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Improved SPECT Quantification Using Compensation for Scattered Photons
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SPECT images are degraded by the inclusion of Compton-scattered photons
within the pulse-height window. Phantom and patient studies with Tc-99m were
used to evaluate a compensation method that consists of subtracting a fraction of
the image reconstructed using events recorded within a secondary pulse-height
window (92-125 keV) from that derived from the photopeak pulse-height window
(127-153 keV). Images of line sources in air and in a water-filled phantom were
stored. The compensated line spread functions (LSFs) were evaluated. In water,
the absolute counting rates for the SPECT LSFs were within 10 % of the rates mea-
sured in air. The phantom consisted of six solid acrylic spheres (diameters 10, 13,
16, 19, 25, 32 mm) placed within a cylindrical (22 cm diam) distribution of Tc-99m.
For sphere diameters greater than 25 mm, the measured image contrasts were
within 8% of the true uptake ratios. Our results have shown that high-quality, cam-
era-based SPECT systems can reconstruct artifact-free images by making addi-
tional use of projection data acquired In a puise-height window other than that over
the primary photopeak. This compensation method results in qualitative and quan-
titative improvements for the limited source geometries investigated. Further stud-

les are required to optimize this heuristic approach for other source geometries.
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Compton-scattered photons can degrade single pho-
ton emission tomographic (SPECT) images, both
qualitatively and quantitatively. As a result of the finite
energy resolution of the NaI(T1) detector, events that
are singly or even doubly scattered may be detected
within the primary-energy window. The effects of scat-
tered radiation have been investigated for conventional
planar imaging, positron computed tomography, and
SPECT (I-17), but an accurate, practical method of
compensation has not been developed for SPECT
imaging.

A simple approach to compensating for scatter is to
use a smaller value for the linear attenuation coefficient,
suchas0.120r 0.13 cm™!, as we and others have shown
(18). By this expedient one compensates for scatter by
undercorrecting for attenuation as it occurs in the me-
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dium, under the assumption that a fixed fraction of the
attenuated primary photons can be replaced by scattered
photons that behave like unattenuated photons. This can
produce acceptable results for certain source geometries.
For example, because of the acceptance of scattered
photons by the photopeak window, the use of 0.12 cm™!,
rather than 0.15 cm™!, results in a relatively uniform
reconstructed image of a cylindrical source distribution,
exhibiting neither decreased nor increased count density
towards the central region. However, this method is in-
adequate for quantification. For example, when a value
of 0.12 cm™! is used as the effective attenuation coeffi-
cient, the count density measured from a SPECT image
of a photon-deficient sphere, 6 cm in diameter and placed
near the center of a cylinder, 22 cm diameter by 25 cm
long and containing a uniform distribution of Tc-99m,
would erroneously indicate that the sphere is “emitting”
gamma photons at a rate ~30% of the cylinder’s back-
ground activity. The erroneous counts are a result of
detected scattered photons, since partial-volume effects
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and finite spatial resolution cannot account for such a
flux in the case of a large (6-cm) photon-deficient sphere.
Thus, although this method is simple and expeditious and
may be reasonable for qualitative SPECT imaging, it can
result in large quantitative errors, as in the above ex-
ample.

A second approach is to use the first method to pro-
duce the SPECT image, but to compensate region-of-
interest data obtained from that image by using an es-
timated average value for the scatter fraction, SFavg. We
have shown (18) that such an approach can indeed im-
prove the accuracy of specific SPECT measurements.
The study showed that if Q is the radionuclide concen-
tration within an acrylic hollow sphere, placed within a
cylinder containing a uniform source distribution having
a concentration Qy, the ratio Q;/Qp can be more accu-
rately estimated using the following equation:

Qs/ Q= (Cimage/ CFavg)(l + SFavg) +1, (1)

where Cimage is the SPECT-measured contrast for the
sphere’s image, CF,yg is the contrast loss factor due to
the system’s finite spatial resolution, and SF,g is the
estimated value for the average scatter fraction in the
reconstructed SPECT image. In that investigation (/8)
a value of 0.4 was assumed for SF,,g. For the measure-
ment of concentration ratios, SFayg need be only ap-
proximately known. For example, the value of 0.4 may
be in error, but changing SF,yg t0 0.3 (a 25% decrease)
results in only a 7% decrease in the SPECT-measured’
concentration ratio. This second method for scatter
compensation assumes either that the scatter fraction
does not vary within the SPECT sectional images, or
alternatively that large changes in the assumed value for
SFavg result only in small errors in the parameter that
is being quantified. Although these assumptions may be
useful for the determination of concentration ratios
within a cylindrical source, the equation cannot be used
easily to obtain absolute concentrations within a specific
region of interest, since the structured nature of the
scatter image would affect these measurements.
Because of these deficiences, we have developed a new
approach to scatter compensation. A first objective of
this research was to determine whether scattered photons
detected within an energy window located below the
primary energy could produce artifact-free reconstructed
images. It has recently been reported (/9) that it may
not be possible to reconstruct artifact-free SPECT im-
ages using an energy window located on the Compton
portion of the energy spectrum, since the projection data
are inherently inconsistent. Furthermore, it is possible
that the flood-compensation algorithm and/or the in-
trinsic response of the scintillation camera could be in-
adequate. Thus, attainment of this first objective is a
necessary, but not sufficient, prerequisite for the suc-
cessful implementation of the proposed scatter-com-
pensation procedure. The second objective was to eval-
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uate qualitatively and quantitatively a compensation
procedure whereby a fraction, k, of the image recon-
structed using events recorded within the lower secon-
dary energy window, is subtracted from the image re-
constructed using events recorded within the primary
photopeak window. The fraction k has been determined
heuristically for our SPECT acquisition system and re-
construction algorithm. A procedure to compensate for
scattered photons in reconstructed SPECT images is
described in the following section. The method is based
on the assumption that the scatter image reconstructed
from events collected within the scatter window is a
reasonably close approximation to the true scatter
component of the image reconstructed from the photo-
peak window. Technetium-99m line source, phantom,
and patient data are presented to validate the compen-
sation procedure.

MATERIALS AND METHODS

Data acquisition and reconstruction. The SPECT
system (20) consisted of dual, large-field-of-view scin-
tillation cameras*, mounted within a rotatable gantry
and interfaced to a 32-bit minicomputer having one
megabyte of memory. SPECT projection data were ac-
quired with continuous rotational motion of the gantry
composed of 180 angular samples framed into 2° inter-
vals. The linear sampling interval was 3.2 mm. The time
was 26 min for a complete 360° revolution of each de-
tector. The pixel slice thickness along the axis of rotation
was typically 12.8 mm, although for some images two
adjacent slices were summed. Data were acquired using
high- or ultrahigh-resolution, parallel-hole collimators.
The reconstructed spatial resolutions on axis, using a
15-cm radius of revolution were equal to 10.5 + 0.5 mm
for the high-resolution and 9.0 & 0.5 mm for the ultra-

“high-resolution collimators. Projection data were ac-

quired using two pulse-height windows. A window cen-
tered at 140 keV (127 to 153 keV) was used for the pri-
mary photopeak events. A secondary window bracketing
92 to 125 keV collected scattered events. This is the same
pulse-height window used to generate the body contour
used by the first-order attenuation-compensation algo-
rithm (20,21).

Images were reconstructed into a 128 X 128 matrix
using a filtered backprojection algorithm. Generalized
Hanning windows (/8) were used, having cutoff
frequencies equal to 1.6 cycles/cm for the photopeak
events, and 0.4 to 0.8 cycles/cm for the events recorded
in the secondary pulse-height window. The latter values
for the cutoff frequencies were specifically chosen for the
scatter-window data to minimize degradation of the
reconstructed scatter image. A value of 0.15 cm™! was
used as the attenuation coefficient for the first-order
compensation procedure. Projection data were com-
pensated for nonuniform detector response using a
multiplicative procedure. The correction matrix was
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generated from planar images (45 million counts) of a
Tc-99m sheet source acquired with the primary photo-
peak window. Flood images acquired with the secondary
window were compared with photopeak flood images.
The flood nonuniformities observed in the two images
were similar, and no artifacts were generated in the re-
constructed images using the lower pulse-height window
as a result of the flood compensation algorithm.

Phantom and patient data. Two Tc-99m line sources
(5 mm i.d. by 5 cm long) were imaged in air and in a
water-filled cylindrical phantom' 22 cm in diameter.
One line source was placed in the axis of rotation and
imaged. This source was then removed and the second
source was placed 8 cm from and parallel to the axis of
rotation, and imaged.

These data were qualitatively and quantitatively
evaluated to determine the factor k used by the com-
pensation procedure. A source with relatively large di-
ameter (5 mm) was used to obtain adequate count den-
sities within the shoulders of the line spread function.

A plastic sphere (6 cm diam), filled with nonra-
dioactive water was placed within the cylindrical phan-
tom (22 cm diam), which contained a uniform distri-
bution of Tc-99m, and an image was made. The center
of the sphere was located 2.5 cm from the axis of the
cylinder. This large-diameter, count-deficient sphere was
chosen to minimize the effects of finite spatial resolution
on the absolute count density within the reconstructed
image of the sphere.

To evaluate the effect of the compensation method on
the SPECT imaging of smaller photon-deficient defects,
six solid methylmethacrylate spheres (diameters 9.5,
12.7, 15.9, 19.1, 25.4, and 31.8 mm) were placed within
the cylindrical phantom?, and imaged. Counting rates
within regions of interest (ROIs) were measured to de-
termine image contrasts and signal-to-noise (S/N) ra-
tios. A sphere’s image contrast is defined as the differ-
ence between the count density (counts/pixel) in a small
ROI within the image of the sphere and the count density
in an ROI for the surrounding background, all divided
by the background count density. We define the S/N
ratio as the net signal (count density in a small ROI
within the image of the sphere, minus the background)
divided by the standard deviation, of the count density
of the background (i.e., the noise level). The ROIs for
the spheres were centered within the images of the
spheres and ranged from 2 by 2 pixels for the smaller
spheres to 5 by 5 pixels for the larger. An average of five
ROIs located between the images of the spheres provided
the background count density and the noise level.

Compensation procedure. A fraction, k, of the image
f2(x,y) reconstructed using events recorded in the lower
window is subtracted from the image f)(x,y) recon-
structed using events recorded in the photopeak pulse-
height window, to produce the compensated image
f(x,y):
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f(x,y) = fi(x,y) — k- f2(x,y) )
Two approaches were used to determine the value of k.
The first consisted of quantitatively comparing the im-
ages of the line source imaged in air using planar imag-
ing, and in a water-filled cylinder using SPECT. The
situation in air was taken to approximate the ideal non-
scatter geometry. The factor k was varied and—using
appropriately placed ROIs (as described below)—the
integral of the counts in the compensated SPECT image
of the line source in water was compared with the inte-
gral of the counts in the planar image of the line source
in air. Since the SPECT image of a line source placed
parallel to the axis of rotation appears in the recon-
structed SPECT image as a “point” structure, the inte-
gral of the counts within the SPECT sectional image is
obtained by using an ROI that encompasses the entire
image (i.e., 128 by 128 pixels for our particular recon-
struction algorithm). Since the planar image of the line
source appears as a “line” structure, the planar counting
rate is obtained by summing the counts under a profile
drawn through the planar image of the line source in air.
That profile was 128 pixels long and had a width equal
to the pixel slice thickness that was used for the SPECT
acquisition of the projection data. Furthermore, the
profile was located along the planar image of the line
source at a position corresponding to that acquisition.

SPECT images of the line source in water and in air,
and placed both on-axis and off-axis, were evaluated.
The shapes of the profiles of the line sources for values
below 0.05 of the peak height were compared. Finally,
profiles through the compensated images of the 6-cm
water-filled spheres were also evaluated, since an ap-
propriate compensation should result in a mean counting
rate of zero within the image of the sphere. This heuristic
approach resulted in a value of ~0.5 for the factor k.
Using this value the counting rates of the compensated
images of the line source in water were within 10% of the
count rates of the images of the line source in air.

The second approach in determining the value of k
consisted of a Monte Carlo simulation of the SPECT
system (/7). Unlike the experimental devices, the
computer simulation is able to distinguish independently
between scattered and nonscattered events. Thus the true
number of scattered events recorded within the photo-
peak may be determined. Using the appropriate pulse-
height windows and a value of 12% for the energy reso-
lution of the SPECT system, the Monte Carlo program
was used to simulate the line source placed within the
water-filled cylinder. This simulation resulted in a value
of 0.57 for the parameter k. The results presented in the
next section were obtained using the experimentally
determined value 0.5.

RESULTS

Tc-99m line sources. Profiles drawn through the
SPECT images of the line source are presented in Figs.
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FIG. 1. Count-density histograms drawn through reconstructed SPECT data for on-axis Tc-99m line source (5 mm i.d.) At left are full
histograms of images obtained using photopeak (P) and scatter (S) pulse-height windows. Right: histograms through photopeak images
of source in air and in water-filled cylinder, together with histogram through compensated image (P — 0.5S). Ordinate has been expanded

to emphasize shoulder regions of histograms.

1 and 2. The SPECT image, of course, suggests a “point”
structure. The on-axis data for the line source imaged
in air and in the water-filled phantom are shown in Fig.
1. In Fig. 1B the ordinate scale has been expanded to
emphasize the shapes of the profiles below the level of
FWTM. A linear scale has been used to preserve nega-
tive data. The original and compensated profiles can be
compared with the profile obtained by imaging the line
source in air. These results indicate that the shape of the
line spread function has been improved by the compen-
sation procedure.

For the off-axis line source data (Fig. 2), two or-
thogonal profiles were used. A radial profile (Fig. 2A)
was drawn parallel to a line passing through the points
corresponding to the axis of rotation and the centroid of
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the image of the line source. A tangential profile (Fig.
2B) was drawn perpendicular to the first profile (i.e.,
tangent to a circle whose center is at the point corre-
sponding to the axis of rotation and whose circumference
passes through the image of the line source). Profiles
drawn through the compensated images (P — 0.5 X S)
of the line source in water agree closely with the profiles
obtained by imaging the line source in air [P(air)]. In
Figs. 1 and 2 the lines have been drawn through the
measured values.

Table 1 presents the absolute counting rates obtained
using the ROIs described in the previous section and
measured from the SPECT and planar images of the line
sources. These data have been corrected for radionuclide
decay, and the SPECT images were attenuation-com-
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FIG. 2. Radial and tangential histograms drawn through reconstructed SPECT values of off-axis line source. Ordinate has been expanded

to emphasize shoulder regions in histograms.
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TABLE 1. SPECT COUNTING RATES

Photopeak  Compensated  True count
Source image* image* rate!
loca- (kcounts/ (kcounts/ (kcounts/
tion sec) sec) sec)
on-axis 8.37 6.60 6.00
off-axis 7.53 4.28 4.49

* Measured from SPECT images of line sources placed
within water-filled cylinder (22 cm diam) using large RO! (128
by 128 pixels)

T Measured from planar images of line sources scanned
in air using ROI corresponding to location of SPECT projec-
tion data (i.e., equal to 128 by pixel slice thickness).

pensated (20,21) using a value of 0.15 cm™! for the at-
tenuation coefficient. For the on-axis data the original
photopeak counting rate was 40% larger than the
counting rate in air. After compensation, the counting
rate was 10% larger than the planar counting rate in air.
The data are consistent with the profile data, since the
compensated values were slightly larger in the shoulders
of the profiles than in SPECT images of the line source
in air (Fig. 1B).

The original photopeak counting rate for the off-axis
line source data was 68% larger than the planar counting
rate in air, whereas for the compensated image the
counting rate was only 5% less than the planar counting
rate. Note that the off-axis line source contained less
total activity than the on-axis line source. Again, the data
presented in Table 1 for the off-axis location are con-
sistent with the profiles presented in Fig. 2B.

Extended-source distribution. SPECT images of the
solid methylmethacrylate sphere (diam. 6 cm) are pre-
sented in Fig. 3. The photopeak data contained 3 million
events within the 25.6-mm-thick slice shown, whereas
the scatter image contained approximately 2 million
events. The profile drawn through the original photopeak
data indicates a nonzero count density within the image

FIG. 3. SPECT images and histograms of
photon-deficient sphere (6 cm diam) placed
within water-filled cylinder (22 cm diam)
containing uniform distribution of Tc-
99m.
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FIG. 4. SPECT images of 6 photon-deficient spheres ranging from
13 to 32 mm in diam, placed in water-filled cylinder’ containing
uniform distribution of Tc-99m.

of the sphere. The profile drawn through the compen-
sated image (P — 0.5 X S) indicates a nearly perfect
compensation within the image of the photon-deficient
sphere.

Figure 4 shows images of the set of six photon-defi-
cient spheres placed within the water-filled cylindrical
phantom containing a uniform distribution of Tc-99m.
The pixel-slice thickness is equal to 12.8 mm. The pho-
topeak image contains S million events and the scatter
image 3.8 million. Clearly there is increased contrast in
the compensated images of the spheres. Table 2 presents
the quantitative results for the larger-diameter sphere
(6 cm, Fig. 3) and the smaller ones (Fig. 4). The image
contrasts for the smaller spheres were increased by a
factor of two, and the S/N ratios in the compensated
image are comparable to those measured in the photo-
peak image. For the larger-diameter spheres the image
contrasts (i.e., the signal-to-background ratio) very

P- 0.5xS
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TABLE 2. IMAGE CONTRASTS, Cimage; AND
SIGNAL-TO-NOISE RATIOS, S/N

Sphere

diameter Photopeak i Compensated image
60 —0.68 5.2 -1.00 5.3
32 -0.66 12.0 —0.98 11.0
25 —0.61 1.0 —0.92 10.0
19 —0.56 10.0 —0.88 10.0
16 -0.34 6.2 —0.58 6.5
13 -0.21 3.0 —0.53 44

nearly equaled the true uptake ratio or object contrast
(i.e., the difference between the concentrations within
the sphere and the cylinder, divided by the cylinder
concentration). For these photon-deficient spheres, the
uptake ratio is —1.0. Thus for spheres larger greater than
2.5 cm in diameter the compensated SPECT images
directly result in values within 8% of the true radionu-
clide concentrations. The values for the smaller spheres
are degraded as a result of the finite spatial resolution
(partial-volume effects) of the SPECT system.

In Table 2, the values presented for the 6-cm sphere
were measured using a pixel-slice thickness of 12.8 mm.
The photopeak image contained 1.6 million events,
whereas the scatter image contained 1 million. The
percent standard deviations (% s.d.) of the mean back-
ground count densities for the photopeak and the com-
pensated images of the 6-cm image were 13% and 20%,
respectively. The corresponding values for the photopeak
and compensated images of the six spheres were 5% and
8%. Although the absolute noise level is increased in the
compensated images, the S/N ratio is comparable to that
in the original data.

SPECT transaxial images of a liver/spleen scintigram

PHOTOPEAK
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of a patient with a small (~1 — 2 cm) posterior lesion are
presented in Fig. 5. The reconstructed image of events
recorded within the scatter window indicates that al-
though high spatial-frequency components are absent,
the scatter image cannot be represented by a simple
uniform background distribution. The contours of the
liver and spleen are clearly delineated. The photopeak
and scatter images contain 1.6 and 1.2 million events
respectively.

DISCUSSION

The procedure of subtracting a normalized back-
ground is similar to standard background-correction
techniques used in the quantitative analysis of several
experimental procedures. The availability of high-
quality, stable scintillation cameras has facilitated the
SPECT acquisition and reconstruction of events re-
corded in pulse-height windows other than that for the
primary photopeak window. Since a SPECT image is
reconstructed using projection data acquired over a 360°
angular range, a moderation, or averaging, of depth-
dependent responses results during the backprojection
process. This averaging has been observed for depth-
related collimation and attenuation effects. It is rea-
sonable to expect a similar averaging to occur for scat-
tered photons. Thus it has been possible to determine a
value for the factor k that is not strongly dependent on
the location of an emitting source within the scattering
medium. In general it may not be possible to determine
such a value by operating directly on the projection data
instead of the reconstructed images.

The results indicate that the first-order technique can
be used to compensate for SPECT-image degradation
resulting from the inclusion of Compton-scattered
photons within the primary pulse-height window.
SPECT images are improved both qualitatively and

FIG. 5. Liver/spleen SPECT images of
patient with small (1-2 cm) posterior filling
defect in liver. Patient was scanned for 26
min after injection of 4 mCi of Tc-99m
sulfur colloid.

THE JOURNAL OF NUCLEAR MEDICINE



quantitatively by increasing the absolute values of image
contrasts, while S/N ratios remain approximately equal
to those measured in the original images. The images are
qualitatively improved because the image contrasts for
small lesions are increased to levels above the visual
threshold of the observer, and also because the edges of
the large lesions are clearer. More importantly, SPECT
data are quantitatively improved because the SPECT-
measured values for image contrasts in large lesions may
be equated directly to the lesions’ uptake ratios. For big
enough sources (>2 cm), it should be possible to measure
absolute concentrations directly from the SPECT count
rates. However, for small lesions (<~2 cm) the effects
of finite spatial resolution still degrade SPECT quanti-
fication; for these, compensation procedures, such as the
use of computed contrast factors (/8) or recovery coef-
ficients (22), must be used to obtain more accurate re-
sults. Alternatively, SPECT systems with improved
spatial resolution would need to be developed, without
loss of sensitivity.

The results presented in Fig. 5 indicate that the scatter
image is not completely unstructured. Hence, it is not
wholly appropriate to compensate for scatter by as-
suming a single average value for the scatter fraction
(18), although this technique has been shown to improve
measurements of concentration ratios for spheres placed
within a cylindrical phantom. Furthermore, windowing
or using other contrast-enhancement techniques (such
as a uniform background subtraction) would not be ex-
pected to produce quantitative results as accurate as
those obtained with the procedure presented here.

One might argue that the scatter in the photopeak has
some higher spatial-frequency components compared
with the scatter in the lower window because the former
contains more narrow-angle scatter, but our Monte
Carlo simulations indicate that the spatial frequencies
are similar in the two windows.

Several factors can be varied using the scatter-sub-
traction method. Although the simple heuristic approach
presented has produced accurate results for a range of
source distributions (both line sources and extended
sources), further investigations will be needed to optimize
this procedure for other source geometries, as in the case
of nonuniform attenuation. Alternatively, it may be
possible to compensate for scatter by deconvolving the
scatter response from the photopeak image. This appears
to be somewhat analogous to the deconvolution and in-
tegral transformation procedures that have been pro-
posed (13,15,23,24) for both conventional imaging and
ECT. We are currently using Monte Carlo simulations
of the SPECT imaging system in order to evaluate these
approaches.

Our results show that high-quality camera-based
SPECT systems can reconstruct low-artifact images
using projection data acquired in a pulse-height window
other than that covering the primary photopeak. The

Volume 25, Number 8

BASIC SCIENCES
INSTRUMENTATION

information contained in photons with energies outside
the photopeak window can thus be utilized to enhance
SPECT image quality further. Ideally one would want
to make use of every gamma photon that interacts with
the detector. An approach to use the information ob-
tained from events outside the photopeak has been pro-
posed for conventional imaging by Beck (2,4). It is an-
ticipated that as computational capability improves
through the increased application of array processors,
more-powerful host computers, and larger storage de-
vices, this and other approaches to the problems of
scattered photons and finite spatial resolution will be
implemented, resulting in further improvements in
SPECT quantitative imaging.

FOOTNOTES

* ZLC-37TM, Siemens Gammasonics, Inc., 2000 Nuclear Drive,
Des Plaines, IL 60018

t Model 5000, Data Spectrum Corp., 2307 Honeysuckle Road,
Chapel Hill, NC 27514,
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