functions has been computed, the 35 

sinograrn filtering is done using the iterative method 
described above. For each transverse location (r,0) in the 
stack of sinograms there is an axial column of length N 
(number of slices). The sinogram values in this axial column 
are selected as the elements of the vector q, and the iterative 40 

method to estimate p' is initialized by setting p<0)=q. After K 
iterations (typically from 2 to 5), the vector p(k) is stored in 
the axial column for this (r,0), and the process is repeated for 
the next (r,0) column in the stack of sinograms. 

In the case of image filtering, we generate h;(x,y,z,z') for 45 

the 33 values of z' spaced 2 mm apart (i.e. the slice 
thickness) from z'=O (central transverse slice of scanner) to 
z'=64 mm (slice at end of axial field of view). For each value 
of z' we generate h;(x,y,z,z') for 49 samples of x and y on a 
7x7 grid with a space of 20 mm, so that the grid extends 50 

from O to 120 mm in the x and y directions. The sample 
spacing in the x and y directions i larger than that in the z' 
directions, because the rate of variation of the function hi is 
much greater in the z' direction than in the x and y directions. 
The number of samples of z depends on the acceptance angle 55 

and on the position (x, y, z'). The value of the spread function 
for each position are generated by multi-slice rebinning of 
simulated data, as follows. 

A simulated point source is placed at (x,y,z') and lines 
through the point source are simulated. The lines are uni- 60 

formly distributed in the angular range specified by the 
acceptance angle ( e.g. ±6.5 degrees around the plane z:z') 
and in the angular range O to 180 degrees for the projection 
of the line onto the transverse plane. Each simulated line that 
intersects a pair of detectors is rebinned, and the accumu- 65 

lated total for each slice in sinograrn space is stored as the 
spread function for this (x,y,z'). The simulated point is then 

10 
moved to the next grid point, and the multi-slice rebinning 
process is repeated to generate the next spread function. We 
presently simulate lines for 192x256 angles (transversex 
axial) for each of the 7x7x33=1617 positions of the point 
source. These positions at which the spread function is 
computed are distributed over the image-space octant for 
which x~O, y~O, z~O. When the blurring function h; is 
needed for some arbitrary (x,y,z), the precomputed spread 
function at the position nearest to (lxl,lyl,lzl) is used. 

Examples of the point-spread function hi are shown in 
F1G. 8 for points on the z' axis. F1G. 8 shows clearly the 
decreasing height and width of the axial spread function, due 
to the decreasing axial acceptance angle, as the simulated 
point source is moved along the z' axis. The filtering process 
adjusts the data for the relative height of the hi functions, so 
the standard axial normalization is performed automatically, 
together with the axial deblurring. As has been explained, it 
has been found that the spread function is nearly constant in 
the transverse direction, but changes rapidly in the z direc­
tion. 

The above-described method of image filtering is applied 
independently to each axial column of the image volume in 
a manner similar to the implementation of sinograrn filtering 
that is described above. Image filtering as described above 
may be viewed as more general than sinogram filtering, 
since sinogram filtering is based on the assumption that the 
spread function for a point source at (x' ,y',z') is independent 
of x' and y'. On the other hand, this assumption means that 
only a few different spread functions are needed for sino­
gram filtering, so relatively little computation is required to 
produce the table of spread functions. Once the tables of 
spread functions have been produced for the respective 
methods, implementation of sinogram filtering takes 
approximately four times as long as image filtering because 
of the relative sizes of the arrays involved. With the above 
geometry, the sinogram array for each slice is 192 anglesx 
256 rays, whereas the reconstructed image for each slice is 
a circular region of diameter 128 pixels. An image filtering 
operation of 5 iterations on a volume image of 63 slices may 
be performed in less than 3 minutes with a non-optimized 
program on a Sun Microsystems SparcStation 330 (using a 
precomputed table of spread functions). 

F1G. 9 shows profiles through a point source using 
single-slice reconstructions showing a low amplitude but 
wide profile and the same data reconstructed using both 
sinogram and image axial filtering. The latter two profiles 
show higher amplitude and a narrower profile demonstrating 
the improved performance achieved with multi-slice rebin­
ning followed by axial filtering. 

The operation of multi-slice rebinning can be performed 
in real time during data collection, thereby reducing memory 
and computational requirements relative to previously 
described methods. 

In PEI' imaging, coincidence data is normally collected 
over a 180-degree range of projections about the z axis. The 
present invention has thus far been described with the 
assumption that data is collected for all projection angles 
about the z axis (i.e., for a full 180-degree range). However, 
because of time and cost constraints, it may be impractical 
to collect data from all projection angles. As will now be 
described, the present invention includes a method of per­
fonning multi-slice rebinning and axial filtering using only 
a limited number of projections in order to reduce the overall 
time required for collecting and reconstructing data. 
However, it should be appreciated that the use of a limited 
number of projections according to the present invention is 
not necessarily limited to use with multi-slice rebinning. 



5,744,802 
11 12 

It should also be appreciated that the use of a limited tors 100 and 101 about the z axis and while providing 
range of projections results in acquisition of an incomplete relative translation between the patient and the detectors 
set of data. The filtered back.projection (FBP) reconstruction along the z axis (e.g. , by moving the patient, the detectors, 
technique is based on the assumption that a complete set of or both). The result is that the detectors take a spiral path 110 
data is available and is therefore unsuitable for this purpose. 5 relative to the patient. In the currently preferred 
However, by using an iterative reconstruction algorithm, the embodiment, the detectors are rotated through one 360 
range of projection angles used may be substantially degree revolution about the z axis, such that detector 100 
reduced. comes to rest in position 104. An iterative algorithm may be 

FIG. 10 illustrates an arrangement having two detectors used to compensate for the lack of a complete set of data. 
100 and 101 for collecting data over a range 0 of projection 10 Note also that a motion compensation algorithm may be 
angles that is less than 180 degrees. Note that a hexagonal required in conjunction with the spiral scan techniques 
array of detectors , such as that depicted in FIGS. 1, 3, and described herein. 
5, generally would not be used when using a limited range Although in the currently preferred embodiment the 
of projection angles. Although such a limited range yields in detectors are rotated exactly once around the z axis (for a 
an incomplete set of data in the transverse (x-y) planes, the 15 total of 360 degrees), it should be appreciated that the 
set of data collected in the coronal (x-z) planes is relatively present invention does not require that exactly one full 
complete. Consequently, an iterative reconstruction algo- rotation be used. More than one full rotation or less than one 
rithm can be used to compensate for the lack of a full set of full rotation may be used. For example, it may be desirable 
data, and such algorithm needs only to perform iterations in to rotate the detectors through only 180 degrees. 
two dimensions, i.e., in the transverse planes. The projection 20 In another embodiment using a spiral scan, which is 
angles can be limited to a range as small as the angle 0 illustrated in FIG. 13B, a second scan pass is performed to 
subtended by the two detectors 100 and 101 when the provide a more complete set of data. In the embodiment of 
detectors are stationary, as shown in FIG. 10 which is FIG. 13B, the detectors are rotated 90 degrees (step 94) 
typically 20 to 30 degrees. Alternatively, the detectors 100 following the first scan pass, such that detector 100 is placed 
and 101 may be rotated by some amount less than 180 25 in resting position 10S. A second spiral scan is then per-
degrees for each position along the z axis to obtain a formed (step 96) along the z axis in a direction opposite that 
somewhat larger range of projection angles; the result is a of the first scan pass. Preferably, the detectors 100 and 101 
compromise between time/cost savings achieved by having are again rotated through one 360 degree rotation, although 
stationary detectors and the completeness of data achieved other ranges of rotation may be used. Hence, the first scan 
by using a full range of projections. 30 pass and the second scan pass together yield two orthogonal 

Referring now to FIG. 11, the method of reconstructing sets of data. This approach consumes more time than the 
images by combining multi-slice rebinning, iterative approach of FIG. 13A but provides greater accuracy because 
reconstruction, and axial filtering is illustrated. At step 72, of the additional data collected. 
coincidence data is first gathered using a limited range of Various iterative reconstruction algorithms are known in 
projection angles for each position along the z axis. Next, at 35 the art for performing image reconstruction in three dimen-
step 74 multi-slice rebinning is performed as described sions. Such algorithms may be adapted, if necessary, to 
above, resulting in the generation of a stack of partially perform iterations in only two-dimensions for specific 
populated sinograms. The sinograms are only partially embodiments of the present invention. Iterative reconstruc-
populated as a result of the limited range of projection tion algorithms include image space methods, such as the 
angles. At step 76 a two-dimensional iterative reconstruction 40 image space reconstruction algorithm (!SRA) described by 
algorithm is employed to reconstruct a set of preliminary M. Daube-Witherspoon and G. Muehllehner in "An Iterative 
transaxial images, followed by axial image filtering at step Image Space Reconstruction Algorithm Suitable for Volume 
78; alternatively, axial filtering may be performed as ECT", IEEE Transactions on Medical Imaging, vol. MI-5, 
described above directly upon the stack of partially- No. 2, June 1986. In addition, iterative reconstruction algo-
populated sinograms at step 80, followed by reconstruction 45 rithms include projection space methods, such as the Maxi-
of final images using the two-dimensional iterative algo- mum Likelihood Estimation (MLE) technique described by 
rithm st step 82. L. Shepp and Y. Vardi in "Maximum Likelihood Recon-

FIGS. 12, 13A, and 13B illustrate alternative approaches struction for Emission Tomography", IEEE Transactions on 
to performing PEf imaging using limited projections. A Medical Imaging, vol. MI-1, No. 2, October 1986. It should 
common technique for collecting coincidence data is to 50 be appreciated that either an image space algorithm or a 
gather the data on a slice-by-slice basis; that is, data is projection space algorithm may be used according to the 
collected for a range of projection angles for one position at present invention. 
a time along the z axis. This technique involves moving the FIG. 14 illustrates the ISRA algorithm as an example of 
patient or the detectors in discrete movements along the z an iterative image space technique. At 120 an initial esii-
axis each time a full range of projections is completed for a 55 mated image is generated. At 122, coincidence data is 
given z position. Such discrete movements can be uncom- backprojected, resulting in the generation of a data image. At 
fortable for some patients. Consequently, the present inven- 124, the initial estimated image is forward-projected to 
tion provides for the use of a spiral (helical) scan to gather produce a set of calculated projections. These calculated 
coincidence data in order to reduce patient discomfort while projections are then bac.kprojected at 126 to generate a 
also making use of limited projections. The spiral scan may 60 calculated image. At step 128, the data image and the 
be combined with the multi-slice rebinning and axial filter- calculated image are compared to generate an error image. 
ing techniques described above. At 130, the estimated image is updated based upon the error 

Referring to FIGS. 12 and 13A, the detectors 100 and 101 image, and the updated estimated image, and the process is 
are first positioned 180 degrees apart for coincidence repeated from step 124 using the updated estimated image. 
detection, such that detector 100 is in a starting position 103. 65 FIG. 15 illustrates the ML algorithm as an example of an 
At step 92, a first scan pass is performed. In the first scan iterative projection space technique. At 142, an initial esti-
pass, coincidence data is collected while rotating the detec- mated image is generated. This estimated image is then 
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forward projected at 144 to generate a set of estimated 
projections. At 146, the estimated projections are compared 
with actual measured projections, and the estimated projec­
tions are updated accordingly at 148. The updated estimated 
projections are then backprojected at 150 to generate an 
updated estimated image. The process then repeats from step 
144 using the updated estimated image. 

Hence, what has been described is a method and apparatus 
for image generation from limited projections for PEf using 
multi-slice rebinning. Although the present invention has 
been described with reference to specific exemplary 
embodiments, it will be evident that various modifications 
and changes may be made to these embodiments without 
departing from the broader spirit and scope of the invention 
as set forth in the claims. Accordingly, the specification and 
drawings are to be regarded in an illustrative rather than a 
restrictive sense. 

What is claimed is: 
1. A method of reconstructing an image in a medical 

imaging system, the medical imaging system including a 
plurality of detectors capable of detecting a plurality of rays 
occurring within a range of projection angles, the rays 
including transverse rays and oblique rays, the method 
comprising the steps of: 

detecting the plurality of rays using the detectors; 
generating a collection of data representative of the 

detected rays; 
rebinning the data to create a stack of two-dimensional 

data sets corresponding to individual transverse slice 
images, wherein the slice images signify in the aggre­
gate a three-dimensional image, wherein for each data 
set, the data included in said data set corresponds to less 
than all possible projection angles for the correspond­
ing slice image; 

14 
rotated by a total of approximately an integer multiple of 180 
degrees around the z axis for the first scan pass. 

9. A method according to claim 8, further comprising the 
step of, following completion of the first scan pass, rotating 

5 the detector approximately 90° relative to the object to a 
starting position. 

10. A method according to claim 9, wherein the step of 
detecting the rays further comprises the step of performing 
a second scan pass from the starting position, wherein the 

10 second scan pass is characterized by a helical path of relative 
motion between the detectors and the object, wherein the 
first scan pass and the second scan pass in aggregate result 
in the acquisition of sets of orthogonal data. 

11. A method according to claim 3, wherein the iterative 
15 reconstruction algorithm is used to perform image-space 

reconstruction. 
12. A method according to claim 3, wherein the iterative 

reconstruction algorithm is used to perform projection-space 
reconstruction. 

20 13. A method according to claim 3, wherein the iterative 
reconstruction algorithm is a maximum-likelihood estima­
tion (MLE) algorithm. 

14. A method of reconstructing an image using a medical 
imaging system, the medical imaging system including a 

25 plurality of detectors capable of detecting a plurality of rays, 
the rays including transverse rays lying within a plurality of 
transverse planes and oblique rays not lying within the 
transverse planes, the detectors being rotatable about a z 
axis, the method comprising the steps of: 

30 performing a first scan pass along the z axis using to 
detectors to detect the rays over a range of projection 
angles, wherein the first scan pass is characterized by a 
helical path of relative motion between the detectors 

applying a two-dimensional iterative reconstruction algo- 35 
rithm to each of the data sets to reconstruct a three­
dimensional image slice-by-slice from the data sets; 
and 

and an object to be imaged wherein the range of 
projection angles used is substantially less than 180 
degrees for each of the transverse planes; 

converting the detected rays to a collection of data rep­
resentative of the detected rays; 

axially filtering the rebinned data. 
2. A method according to claim 1, wherein the step of 

rebinning the data comprises the steps of: 
for each oblique ray, identifying among said data sets the 

images intersected by said ray; and 
applying to each of the data sets associated with the 

images intersected by the ray an increment represen­
tative of the ray. 

3. A method according to claim 2, each of the data sets 
includes data corresponding to a utilized range of projection 
angles of substantially less than 180°. 

4. A method according to claim 3, wherein during the step 
of detecting the rays, the detectors are not rotated about a z 
axis. 

5. A method according to claim 2, wherein each of the 
detectors has a transverse dimension, and wherein the range 
of projection angles is limited to the angle subtended by the 
transverse dimension of one of the detectors while said one 
of the detectors is held stationary. 

6. A method according to claim 2, wherein the data sets 
are sinograms, each of the sinograms corresponding to one 
transverse slice of the three-dimensional image. 

7. A method according to claim 2, wherein the detectors 
are rotatable about a z axis, wherein the step of detecting the 
rays comprises the step of performing a first scan pass 
characterized by a helical path of relative motion between 
the detectors and an object to be imaged. 

8. A method according to claim 7, wherein during the step 
of performing the first scan pass, each of the detectors is 

rebinning the data to create a stack of two-dimensional 
40 data sets corresponding to individual transverse slice 

images, wherein the slice images signify in the aggre­
gate a three-dimensional image, wherein the step of 
rebinning the data comprises the steps of: 

45 
for each oblique ray, identifying among said data sets the 

images intersected by said ray; and 
applying to each of the data sets associated with the 

images intersected by the ray an increment represen­
tative of the ray; 

so applying an iterative reconstruction algorithm to each of 
the data sets to reconstruct a three-dimensional image 
slice-by-slice from the data sets; and 

axially filtering the rebinned data. 
15. A method according to claim 14, wherein the iterative 

55 reconstruction algorithm is two-dimensionally iterative. 
16. A method according to claim 14, wherein the iterative 

reconstruction algorithm is used to perform image-space 
reconstruction. 

17. A method according to claim 14, wherein the iterative 
60 reconstruction algorithm is used to perform projection-space 

reconstruction. 
18. A method according to claim 17, wherein the iterative 

reconstruction algorithm is a maximum-likelihood estima­
tion (MLE) algorithm. 

65 19. A method according to claim 14, wherein the data sets 
are sinograms, each of the sinograms corresponding to one 
transverse slice of the three-dimensional image. 



5,744,802 
15 

20. An apparatus for reconstructing an image in a medical 
imaging system, comprising: 

means for detecting both transverse and oblique rays 
emitted within a range of projection angles, the means 
for detecting including a plurality of detectors, the 5 

transverse rays lying within a plurality of transverse 
planes perpendicular to a z axis, the oblique rays not 
lying within the transverse planes, the projection angles 
defined within the transverse planes, wherein the range 
of projection angles is less than 180 degrees; 

means for converting the detected rays to data; 
means for collecting and assembling the data representa­

tive of the detected rays; 

10 

16 
mately an integer multiple of 180 degrees around the z axis 
during the first scan·pass. 

28. An apparatus according to claim 27, further compris­
ing: 

means for rotating the detectors from a first resting 
position approximately 90° to a second resting position 
following completion of the first scan pass; and 

wherein the means for detecting further comprises means 
for detecting rays using a second scan pass opposite in 
direction from the first scan pass and characterized by 
a helical path of relative motion between the detectors 
and the object to acquire sets of orthogonal data. 

29. In a medical imaging system having a detector for 
means for rebinning the data to create a stack of two­

dimensional data sets representative of individual 
transverse slice images, such that the slice images 
signify in the aggregate a three-dimensional image, the 
means for rebinning the data including: 

15 detecting radiation emitted from an object, the detector 
being rotatable relative to the object about an axis of 
rotation, a method of performing emission computed 
tomography, the method comprising the steps of: 

means for, for each oblique ray, identifying among said 20 
data sets the images intersected by said ray; and 

means for applying to each of the data sets associated 
with the images intersected by the ray an increment 
representative of the ray; 

means for applying a two-dimensional iterative recon- 25 
struction algorithm to each data set to reconstruct a 
three-dimensional image slice-by-slice from the data 
sets; and 

means for axially filtering the rebinned data. 
21. An apparatus according to claim 20, wherein the 30 

means for detecting comprises means for detecting rays 
using a range of projection angles less than 90 degrees for 
each data set 

22. An apparatus according to claim 20, wherein each of 
the detectors has a transverse dimension, and wherein the 35 
means for detecting comprises means for performing a first 
scan pass of an object to be imaged, such that the range of 
projection angles used is limited to the angle around the z 
axis in the transverse plane which is subtended by the 
transverse dimension of one of the detectors. 40 

23. An apparatus according to claim 20, wherein the 
iterative reconstruction algorithm is used to perform recon­
struction in image space. 

24. An apparatus according to claim 20, wherein the 
iterative reconstruction algorithm is used to perform recon- 45 
struction in projection space. 

25. An apparatus according to claim 20, wherein the data 
sets are sinograms, each of the sinograms corresponding to 
one transverse slice of the three-dimensional image. 

26. An apparatus according to claim 25, wherein the 50 
means for detecting further comprises means for detecting 
the rays using a first scan pass characterized by a helical path 
of relative motion between the detectors and an object to be 
imaged. 

27. An apparatus according to claim 26, further compris­
ing means for rotating the detectors by a total of approxi-

detecting radiation emitted from the object using a first 
scan pass characterized by a helical path of relative 
motion between the detector and the object; 

following completion of the first scan pass, rotating the 
detector approximately 90° relative to the object to a 
starting position; and 

detecting radiation emitted from the object using a second 
scan pass starting from the starting position, wherein 
the second scan pass is opposite in direction from the 
first scan pass and is characterized by a helical path of 
relative motion between the detector and the object, 
such that the first scan pass and the second scan pass 
together result in the acquisition of orthogonal sets of 
data. 

30. An apparatus for performing computed tomography 
imaging of an object, the apparatus comprising: 

a radiation detector that is rotatable relative to the object 
about an axis of rotation; 

means for controlling the radiation detector to detect 
radiation using a first scan pass characterized by a 
helical path of relative motion between the detector and 
the object; 

means for rotating the detector, following completion of 
the first scan pass, approximately 90° relative to the 
object to a starting position; and 

means for controlling the detector to detect radiation 
using a second scan pass, the second scan pass starting 
from the starting position, wherein the second scan pass 
is opposite in direction from the first scan pass and is 
characterized by a helical path of relative motion 
between the detector and the object, such that the first 
scan pass and the second scan pass result in the 
acquisition of orthogonal sets of data. 

* * * * * 
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