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A technique for scatter correction in single photon emission computerized to-
mography (SPECT) is described. The method is based on ‘‘deconvolution” of scat-
tered events from the measured profile data. The function defining the scatter dis-
tribution was determined from measurements with a line source in circular and
rectangular water phantoms. The accuracy of the method was tested on a simple
phantom simulating a SPECT investigation of the liver. The indicated ratio of the
activity concentration in a photon-deficient area, 60 mm diameter in the “liver,”
relative to its surroundings, was 0.28/1 without scatter correction and 0.01/1 with

the correction.
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The response of a position-sensitive detector, such as
those used in conventional nuclear medicine imaging, is
affected by scattered radiation. Scattered photons are
of lower energy than the primary photons and could
therefore in theory be eliminated by setting the baseline
of the discriminator window at a photon energy equal
to—or only slightly lower than—the energy of the pri-
mary photons. Currently, conventional and single photon
emission computerized tomography (SPECT) nuclear
medicine imaging systems use Nal(TI) crystals, which
limit their energy resolution to values typically in the
range 10-15%. This means that although the energy of
scattered photons is lower than the unscattered energy,
some scatter counts do appear in the primary channels
of the pulse-height analyzer. The limited energy reso-
lution makes it virtually impossible to eliminate scattered
photons even with the baseline of the energy window set
at energies higher than the primary. In practice, how-
ever, the baseline must be set at lower energy than the
energy of the primary photons, so that scattered radia-
tion cannot be eliminated completely by this discrimi-
nation technique.
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This imperfect discrimination against scattered ra-
diation, which reduces both spatial resolution and sig-
nal-to-noise ratio, leads to degradation of image quality
(1-5). Imperfect discrimination has also made it nec-
essary to use attenuation coefficients in the range
0.09-0.14 cm™! for attenuation correction (6,7). It is
difficult to perform adequate attenuation correction
because the selection of a particular value of attenuation
coefficient depends, among other things, on the size of
the source, which is usually not known.

Scatter-correction methods that have been used in
conventional nuclear medicine imaging can, in principle,
be used in SPECT. In general, the technique consists of
establishing a scatter value or a scatter function that is
subsequently subtracted from the measured data. In the
past, information available for the scattered part of the
energy spectrum has been used (3,8,9) to estimate the
amount of scatter in the photopeak region, and thereby
establish a scatter value for the correction.

A similar technique has recently been used in SPECT
(10). The method increased the contrast between the
original and the processed image by as much as 16%. The
present work investigates the possibility of establishing
a scatter function that could be applied in scatter cor-
rection according to the convolution technique that has
been used for positron-emission tomography (/7).
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FIG. 1. Experimental set up for measurement of line spread function
at different distances (I).

SCATTER-SUBTRACTION MODEL

The theory is based on the assumption that the mea-
sured projection data are a sum of primary and scattered
photons and that the scatter contribution could be esti-
mated from the measured data.

The scatter component S(x) at position x in the pro-
jection data is calculated by integral transformation of
the projection data with a scatter-distribution func-
tion.

D

S(x) = f _P(1) X F(x = 7)dr, )
where P(7) denotes the projection data and F(x — 7)
denotes the scatter amplitude at a distance |x — 7| from
the position of the source. 7 is a dummy variable, and
- 2*D is the width of the image field. The shape of the
measured scatter distribution depends, of course, on the
properties of the detector. Thus, the function F(x — 7)
must be determined for the detection system to be used.
To facilitate implementation of the scatter-subtraction
technique in SPECT it is desirable that the scatter-dis-
tribution function should be practically independent of
the position of the source within the investigated
object.

MEASUREMENT OF SCATTER COMPONENT

The measurements were performed with a line source
(diameter 2 mm, length 90 mm), filled with a solution
of Tc-99m, in a water bath (height 280, width 280, and
thickness 400 mm) in front of a gamma camera with a
low energy general purpose collimator (Fig. 1). All
measurements were corrected for decay due to differ-
ences in measurement time. A 22.5% discriminator
window was centered on the photopeak.

In most applications of single photon emission com-
puterized tomography, the mean of opposing views is
used to obtain the projection data for the reconstruction.
To simulate the results that would be obtained from this
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procedure with an object 300 mm in diameter (simu-
lating the body), measurements were performed with the
line source at various distances (1, Fig. 1) from 15 mm
to 285 mm. The means of the measured data at 15 and
285, 50 and 250, and 100 and 200 mm were calculated
and compared with the data measured with the source
at 150 mm, which corresponds to the center of the in-
vestigated object. Both the arithmetic and geometric
means were calculated. The results were evaluated as the
number of counts/channel in a slice at the center of the
line source. The results obtained using geometric mean
are shown in Fig. 2. The shapes of the measured scatter
distributions are quite similar for all distances (D) from
the center except for D = 135 mm, which, as expected,
will show less scattered radiation than the others due to
the predominance of the small depth (15 mm) in the
mean. Using the arithmetic mean, the magnitude at the
peak of the line-spread function varies greatly with dis-
tance from the center. Therefore, the geometric mean
was used in all subsequent evaluations.

Most patient contours are almost elliptical, which
means that the clinical situation lies somewhere in be-
tween the rectangular object used in the measurements
presented above and a cylinder. In order to study the
influence on the scatter distribution of the shape of the
object, measurements were made as described above, but
starting with the line source at the center of a cylindrical
water bath 300 mm in diameter. As can be seen from
Fig. 3, these results differ little from those obtained from
the rectangular phantom.

Measurements were also made with the line source
moved, parallel to the collimator plane, to different po-
sitions (P) within the cylindrical water bath. Measure-
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FIG. 2. Line spread functions (semilog.) from rectangular phantom,
obtained using geometric mean of *‘opposing views."" Distance D
between line source and center of phantom: 0 mm (—), 50 mm
(----), 100 mm (- - - <), and 135 mm (— —).
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FIG. 3. Line spread functions (semilog.) obtained using rectangular
(—) and circular (----) phantoms. Source is at center of
phantom.

ments were made with the source at the center of the
cylindrical water bath as well as at 50 mm, 100 mm, and
135 mm from the center. Due to the decreased attenu-
ation close to the contour of the phantom, there is a slight
increase in the amount of scattered radiation detected.
This results in a change of the slope of the exponential
function defining the “wings” of the measured distri-
bution from 0.15 to 0.14. In a projected position outside
the object, the number of registered counts/channel of
course drops drastically due to lack of scattering material
(Fig. 4).

CALCULATION OF SCATTER-DISTRIBUTION FUNCTION

The calculation of this function was made from the
data obtained from the measurements with the line
source in the rectangular water bath. The scatter func-

100;

NUMBER OF EVENTS (arb. units)
-

081

o¥

POSITION P (cm)

FIG. 4. Line spread functions (semilog.) from cylindrical phantom,
obtained with line source at 0 mm (—), 50 mm (- - - -), and 100 mm
(- - - <) from center of phantom.
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TABLE 1
Distance D Scatter/total “‘Slope’’ of
from center (cm) ratio scatter function
0 0.032 0.15
5 0.035 0.17
10 0.035 0.23
13.5 0.011 0.18

tion was considered to be defined by the linear “skirt”
around the peak in Fig. 2, that is, as a monoexponential
function.

F(x) = Ae Bx, 2)

where x denotes distance, and the constant A is defined
as the ratio between the number of counts/channel at the
intersection of the two slopes defining the scatter dis-
tribution and the total number of counts in the measured
line spread function. There are very small changes of this
ratio with increasing distance from the center of the
object (see Table 1). The difference, however, is marked
for the 135-mm distance. The value of the constant B,
which defines the slope of the scatter function (pixel™!),
shows small changes with distance from the center. From
these data it appears reasonable to use the same values
for A and B for all positions of the source, unless the
source is very close to the contour of the object.

In determining which values should be used for the
constants A and B in practical applications, we thought
it appropriate to choose values that fit well if the source
is positioned in between the center and the outer
boundary of the investigated object, since—at least in
a living body—the radiopharmaceutical is seldom con-
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FIG. 5. Line spread functions (linear) obtained with line source at
50 mm from center of phantom: without scatter correction (- - - -),
and with scatter correction (—).
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FIG. 8. Reconstructed SPECT images and linear profiles, obtained
without scatter correction (a and b) and with it (c and d).

centrated close to the skin or at-the center of the body.
Thus the value for constant A was set at 0.035 and the
value for constant B was chosen as the mean of the values
for the 50- and 100-mm distances from center, yielding
B = 0.20. The adequacy of these constants was tested on
the measured line spread functions using the proposed
technique for scatter subtraction. The results obtained
using the data for the 50-mm distance from the center
are shown in Fig. 5.

EXPERIMENTAL RESULTS

The effects of the scatter correction on SPECT scin-
tigrams were tested in a situation roughly simulating an
investigation of the liver. A cylindrical source (diameter
120 mm) containing a homogenous solution of Tc-99m
was positioned inside the 300-mm cylinder, which was
filled with water. The center of the source was 50 mm
from the center of the cylinder. A cylinder 60 mm in
diameter was positioned at the center of source. The
activity in the 60-mm source was varied so that the ratio
between the activity concentration in the 60-mm cylinder
and that in the 120-mm cylinder ranged from 1:1 to 1:0.
The axes of the cylinders were parallel to the axis of
revolution of the SPECT camera.

The tomography system used has been described (/2).
The acquisitions were done at 64 angles and the images
were reconstructed using geometric means of opposing
views, together with the iterative attenuation-correction
procedure presented by Larsson (12). All acquisition
data were corrected for nonuniformity using the tech-
nique described by Axelsson et al. (13). Reconstructions
were made both with and without scatter correction. In
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the latter case, a two-exponential function [T(l) = 1.24
e~0.141— 0,24 ¢-0321), based on measured transmission,
was used for attenuation correction, whereas a mo-
noexponential function [T(l) = e=0-15!] was used when
scatter correction was performed before attenuation
correction.

An example of the results obtained is shown in Fig. 6,
which describes the case with zero activity in the 60-mm
cylinder. There is a clear improvement of contrast using
the scatter subtraction. The fraction of scattered ra-
diation at the center of the 60-mm cylinder is decreased
from 0.28 to 0.01.

Figure 7 shows the concentration ratios derived from
the reconstructed images, with and without scatter
correction, plotted against the true concentration ratio.
The relation between true and measured concentration
ratios is almost linear if the scatter correction is ap-
plied.

Emission tomography measurements were also made
with the 300-mm diameter cylinder filled with a ho-
mogenous solution of Tc-99m. The 60-mm cylinder was
positioned 50 mm from the center of the larger cylinder.
The ratio between the activity concentration in the
60-mm and 300-mm cylinders was 0.5:1.0. The activity
concentration ratio derived from the tomogram was
changed from 0.65 to 0.41 using the scatter correction.
The “overcorrection” results because the scatter-dis-
tribution function (as has been pointed out earlier) is not
valid when the activity is close to the outer boundary of
the investigated object.

DISCUSSION

The results presented imply that the proposed model
for subtraction of scattered radiation could be of great
value in SPECT investigations. The technique will im-
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FIG. 7. True concentration ratio compared with concentration ratio
measured from SPECT tomogram. Results obtained without scatter
correction (—) and with (- - - -).
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prove the contrast and probably the resolution of the
reconstructed image. The noise level, however, will be
increased. The performance of the method in other sit-
uations needs to be investigated further, as well as
methods to optimize the parameters of the scatter-dis-

trib

ution function used. Furthermore, the impact of

scatter subtraction on the attenuation correction must
be considered if scatter subtraction is to be applied in a
SPECT system.
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