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Abstract--Our Monte Carlo PET simulation for a 3D PET scan is
able to simulate ~5 million coincidence events per minute per
minute on 300MHz Sun dual processor workstation. This is over
two orders of magnitude faster than most other available Monte
Carlo simulations for 3D PET and is fast enough to be employed
as a scatter correction for 3D PET imaging. We have improved
the accuracy of our simulation of a clinical ECAT HR+ scanner
by analyzing the effect of the energy response of the detectors on
simulated sinograms.
We created a modified version of our simulation for 3D PET
124
scans using I. Our initial version was five times slower than
our simulation for FDG scans. We analyzed the distribution of
the simulated detected coincidence events involving gamma rays
and proposed an analytical method that corrected for these
events. We found that this correction is subject to errors that
can be exacerbated when used in conjunction with an analytical
scatter correction that scales to the measured sinogram's scatter
tail. To reduce error, we have developed a faster, more detailed
simulation for 124I. We are currently investigating the possibly of
a fully Monte Carlo correction for both scatter and gamma ray
coincidences in the future.

I. INTRODUCTION
Due to the ~20% energy resolution of BGO crystals, there
is not a sharp cutoff in the energy discrimination of clinical
scanners such as the ECAT HR+. Because the energy
threshold can be set as low as 350keV, photons striking a
detector have an energy-dependant probability of being
detected [1]. The true energy response for a particular
scanner is difficult to measure to a high degree of accuracy.
The actual energy response of detectors has a direct effect
on the distribution of scatter in raw scan data. We ran
simulations and compared simulated sinograms with the
measured sinogram. By adjusting the simulated energy
response, we determined the energy response distribution to
use in our simulation that resulted in the most accurate results.
This optimal simulated energy response will be similar to the
true energy response of the scanner, though it would not
contain effects not considered in the simulation.

The injection of radioactive labeled antibodies for
radioimmunotherapy is becoming more important in the
treatment of various cancer types. An important aspect in
radioimmunotherapy is the accurate determination of the
distribution of a tracer that mimics the behavior of the
administered radiation dose. This typically involves either
planar or SPECT imaging. These methods have inherent
shortcomings that limit the accuracy of the dose estimates. In
planar imaging, one cannot separate the overlying tissues or
accurately correct for attenuation.
Although there are
significant improvements in scatter and attenuation correction
techniques in SPECT, the quantitative accuracy is limited. On
the other hand, PET has been shown in numerous research
studies to have high quantitative accuracy; however, PET
imaging is typically limited to relatively short-lived isotopes
that are not suitable for imaging the uptake of antibodies [2].
Single photon emitting isotopes of iodine are the most
commonly used labels for antibodies for in-vivo imaging in
humans. In addition to the limited quantitative accuracy of
single-photon imaging, these isotopes have additional
limitations such as to long or short half-life (123I 13 hrs, 125I 60
days) or energies are sub-optimal for imaging (123I 35 keV, 131I
364 keV). 124I, a positron emitter with a half-life of 4.2 days,
could potentially be used as a substitute for these single
photon emitters. This isotope also has some limitations, such
as a low yield of positrons, relatively high positron energy,
and coincident emission of multiple gamma rays [2].
Approximately half of the detected coincidences (after
subtraction of the delayed events) are caused by detection of
concidences involving these gamma rays.
Our Monte Carlo PET simulation for 3D PET scans is
~200 times faster than most other available Monte Carlo
simulations for 3D PET [3,4]. We have developed versions
of our simulation that simulate 3D PET scans using 124I. We
have used the simulation to analyze the form of coincidence
events that involve a gamma ray and are investigating
analytical and Monte Carlo corrections for these events.

0-7803-7324-3/02/$17.00 © 2002 IEEE

2105
Authorized licensed use limited to: Stanford University. Downloaded on May 26,2010 at 21:34:27 UTC from IEEE Xplore. Restrictions apply.

II. Materials and Methods
A. Phantoms, 3D PET Scanners, and Input Images
To obtain our original measured sinogram data for the 124I
study, we used a Jaszczak phantom. The phantoms were
scanned using a Siemens/CTI 962 HR+ PET scanner with
septa removed. 2D transmission scan data was processed to
generate the transmission image and 3D attenuation
correction data. For simulation accuracy studies, we used
data from four-hour transmission scans to reduce noise and
increase accuracy in the transmission image. This image
contains the attenuation coefficient of the simulated subject.
We also acquired four-hour emission scans to reduce
noise in the emission image. The image intensity in each
voxel of this emission image is used to determine the number
of annihilations simulated in that voxel. We used the
scanner's simulation-based scatter correction [5] during image
reconstruction to provide a more accurate initial activity
distribution estimate for the simulation. We have seen that
noise and error in the input images can result in significant
error in simulation sinograms and images.

In addition, currently all high energy photons that hit the
gantry are detected. This means that simulation sinograms
must be scaled to the measured sinogram. For better
accuracy, we plan to take into account the detector energy
response without sacrificing efficiency by adjusting the
number of simulated high-energy photons such that the
simulation weight of each is close to 1. Currently photons
emissions are allowed in any direction. We plan to restrict the
initial direction of emitted photons to increase simulation
efficiency without compromising accuracy. We expect
significant increases in the current efficiency as more variance
techniques are implemented.
III. RESULTS
A. Scatter Distributions and Detector Energy Response
We ran a simulation of a cylindrical phantom and stored
coincidence events involving scattered photons of different
energy ranges into different simulated sinograms. This gave
us the opportunity to observe the effect of scattered photon
energy on resulting sinograms, see figure 1.
- - - -

B. Our Monte Carlo Simulation
Most Monte Carlo simulations for 3D PET [6,7,8,9]
would take on the order of a day to simulate the equivalent of
20 million scatter coincidence events on a 300MHz dual
processor [10,11]. Our Monte Carlo PET simulation for 3D
PET is able to generate 20 million scatter coincidence events
in 8 minutes [3]. Our simulation is accurate and is fast
enough to be employed as a scatter correction for 3D PET
imaging. We have developed versions of our simulation that
simulate 3D PET scans using 124I that incorporates
coincidence emissions involving gamma rays.

410-460keV
Under 210KeV
210 - 260KeV
360-410keV

- - - - - 360
310-360keV
- 410KeV
260 -- 310KeV
- 460KeV
310 - 360KeV 410
under
260keV

Relative Number of Counts

Effect of Scatter Photon Energy on Form

C. Initial 124I Simulation for ECAT HR+ Scanner
Our initial simulation for 124I only took into account
positron emissions and positron emissions in coincidence with
a 602KeV photon. This was five times slower than the FDG
simulation, so we used simulation results to develop a fast,
clinically feasible analytical correction for gamma ray events.
We recently developed a new, faster version that takes into
account all possible coincidence emissions.
D. Current

124

I Monte Carlo Simulation

Our current 124I simulation incorporates over 99% of all
possible coincidences that can result when I124 decays. This
faster code is much more complex than the initial version and
simulates 31 different possible coincidence emissions.
The following are variance reduction techniques we have
implemented in our new simulation. When the first (or one of
the first two for triplet emissions) photon of a coincidence
emission is detected, multiple second (or last) photons are
simulated. Also, when the first two photons out of three
emitted gamma rays are detected, the third isn’t simulated.
Instead, the coincidence event is given an appropriate weight.

Sinogram Position

Figure 1. Distributions of coincidence events that include only
scattered photons in specific energy range. Scattered photons of a
given energy result in a characteristic peak at a specific sinogram
location (for scattered photon energies > ~260KeV).

Because scatter angle depends on the energy of the
scattered photon, a singlely scattered photon in coincidence
with a primary photon will contribute to a specific peak
position in the sinogram characteristic of that energy. As a
result, scattered coincidence event distributions for different
energies have distinct shapes when above 260KeV.
The specific location of differences between simulation
sinograms and measured sinograms may indicate an error in
the simulated detector response for a specific energy. By
adjusting the simulated detector energy response so that
sinograms match everywhere, you can get a measure of the
actual energy response. Figure 2 shows the energy response
that resulted in the most accurate simulation sinogram.
Differences between this and measured energy response [1]
can be due experimental errors such as multiple scatter or
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interference from primary photons or due to simulation errors
such as depth of interaction, block effects, variability in BGO
penetration length, or input image error.
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Figure 2. Graph of the simulated energy response that resulted in the
most accurate simulated results. It is an approximation of true
energy response.
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Figure 4. Summed sinogram profiles of simulated sinograms once
detector energy response was adjusted.

It is important to simulate many different PET scans to
make sure the accuracy is consistent for various activity
distributions and attenuation maps. We simulated an adult
thorax phantom using the simulated energy response
calculated using a cylindrical phantom and compared resulted
to measured sinogram data, see figure 5. The scatter tails of
this graph match of fairly well. The error on the right side of
this profile is due to structural errors in input images.
Measured Sinogram
Simulated Sinogram

Relative Number of Counts

The most significant difference in the simulated energy
response was that scattered photons with energies near
450keV were observed to have greater detection efficiency
than higher energy annihilation photons. We believe this is a
real effect that could not be observed in the experimental
measure due to the overlap of primary photons, affected by
non-colinearity and source thickness, with high energy
scattered photons. The drop in detection efficiency near
511keV may be due to photons that deposit only a small
amount of energy in detectors before escaping, see figure 3.
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Figure 5. Summed sinogram profiles of simulation of thorax
phantom compared to the summed measured sinogram profiles.
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Figure 3. The energy absorption of photons traveling through 1 inch
of BGO. This may be the physics behind the dip in detector energy
response near 511KeV.

B. Current Simulation Accuracy
Summed profiles of a measured sinogram and a simulated
sinogram using the new calculated energy response of a 3D
PET scan and the corresponding simulation sinogram are in
figure 4. A long emission scan, a long transmission scan, and
the simple shape of the subject resulted in very accurate input
images and corresponding simulation sinograms. There are
predictable errors in some other profiles of this simulation due
to energy response variability due to block effects and
variability in the BGO penetration length.

To improve the alignment of the simulation, a digital grid
of point sources was simulated, and the resulting sinogram
was reconstructed using the FBP algorithm on an ECAT HR+.
By comparing the resulting image with the original grid, we
could make sure the image volume was properly centered in
the simulation, verify voxel size in all three directions, and
properly align the angles and positions used to bin
coincidence events in the simulated sinograms.
When the original grid was properly aligned with the
reconstructed image, the transaxial voxel size was .52cm.
This suggested that the nominal transaxial voxel size of
.50625cm for the FBP reconstruction algorithm used on the
scanner was incorrect. To verify results, a transmission scan
was performed on a 52.4cm aluminum rod. The length of the
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B Distribution of the 602keV Coincidence Events
Our initial simulation for 124I only took into account
positron emissions and positron emissions in coincidence with
a 602KeV photon. This version was too slow to use for
image correction, so we analyzed simulated distributions of
coincidence events involving gamma rays and developed a
fast analytical correction method in the following manner.
Through simulation, we obtained distributions of the
detected events of an annihilation photon in coincidence with
a 602Kev photon. To reduce noise, we summed all profiles
from the first 72 angles and, separately, the last 72 angles of
the simulated sinogram of the Jaszczak phantom. We found
that both sinogram profile distributions had linear gradients,
and the slope of these gradients depended on the sinogram
profile's angle.
We also summed simulated profiles of the Jaszczak
phantom from the bottom 31 planes and, separately, from the
top 31 planes. These distributions also have a predictable
linear gradient, and, although the scale of the distributions
differed, the slope of the gradient was the same for different
planes.
We saw these same effects in simulations of a thorax
phantom. We expect that unless there is drastic change in the
general location of the activity distribution across the 15cm
gantry of the scanner that similar effects would be observed
for most subjects. The flat nature of the distribution results
from the random correlation of 511keV and 602keV photons
and has little structure resulting from the geometry of the
subject. This distribution differs greatly from sinogram
distributions resulting from scatter events.
Because the gamma ray distribution is so predictable, we
developed a simple correction for these events. By summing
the normalized measured sinogram across planes to reduced
noise, a good estimation of the slope of the linear distribution
for the gammy ray coincidence events for various angular
projections can be obtained. By scaling and subtracting these
distributions from appropriate individual measured sinogram
projections, an approximate data correction for these gamma
ray events can be performed. Images reconstructed with and
without using this correction are shown in figure 6.

is used in conjunction with a scatter correction that scales the
calculated scatter distribution to measured scatter tails.
We found the 124I activity significantly affected the
accuracy of the transmission scan. Because only ~10% of 124I
decay are pure positron emissions, the relative singles rate
would be effected by a factor of ~10 compared to a tracer
such as FDG. This results in an artificial increase in detected
coincidence events in the transmission scan and lowers
measured attenuation values in the reconstructed transmission
image volume. The extent of this effect is function of amount
of activity in the scanner. For our scan of a Jaszczak
phantom, we had to increase attenuation values by ~15%
before accurate results were obtained.
This version is too slow to use as a Monte Carlo data
correction for clinical image reconstruction. We have
developed a new version that takes into all coincidence
emissions and is faster than this version, but we must still use
the quick analytical method to increase the accuracy of the
activity map used in the new simulation.
C. New 124I Simulation
Our current 124I simulation incorporates over 99% of all
possible coincidences that can result when I124 decays. This
code is much more complex than the initial version and
simulates 31 different possible coincidence emissions. The
accelerated 124I simulation currently simulates .8 million
gamma events, 1 million scatter events, and .6 million
primary events per minute. With this efficiency, the code is
approaching clinical feasibility. To demonstrate the accuracy
of this code we compared summed simulation sinogram
profiles to normalized measured sinograms, see figure 7. We
are working to fix the simulation artifact that can be seen at
the ends of the sinogram. Some individual profiles (not
shown) are less accurate due to the varying penetration length
in BGO, block effects, and input image errors.
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rod in the reconstructed transmission image was 101 voxels.
This implies .519cm voxel size, confirming simulated results.
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Figure 6. On the left is an image of a 3D PET scan of a Jaszczak
phantom reconstructed without correction. On the right is the same
scan reconstructed with the calculated data correction.

Figure 7. The simulated sinogram closely matches the measured
sinogram for the total summed profile.

The improvement in contrast is observed in the corrected
image; however, significant errors can occur using this
correction. These errors can be aggravated especially when it

We separated gamma ray events, scatter events, and
primary events of a simulated sinogram so the distinctive
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shapes of the three different types could be observed. There
is no similarity between the distribution of gamma
coincidences and the distribution of scatter coincidences.

Relative Number of Counts

Primary Events
Scatter Events
Gamma Events
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Figure 13. Simulated sinograms for three different types of
distributions from the new simulation. The bumps at the ends and in
the center of the gamma events graph are simulation artifacts.

IV CONCLUSION
The effectiveness of our simulation as an efficient research
tool has been demonstrated. The detector energy response
was evaluated, and we found that scattered photons with
energies near 450keV have greater detection efficiency than
higher energy annihilation photons. The energy absorption of
1 inch of BGO for 511keV photons corroborates this finding.
Results also suggested that the voxel size of .50625cm
assigned by the scanner’s reconstruction code was incorrect.
Actual voxel size was observed to be .52 ± .05cm.
The new Monte Simulation designed for 3D PET scans
using I124 has the potential to become a fast, highly accurate,
and clinically feasible image correction. We want to improve
the accuracy of our original simulation by incorporating block
effects and crystal penetration lengths into the model. We
plan to continue improving the efficiency of the 124I
simulation. We are also currently developing a microPET
simulation for PET scans using 124I. We want to construct a
website and make all simulation codes publicly available and
easily accessible as soon as possible.
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