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Monte Carlo-Based Analysis of PET Scatter

Components

Lars-Eric Adam, Matthias E. Bellemann, Gunnar Brix and Walter J. Lorenz
Radiological Diagnostics and Therapy, German Cancer Research Center, Heidelberg, Germany

This study quantifies the different scatter components in PET and
examines how the different components degrade reconstructed
PET images. Methods: We simulated the measurement of various
phantoms using Monte Carlo (MC) calculations and compared the
MC-generated projections and images with the corresponding ex-
perimental data. The coincidences were subdivided in four classes:
primaries, object scatter (scattered in the object only), gantry scatter
(scattered in the scanner only) and mixed scatter (scattered both in
the object and the scanner). Results: In the projections of the line
sources, the gantry scatter was closely located around the source
position, whereas the object scatter was smeared over the whole
field of view and could be parameterized well by a monoexponential
function. The mixed scatter had nearly the same distribution as the
object scatter, but with a smaller amplitude. The calculations and
experimental data were in excellent agreement; i.e., led to the same
parameterization of the scatter distribution functions and to a similar
localization of the scatter components in the reconstructed images.
Conclusion: The spatial distribution of the scatter components
justifies the widely-used assumption that it is sufficient to restrict
experimental scatter correction techniques to the object scatter.
Furthermore, it is possible to derive the parameters for the scatter
kernels, which are needed for the convolution-subtraction algorithm,
by MC simulations.

Key Words: PET; scatter components; scatter correction; Monte
Carlo simulations

J Nucl Med 1996; 37:2024-2029

'I;le strength of PET is its ability to quantify the activity
distribution of radionuclides in the human body. The accuracy
of the quantification, however, critically depends upon the
adequate correction of the raw data. Major corrections concern
the detector efficiency, the dead time, the random coincidences,
the scattered radiation and the attenuation in the object. Scatter
correction is mandatory, particularly in abdominal imaging.
Without scatter correction, the regional activity accumulation
can be under- or overestimated and, thus, may lead to false
medical interpretations (/).
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Our study is focused on the differentiation of the scatter
components that result from the object and the gantry. Based on
these data, we try to answer the questions as to where the scatter
process takes place, which components are dominant, and how
they contribute to the images. A powerful tool for such examina-
tions is the Monte Carlo (MC) technique, which simulates real
experiments on the computer and distinguishes the coincidences in
the desired way. The direct comparison of the simulations with
experiments serves as a cross check.

Several studies have been published that address MC simu-
lations of the scatter process in PET (2-7). They concern scatter
in small animal PET systems (3-5) as well as in whole-body
tomographs (6), and include studies that use the MC simulation
as a basis for a PET simulation program (7). It is therefore well
known how the total scatter contributes to the projections of the
measured data. Due to limited computer power available in the
past, however, these studies had large statistical errors.

Our study extends the MC simulations to a whole-body
tomograph with count numbers that are in the order of the
measured data. This makes it possible to reconstruct images of
the different scatter components and to deduce the parameters
of the scatter kernels from the simulations. These data are
needed in scatter-correction algorithms, such as the convolu-
tion-subtraction technique (8,9).

MATERIALS AND METHODS
PET System

The measurements and simulations were performed for a whole-
body PET system (PC 2048-7WB, Scanditronix AB, Uppsala,
Sweden). It is a two-ring system with alternating BGO (Bi,Ge;0,,)
and GSO (Gd,SiOs) detector crystals of 6 X 20 X 30 mm>. The
detector rings are separated by a S-mm thick lead septum. With the
two rings, three slices (two direct and one cross plane) are imaged
simultaneously. The patient port diameter is 57 cm, the transaxial
field of view (FOV) is 52 c¢cm, and the axial FOV is 4.5 cm. The
in-plane resolution in the stationary mode is 6.3 mm in the center
of the tomograph and 8.2 mm at a radial distance of 20 cm from the
center (/0).
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Phantoms and Sources

Quantitative MC and experimental data were obtained by sim-
ulating and imaging cylindrical phantoms with diameters ranging
from 5 cm to 40 cm and the EEC body phantom (/7). The cylinder
phantoms had a length of 20 cm and were filled with either water
or a homogeneous activity distribution. The line sources were
positioned in the water containers with their axes adjusted parallel
to the axis of the tomograph. The EEC body phantom (with arms)
contained three cylindrical inserts with different fillings (see Fig.
3A for geometrical arrangement and activity data). The EEC body
phantom was lying on the couch of the PET scanner in order to
mimic the clinical situation, while the cylinder phantoms were
placed in the FOV of the PET system without using the couch.
Convolution-Subtraction Method

This well-established scatter correction method in PET was
originally proposed by King et al. (8) and evaluated by Bergstrom
et al. (9). The purpose is to improve the image quality through a
subtraction of the scattered events. The measured projection data
P..(x) are split in the sum of unscattered and scattered events:
P, (x) = P(x) + S(x). The scatter S(x) can be considered as the
convolution of the activity distribution with a scatter distribu-
tion function f: S = P*f. Rearranging these equations leads to
P = P, — P*f, requiring an a priori knowledge of f. It is assumed
that a function h, similar to f, can be derived, such that P = P,, —
P..*h. Furthermore, the activity distribution is considered as a
superposition of line sources, which makes it possible to find the
parameters for h from the study of line sources. As introduced in
(8), the projections for this kind of source can be parameterized by
monoexponential functions e * X+, For scatter correction of
experimental data, we used a modified Bergstrom algorithm with
the parameterization (/2).

Scatter Components

There is no consensus in the literature on how to classify the
counted coincidences. We chose a classification that distinguishes
between a fixed component, depending on the machine, and a
variable part, depending on the scanned object. Unlike some other
studies (2,135, 16), the photons were not restricted to single scatter-
ing. This led to four distinct classes (Table 1):

1. Primaries (= unscattered events).

2. Object scatter (= scattered in the phantom or in the patient).

3. Gantry scatter (= scattered in the gantry).

4. Mixed scatter (= scattered in the gantry as well as in the
object).

Monte Carlo Simulations
Since a full description of the scatter process is quite compli-
cated and computationally expensive, it is neccessary to make

TABLE 1
Classification of Simulated Coincidences by Location
of Scatter Process
Photon no. 1
Object +

Primary Object Gantry gantry
Photon no. 2
Primary Primary  Object  Gantry  Mixed
Object Object Object Mixed Mixed
Gantry Gantry Mixed Gantry  Mixed
Object + Gantry Mixed Mixed Mixed Mixed

For example, if the first photon is unscattered (primary) and the second
photon is scattered in the object (object), then the coincidence is classified as
object scatter.

some simplifying approximations, while still describing the scatter
process in a sufficiently exact way and keeping the code as simple
as possible.

The B* decay is simulated by two back-to-back photons, each
with 511 keV, neglecting the positron range (2-3 mm) and the
small noncollinearity of the photon pairs (+0.5°). Moreover, we
restricted the simulation to Compton and Rayleigh scattering,
which are the predominant interactions the photons undergo at the
energy considered (/4). We did not simulate the scatter in the
detector crystals, because this affects neither the phantom nor the
gantry scatter according to our definitions. An incident photon is
treated as detected when it hits a detector crystal and has a
minimum pathlength through the detector of 10 mm. The discussed
approximations lead to a systematic error smaller than 3%. To
compare the simulated data with the experimental data, we took the
detector resolution into account by a convolution of the simulated
data with a Gaussian-shaped resolution function (FWHM: 4.8 mm,
as estimated from experimental data).

The simulations were performed on a DEC AXP 3000/400
workstation (Digital Equipment Corp., Maynard, MA). Our MC
code, based on the program EGS4 (/3), describes the geometry of
the PET scanner by cylinders and planes. For each simulation, we
calculated 10 histories, leading to running times of 20 to 200 hr,
depending on the phantom geometry and the activity distribution.
To examine how different energy thresholds influence the scatter
components, we set three energy cutoffs (200 keV, 380 keV and
450 keV). To check the independence of the simulations from the
random number generator, we also performed some runs with a
second random number generator. The deviations between the
results were smaller than 0.5%. To compare the simulated images
with the measured images, it was neccessary to include an
attenuation correction in the MC simulations.

Experimental

Transmission data were obtained for attenuation correction of
the emission data, reconstruction of the spatial distribution of the
attenuation coefficient, and use in the convolution-subtraction
scatter correction algorithm (/2). The transmission scans were
performed with a rotating Ge-68 rod source (/7).

The radioactive line sources were produced by neutron activa-
tion of copper wires (0.6 mm thick, 7 cm long) in the research
reactor of our institute. Activities were between 30 MBq and 200
MBq of *Cu at the beginning of data acquisition. The activated
copper wires were placed in stainless steel tubes with 0.45-mm
wall thickness and 1.6-mm outer diameter. This proved to be
sufficient to stop all the positrons within the steel tube.

The homogeneous activity distributions were obtained by dis-
persing '®F-labeled 2-deoxy-2-fluoro-D-glucose in water-filled
cylinders. The activity concentrations ranged from 30 kBg/ml to
350 kBg/ml at the beginning of the data acquisition period.

Since for all clinical studies the lower energy threshold of our
PET system is set to 200 keV, the same setting was used for our
experiments.

RESULTS
Scatter Distribution Functions

The scatter distribution functions for a simulated line source
in the center of a water-filled cylinder are shown in Figure 1A.
Figure 1B demonstrates how the shape of the projection
changes when the line source is moved out of the center of the
tomograph. The total amount of counted coincidences remains
almost constant. However, the short wing is lifted, leading to a
flattened slope of the monoexponential, whereas the long wing
is lowered, with a steeper slope of the monoexponential.

In the projections, the gantry scatter is closely located around
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FIGURE 1. Projections of an axial %*Cu line source in a water-filled cylinder (R = 15 cm, direct slice). ( A) and (B) represent data from the MC simulations. (C)
and (D) represent the comresponding experimental data. In (A) and (C), the source was placed in the center of the phantom. In (B) and (D), the source was

moved 10 cm out of the center.

the source position, whereas the object scatter is smeared over
the whole field of view and is well parameterized by a
monoexponential function. The mixed scatter has nearly the
same distribution as the object scatter, but with a smaller
amplitude. This holds both for symmetric (Fig. 1A) and
asymmetric (Fig. 1B) activity distributions.

Figures 1C and 1D show the corresponding measured pro-
jections for the ®*Cu line source in the water-filled cylinder
phantom. The scatter distribution as calculated by the convolu-
tion-subtraction scatter correction algorithm is plotted as well.
Table 2 compares the slopes of the scatter wings of the MC
calculations with those of the experiments. The data are in
excellent agreement, leading to the same parameterization of
the scatter distribution functions.

TABLE 2
Parameter ( n m") of e *™X*P for Scatter Distribution Functions
- Centered 10 cm off-center
Left Right Left Right
Monte-Carlo 6.10 +0.03 5.73+0.04 1.90+0.02 11.63 +0.01

Experiment 598 +085 678*0.70 209*192 1196071

__x = distance in millimeter to position of the line source in the projections.

Scatter Fractions

Table 3 summarizes the fractions of the scatter components
for three different phantoms. It was observed that, for the same
phantom size, the scatter fraction for a line source is always
larger than that for a homogeneously distributed activity. The
value for the EEC body phantom, compared to a cylinder
phantom with a similar cross-section (R = 15 cm), is larger than
that for a homogeneously distributed activity, but smaller than
that for a line source. With increasing energy threshold, the
scatter fraction decreases. The largest decrease is observed for
the mixed scatter, the smallest for the gantry scatter.

Figure 2 shows the object scatter fraction SF in dependence
of the radius R of the cylinder phantom. Obviously, SF(R)
increases with increasing R. To fit the data, we used the simple
function SF(R) = (1 — e~ 2™R). It fits the object scatter fraction
of the line source (Fig. 2A) and the uniform activity distribution
(Fig. 2B) reasonably well, although we made some crude
simplifying assumptions by the derivation of this function.*

“We derived this simple formula for the object scatter fraction by assuming that the
probability of a photon not being scattered is proportional to e ™ (x: pathlength of the
photon). The same is valid for the coincident photon, leading to a probability propor-
tional to e ™' **2 for both photons not to be scattered. In the case of a centered line
source, the total length through the cylinder is always twice the radius R. Thus, the
probability of two coincident photons being scattered is proportional to (1 — e~2™F),
After integration, all emitted directions and considering the normalization constraint that
the limes for R — = should be 1, the fit function is (1 — e ~2™). We simply assume the
same functional dependence for the object scatter fraction of homogeneously distrib-
uted activities.
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FIGURE 2. MC data from the cross-slice and fitted curves for the object scatter fraction as a function of the radius R of the cylinder phantoms for (A) a central

line source and (B) homogeneous activity distribution.

Reconstructed Images

Figure 3 shows a scheme of the EEC body phantom,
including the activity distribution that was used for the simu-
lation and for the measurements as well as six images recon-
structed from the MC-simulated data (with attenuation correc-
tion). The spatial reconstruction of the total counts is shown in
Figure 3B. The image obtained from unscattered coincidences
only is shown in Figure 3C. It contains no smearing artifacts
that result from scattering and is close to the true activity
distribution (Fig. 3A). The total scatter is shown in Figure 3D.
How the individual scatter components contribute to the deg-
radation of the images is demonstrated in Figures 3E-3G: the
object scatter (Fig. 3E) is smeared over the whole object (note
that the images are attenuation corrected), whereas the gantry
scatter (Fig. 3F) is closely located around the primaries. The
mixed scatter (Fig. 3G) looks like the object scatter (Fig. 3E),
but the number of counts in the image is a magnitude lower,
leading to a significantly decreased signal-to-noise ratio.

Figure 4 depicts the corresponding images measured with our
PET scanner. The transmission scan of the EEC phantom in
Figure 4A is needed for the attenuation and the scatter correc-
tion [cf. (12)]. The uncorrected scatter emission scan is shown
in Figure 4B. The convolution-subtraction scatter correction
algorithm was used to correct these data. The result is shown in

TABLE 3
Primaries and Scatter-to-Total Fractions (%)
(Cross-Slice, MC-Simulated Data)

Object Gantry  Mixed

Phantom  Threshold  Primaries  Scatter ~ Scatter  Scatter
A 200 keV 70.9 232 35 24
380 keV 80.7 15.2 29 1.2
450 keV 86.6 10.7 22 05
B 200 keV 76.5 17.6 39 2.0
380 keV 84.9 1.0 3.1 1.0
450 keV 89.5 77 23 0.5
C 200 keV 74.4 19.9 3.6 21
380 keV 83.3 12.7 3.0 1.0
450 keV 88.5 88 22 05

A = Copper-64 line source, centered in a water-filled cylinder phantom
(R = 15 cm); B = homogeneous activity distribution in the same cylinder; and
C = homogeneous activity distributions in the EEC body phantom (Fig. 3A).

Figure 4C. A significant reduction of the scatter contamination
is observed, demonstrating the performance of the scatter
correction algorithm. Figure 4D represents the pure scatter
distribution estimated by the convolution-subtraction technique.
This image corresponds to the total scatter in the MC-simulated
data shown in Figure 3D.

DISCUSSION

The different scatter contributions in PET have been de-
scribed, showing where the photons are scattered in the scanner
and how the scatter degrades the reconstructed images. We
focused our study on three typical imaging situations: (a) line
sources in water-filled cylinders, (b) homogeneous activity
distributions and (c) the EEC body phantom. We also studied
other situations (e.g., an arrangement that is comparable to a
cardiac imaging situation), but these set-ups did not provide
new information.

Scatter Distribution Functions

Figure 1 demonstrates that the projections are dominated in
the wings by the object scatter and in the peak by the primaries.
As expected, the object scatter is fairly well described by
monoexponential functions. The gantry scatter, on the other
hand, is closely located around the primary peak. This obser-
vation seems reasonable, since the point of interaction of a
photon scattered in the gantry is closer to the detector than that
of a photon scattered in the object, leading to a smaller
deviation of the scattered photons. Since the gantry scatter has
no significant contribution to the wings of the scatter distribu-
tion function, it can be added to the primaries.

The mixed scatter is due to photons that are first scattered in
the object and then in the gantry (Table 1). Consequently, the
projections look like the projections of the object scatter
convolved with the gantry scatter distribution function, leading
to nearly the same shape of the projections as for the object
scatter, but with a smaller amplitude. Thus, the mixed scatter
can also be described by monoexponential functions and can be
added to the object scatter without perceptibly changing the
shape of the distribution.

This discussion remains valid, when the line source is shifted
out of the symmetry center. The amplitude of the short side of
the projection, compared to that of the symmetrical case, is
increased, since the pathlength of the photons through the
phantom becomes shorter, whereas the amplitude of the long
side is decreased, due to a longer pathway through the absorb-
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ing medium. The wings of the scatter distribution functions are
still well parameterized by monoexponentials, but now with
different parameters for the left and the right side.

Our data reveal that the amount of multiple scatter is at least
2%—8% of the scattered photons, which is already the contri-
bution from the mixed scatter. This figure does not include the
multiple scattered photons that are included in the object and
gantry scatter. The idea of several articles is to consider the
multiple scatter by rescaling the single scatter component. This
approach seems to be confirmed by our MC calculations.
Obviously, a rescaling does not change the shape of the
different scatter components.

The simulated and measured data are in excellent agreement,
demonstrating that the parameterization of the scatter distribu-
tion functions can also be found by the MC simulations (Table
2) and that the convolution-subtraction method also works for
large objects like the abdomen of a patient.

Scatter Fractions

The higher scatter fraction for a line source centered in the
cylinder compared to a homogeneous activity distribution in
the same cylinder is explained by the fact that, for a line
source, the photons always must travel the maximum path-
length through the phantom, which is not the case for a
homogeneously distributed activity. The activity distribution in
the EEC body phantom can be considered as a mixture of both
components. Consequently, its scatter fraction is between the
two extremes.

An increase of the energy threshold reduces the number of
registrated scattered coincidences, but it also decreases the

2028 THe JOURNAL OF NUCLEAR MEDICINE * Vol. 37 « No. 12

FIGURE 3. Images of the EEC body phantom reconstructed from MC data. (A) Scheme of the water-filled
EEC body phantom with three cylindrical inserts (region |I: air, region Il: 184 kBg/ml, region lll: 1960
kBa/mi), (B) total counts (24.3 - 10° events), (C) unscattered coincidences (19.9 - 10° events), (D) total
scatter (4.5 - 10° events), (E) object scatter (3.6 - 10° events), (F) gantry scatter (0.58 - 10° events), and (G)
mixed scatter (0.26 - 10° events). Image reconstruction was performed using a maximum-likelihood

sensitivity of the system, leading to a reduced number of true
coincidences (/8). As expected, the largest effect is achieved
for multiple scattered photons and photons that are scattered
under a large angle. Therefore, the mixed and object scatter
show a stronger dependence on the energy threshold than the
gantry scatter (Table 3).

Since the function SF(R) = (1 — e~ 2™R) fits the object scatter
fraction for line sources and uniform activity distributions in
cylindrical shaped objects reasonably well (Fig. 2), it allows an
estimation of the amount of object scatter for simple activity
distributions. According to our definition (Table 1), primaries
and gantry scattered photons are indistinguishable until they
enter the collimator, since they are both not scattered in the
object. This means that the gantry scatter is correlated with the
primaries and not with the object scatter, which was already
assumed in some earlier studies (3,/9). Therefore, the gantry
scatter becomes relevant for small objects, such as small
animals, when the object scatter fraction goes to zero.

Reconstructed Images

As shown in Figures 3 and 4, the images obtained by the MC
simulations and the measurements are in good agreement. No
significant difference is visible. With the MC technique, the
experimental scatter distribution (Fig. 4D) can be split into the
three components: object scatter (Fig. 3E), gantry scatter (Fig.
3F) and mixed scatter (Fig. 3G). These images provide a visual
impression of how the different scatter components influence
the image. The contribution of the scatter components to the
images is exactly as one would deduce from the distribution of
the scatter in the projections (Fig. 1). The true coincidences and

« December 1996



ATT. COEFF

I 65

the gantry scatter produce similar pictures (Fig. 3C and 3F),
with a reduced spatial resolution in the gantry scatter image.
The object and the mixed scatter also lead to similar maps, but
with a lower signal-to-noise ratio for the mixed scatter since it
has significantly less counts.

The images reveal that the main cause for image degradation
is object scatter, whereas gantry scatter plays only a minor role. For
an accurate activity quantification, it is thus mandatory to know the
object scatter, whereas the gantry and mixed scatter can be
estimated from the primaries and object scatter, respectively.

CONCLUSION

In contrast to the experiment, MC simulations allow a clear
differentiation of the various scatter components and make it
possible to illustrate their contributions in the reconstructed
images. The MC-simulated data validate the frequently used
convolution-subtraction algorithm and, moreover, make it pos-
sible to derive the necessary parameters for the scatter kernels.
This allows for future applications to determine the scatter
kernels with MC simulations only, which will be of increasing
importance for three-dimensional PET systems. The large
amount of point and line source measurements, which will
dramatically increase in the more complex situation of a fully
three-dimensional PET system, can be reduced to a minimum
set of experiments needed to verify the simulated data experi-
mentally.

Work is in progress to extend the described techniques to
fully three-dimensional PET systems to derive the parameters
for scatter kernels and to obtain quantitative data for an
optimum scatter-correction algorithm in three-dimensional
PET.
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