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Physical properties important for assessment of the potentials of emission com-
puted tomography implemented by collimated detector systems include sensitivi-
ty, statistical and angular sampling requirements, attenuation compensation, reso-
lution uniformity, and multisection design constraints. The limited angular range
and sampling interval of coded aperture methods for longitudinal tomography im-
pose severe limitations on quantitative imaging capabilities. These methods are
discussed. Disadvantages of limited angular range are avoided by transverse sec-
tion devices that have lower sensitivity than comparable positron devices. It is
shown here, however, that the sensitivity for a single section device for head
transverse section 2 cm thick can be ~2200 events sec—! uCi~1 per axial cm for
2 X 2 cm resolution. This is 40 % of that for a well-designed positron system of sim-
ilar resolution. The problem of attenuation compensation for constant attenuation,
as in brain imaging, is well understood and a fast algorithm of the convolution type
gives excellent results if angular sampling is over 360°.

Though there is a need to move the single-photon detector array over wide an-
gular distances for adequate sampling, dynamic ECT is possible for the measure-
ment of biological washout kinetics of clinical importance, such as clearance stud-
les in brain. Based on physical principles, experiences with low sensitivity devices,
and the prospects for devices with sensitivity comparable to positron tomographs,
single photon tomography has sound potentials for research and clinical studies of
the aduilt brain and whole body in small subjects. Practical whole-body tomogra-

phy in adults is limited to nonquantitative lesion detection.

J Nucl Med 21: 579-592, 1980

The purpose of this paper is to present physical
science aspects of emission tomography when collimators
or coded apertures are used. Positron tomography in-
volves electronic collimation and has properties that give
it special advantages, particularly in imaging of the
thorax and abdomen of adults. Nevertheless, there are
important biological potentials of single-photon to-
mography because of the properties and availability of
some of these radionuclides as well as the adequate
sensitivity that can be obtained in studies of objects about
20 cm in diameter. A general explanation of tomography
is given by describing four modes: multiple pinhole, time
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varying (stochastic) coded apertures, Fresnel coding, and
computed transverse section tomography. In principle,
all modes of tomography as well as the two contemporary
classifications of longitudinal and transverse section
tomography can be considered under the general topic
of coded apertures wherein the code ranges from parallel
hole collimators to arrays of irregularly spaced pinholes
whose patterns change with time.

LONGITUDINAL TOMOGRAPHY

Pinhole arrays. The basic idea of longitudinal to-
mography can be shown by the moving pinhole aperture
(Fig. 1). The image of two sources at different depths will
appear shifted by amounts that are proportional to their
depths and the amount the pinhole camera is displaced
(Px) from the original position. Because the block is
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FIG. 1. Depth information is refiected by relative displacement of
sources for different positions of pinhole aperture.

closer to the aperture, the “block™ image is displaced
more than that of the “ball” image. The amount of image
displacement is proportional to the ratio of the movement
distance to the depth of the object and to the distance
between the camera and the aperture. The relevant
equations are derived by similarity of triangles as ex-
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FIG. 2. Relationship between amount of displacement and depth
of source is derived by noting the similarity of triangles formed by
ray optics.

plained by Fig. 2.

Suppose there are a multitide of sources at various
depths and positions; the images will represent the su-
perposition of these sources, but their position and’
magnification will depend on the depth and planar po-
sition of these sources. If all of the sources were at depth’
Z,), then the displacement of each source on each image
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FIG. 3. lilustration of simple method of reconstituting the distribution at various planes by guessing at source depth and applying Eq.

1 to images taken for different aperture displacements (P,,Py).
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would be described by
Ax = — ldl-Px.,
Z,
H
Ay = — — Py,. 1
y Z Y1 (1

These equations are the rearrangement of terms from
Eq. 4 in Fig. 2. Now let us shift back each picture ele-
ment value to a new picture element for each displace-
ment image in accord with Eq. 1. After this operation,
we sum the resultant images to get a perfect image of the
sources as if they were not displaced. However, suppose
we erred in our estimate of the true depth Z, in Eq. 1, the
result will be a blurred image of the sources, as demon-
strated in Fig. 3 for one source at Z = 9 cm. Next, sup-
pose we do not know at what depth the sources lie but
guess at three successive depths and perform the oper-
ation of Eq. 1. The sources that happen to lie at the
properly guessed depth will be in focus, whereas those
at other depths will be out-of-focus. The blurred tomo-
grams are similar to the simple backprojection images
of transverse section computed tomography, and the
basic data displayed by H. O. Anger’s ingenious tomo-
graph, which is now known as the Pho/Con tomograph
(1). Digital implementation of tomography by multiple
pinhole has been explored over the past 6 yr (2), and
methods for deblurring these tomograms are discussed
below.

One method is that of successive approximations,
whereby the data in each image are corrected by factors
derived from a comparison of the reprojected images
with the observed images. The reprojections are obtained
by simulating the imaging operation as if the backpro-
jected images were the real data (Fig. 4). The data in the
source space are adjusted until the differences between
the reprojected images and the true images are small (3).
This operation is similar to the early methods of com-
puter assisted tomography, such as the arithmetic re-
construction technique (ART) (4,5), the orthogonal
tangent correction method (6), the simultaneous itera-
tive reconstruction (7), and the iterative least squares

Tomographs
of

projection space

Source space

REPROJECTION

FIG. 4. Method of removing blur from muitiple pinhole imaging
system is to reproject simple superposition or backprojection im-
ages and make corrections to these images based on difference
between reprojected images and actual data.
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technique (8).

Stochastic coded aperture. A second class of multiple
pinhole imaging is the stochastic coded aperture (9,/0).
Instead of moving an individual pinhole or providing
many separate aperture (pinhole)-detector imaging
chains, which look at the object from different directions
as is done in the seven-pinhole system (3), the multiple
aperture method collects the superposition of many
pinhole views on each image. A sequence of images is
recorded, each with a somewhat different arrangement
of pinholes (Fig. 5). Suppose five images are taken, each
with a uniquely different pinhole pattern. Recall that
each pinhole represents a different angular view. After
recording five images, we must “decode” the projection
data that represent each angular view from the whole
image series. To do so we solve the set of simultaneous
equations shown in Fig. 5. In this particular case the
angular view, A, corresponding to pinhole 1 projection
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FIG. 5. Schematic of concept of stochastic aperture imaging
wherein successive images are obtained, each representing dif-
ferent combination of views. By solving the set of simultaneous
equations shown on right, information corresponding to particular
aperture or angle can be “‘decoded."”
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only, is given by
Lh+h+le=l—1s
2
- (A)+ A2) + (A3 + Ay + (A1 + As) = (A + A3) = (As + Asg)
2

2)

= A].

A, is the two dimensional (2D) pinhole projection image
obtained from the object distribution viewed from the
No. 1 aperture. After this decoding, we have data cor-
responding to various angular views and the recon-
struction problem becomes similar to that for multiple
pinhole systems or general computed tomography. This
approach combines depth coding with good sensitivity
because many apertures are “looking™ at the subject at
one time. Coded aperture techniques can be extended to
complete angular sampling (/1).

Another type of time varying, coded aperture imaging
is digital computed tomography from images obtained
using a rotation, slant-hole system similar in concept to
the Anger tomoscanner. Recently, Chang and coworkers
(12) designed a collimation system that has the advan-
tages of multiple parallel hole projections without the
geometric distortion of pinhole optics; yet, as will be
shown, this system, as well as the contemporary multiple
pinhole systems, has the disadvantages of limited angular
range, and results are dependent on the orientation of the
imaging system relative to the object.

Fresnel coded aperture. The Fresnel shadow image of

Point sources

Background subtracted

radioactive sources is a series of concentric rings whose
width and density depend on the source distance from
the zone plate in a manner similar to the magnification
of a pinhole aperture system. The tomograms can be
calculated from a single image (Fig. 6) by varying the
parameter R, in the algorithm (/3).

(F2 H(x,y)exp{—im(x2 + y?) /R}) (3)

where #, is the 2D Fourier transform and H(x,y) is the
Fresnel shadowgram

R, = radius of the first ring

zone plate to camera
zone plate to object |’

x|+ 4)

As with the multiple pinhole example, images ob-
tained are blurred from underlying and overlying source
data. Deblurring procedures similar to those outlined for
the multiple pinhole procedures can be used here. The
data are projections over a limited angular range, and
the problems associated with limited angular range ob-
tained here are as in the case for multiple pinhole and
other coded-aperture imaging techniques.

Six problems associated with the longitudinal to-
mography techniques are: (a) noise propagation occurs
during the decoding stage (e.g., the variance in A, data
is the sum of the varfances of each image); (b) attenua-
tion compensation is complex and further amplifies er-

Scintillation camera
image

Lead Fresnel Zone Plate

: RECONSTRUCTION
g < ALGORITHM

FIG. 6. The Fresnel aperture image consists of a series of concentric rings that project source information into detector. By varying
phase reiationships and Fourier transforming the shadowgram, longitudinal tomographs can be produced directly. These must subsequently
be deblurred as with the multiple pinhole longitudinal tomograph data.
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FIG. 7. Similarity between five pinhole views and five views using
parallel collimator. Reorganization of the cone-beam data from
pinholes can give a set of parallel rays closely corresponding to
parallel set from conventional collimator.

rors; (c) the decoding calculation is tractable but com-
putationally costly; (d) variable geometric magnification
will cause distortion for pinhole systems; (e) a cos30
sensitivity nonuniformity exists for pinhole systems; and
(f) the data set lacks complete angular sampling.

The similarity between multiple pinhole imaging and
transaxial computed tomography over limited angular
range is shown in Fig. 7, and Figs. 8 and 9 illustrate the
limitations imposed by collection of data over a limited
angular range.

In view of the object orientation relative to the direc-
tion of angular sampling, it is clear that the results of a
reconstruction are dependent on the shape and orienta-
tion of the object being reconstructed. The reason the
seven pinhole technique gives such remarkably good
images of the heart with only seven views over a limited
angular range is in good part due to the symmetrical

FIG. 8. The effect of projection data taken
over limited angular range on fidelity of
- reconstruction is shown for square-shaped
object. Results are dependent on orienta-
tion and shape of object relative to viewing i
direction. 60°
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orientation of the detector array relative to the axis of
the left ventricle’s cylinder-like shape. Figure 9 shows
that a change by only 20° in the axis of the detector array
results in distortions, and a change by 90° results in
imaging disaster. Sagittal or transverse sections are
shown to illustrate the distortion problem and the mag-
nitude of interplane errors due to the shape compared
with the aperture orientation problem. When attenuation
is added to the problem, even worse results are found. To
give a fair evaluation of this aspect of longitudinal to-
mography over limited angular range, the author used
the best available iterative reconstruction technique
(conjugate gradient iterative least squares) with exact
data and proper weighting for pixel geometry (/4).

Methods of deblurring for limited angular sampling.
Attempts to overcome the problem of limited angle in
computed tomography by mathematical approaches
have proceeded along two lines. One approach currently
under evaluation is the use of the known deblurring op-
erator that occurs between planes. This idea was for-
mulated by Myers et al. (15) and subsequently was ex-
plored by others (16-18). These iterative or convolution
approaches have the serious limitations shown in Figs.
8 and 9. To review, the problem of longitudinal tomog-
raphy that uses projection data restricted to a limited
angular range is that the reconstructed result is sensitive
to the geometry of the object, the geometry of the view-
ing system, noise, and attenuation.

Some efforts have been directed toward incorporating
a priori information about these factors into an algo-
rithm for reconstruction tomography. For example, the
convolution kernel or filter shape can be modified for
each view in accord with the power spectrum or structure
of the object as seen from that view and the noise char-
acteristics of each view. The algorithm is a combination
of the Weiner filter approach with the deblurring oper-
ation of computed tomography (/9). For complete an-
gular sampling this technique works very well, but it has

LIMITED ANGULAR RANGE
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ANGULAR RANGES

not yet been investigated for the limited angular prob-
lem. A general approach that incorporates a priori in-
formation about the general shape or model to be re-
constructed (e.g., rocket ship or human heart), as well
as information about the geometry of the imaging system
and the characteristics of the noise, is presented here for
the interest of those who seek to solve the limited angle
reconstruction problem.

Let the projections of a model distribution be given by
Hx’ = p’, where x’ is the true model distribution. The
image is

=x"+H*(p—p), (5)

where H* is the Moore-Penrose generalized inverse of

H. But for real data
x=x"+H*(p—p)+H"n. (6)

The last term is noise and in many situations will domi-
nate the reconstruction. Using a singular value decom-
position of the pseudoinverse, we have

R
x=x"+ 3 N'2vUT{p-p}
i=1

+ 3 A VUT nl (7)

i=1
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FIG. 9. Simulation of dependence of re-
constructed result on orientation of a to-
mographic imaging system relative to
multipinhole or parallel-hole system that
has axis of symmetry of object. Angular
sampling was limited to 60 and 90° for
comparison with 180° of sampling without

attenuation. Optical axis of imaging system
is varied by 20 and 90° to demonstrate

dependence of results on orientation of
object relative to imaging axis.

where V; are the eigenvectors of HTH, and U; are the
eigenvectors of HHT. The eigenvalues are A;. Terms in
the first summation have magnitudes of comparable
value; however, the terms in the second summation in-
crease as A '/2, since these eigenvalues are in order of
decreasing magnitude. As more and more summations
are used, the first term becomes smaller and smaller.

The summation is stopped when the signal-to-noise
ratio becomes less than that expected from previously
defined recipes. The success of this approach depends
appreciably on our model of the noise and on how closely
the assumed model of the object matches the true shape.
Simulation with this algorithm using models that differ
from the true distribution by the presence of large holes
or sources show the technique has promise; however, at
present the computational task is great, even on large
computers. Of interest is the fact that iterative tech-
niques, such as ART and least squares methods, can be
correctly interpreted as methods to attempt to calculate
Eq. 7 without forming the outer products directly. At
present the best method to overcome the limited angle
problem is to collect data over a wider angular range as
is done in transverse section tomography.

The major advantage of coded aperture methods is
that they hold some promise for dynamic emission to-
mography with single photons. An additional advantage

THE JOURNAL OF NUCLEAR MEDICINE
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FIG. 10. Concept of transaxial computed tomography wherein views
are taken around 360°. Image at right is simple superposition or
backprojection of projection data from one level. Transactional-
computed tomography involves mathematical techniques for re-
moving blur of backprojected image similar to those used for lon-

gitudinal tomography.

is that longitudinal tomographic instrumentation can be
adapted for computed tomography, though with avail-
able instrumentation the amount of imaging time re-
quired to give quantitative information is more than
practical in most clinical situations. The statistical re-
quirements for quantitative work will be presented
below.

TRANSAXIAL COMPUTED TOMOGRAPHY

The concept of transaxial tomography has already

Detector
colimator

A) Single D R
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been presented indirectly through the examples of how
longitudinal tomography is implemented with coded
apertures. The general concept of single photon com-
puted tomography is shown in Fig. 10—a series of pro-
jections is made and these projections are then
backprojected to form the superposition image. Figure
11 illustrates the methods used to acquire these data. As
with the first step in computed longitudinal tomography,
the backprojected image is blurred, and the deblurring
objective is similar to that of longitudinal tomography.
The contemporary implementation involves modifying
or sharpening the projections before backprojecting. The
mathematical methods have been discussed in general
by Brooks et al. (20), and in detail for emission tomog-
raphy by Budinger et al. (21). A major advantage of
transaxial tomography over longitudinal computed to-
mography is the fact that 360° of data can be gathered
by the devices shown in Fig. 11. Thus, transaxial to-
mography avoids the limited angle problem and allows
more accurate compensation for attenuation.

Quantitative aspects. Statistics. The quantitative
certainty of ECT is dependent on the number of detected
events and the volume of interest. The act of recon-
struction results in a propagation of noise that decreases
the expected signal-to-noise ratio by factors of ten or
more, depending on the resolution sought (Fig. 12). A
TCT image represents about 10° detected events,
whereas the usual ECT image is only 106 events. For
ECT, the expected uncertainty is given as

1.2 X 100 (no. resolution cells)3/4
(total no. events)!/2

rms% = (8)
Figure 13 shows the relationship between detected events
and volume of interest. The factor 1.2 is based on the
convolution kernel. Therefore, if we collected 1.2 X 109
events for a section with 3000 pixels (400 events/pixel),
the rms uncertainty is 44%. A naive prediction based on
v/N/N X 100 would give only 5% uncertainty, but the
situation improves if the activity is concentrated in a

EMISSION (SINGLE PHOTON) TOMOGRAPHY

FIG. 11. Types of instrumentation that
have been applied to transaxial-computed
tomography. Multipinhole arrangement in
11F is theoretical construct that illustrates
need for high sensitivity.

Volume 21, Number 6
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Total events - 1,200,000
Total resolution elements - 3000
400events/element
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FIG. 12. Demonstration of magnitude of decrease in statistical
reliability expected from projection image and that after computation
of transverse section.

small region of the image. In the case of a single object
in a uniform field (22):

% rms uncertainty
1.2 X 100 (total no. events)!/4

(average no. events per resolution)3/4
cell in the target

If the resolution cell size decreases by two, the required
number of events for constant uncertainty increases by
eight. Thus, an important goal for instrument design is
to increase sensitivity (e.g., Fig. 11 F), and an important
goal of reconstruction algorithms is to optimize resolu-
tion recovery and suppress noise artifacts.

Another aspect of noise propagation peculiar to ECT
is the influence of errors in the attenuation coefficients
used to correct the projection data before reconstruction
(23). If variable attenuation coefficients are present in
the region to be imaged, a transmission study is required
to provide the attenuation coefficients. Because of the
characteristics of ECT instrumentation, however, the
transmission data are also of poor statistics. The prop-
agation of errors due to these poor statistics in addition
to the errors of the ECT procedure lead to great unter-
tainties in the images unless some method is used to in-
corporate a priori knowledge of the true value and dis-
tribution of the attenuation coefficients. Indeed, one can
use the poor transmission data to determine the appro-
priate regions, such as lungs and heart, where known
values of attenuation coefficients can be assigned. From
this processed transmission image, the line integrals or
weighting factors for attenuation compensation can be
obtained.

Sensitivity. This section presents arguments to support
the thesis that for head imaging, single photon tomo-
graphs can have a sensitivity only four times less than
that of a single section positron tomograph. For multiple
section devices and for objects of widths larger than 20
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cm, the positron mode, however, has an even greater
advantage over the single photon device.

A comparison of expected sensitivities for transverse
section imaging of a 20 cm diameter head is shown in
Fig. 14. The relation between detected counts and source
intensity is

source y crystal illumin- 5

Ire : crystal 5 effective
activity ation area

efficiency ~ attenuation
4xR?

N, =

(10)
For single photon imaging using the geometry of Fig.
14, the equation becomes:
(bSNg) Xr-SXfXeXA

N,=VX
Y 4wR?

> (10)

where:

V = number of detector projection arrays;

p = pCi per axial cm;

S = section thickness (depending on collimator design
the axial resolution distance might be two times the
crystal illumination distance;

No = 37,000 transformations sec=! uCi~! X no.
useable photons per transformation;

r = transverse resolution;

f = packing fraction (d/(d + t))?; see Fig. 14;

€ = crystal efficiency;
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FIG. 13. Relationship between number of detected events and
number of resolution elements in image for various degrees of
statistical certainty.
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SENSITIVITY
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FIG. 14. Comparison of factors that de-
termine sensitivities for single-photon and
positron single-section tomographic de-
vices collimator dimensions equated to 2
cm resolution for simplicity; see Eq. 10.

u = attenuation coefficient;

A = effective attenuation (0.4 for 140 keV ina 20 cm
diameter disc);

R, = distance from device center to the detectors.

A more detailed expression that incorporates explicitly
the geometric optics of Anger (24) for a parallel channel
collimator will give results similar to Eq. 10.

Using the following values: V=4;S =2.0cm;r = 2.0
cm; f=0.7,¢=09; A =0.4;R =11 cm; Eq. 10 gives
N., = 196 counts sec™!-uCi~! per axial cm.

For positron annihilation photon imaging
(PSNp) X 2Ry, X 2S X f X e2 X A

41I’R2

Ngt = . (11)

41R,2

2
41R2

For Ry=llcm; R;=30cm; L = [Ocm
d=S=2cm

N
AL =0.42
™

Comparison of Eq. 10 with Eq. 12 shows there is a sen-
sitivity gain in the solid angle factor; however, this is
offset by the fact that due to the coincidence detection
requirements, the effective attenuation length is in-
creased, and the crystal efficiency must be squared.
Further, the exposed detector distance, S, is two times
the section thickness. The need for side shielding to
collimate or shield from activity outside the transverse
section of interest gives a further reduction because of
the need to increase R to accommodate this shield (25).
Thus, for imaging a head 20 cm in diameter with 2 X 2
cm resolution, the parameters for the positron tomograph
are: R, = 30, f = 0.95, €2 = 0.5, A = 0.2. Eq. 12 gives
Ng* = 469 annihilation events sec™!-uCi~! per axial cm.

DISTORTION OF EMISSION CT SECTIONS OF VARIABLE
SOURCE CONCENTRATIONS (20 cm disc of constant u=0.15 cm1)

FIG. 15. Distortion of distribution in com-
puted tomography of emission sources if
attenuation is not adequately taken into
account.

Volume 21, Number 6
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Thus the single photon system has 40% the sensitivity of
a positron system. Unfortunately, the ratio of sensitivities
is not constant for imaging larger objects, such as the
thorax or abdomen. It changes with R for a positron
system but with R2 for a single photon system under
contrast resolution conditions. The packing fraction
decreases also.

The arguments above were made from another ana-
lytical viewpoint in a previous work in which we alluded
to a five- or six-sided single photon system (26). As the
number of detector arrays increases from four, the sen-
sitivity decreases because of the need to increase R to
accommodate the projection geometry. To obtain mul-
tiple angles the single photon device of Fig. 14 must ro-
tate. In contrast, positron systems can provide multiple
angles with little or no motion.

A second important qualification for this calculation
is the fact that multiple section positron tomographs have
a gain in sensitivity by a factor of (3 — 2/N) over the
single photon multisection device, where N is the number
of axial detector arrays. This increase arises because the
interplane coincidences give an additional plane with two
times the sensitivity of the in-plane sensitivity.

Attenuation. A well-recognized difficulty in emission
tomography is the fact that attenuation of the photons
by tissue intervening between the source and the detector
results in a serious distortion of the reconstructed images
(Fig. 15). Although the methods of correcting for this
attenuation error are conveniently implemented in pos-
itron tomography, the techniques are somewhat more
cumbersome for single photon emission tomography.
Nevertheless, over the past few years convenient methods
have evolved using iterative approaches (8,27) and direct
convolution techniques (23,28,29). Thus for situations
of constant attenuation, the mathematical intractabil-
ity has been overcome. Three methods are described
below.

Maodification of the geometric mean (Method I). The
results of reconstructing projection data that have been
modified by forming the geometric mean are better than
those when no such maneuver is used; however, serious
data distortion occurs (Fig. 15). By applying a correction
factor that takes into account the thickness and average
activity distribution (Fig. 16), it is possible to improve
these results. The geometric mean of projection bin data
is formed by multiplying opposing projection rays by one
another, then taking the square root. To this modified
projection value, a hyperbolic sine correction is applied,
and then the convolution reconstruction method is used.
The “sinh” correction factor is

ex fx
sinh (x)

where x = attenuation coefficient X thickness/2 and f
is set from 0.5 to 0.75 depending on the relative amount
of activity along the projection line being modified. We

(12)
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Projection

— Pk',(8-180°)

FIG. 16. lllustration of method of modifying geometric mean for
attenuation compensation.

have had some success with this technique (26); however,
the next two techniques give better results and are in-
dependent of the factor f. The method of finding the
thickness of the object for each projection line involves
estimation of the edges of the object from an initial re-

construction before applying the “sinh” correction.
Iterative modification of pixels (Method II). If an
ECT reconstruction is performed without consideration
of attenuation, the value of each pixel is low because the
projected values were modified by an attenuation in
accord with the distance between the pixel and the object
edge along each ray that passes through that pixel. This
modulation is given by exp(—ud;) where d; is the distance
along a particular ray denoted by i (Fig. 17). The overall
average modification of the source in a particular pixel
is merely the sum of these separate modifications divided
by the number of projections m:
1 Y emndi, (13)

m

The method of correction suggested by Chang (27) in-
volves first performing a reconstruction to give the dis-

Pi,jﬁ
s

FIG. 17. Activity in a pixel i,j is detected as different event rates
depending on distance between activity and edge of attenuating
object. From analysis of average attenuation for all views, com-
pensation for distortion of Fig. 15 can be made by iterative tech-
nique.
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FIG. 18. First stage of method to modify each projection before
application of special filter in implementing convolution-type of
single photon emission computed tomography to compensate for
attenuation involves modification of projection data by exp (dix).

tribution p{i. Each pixel value p; is modified by

1
pI™ = pfld T

—_ z e—ndi
m j

(14)

Then the modified data are reprojected and the differ-
ences between the reprojected bin values and the mea-
sured projections are determined. These ‘“difference
projections™ are used to reconstruct an error image that,
when added to the modified image, gives a good result
for constant u. Another iterative technique was proposed
by Walters et al. (30). These techniques work well for
objects, such as the head, which have constant attenua-
tion coefficients.

Modification of bin values before convolution
(Method III). This procedure has recently been devel-
oped by Gullberg (23) along lines suggested by Tretiak
and Metz (28). First, bin values for each projection are
multiplied by a factor e*#dx, where u is the attenuation
coefficient and dy is defined in Fig. 18 as the distance
from a center line to the object edge. Imagine a line

Single photon

(s

Positron annihilation photons

FIG. 19. Uniformity of resolution is generally poor with single photon
tomographic systems unless special collimation is used.
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through the axis of rotation and parallel to the projection
array; the value of dy is the distance between that line
and the edge of the object. After modifying each value
for every bin of each projection angle, the projection data
are filtered by application of a filter whose shape is de-
pendent on the attenuation coefficient and the resolution
desired. The modified projection values are then
backprojected into the image array after multiplication
of each value by a factor related to the pixel distance
from the center line. This procedure is very rapid, and
the filter can be varied to accommodate different noise
environments.

For variable attenuation coefficient situations, an it-
erative method in which the previously determined at-
tenuation coefficients are used as weighting factors ap-
pears to be the only accurate method (8,217).

Uniformity of sensitivity and resolution. An
important disadvantage of single-photon tomography
is the nonuniformity of sensitivity for pinhole imaging
and nonuniformity of resolution for parallel-hole colli-
mation tomography (Fig. 19). Positron tomography does
not share this problem. In single photon tomography it
can be solved partially by forming the geometric mean
(square root of the product of opposing rays), and then
treating the data as parallel projections for an angular
range of 180°. This method, however, is inferior to other
techniques that require projections over 360° (27,29).

Other approaches for the resolution uniformity
problem include use of collimators that give a uniform
resolution over the range of the object (3/), motion of
the collimators (as in the Union Carbide scanner (32)),
and incorporation of the spread function data in the re-
construction algorithm (33). Special collimators cur-
rently appear to be the most practical solution.

Multiple sections. Early work with multiple section
single photon ECT was done on patients rotated with a
large field-of-view Anger camera at Donner Laboratory
(Fig. 20) (8). These and other studies (34,35) demon-
strated that although the sensitivity of a single camera
was only a few events per sec per uCi with the collimators
we used, an inherent advantage was the simultaneous
acquisition of multiple sections. Modern positron to-
mography will also have this capability and, due to the
properties of electronic axial collimation, these tomo-
graphs will have an improved sensitivity over multisec-
tion single-photon devices.

A high sensitivity, single section, single-photon device,
such as the Union Carbide scanner, cannot be extended
easily to a multisection instrument because the crystal
area used to gain the sensitivity obviates packing adja-
cent detector layers in the axial direction without large
shielding gaps between layers.

Multiple angles. Adequate sampling. The need for
rotation of the single photon detector or collimator units
is an inherent problem, particularly when quantitative
data requirements demand information from 360°. Data
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distortion from limited angular sampling was shown in
Figs. 8 and 9. Another type of distortion occurs when

FIG. 20. Multiple sections of brain are obtained by sequentially
reconstructing layers corresponding to levels in projected images
for muitiple view Anger camera studies. Shown is distribution of 10
mCi of Tc-99m pertechnetate in patient with brain tumors.
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there is 360° coverage with an inadequate number of
views (Fig. 21). Both of these sampling problems result
in streaks and artifacts that are identified as the aliasing
problem of under sampling (36,37).

DYNAMIC ECT WITH SINGLE PHOTONS

Dynamic ECT refers to use of a time sequence of
transverse sections from which uptake and washout ki-

Butterworth (Fax =32; node=12)

20

30

50

60

90

10°

FIG. 21. Number of angular views necessary for 360° coverage
in transverse section computed tomography is approximately equal
to number of resolution elements across image. In this case for 64
resolution elements across image, aliasing artifact accompanying
coarsely sampled data disappears for sampling with less than 5°
increments.
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netics can be deduced. The two major limitations to the
application of dynamic computed tomography are the
low statistics obtained and the necessity for rapid angular
sampling. If motion of the detector assembly over about
45° is required, then imaging periods of about 10 sec are
probably reasonable, and uptake kinetics might not be
practical. Washout kinetics, however, such as clearance
from brain, heart, and kidney, can be obtained using
single photon devices with which one can collect more
than 100,000 events in 1 min or less. A single photon
system with four banks of detectors arranged as shown
in Fig. 14 has been developed recently. This system has
the requisite resolution and can perform dynamic
washout studies after inhalation of Xe-133 or Xe-127
(38). The Kuhl Mark IV scanner has high sensitivity as
well (39).

SUMMARY AND FUTURE PROSPECTS

Through both theoretical arguments and practical
experience it has been shown that single photon com-
puted tomography can provide a method of noninvasive
quantitative imaging in animals and man. Because of the
statistical requirements for quantitative investigations
and the attenuation and solid angle problems for objects
thicker than about 20 cm, it is concluded that the single
photon instrumentation developments and applications
should have a high likelihood for success in studies of the
brain, but not of the thorax or abdomen of adults. Po-
tential applications of single photon emission computed
tomography in quantitative studies of the brain using
acceptable doses include:

1. Brain blood volume using Tc-99m-labeled red cells
(40).

2. Brain blood perfusion using I-123-iodoantipyrine
(41) or other lipid soluble radiopharmaceuticals (42).

3. Brain perfusion studies using inhaled xenon-133
and xenon-127 (38).

4. Dopamine receptor site evaluation using I-123-
phenethylamine radiopharmaceuticals.

S. Measurement of physiological conditions in the
brain (44).

The quantitative potentials are based on obtainable
sensitivities, the prediction of Eq. 8 or Fig. 13, and the
percentage of the injected radiopharmaceutical that is
available in the brain. If 2% of an injected dose of 10 mCi
is present in the brain, we expect about 20 uCi per axial
cm. A single photon system similar to that described in
Refs. 38 and 39 can have a sensitivity of 50 events per
second per axial cm for 1 cm X 1 cm resolution in sec-
tions 2 cm thick. Therefore, we can expect 1000 events
per section or 1.2 X 10° events each 100 sec, adequate
for £20% quantitative accuracy. To achieve a +£20%
accuracy in xenon washout studies where samples of
10-30 sec are required for flow measurement, the
amount accumulated must be larger than 100 uCi or the
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resolution must be less. The quantitative volume for the
case cited above is 2 cm X 2 cm (~2 times the resolution
elements). The practicality of quantitative single photon
imaging of the brain is based on the fact that many ra-
diopharmaceuticals of interest in brain studies have an
accumulation of 2-5% of the injected dose. Therefore,
single photon ECT can be done at no significant radia-
tion risk with injected doses of 10 to 20 mCi of Xe-133,
Xe-127, Kr-81m, I-123, or Tc-99m radiopharmaceuti-
cals.

The arguments of the paper do not exclude whole-
body tomography as a useful tool for nonquantitative
lesion detection.
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